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Preface

PREFACE
The 31st International Linear Accelerator Conference, the first in-person Linac conference since
Beijing in 2018 was hosted by STFC, the Cockcroft Institute and the John Adams Institute at the Arena
and Convention Centre (ACC) in Liverpool, between 28 August and 2 September 2022. In fact, this
was the first time that a Linac conference has ever been held in the UK in its 60+ year history.
The conference was chaired by Peter McIntosh (STFC Daresbury Laboratory), with Graeme
Burt (Lancaster University) as Scientific Programme Committee (SPC) Chair and Carsten P Welsch
(University of Liverpool) as the Local Organising Committee (LOC) Chair.
The event welcomed almost 350 accelerator specialist delegates from all over the world, who
were updated on the impactful developments for linear accelerators which have occurred since the
‘Virtual’ LINAC’20 conference.
As an inherent ability to help deal with remnant problems experienced globally from the CV19 pandemic, the conference also provided remote participation via the LINAC’22 mobile app for all
registered delegates, being a first ever inclusion for the LINAC conference series. This was smoothly
integrated into the event by Daresbury Laboratory’s experienced Media Services team.
Conference Focus
An implicit focus for LINAC’22 has been to include a variety of ED&I processes in order to
try and breakdown any subconscious barriers for inclusion, ranging from the branding used, the
provision of free childcare for delegates and using inclusive language in all communication. The
conference delegate and speaker gender balance both reached a significantly improved level of 20% for
female participants. 70% of travel grants were also awarded to PhD students who identify as female.
As well as the introductory talk from Alan Letchford (STFC) ‘The ISIS Linac Upgrade/FETs’
and the closing talk by Jonathan Farr (AVO) ‘The Future of Medical Linacs’, several highlight topics
were presented at this year’s conference, including:
•
•

Commissioning results from FRIB, LCLS-II, SPIRAL-2, RAON, IFMIF, LEAF and SARAF
Development updates from EIC, PIP-II, ESS, FACET-II, AWAKE, ILC, CSNS-II, ISAC and
SwissFEL

The LINAC conference has a long history of excellent technical talks over a wide variety of
linac technologies, and LINAC’22 has continued this tradition. The scientific programme committee
had to change the way it operated in order to create such a strong programme without face-to-face
meetings and I thank everyone involved for doing such an amazing job.
Student Poster Session
With a student poster adjudication process conducted by the SPC on the Sunday afternoon,
three students were judged to be awarded prizes, sponsored by the IOP and IET. These were announced
by the SPC Chair on the Thursday. The prize winners were:
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Student Poster Session
With a student poster adjudication process conducted by the SPC on the Sunday afternoon,
three students were judged to be awarded prizes, sponsored by the IOP and IET. These were announced
by the SPC Chair on the Thursday. The prize winners were:
1st
Sonja Jaster-Merz (DESY)
First Studies of 5D Phase-Space Tomography of Electron Beams at ARES
2nd

Yuga Nakazawa (Ibaraki University)
High Power Test of an APF IH-DTL Prototype for the Muon Linac

3rd

Catarina Filipa Da Palma Serafim (CERN)
Microscopy Investigation on Different Materials After Pulsed High Field Conditioning
and Low Energy H- Irradiation

A Warm, Liverpool Welcome
On the Monday evening, the conference Chairs invited the IOC, SPC, speakers and Joint
Accelerator Conferences Website (JACoW) proceedings editorial team, to a welcome reception at the
Liverpool Anglican Cathedral. The welcome was accompanied by an introduction to the cathedral from
Canon Scientist Rev Dr Mike Kirby, who also lectures in Radiotherapy Physics at Liverpool University.
The event culminated in a demonstration of the awesome acoustic power of the cathedral’s 10,268 pipe
organ; the largest in the UK.
On the Tuesday evening, a Women in Science and Engineering (WISE) session was conducted
which comprised the eminent Prof. Averil Macdonald OBE, who gave the keynote address for the topic
of Reclaiming the Authority Gap. In addition, an illustrious panel discussed with the audience possible
solutions to dealing with this problem in scientific and educational organisations. Anna Shabalina
(STFC Daresbury Laboratory) and Steve Jamison (Lancaster University), together with Tessa Charles
(University of Liverpool) who was also in charge of the overall EDI aspects of the conference, deserve
significant credit for the coordination and delivery of this impactful session which received extensive
acknowledgement from the LINAC’22 participants. It is hoped that the recent addition of a WISE
session to both the Virtual LINAC’20 and this LINAC’22 can be maintained for future conferences.
Networking On and Off-site
The LINAC’22 conference provided delegates with the opportunity to engage and network with
the 20 exhibitors who were available to showcase their capabilities and the 250+ posters presented over
the five days of the conference, facilitated by the excellent Liverpool ACC conferencing venue.
On the Wednesday afternoon, as tradition dictates, the LINAC’22 delegates were provided an
opportunity to network and engage via a series of excursions. These included a Beatles experience, a
guided tour of Chester, a visit to the industrial revolution site of Quarry Bank Mill and a hike up Moel
Famau in the Clywdian Range.
LINAC’22 Farewell
The closing of the LINAC’22 conference took place at the ACC on Friday, with each of the
three conference Chairs providing a recognition and thank you for all contributing teams, exhibitors
and sponsors. The conference was then formally closed by the Conference Chair Peter McIntosh,
officially handing over the legacy Linac ‘Gavel and Block’ to the incoming conference chair John Byrd
(Argonne National Laboratory), for the next LINAC conference which is to be held in Chicago in 2024.
During the final afternoon, many delegates had the opportunity to visit Daresbury Laboratory. Projects
they got to view included CLARA, ESS high beta cavities, HL-LHC crab cavity cryomodules, PIP-II
cryomodules, LBNF/DUNE APA detectors, Engineering Technology Centre and a suite of accelerator
preparation laboratories.
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I am incredibly proud for the UK to have re-launched the International Linac Conference series
with LINAC’22 in Liverpool, after such a long period of absence for the global accelerator community.
For the STFC Daresbury Laboratory, Cockcroft Institute and John Adams Institute teams, this
conference delivery has been an amazing achievement, very well done to everyone involved!
With Thanks
The organisers would like to acknowledge and thank all the delegates who attended, the
exhibitors who participated and sponsored the conferences, along with all of the coordination and
management teams who ensured that LINAC’22 could be so effectively prepared and delivered. We are
delighted that we have been able to successfully ‘restart’ the international conference series here in
Liverpool.
Great thanks go to the exhibitors and sponsors who have provided an excellent ability to engage
with its participants.
The scientific programme presentations were provided by delegates, some of whom had to give
their talks remotely. Media Services team from STFC Daresbury Laboratory did an excellent job in
frequently adapting the programme, facilitating updates to the LINAC’22 app, supporting a multitude
of requests throughout the week and providing access to the recorded presentations via the LINAC’22
app post-conference.
The JACoW editing team, led by Rob Apsimon (Lancaster University) worked tirelessly
throughout both the preceding week and during the conference the itself, to process the submitted
papers, posters and presentations to prepare a limited pre-print of the proceedings and ultimately these
published proceedings.
Many thanks to all contributors and delegates for LINAC’22 and we look forward to meeting
with you all again in Chicago in 2024!
Peter McIntosh
Graeme Burt
Carsten Welsch
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SPC Chair
LOC Chair
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Pragya Nama, IIT Bombay

Americas
Jorge Diaz Cruz, Univ. New Mexico
Liana Shpani, Cornell Univ.
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1st prize: Sonja Jaster-Merz, DESY
2nd prize: Catarina Filipa Da Palma Serafim, CERN
3rd prize: Yuga Nakazawa, Ibaraki Univ.
Prizes sponsored by IET and IOP

1st - 3 rd
from left

WISE EVENT ORGANISING AND ADVISORY COMMITTEE
Anna Shabalina, STFC/DL (Chair), Ariel Arnott, SLAC, Kayla Ninh, SLAC, Steven Jamison, Lancaster Univ.,
Tessa Charles, Univ. Liverpool
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UPGRADES AND DEVELOPMENTS AT THE ISIS LINAC
A. Letchford, STFC Rutherford Appleton Laboratory, Didcot, UK
fit copper patches with RF contacts and polymer o-rings,
blind bolted to the inside of the tank which required
craftsmen to work inside the tank with the drift tubes
present. Although this was initially effective the vacuum
pressure slowly deteriorated over time. This was addressed by the addition of more and higher capacity vacuum pumps and a variety of other ad hoc remedies.
With knowledge that it would now be virtually impossible for anyone to work inside the tank due to beam
loss induced activity (exacerbated by stripping of the Hin the deteriorating vacuum) and somewhat different attitudes to staff duty of care, coupled with a growing fear of
the consequences of a sudden, catastrophic failure of the
tank, replacing Tank 4 eventually became the highest priority accelerator engineering project at ISIS.
As well as being operationally vital for ISIS, designing
and building a new DTL tank also helps to develop essential skills which will be necessary for any future large
scale facility upgrade.

Abstract
The ISIS Spallation Neutron Source at the Rutherford
Appleton Laboratory (RAL) in the UK has a 70 MeV Hlinac operating at 202.5 MHz. The linac consists of a
665 keV Radio Frequency Quadrupole (RFQ) and a 4-tank
Drift Tube Linac (DTL). In order to ensure continued
reliability, increase performance and lay the groundwork
for possible facility upgrades in the future, a programme
of R&D has been taking place in recent years. This paper
will discuss three elements of that programme: the
complete replacement of DTL Tank 4; the design of a
Medium Energy beam Transport (MEBT) to go between
the RFQ and DTL; and the Front End Test Stand (FETS),
a demonstrator for the front end of a possible future high
current, higher energy linac.

REPLACEMENT OF DTL TANK 4
Background
ISIS is the UK’s venerable Spallation Neutron and
Muon Source having produced first neutrons in December
1984 with routine operations beginning in June 1985.
Originally simply called the ‘Spallation Neutron Source’
(SNS) it was officially inaugurated and named ISIS in
October 1985 [1]. In order to minimise the cost, ISIS was
largely constructed in buildings previously built for the
Nimrod 7 GeV proton synchrotron (which operated
between 1964 and 1978) [2] and also recycled some
Nimrod accelerator components.
The 202.5 MHz, 70 MeV linac was originally designed
as an upgrade for Nimrod operating at 1 pps but was
repurposed for ISIS operating at 50 pps when Nimrod
ceased operations. Tank 2 (10 – 30 MeV) and Tank 3 (30
– 50 MeV) had themselves already been recycled from the
Proton Linear Accelerator (PLA) [3], which operated
between 1959 and 1969. Tank 1 (0.665 – 10 MeV) and
Tank 4 (50 – 70 MeV) were newly constructed in the late
1970s and were essentially copies of the Fermilab design.
The construction method of Tanks 2 and 3 (known as
the ‘old tanks’)1, with a thin-walled copper resonator
inside a separate, split, steel vacuum vessel makes them
eminently maintainable as evidenced by their continued
operation at 50 times the original rep. rate despite being
over 60 years old. Tanks 1 and 4 (known as the ‘new
tanks’) were constructed with the then more modern
method of sections of steel tube with an explosively
bonded copper lining, bolted together and internally
welded. Although cheaper to manufacture, this
construction style does present some challenges should
internal repairs to or maintenance of the tank become
necessary.
Early in its life vacuum leaks due to cracks in the internal welds were detected in Tank 4. The solution was to
______________________________________________

1

‘Type 850’ manufactured by the Metropolitan Vickers Electrical Co.
Ltd in Manchester, UK.

Proton and Ion Accelerators and Applications
Ion linac projects

Design of the New Tank
An early decision was that the new tank should be a
direct plug-in replacement for the old tank with the same
length and beam dynamics. Although dated by today’s
standards and not the design anyone would produce if
designing it today, the primary objective was to secure
reliable operation of the facility for future decades rather
than specifically to improve its performance.
Due to the irreparable nature of the original tank being
a major factor in requiring a replacement, one design
goal was to build a tank which would not have this
drawback. Early 3D RF modelling showed that it was
possible to add shallow hatches along the tank with
negligible impact on the calculated quality factor but
which give relatively easy access to much of the inside.
As the tank is fitted with a bulk tuner2, compensating
for the small frequency shift produced by the hatches
simply required a resizing of the bulk tuner. Figure 1
shows the tank during assembly with 3 of the hatches
visible.
The new tank is made from 6, approx. 2 m long steel
sections electroplated with copper. Unlike the welded
original the sections are bolted together using Helicoflex
seals [4, 5]. Each section has 2 hatches and for the
section containing the RF feed the window housing is
mounted on one of the hatches. Each hatch has a double
seal formed by an RF contact and o-ring.
The drift tubes were internally redesigned with an
improved cooling circuit and stem design. In some areas
a lack of precise details about the original manufacturing
methods also necessitated a redesign. Where vacuum
brazing had been used in the original it was replaced by
electron beam (EB) welding.

______________________________________________

2

A T-shaped bar in the bottom of the tank to shift the frequency from
201.25 MHz used at Fermilab to 202.50 MHz used at ISIS.
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Test Tank

Figure 1: New Tank 4 showing maintenance hatches.

Quadrupole Magnets
A new electromagnetic quadrupole was designed to go
in the drift tubes. The new magnet has the same magnetic
length as the originals but with a new pole and yoke
design, coil configuration and assembly arrangement.
Considerable magnetic and thermal modelling and testing
was performed before arriving at the final design. Cooling
of the magnet is via contact with the drift tube body so the
magnet plus beam tube are vacuum encapsulated in resin
filled with glass beads to improve thermal conductivity.
Figure 2 shows an example of a magnet sectioned to allow
assessment of the encapsulation and a completed magnet
assembly in the drift tube body prior to EB welding of the
end caps and stem.

Figure 2: A section of a proto-type magnet (left); a
magnet and beam tube assembly in a drift tube body
(right).

Test Area
A large area previously occupied by the CockcroftWalton accelerator became redundant when an RFQ was
installed in the ISIS Linac in 2004 [6]. This area was
repurposed to make a Linac Test Area (LTA) in order to
assemble the new tank and test it at full RF power. This
required additional shielding so that the area could be
occupied with the linac operating, installation of new
water and electrical services and the construction of a
complete duplicate of an ISIS Linac 2MW RF amplifier
and associated systems.
MO1AA01
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Before embarking on construction of the full 12 m long
tank it was decided to build a test tank to check the
modelling results and evaluate manufacturing methods.
The test tank was a single 2 m section but had most of
the features of the full tank including flanges for a
Helicoflex seal and was designed to be operated at full
field level. No quadrupoles were fitted in the test tank.
Several issues regarding copper plating quality and
accuracy of EB welded parts were identified and
resolved. The test tank also allowed the low level RF
measurement techniques including bead-pull to be
refined. Following installation in the LTA the test tank
was characterised, conditioned to slightly above
operational field level and soak tested at full power for a
period of several weeks. The tank’s performance was
completely in line with calculations and no issues arose
during soak testing.

New Drift Tube Shape
Successful progress with the test tank and good
agreement between performance and modelling
encouraged a bolder attitude to deviating from the
original tank design. The 1970s tank had drift tubes with
no face angle resulting in large gaps with poor transit
time factor (TTF) and a peak surface electric field of
little over one times the Kilpatrick factor (Ek). Quite early
it was realised that the short quadrupoles and long drift
tubes allowed for much more aggressive face angles so
this feature was added to the design. Figure 3 shows the
new drift tube shape. The ~15% improvement in TTF
could give a reduction in RF power without beam of
~25% while still having surface field levels of no more
than 1.6 Ek.

Figure 3: The old (left) and new (right) drift tube shapes.
Note the vacuum patch just visible in the background of
the left hand image.
A set of drift tubes with the new shape was manufactured for the test tank, installed and the RF characterisation and soak testing repeated.

The 12 m Tank
Tank 4 has an internal resonator length of 12.1 m and
is 12.4 m long externally. It has 24 gaps formed by 23
full and 2 half drift tubes with one post coupler for every
full drift tube. There is a quadrupole in every drift tube.
RF power is fed via a plane vacuum window by a single
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12” air-side coaxial loop coupler at approximately the
centre of the tank. There are 6 adjustable piston tuners,
5 manually adjustable for frequency and field shape adjustment plus one motorised tuner for dynamic tuning control.
The original tank was made from mild steel. Experience
with the manufacture and electro-plating of the test tank
led to a change to stainless steel. Calculations suggested
that while this would lead to marginally worse short term
beam loss induced activity, the increase in long term
activity was not significant enough to override the
manufacturing benefits.
Following manufacture of the 6 individual tank sections
ISIS personnel travelled to the manufacturer to assemble,
align and survey the complete tank. The penetrations for
drift tube stems and post couplers were then machined in a
single operation on a very large and accurate machine tool
to avoid build-up of tolerances. The tank was then
disassembled before being shipped to the platers and then
sent to RAL for assembly in the LTA , installation of the
drift tubes and realignment.
Because the test tank did not have quadrupoles some
issues with the magnets were not seen at that stage. The
primary problem was electrical shorts due to the way the
quadrupole leads were routed and the machining and
welding operations necessary after fitment in the drift
tubes. These issues were identified early enough for small
changes to design and procedures to be implemented on
subsequent drift tubes.

Testing
The resonant frequency was correct with the tuners at
the mid point of their travel as intended. The measured
quality factor was 90% of the value calculated from 3D
models indicating a required power of 1.3 MW compared
to 1.6 MW for the old tank (without beam). The post
couplers and tuners were set up using a method based on
local tilt sensitivity measurements by beadpull [7]. The
maximum gap voltage error was <2% which simulations
indicated was acceptable.
Following tuning and stabilisation the tank was RF
conditioned to 10% above nominal field level. The
quadrupoles were powered during conditioning which was
uneventful. The tank was then operated continuously at
nominal power for two, six weeks periods, with
maintenance and inspection carried out between them, to
simulate linac operations. No significant problems with
the tank arose during this soak testing.

Installation and Commissioning
Removal of the old tank from the end of the linac tunnel
was a considerable challenge. It necessitated the removal
of not only the shielding roof but some cabling and other
services. To manoeuvre the tank over the shield wall and
along the hall to the loading bay required very precise
control of both of the building gantry cranes in tandem
with very little room for error. Due to a height difference
between the linac hall and the main road, connected by a
steep slope, the tank had to be lifted from the slope to the
Proton and Ion Accelerators and Applications
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transport vehicle by a large crane. The procedure was
practised several times and refined using a lightweight
mock-up of the tank. Figure 4 shows the tank after
removal.

Figure 4: The old Tank 4 being delivered to RAL and
being driven away over 40 years later.
Prior to removal of the old tank a careful survey of the
electrical polarity of all quadrupoles was made as well as
measurement of the magnetic polarity in the first and last
quadrupole by Hall probe to ensure that the correct
FDDF lattice would be established in the new tank.
The new tank was installed in sections with the drift
tubes already in place. After alignment checks, connection of services, reinstatement of the shielding and recommissioning of the RF system the tank was reconditioned.
Beam commissioning was by a variation of the Δt
method [8, 9] using RF pickups in the 70 MeV transport
line to determine the RF field level and phase set points.
Due to an equipment mis-calibration the field level was
initially set too high resulting in large dp/p and a spate of
RF window failures. After lowering the field level the xray emissions from the tank were dramatically reduced
and window failures stopped. The dp/p was still high due
to a now incorrect phase so the Δt procedure was
repeated resulting in much better performance from the
tank.
New Tank 4 has been operational since April 2022 and
apart from the window failures mentioned above has
performed reliably and consistently. The vacuum
pressure is much improved resulting in lower beam loss
from residual gas stripping.

MEBT UPGRADE
Background
When the RFQ pre-injector was installed on ISIS in
2004 [6] a decision was taken to leave the CockcroftWalton (CW) accelerator in place in case it was
necessary to revert back to it due to problems with the
MO1AA01
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RFQ. This placed a severe restriction on the length of the
pre-injector so no MEBT was included and the RFQ was
installed as close as possible to Tank 1 of the DTL. It was
recognised that this would somewhat compromise the
achievable beam current in the linac but it still achieved
the goal of better transmission in Tank 1 and much
improved reliability. The intention was always to install a
MEBT once the CW accelerator was finally
decommissioned but it took over a decade to finally start
the project in earnest.

MEBT Design
Even with additional space available the MEBT has to
be extremely compact: no more than 2 m long. In this
space will be fitted 8 combined function quadrupole and
steering magnets, four bunching cavities, a beam chopper
and 4 beam position monitors (BPMs) [10]. Figure 5
shows a sectional view of the MEBT design. The MEBT
components are installed on 3 ‘rafts’ to ease installation.
With the MEBT installed nearly 100% of the RFQ beam
will be trapped and accelerated by Tank 1.
The combined function quadrupoles, which were
originally designed for the FETS project (see below), have
a magnetic length of 80 mm and maximum gradient of
20 T/m with a 43 mm bore.

Four extremely compact button type BPMs are placed
between the quadrupoles on rafts 1 and 3. These are a
development of a BPM first designed for FETS (see
below). The BPMs will be used for beam position control
and as RF pickups to allow setting up of the cavities by
Δt measurements.

MEBT Test Stand
In order to commission and test the MEBT with beam
before installation on the linac, a test stand is under
construction using the spare ISIS RFQ. With the
anticipated increase in transmission through DTL Tank 1,
less current is required from the ion source for the same
facility beam power. With this in mind a new uncaesiated RF driven ion source is being developed in
parallel with the MEBT to replace the existing caesiated
Penning type surface plasma source [11]. This should
result in easier operation and longer, maintenance free
lifetimes while delivering the same average current in a
chopped beam to the synchrotron.
First beam was extracted from the ion source in
August 2022. Beam commissioning of the MEBT test
stand will begin in 2023 for possible installation in 2024.

THE FRONT END TEST STAND
Motivation
FETS [12] was originally conceived against a background of a possible UK bid to build the European Spallation Source (ESS) [13] and received early funding as
part of a UK Neutrino Factory proposal [14]. Over its
lifetime it has had many institutional and university collaborators [15] but is now primarily an ISIS internal project being completed in the context of ISIS sustainability
and a possible future ISIS II facility [16, 17].

Figure 5: A sectional view of the ISIS MEBT design with
simulated beam envelopes superimposed.
At the very low beam energy of 665 keV and relatively
low frequency of 202.5 MHz a re-entrant pillbox type cavity for the bunchers is impractical. The MEBT will therefore use compact, two-gap quarter wave resonators
(QWR). The QWRs are made from a copper plated stainless steel body with a copper drift tube and stem and have
one fixed and one dynamic tuner. The peak gap voltage is
~30 kV requiring just a few kW of RF power.
ISIS does not currently have a beam chopper for routine
operational use. One main source of synchrotron beam
loss is during beam trapping after injection. In order to
reduce this loss the MEBT will have a chopper operating
at the synchrotron revolution frequency to inject beam
only into the stationary bucket. The chopper consists of a
single 160 mm long pair of parallel deflector plates
operating at a potential difference of 15 kV. The rise time
is of the order of 20 ns which corresponds to 4 bunches at
the linac frequency. Modelling suggests that these partially
chopped bunches will not lead to beam loss at high energy.
The chopped beam is dumped onto a pair of water cooled
tungsten wedges just downstream of the deflector.
MO1AA01
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FETS Systems
FETS has been extensively described elsewhere [18].
It consists of an H- ion source, magnetic low energy
beam transport (LEBT), 324 MHz 4-vane Radio Frequency Quadrupole accelerator (RFQ), medium energy
beam transport (MEBT), diagnostics and full power
beam dump. It is designed for a beam current of 60 mA
with a duty factor up to 10% at 50 pps.
All of the components of FETS have been manufactured and tested (without beam) except for the fast beam
chopper. For Phase 1 operation the beam dump has been
installed directly downstream of the RFQ with just two
quadrupoles for beam spot size control. There is a beam
current transformer built into the output end flange of the
RFQ and a single beam position monitor between the
quadrupoles. Phase 1 is to allow initial beam setup of the
RFQ and radiological surveys. For Phase 2 the full
MEBT will be installed along with the laser wire diagnostic [19].

RFQ
The FETS RFQ is a 324 MHz, 4-vane structure of
completely bolted construction with only one vacuum
Proton and Ion Accelerators and Applications
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brazing operation on the end flanges. It is made from four,
~1 m long sections each of which is made from four quadrants: two minor vanes and two major vanes. Sealing
between parts is achieved by beryllium copper RF contacts
back by one 3D o-ring in each section [20, 21]. Inspection
and alignment of the quadrants of each section was performed on a coordinate measuring machine in the RAL
metrology department with external datums being referred
to the internal vane profile to allow accurate alignment of
the sections on the beamline. Dowels allow for dismantling sections and reassembly without requiring additional
inspection. The repeatability of the dowelling was tested
and found to work well. A vacuum pressure in the low 10 7
mbar was achieved on first assembly. The measured
quality factor was above 90% of the calculated value.
Following installation of the completed RFQ, field flattening and tuning was performed with a four quadrant
beadpull [22]. There are 62 adjustable tuners on the RFQ,
four of which are motorised for dynamic frequency control
and positioned to minimise field disturbances. After tuning
the field un-flatness is <1% with <2% dipole content.
RF power for the RFQ comes from a Toshiba E3740A
klystron and is supplied via two coaxial loop couplers
[21]. The RFQ has been RF conditioned to above nominal
field level at 5% duty factor. Conditioning took approx.
two weeks. The required inter-vane voltage of 85 kV requires 545 kW as determined by measurement of the x-ray
spectrum from the cavity [23]. As designed the cavity is
relatively insensitive to thermal effects from operating at
different duty factors.

First Beam
The first beam was accelerated by the RFQ in March
2022 at a rep. rate of 50/32 pps and a pulse length of
200 µs. Unfortunately very high noise levels on the beam
current transformers made it impossible to determine the
beam current. Beam loading suggested an accelerated
current of 20 – 30 mA.
On the second attempt to accelerate beam a serious
failure of the ion source extraction power supply meant
that no beam could be injected into the RFQ. On the third
attempt one of the LEBT solenoids was non-operational
and the ion source emittance was larger than the design
value resulting in beam loss in the LEBT and an inability
to satisfactorily match the beam into the RFQ.
Nevertheless a beam current of 28 mA was successfully
accelerated at the same rep. rate of 50/32 pps and pulse
length of 200 μs. The measured beam current at the RFQ
exit is shown in Fig. 6.

SUMMARY
There is an active programme of linac R&D taking
place at ISIS. These projects will enable continued reliable
operation of the facility with increased performance over
the coming years and prepare the way for development of
the next generation of neutron source in the UK.

Proton and Ion Accelerators and Applications
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Figure 6: First measured beam current of 28 mA from the
FETS RFQ.
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Abstract
Intra-beam Scattering (IBS) and other diffusion mechanisms in the EIC Hadron Storage Ring (HSR) degrade the
beam emittances during a store, with growth times of about
2 hours at the nominal proton energies of 275 GeV, 100 GeV,
and 41 GeV. Strong Hadron Cooling (SHC) can maintain
good hadron beam quality and high luminosity during long
collision stores. A novel cooling method – Coherent electron
Cooling (CeC) – is chosen as the baseline SHC method, due
to its high cooling rates. An Energy Recovery Linac (ERL)
is used to deliver an intense high-quality electron beam for
cooling. In this paper, we discuss the beam requirements
for SHC-CeC and describe the current status of the injector
and ERL designs. Two designs of injector and ERL will be
presented: one for dedicated SHC and another one for SHC
with precooler.

possibly extend to cool the hadron beam at 41 GeV of collision energy. The SHC-CeC was proposed in reference [2]
and several amplifier mechanisms are developed later [3].
It can be considered as a variant of stochastic cooling with
the bandwidth raised from GHz RF frequency to tens THz
optical frequency since we use electron beam as a signal
instead of using cables and amplifiers. We choose one using
a combination of drift with one-quarter of plasma oscillation
length and a chicane micro-bunching amplifier as our EIC
SHC baseline design as shown in Fig. 1.

INTRODUCTION
The Electron-Ion collider(EIC) is the next nuclear facility
in the US to be constructed at Brookhaven National Laboratory, collaborating with Thomas Jefferson Laboratory. It
aims to deliver high current, high polarization electron, and
polarized proton beams for a high luminosity collision to
study nucleon structures. In the Hadron Storage Ring (HSR),
the intra-beam scattering and other diffusion mechanisms
such as the beam-beam effect can degrade the hadron beam
emittance during a collision. To maintain the hadron beam
quality for long collision runs, we need to cool the hadron
beam. SHC will boost EIC luminosity by a factor of 3–10.
The requirements for the EIC cooler is following:
1. Cool the proton beam at 275 GeV, 100 GeV, and
41 GeV.
2. The cooling time shall be equal to or less than the diffusion growth time from all sources.
3. Must cool the hadron beam normalized RMS vertical emittance from 2.5 µm (from injector) to 0.3 µm in
2 hours.
4. The cooling section must fit in the available IR space
The current baseline of the EIC project is using a novel
cooling method -Coherent electron Cooling(CeC) to cool the
275 GeV and 100 GeV hadron beam [1]. We name a cooling
technique that provides a strong cooling rate at high energies
as strong hadron cooling (SHC). We also plan to use electron
cooling to cool the initial hadron emittance at 24 GeV and
∗
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Figure 1: Schematic layout of SHC-CeC.It consists of a
modulator, amplifier, and kicker section. The detailed explanations of the three sections can be found in [3]. The bottom
figures show the hadron particle wake, amplification section
gain, and micro-bunching electron wake.

A 1-D cooling code based on quasi-1D theory has been
developed. Simulation results provide information on the
saturation of the amplified cooling signal [4]. We simulate
turn-by-turn hadron performance, and the interplay between
cooling, diffusion, and IBS in longitudinal and transverse
directions [5]. Currently, we use this code to optimize the
cooling parameters. Table 1 shows the optimal electron
parameters in the cooling section.
SHC needs a high-quality electron beam with a high current, small energy spread, and small noise in the beam. The
noise of the electron beam shall be less than a factor of 2
of the Poisson noise at around the electron wake frequency.
The cooling section lattice design and ERL considerations
are discussed in Ref [6]. In this paper, we mainly discuss
the injector and ERL designs.
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Table 1: SHC-CeC Electron Beam Parameters and Cooling
Rate in Three Directions
Case

100 GeV

ebeam Energy (MeV)
ebeam Norm. Emit. (mm·mrad)
Rep. rate (MHz)
ebeam Bunch Charge (nC)
ebeam Peak Current (A)
ebeam Bunch Length (mm)
ebeam Slice 𝜎𝛿
Hor./Vert. Elec. 𝛽 in M (m)
Hor./Vert. Elec. 𝛽 in K(m)
Modulator Length (m)
Kicker Length (m)
H/V/L Diffusion Time (hr)
H/V/L Cooling Time (hr)

275 GeV

55
150
2.8
2.8
98.5
98.5
1
1
8.5
17
14
7
10−4
10−4
86.6 / 14.1
64/ 11
49.7 / 10
16 / 2
55
55
55
55
2.0/4.0/2.5 2.0/5.0/2.9
1.3/2.5/1.7 0.9/2.4/1.3

ACCELERATOR DESIGN I:
DEDICATED SHC
The CW electron beam is generated by a High Voltage
Direct Current (HVDC) photo gun. The bunch length is
compressed by the balletic compress and then boosts the
beam up to 5.6 MeV in the injector by SRF cavities. A dogleg
with a dual-solenoid merger brings a beam into the LINAC
that consists of eight fundamental frequency cavities together
with four third harmonic cavities. A chicane and a dechirp
cavity provide an extra knob to tune the bunch length to the
desired value for different cooling energies. The electron
beam is then transported to the 55 meters long modulator
section and the 70 meters long amplification section, which
includes three R56 tunable chicanes and quadruple triplets.
Once the electron beam signal is sufficiently amplified, it
merges into a 55 meters long kicker section.

drift which compresses the bunch length by a factor of three
at 400 keV. Then the beam energy is boosted to 5.6 MeV by
a 1.8 cell 591 MHz SRF cavity, and a single cell 1773 MHz
cavity is used to reduce the energy spread caused by the
591 MHz RF curvature.

Figure 2: The layout of the injector.
The ERL merger consists of an achromatic arrangement of
two dipoles and two solenoids and brings the beam into the
Linac section. We use Chevron dipoles that have focusing in
both directions. The two solenoids are tuned to keep dispersion zero after the merger. To merge high-energy electrons
with energies of 149.77 MeV, 54.46 MeV, or 22.33 MeV, we
place a three-dipole chicane before the last merger dipole
at the return beamline. The three energies’ electron beams
trajectories can be merged into the LINAC as shown in Fig. 3.
We use GPT 3.4 with a multi-objective optimization code

Electron Source
We use a >400 kV DC gun with K(Na)2 CsSb photocathode as the electron source to produce a 1 nC bunch
charge with the repetition rate of 98.5 MHz and less than
2 mm·mrad of normalized emittance. Such high charge,
high current, and high brightness electron guns haven’t been
demonstrated. One challenge of the electron source is to
obtain one week lifetime. The power of a 10-20 watts laser
can overheat the cathode and degrade the cathode’s quantum
efficiency(QE). We have designed and demonstrated cathode
cooling with coolant through the high voltage feedthrough
and maintaining the cathode at room temperature for EIC
polarized gun [7] as one of the EIC R&D projects, the gun
was designed to achieve 550 kV with a normalized emittance
of about 1.1 mm·mrad and 10 Ampere peak current.

Injector and ERL Merger
The injector includes a bunching section and an energy
booster section (see Fig. 2). The ballistic compression consists of 197 MHz normal conducting buncher and 2.5 meters

MO2AA04
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Figure 3: The lattice layout of the ERL merger. Blue boxes
are dipole magnets and red boxes are the solenoids. It also
shows four energies’ of beam trajectories through the merger
section.
to design the injector and merger. The goal is to minimize
the energy spread and emittance at the exit of the 1st Linac
where the x/y emittance is frozen. The normalized transverse emittance is about 2.1 mm·mrad before getting into the
merger and increases up to 2.8/3.2 mm·mrad at the exit of
1st Linac. The emittance increase is due to the longitudinal space charge in the merger. Reducing the peak current
and increasing bunch length will reduce the emittance, but
increase the energy spread. To simplify the setup, we fully
compressed the bunch length at the injector to the cooling
required length.
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Linac and Bunch Stretching Section
The LINAC consists of eight 5-cell 591 MHz SRF cavities
and four 1774 MHz SRF cavities. The electron bunch is on
the crest to get maximum acceleration. Each 591 MHz cavity
in its cryomodule provides 20 MV accelerating gap voltage.
The 3rd harmonic, 1774 MHz SRF cavities with 8 MV gap
voltage reduce the 1st pass beam energy and improve the
bunch longitudinal linearity. At the exit of the last LINAC,
we can get rms transverse emittance of 3.3 mm·mrad. The
RMS 𝜎𝛿 is 1.1 × 10−4 and the slice 𝜎𝛿 is 5 × 10−5 . The
longitudinal phase space is shown in Fig. 4.

Figure 4: The bunch longitudinal phase space at the entrance
of the cooling section. The head and tail of the bunch energy
drop are caused by the RF .
The Linac section optics are computed using field tracking, and matched to a realistic incoming beam in the first
pass, using BMAD. The 2nd pass beam loses the energy at
591 MHz cavities and gains the energy from the 1773 MHz
cavities. In-between the cryomodules, there are doublet
quads to match both 1st and 2nd pass beam as shown in
Fig. 5.

applying reversed chirp, we also can use the bunch stretch
section as a compress section to increase the peak current.
It gives an extra knob to find the optimal bunch length for
275 GeV.

Beam Noise Simulation
Because the CeC highly relies on the microbunched beam
quality, it is essential to generate a very low noise beam
before entering into the modulation section. The initial Poisson noise is generated in the electron source. Then, several
mechanisms can enhance the unwanted microbunching gain
such as coherent synchrotron radiation(CSR), and longitudinal space charge. We use the code IMPACT to track the
beam from the gun to the cooling entrance using a full number of particles-6.25 billion [8, 9]. A random distribution
of initial particles is generated from the cathode, and goes
through the optics, as described above. The initial RMS
relative current fluctuation is 4.67 × 10−4 .

(a) Bunch current along the full (b) current along 1 mm bunch length.
bunch length. The green curve is The modulation frequency is about
polynomial fitting.
280 µm

Figure 6: The beam current at the end of the Linac
Figure 6 shows the beam current along the bunch length at
the end of Linac. We observed an 280 µm modulation which
is caused by the longitudinal space charge in the injector
and Linac. The CeC amplifier gain frequency is < 5 µm. Removing the 280 µm modulation, the rest current fluctuation
is about 7.5 × 10−4 which is comparable to the shot noise.
We also observed the 280 µm modulation’s relative current
fluctuation amplitude is only twice the shot noise. Therefore,
this modulation will not affect the cooling performance.

ACCELERATOR DESIGN II: SHC AND
PRECOOLER HYBRID ERL

Figure 5: Two-pass ERL optics. The top figure shows the x,
and y beta function of two passes beam, and the bottom one
shows the two passes beam energy changes along the linac.
Table 1 shows that for 100 GeV cases, the optimal RMS
bunch length is 14 mm. However, limited by the 591 MHz
LINAC, we cannot generate long bunches while attaining the
required energy spread. The bunch stretch section consists
of 𝑅56 of 180 mm chicane and a dechirper cavity. The electron beam peak current can be reduced down to 8.5 A. By

Electron Accelerators and Applications
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In the EIC baseline design, SHC is used for balancing
the hadron IBS and diffusion to maintain the emittance in
collision at 275 GeV and 100 GeV. The injection emittance
and 41 GeV hadron have to be cooled by an electron cooler.
Limited by the existing RHIC tunnel space, the SHC and
precooler have to share the same cooling space. We consider that the SHC and Precooler have similar beam quality requirements such as bunch charge 1 nC versus 1.33 nC;
normalized emittance 3 µm versus 2 µm; and relative energy spread 1e-4 versus 5e-4. We propose to combine the
SHC and Precooler using the same ERL. Figure 7 shows
the schematic layout of a hybrid ERL integrated SHC and
precooler.
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Figure 7: The schematic layout of a hybrid ERL with SHC and precooler. The bottom figure shows the detail of the injector
and Linac section. The blue boxes are quadrupole magnets and red triangles are the dipole magnets
To get a small energy spread for precooler, we use
197 MHz SRF cavities as main Linac up to 14 MeV. For
SHC, we leverage 197 MHz cavities’ large longitudinal acceptance, boost the beam energy up to 14 MeV with energy
chirp, then compress the bunch length by the factor of 3
using chicane. Then the electron beam goes through the
591 MHz Linac section, which is the same as the dedicated
SHC design. At the entrance of the 1st chicane, the beam
can be kicked out for the precooler. There is a beam dump
upstream of the chicane to dump the precooler beam. Once
the hadron beam’s initial emittance is achieved, then the
hadron beam will be boosted and operate in collision mode.
The electron beam goes through the 591 MHz cavities for
the SHC-CeC. The recovery beam will be dumped before
the 2nd chicane as shown in Fig. 7.

1.88 mm·mrad. The emittance growth is much smaller than
the 1st design, due to the lower peak current.

Figure 8: Two of 197 MHz cavities and one cell 591 MHz
cavity in a single cryomodule.

Injector Design and ERL Merger
In this design, we will not compress the beam at 400 keV
at the injector. 100 ps long beer-can distribution beam is generated from the HVDC gun. A single cryomodule consisting
of two of 197 MHz quarter-wave resonator and a single cell
591 MHz cavity as shown in Fig. 8 is used for accelerating
beam energy to 5.6 MeV which is same as the last design. We
assume each 197 MHz cavity’s gap voltage is 2.9 MV. Thus,
we can use the same ERL merger. The beam is nearly on the
crest of 197 MHz cavities with off-phase < 0.2◦ to compensate for the longitudinal phase space caused energy chirp. A
3rd harmonic cavity(591 MHz) is placed after the 197 MHz
cavity to linearize the bunch longitudinal phase space. At
the end of the injector, the RMS normalized emittance is
1.57 mm·mrad with an RMS bunch length of 17 mm. At the
exit of the ERL merger, the RMS normalized emittance is

MO2AA04
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Linac and Bunch Compression
We use two cryomodules, each containing two 197 MHz
quarter-wave resonators and a single cell 591 MHz cavity.
Similar to the injector cryomodule as shown in Fig. 8, but
needs much lower power through the couplers due to energy recovery. The bunch is placed on 30◦ off the crest of
197 MHz cavity to generate 1.8% of RMS 𝜎𝛿 energy chirp.
A four-dipole chicane with R56=0.48 m compresses the
bunch length from 17 mm to 7 mm, which is SHC-CeC’s
required bunch length. The 591 MHz Linac setup is similar to the dedicated SHC Linac. We placed 1.2◦ of the
off-crest to remove the chirp generated in 197 MHz cavity.
At the end of the linac, the RMS normalized transverse emittance is 2.5 mm·mrad, and slice 𝜎𝛿 is about 2 × 10−5 as
shown in Fig. 9. The peak current is 25% lower, which will

Electron Accelerators and Applications
Colliders

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-MO2AA04

help to reduce the longitudinal space charge. Table 2 shows
the beam quality comparison of dedicated SHC design and
SHC/precooler hybrid design. The latter one shows clearly
an improvement in the beam quality.

15

10

5

-0.06

Figure 9: The left figure shows the bunch longitudinal phase
space at the entrance of the cooling section. The right figure
shows the current along the bunch and slices 𝜎𝛿 .

-0.04

-0.02

0.02

0.04

0.06

(a) Laser longitudinal shaping using eight Gaussian micro
pulses

Table 2: Electron Beam Parameters before Merging into
Proton Beamline
Parameters
Bunch charge [nC]
Energy [MeV]
𝜀 𝑛_𝑥,𝑦 [mm·mrad]
RMS 𝜎𝛿
Slice 𝜎𝛿

SHC only

SHC+precooler

3.1 / 2.8
1.1 × 10−4
5.3 × 10−5

1
150
2.4 / 2.5
4 × 10−5
2 × 10−5

(b) The beam current along the bunch at the exit of 197 MHz cavities in
Linac

Figure 10: Beam current distribution using laser shaping

Another potential advantage of compressing the beam
using chicane, rather than ballistic compression is that it is
possible to generate super-Gaussian distribution as Eq. (2).
𝑓 (𝑥) = 𝑎𝑒
𝑎=√

−{

𝑥2
2𝜎 2

}𝑝

𝑝
2𝜎Γ( 21𝑝 )

(1)
(2)

Both Fig. 4 and Fig. 9 shows a Gaussian-like distribution
at the entrance of the cooling section. Generating a more
uniform current along the bunch can increase the cooling
rate and may eliminate the bunch stretch session by reducing
the total bunch length. The longitudinal laser shaping will be
needed to generate the super gaussian beam at the end. The
laser longitudinal shape can be varied by symmetric eight micro gaussian pulses, thus, four variables-Gaussian amplitude
can be used for optimization as shown in Fig. 10a. The goal
is set by the current mean square error at the RMS bunch
length range to be a minimum. Figure 10b shows the beam
current along the bunch length at the exit of the 197 MHz
cavities in the Linac. Supergaussian fitting shows 𝑝 ≃ 1.9,
but normalized emittance increased to 4.3 mm·mrad due to
the high peak current inside the gun.
The four dipoles chicane may cause the issue of the 1st
pass beam and 2nd pass beam difference time of flight due
to the different trajectories. We designed a chicane for a
low-energy beam and placed a small three-dipole chicane
in between the four dipoles to control the time of flight.
Adding two quads on the high energy beam path to match
on transverse direction. Figure 11 shows a lattice design to
make 14 MeV, 40.4 MeV, and 135.7 MeV have the same time
of flight.

Electron Accelerators and Applications
Colliders

Figure 11: The Linac chicane lattice.

CONCLUSION
SHC will boost EIC luminosity by a factor of 3–10. We
designed one version of injector and Linac for dedicated
SHC and another version of injector and Linac for hybrid
SHC and precooler. Both designs show the beam quality can
meet the SHC requirement. The beam noise, longitudinal
laser shaping, and using chicane in Linac have been well
studied. The further study will focus on addressing high
current ERL challenges.
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Abstract
The PIP-II Injector Test (PIP2IT) facility is a near-complete low energy portion of the Superconducting PIP-II
linac driver. PIP2IT comprises the warm front end and the
first two PIP-II superconducting cryomodules. PIP2IT is
designed to accelerate a 2 mA H- beam to an energy of
20 MeV. The facility serves as a testbed for a number of
advanced technologies required to operate PIP-II and provides an opportunity to gain experience with commissioning of the superconducting linac, significantly reducing
project technical risks. Some PIP2IT components are contributions from international partners, who also lend their
expertise to the accelerator project. The project has been
successfully commissioned with the beam in 2021, demonstrating the performance required for the LBNF/DUNE. In
this paper, we describe the facility and its critical systems.
We discuss our experience with the integrated testing and
beam commissioning of PIP2IT, and present commissioning results. This important milestone ushers in a new era at
Fermilab of proton beam delivery using superconducting
radio-frequency accelerators.

INTRODUCTION
The Proton Improvement Plan II (PIP-II) is an essential
enhancement to the Fermilab accelerator complex [1] that
will provide the world’s most intense high-energy neutrino
beam to the Deep Underground Neutrino Experiment
(DUNE) in South Dakota [2]. PIP-II high-level goals are to
1) reduce the time required for DUNE to achieve its goals
by delivering the proton beam power to the LBNF target in
excess of 1 MW in the energy range between 60 GeV to
120 GeV, and 2) sustain high reliability, multi-user operations of the Fermilab complex.
PIP-II consists of 1) a Superconducting (SC) 800 MeV
H- linac, 2) an approximately 300-meter-long beam transfer line that takes the beam to the Fermilab Booster, and 3)
accelerator upgrades required to deliver 1.2 MW of the
beam power on the LBNF target at 120 GeV.
___________________________________________

* This manuscript has been authored by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the US Department of
Energy, office of Science, Office of High Energy Physics
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The front end of the linac plays a critical role in the accelerator. It generates the beam, defines beam parameters,
accelerates the beam to an energy compatible with downstream accelerating structures, and generates a required
bunch pattern.
Fermilab and the PIP-II project constructed the PIP-II
Injector Test Facility (PIP2IT) as a testbed for PIP-II technologies to test critical PIP-II front end systems, validate
the design of SC cryomodules, and demonstrate feasibility
of bunch-by-bunch chopping.
PIP2IT included a nearly complete copy of the PIP-II
front end and the first two PIP-II cryomodules. Figure 1
shows the layout of PIP2IT with its main components.
PIP2IT was commissioned in two phases. Phase 1 up to the
end of the 2.1 MeV MEBT was commissioned with beam
from 2015 to 2018 [3]. The HWR and SSR1 cryomodules
were added in 2019-2020, leading to the second phase of
commissioning of the whole accelerator between June
2020 and April 2021. In April 2021 the PIP2IT beam commissioning was stopped. The PIP2IT hardware was disassembled and moved to storage to be installed later in the
PIP-II tunnel. The area used by PIP2IT was reconfigured
for PIP-II cryomodule testing.
This paper focuses on the second phase of PIP2IT commissioning.

GOALS OF PHASE 2 COMMISSIONING
The main goals of the PIP2IT test were:
 Conduct integrated commissioning of PIP2IT
 Demonstrate beam with LBNF/DUNE parameters at
the end of SSR1 CM
 Validate beam optics and measure beam parameters.
Test beam tuning procedures
 Test PIP-II technical systems to inform design decisions
 Gain experience with installation, testing, and operation of PIP2IT equipment
 Integrate in-kind contributions
 Include lessons learned in the design of technical systems and operational procedures
Note that equipment testing was a critical part of PIP2IT,
having same priority as the beam commissioning.
MO1PA01
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Figure 1: PIP2IT layout with its major components. The length of the facility is approximately 35 meters.

PIP2IT SYSTEMS
Ion Source, LEBT, RFQ, and MEBT Transport
PIP2IT included one DC, H- multi-cusp ion source that
can generate up to 15 mA of H- beam current. The 1.5 m
long LEBT section transports the 30 keV H- beam to the
RFQ. The RFQ was designed and manufactured at Berkeley National Laboratory. The RFQ is a brazed 4-vane
162.5 MHz structure with stabilizing Pi-rods. The RFQ is
designed to accelerate the beam with the current of 10 mA
from 30 keV to 2.1 MeV with the accelerating efficiency
exceeding 95%. The RFQ demonstrated CW operations
with an average RF power of ~100 kW. The MEBT
transport comprised quad magnets and three copper bunchers. The MEBT vacuum environment was divided into
“regular” and particulate-free areas. A small-aperture insertion divided the areas to reduce the flow of gas emitted
from the MEBT beam absorber towards the HWR cryomodule. The test results for the ion source, LEBT, RFQ,
and MEBT obtained during Phase 1 commissioning were
reported in [3].

Fast MEBT Chopper
The fast, bunch-by-bunch MEBT chopper is a critical
PIP-II system required to meet operational and user requirements. Because the RFQ frequency (162.5 MHz) is
not a harmonic of the Booster RF (~44 MHz), some linac
bunches will miss Booster buckets during the injection.
The fast MEBT chopper removes these bunches at a low
energy, reducing losses at the Booster injection. Also, future users require pre-programmed arbitrary bunch patterns. To satisfy these requirements, the PIP-II front end
includes a fast, bunch-by-bunch chopper. A prototype of
the chopper was installed and tested at PIP2IT. The system
consisted of two synchronized traveling-wave (TW) kickers and a 20-kW absorber for the disposed chopped beam.
The chopper can remove individual bunches at
162.5 MHz. The chopper kicker voltage follows the input
gate signal provided by the beam pattern generator that can
generate arbitrary chopping patterns as shown in Fig. 2.
The demonstration of the chopper operation and measurement of the extinction factor, described below, was a critical milestone for the project.
MO1PA01
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Figure 2: The fast MEBT chopper can create flexible bunch
patterns by removing individual bunches at 162.5 MHz.

SRF Cryomodules
Two cryomodules were added to PIP2IT in 2019: the
HWR cryomodule developed at Argonne [4] and the SSR1
Prototype cryomodule developed at Fermilab [5].
HWR Cryomodule
The HWR cryomodule is designed to accelerate the
beam from 2.1 MeV to ~10 MeV. It includes eight 162.5
HWR cavities and eight focusing solenoids. Each solenoid
package includes horizontal and vertical correctors and
BPMs.
The cryomodule was delivered to Fermilab and installed
at PIP2IT in 2019. It was cooled down in February of 2020.
After the cooldown, it was discovered that the first two
cavities could not be tuned to 162.5 MHz without exceeding the specified maximum stress for the tuner. In addition,
HWR cavity 3 developed a high-resistance short in the coupler bias circuit. To avoid damaging the coupler, the project
decided to not operate cavity 3. Therefore, HWR cavities
1-3 were not used for the beam acceleration, although
HWR cavities 1 and 2 were tested in the SEL regime without the beam.
The field conditioning of cavities 1-2, 4-8 revealed no
issues. The cavities were able to meet the operational field
requirement with a 10% margin (see Fig. 3). The cavity Q0
was deduced from the dynamic heat load. The measured Q0
was 1.3E10, meeting the requirement, 0.85E10. This value
was similar to the number measured at Argonne, 1.5E10.
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because of the small dynamic heat load contributed by
SSR1 and small number of SSR1 cryomodules (2) in the
PIP-II beam line.

LLRF System

Figure 3: HWR cavity performance
During later operations, HWR cavity 6 quenched under
seemingly benign conditions. After the quench, the cavity
exhibited stronger emission at the operational field. The
operational field of the cavity was reduced to ~8 MV/m.
Sometime later, the temperature of the HWR cavities was
allowed to drift to 80K-100K during cryoplant maintenance, causing gas migration inside the cryomodule. This
event reduced the offset of field emission to ~9.5 MV/m in
cavity 8. Surprisingly, this excursion of the cavity temperature and gas migration pushed up the offset of field emission in cavity 6, allowing its operation at ~9 MV/m.
SSR1 Prototype Cryomodule
A single SSR1 Prototype cryomodule was developed by
Fermilab and delivered to PIP2IT in the end of 2019. The
cryomodule comprised eight single-spoke resonators and
four solenoids with correctors and BPMs. The cooldown of
the cryomodule provided a great deal of useful information, revealing some opportunities for improvement.
The SSR cavities were conditioned to the maximum
field in SSR1 cavities, 10 MV/m, plus 15% margin,
11.5 MV/m total. Figure 4 shows the demonstrated field in
the SSR1 cryomodule. Cavities 2, 3 and 7 exhibited some
field emission that limited their operational field.

The LLRF system was a result of fruitful collaboration
of several laboratories: Fermilab, Berkeley, JLab, SLAC,
and BARC. After testing the system with cavities, the
LLRF system demonstrated excellent performance, easily
meeting the PIP-II requirement (see Table 1) for both types
of cavities. 14 cavities out of 16 tested met the requirement
for the maximum microphonics detuning of 20 Hz. Microphonics will be further investigated at PIP-II.
Table 1: Amplitude and phase stability in HWR and SRR1
cavities vs. PIP-II requirement. The measured data was
taken with beam.
HWR
(mean)

SSR1
(mean)

Amplitude

PIP-II
Requirement
0.06%

0.01%

0.02%

Phase

0.06°

0.009°

0.01°

Parameter

Instrumentation
PIP2IT included a broad variety of instrumentation:
 LEBT: Allison scanner, DCCT, toroid, electrical isolated electrodes
 MEBT: toroid, ACCT, DCCT, BPMs, Allison scanner, prototype laserwire, RWCM, prototype wire scanner, scraper and RPU bias electronics, electrical isolated electrodes
 HWR & SSR1: BPM electronics
 HEBT: ACCT, BPMs, wire scanners, ToF BPM,
RWCM, insertable Faraday cup, Fast Faraday cup,
dump electronics, BLM detectors.
BPMs proved to be a versatile diagnostic system that can
provide a wealth of information about the beam and accelerator. To fully take advantage of the opportunities provided by BPMs, PIP-II optimized the design of the BPM,
phase distribution, and data acquisition systems. The
length of all PIP-II BPM cables will be calibrated, enabling
measurement of the absolute beam phase and energy.

BEAM COMMISSIONING
Initial Commissioning and Tuning
The Phase 2 of PIP2IT operations started in June of 2020
with reestablishing the beam in MEBT.
Figure 4: SSR1 Prototype cavity performance
The Q0 derived from the measured dynamic heat load
was 0.35E10. The measured Q0 number is lower than the
requirement, 0.85E10. The lower-than-expected Q0 was
correlated to the magnetic field measured inside the cryomodule. This field was attributed to weak magnetization
of some components. A better choice of material and magnetic field hygiene will be implemented for production cryomodules. Note that this nonconformance is not dangerous
Proton and Ion Accelerators and Applications
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Challenges Due to Inoperative HWR Cavities
As mentioned earlier in this paper, the first three HWR
cavities were not used for the beam acceleration, causing a
significant concern. However, beam simulations showed
that beam commissioning still was possible, although the
loss of beam energy and quality was unrecoverable. To
avoid delaying the start of commissioning and tests informing PIP-II designs, the project made a prudent decision to
proceed with the commissioning, regardless of the issues
with the HWR cavities, and fix the cavities later.
MO1PA01
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SRF Linac Tuning
The commissioning of the SRF portion started with passing the 2.1 MeV beam without acceleration to the dump at
the end of HEBT.
The optimal acceleration phase for each cavity was set
by the typical cavity phasing procedure, in which the cavity
phase was changed, and the response of a downstream
BPM was recorded. At a lower energy, the procedure gave
an asymmetric and sometimes hard-to-interpret response
due to beam debunching. The procedure was improved by
measuring the difference in the phase of two downstream
BPMs and scanning over a smaller range of phases. The
phasing procedure was applied sequentially to each accelerating cavity.
The cavity voltage was calibrated with the beam at the
beginning of the run. The phase scan was performed for
each cavity at a reduced amplitude, and the energy variation was recorded. All other cavities were turned off. This
measurement gave the difference between the RF and
beam calibrations, which typically was within േ10% and
did not exceed േ20%.
The beam energy was measured by fixed beamline
BPMs and a movable BPM placed after the SSR1 cryomodule. The beamline BPMs were successfully used to
measure the increment of the beam energy after each cavity
that was added up to obtain the energy profile shown in
Fig. 5. Unfortunately, the length of BPM cables was not
calibrated before the run, making the absolute energy
measurement impossible. In contrast to its successful use
in Phase 1, the movable BPM frequently gave large errors
in the measured energy value, especially when the last operational cavity was far away from the movable BPM.

PIP2IT was operated for several hours in this mode showing stable operations.
Table 2: Beam with DUNE Design Parameters
Parameter
Energy

Demonstrated Value
16 MeV

Beam current

2 mA

Pulse length

550 µs

Pulse rep. rate

20 Hz

Bunch pattern

Chopped Booster pattern

Beam Measurements & Operational Challenges
Chopper Performance
Figure 6 shows the bunch pattern of the PIP2IT accelerated beam measured after the SSR1 cryomodule. The
measured extinction factor was 5E-4 (relative to the full
bunch intensity), exceeding the requirement of 1E-3.

Figure 6: Chopped beam pattern measured after the SSR1
CM at 16.5 MeV. Minimum separation between bunches
was 6.15 ns.
Measured Beam Parameters
Table 3 shows measured beam parameters in comparison
to expected/required values. The expected beam energy
and quality could not be achieved due to inoperative HWR
1-3 cavities. Also, we suspect that the reduced longitudinal
beam quality and significantly increased sensitivity to errors due to the inoperative HWR cavities caused some
losses in the machine.
Table 3: Measured Beam Parameters
Parameter
Energy (MeV)

Figure 5: Simulated and measured beam energy along the
PIP-II beam line.
Beam with PIP-II Design Parameters Demonstrated
The commissioning of PIP2IT started with 10 µs long
pulses that were safe to operate under any conditions. Once
the operation of the fast chopper was established, the
chopped beam was used for nearly all the commissioning
activities. After the MPS was tested with short pulses, the
pulse length was increased gradually to the nominal
Booster 550 µs pulse length.
In March of 2021, the PIP2IT facility demonstrated the
beam with PIP-II design parameters shown in Table 2.
MO1PA01
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Current (mA)
Transmission
Trans. emittance
(rms., norm., µm)
Long. emittance
(rms. µm)
Bunch extinction ratio

Required

Measured

22

17.1

2
99%
0.25

2
>98%
0.23

0.4

0.3

1E-3

5E-4

Orbit Correction Using Bayesian Optimization
Software for orbit correction based on Bayesian optimization was developed and applied to orbit correction at
PIP2IT. Figures 7 and 8 show the beam orbit before and
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after the correction. The test was successful, showing fast
and reliable convergence of this method. The method can
be applied to optimization of other parameters, such as envelopes, assuming appropriate diagnostics exists.

IN-KIND CONTRBUTIONS
PIP2IT provided an opportunity to integrate and operate
equipment developed by the India’s Department of Atomic
Energy (DAE) as part of PIP-II In-Kind contributions. The
following system were integrated into PIP2IT and tested:
 7 kW amplifiers
 SSR1 cavity
 MEBT magnets
Based on the hands-on operational experience with the
in-kind systems, the project was able to provide feedback
on the design of the systems to the Indian Partner.

SUMMARY AND PATH FORWARD
Figure 7: Orbit in PIP2IT before correction. The plots show
the horizontal (upper) and vertical (lower) orbit in the cryomodule and HEBT area.

Figure 8: Orbit in PIP2IT after correction using software
based on Bayesian optimization.
Hysteresis-like Behavior in SC Magnets
Hysteresis-like behavior was observed in superconducting correctors and solenoids. Based on the orbit response,
we estimated the remnant field of a few percent of the maximum field. The effect was observed in all HWR and SSR1
correctors. The residual field stayed without a noticeable
change for ~30 min. The effect could be reduced with the
demagnetization procedure. A similar effect was observed
in solenoids but not studied. The effect can introduce discrepancy with a machine model, complicate machine tuning, and require iterative optics/orbit correction.
The likely source of the residual field is a persistent SC
current in the conductor. The new SSR solenoid/corrector
package will be wound with a conductor with a smaller filament size (10 µm vs 40 µm) that can reduce the residual
magnetization.
Stability and Repeatability of Linac Phasing
The high sensitivity of the linac cavity phasing to small
variation in the MEBT energy became obvious during operations. Variations in the beam energy in MEBT smaller
than 0.5% resulted in phase errors of േ100° at the first operational HWR cavity (#4), requiring retuning of the linac.
The exact cause for these changes was not identified. The
changes typically were triggered by shutdowns of
amplifiers and electronic racks likely causing the RFQ
LLRF system to come back to a slightly different state. We
will address the energy and phase changes in MEBT during
commissioning of PIP-II. The effect also can be mitigated
by feedback using two MEBT buncher cavities and two
BPMs (phase) to correct the phase/energy error.
Proton and Ion Accelerators and Applications
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Integrated commissioning of PIP2IT has been completed
successfully in April 2021. Beam with parameters required
for LBNF/DUNE has been demonstrated. Performance of
key systems met PIP-II requirements. Design of accelerator systems was validated with and without beam. All the
planned hardware tests (43) were completed. Test results
and lessons learned guide the development of PIP-II designs. DAE in-kind contributions were successfully integrated and operated at PIP2IT providing valuable experience.
After the commissioning was completed, a significant
portion of PIP2IT equipment was moved to storage. This
equipment will be re-installed and recommissioned at PIPII.
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Abstract
The European Spallation Source, currently under construction in Lund Sweden, will be a spallation neutron source
driven by a superconducting proton linac with a design power
of 5 MW. The linac features a high peak current of 62.5 mA
and long pulse length of 2.86 ms with a repetition rate of
14 Hz. The normal conducting part of the linac has been
undergoing beam commissioning in multiple steps, and the
main focus of the beam commissioning has been on bringing
systems into operation, including auxiliary ones. In 2022,
beam was transported to the end of the first tank of the fivetank drift tube linac. This paper provides a summary of the
beam commissioning activities at ESS and the current status
of the linac.

Table 1: ESS Linac High Level Parameters for the Design
and Initial Operations (Ops.)
Parameter

Unit

Value

Beam power (design)
Beam energy (design)

MW
GeV

5
2

Beam power (initial Ops.)
Beam energy (initial Ops.)

MW
GeV

5
0.8

Peak beam current
Beam pulse length
Beam pulse repetition rate
Duty factor
RF frequency
Availability

mA
ms
Hz
%
MHz
%

62.5
2.86
14
4
352.21/704.42
95

INTRODUCTION
European Spallation Source (ESS) [1], currently under
construction in Lund, Sweden, is a neutron source driven
by a superconducting (SC) proton linac with a design beam
power of 5 MW. When the beam power exceeds 2 MW, the
ESS will the brightest neutron source in the world. The linac
has a normal-conducting injector, consisting of an ion source
(IS), low energy beam transport (LEBT), radio-frequency
quadrupole (RFQ), medium energy beam transport (MEBT),
and drift-tube linac (DTL) with five tanks. The SC part uses
three types of cavities: spoke cavities, medium-𝛽 elliptical
cavities, and high-𝛽 elliptical cavities. Following the SC
part is the high energy beam transport (HEBT), which has
rooms for additional cryomodules (up to 16) as contingency
or for potential upgrades. After the HEBT, the linac is split
∗
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into two: a straight transport line to the tuning beam dump
and a dogleg with a 4 degrees bend and 4.5 m elevation.
The section after the dogleg is referred to as Acceleratorto-Target (A2T), where each beam pulse is painted over the
spallation target with a cross-check pattern and rectangular
border by using the rastering system [2, 3]. In the following,
the part from the IS to DTL is referred to as the normalconducting linac (NCL), and the rest is referred to as the
superconducting linac (SCL). Figure 1 shows a schematics
layout of the linac, and Table 1 lists the high-level parameters
for the design [1] and during the initial operations [4]. The
design energy of 2 GeV, with a 62.5 mA current and 4%
duty factor, makes a 5 MW beam power. The beam energy
will be limited to 800 MeV during the initial operations due
to a budget issue, and this reduces the beam power to 2 MW.
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Figure 1: ESS linac schematic layout for the initial operations with 800 MeV and 2 MW. The segments in the DTL and SC
sections denote a DTL tank or a cryomodule. The cryomodules marked with the grey color will not be powered during the
initial 2 MW operations.
The long pulse length of 2.86 ms is a requirement from the
users and unique feature of the ESS. The ESS also has an
ambitious goal of high availability of 95%.
The NCL of the ESS linac already went through three
commissioning steps, and the nominal current beam was
successfully sent through the first DTL tank (DTL1). For
the rest of the linac, manufacturing, installation, and testing
of components are ongoing. This paper first provide a brief
summary on the ESS linac project and then presents a summary and highlights of the NCL commissioning activities
on the ESS site.

PROJECT STATUS
This section provides a brief overview on the whole ESS
linac project. Further details can be found in [4, 5].

Schedule and Linac Configurations
The ESS follows a strategy of staged commissioning like
other similar facilities. For each commissioning step and
the start of the user operations, the starting time and the
maximum energy at that time are summarized in Table 2.
As denoted in Fig. 1, the number of cryomodules for the
spokes, medium-𝛽, and high-𝛽 cavities are 13, 9, and 21 for
each. Each spoke cryomodules houses two spoke cavities
whereas each medium- and high-𝛽 cryomodule houses four
cavities. From the early years of the project, it has been
planned that the high-𝛽 cryomodules are not installed for
the fifth and sixth commissioning steps in Table 2 [6]. This
is why the maximum energy for those steps is 570 MeV,
which is the design energy after the medium-𝛽 section. The
current plan is slightly different and assumes seven medium𝛽 cryomodules (the blue color ones in Fig. 1) and two high-𝛽
cryomodules for those steps [4]. This is due to production
Table 2: ESS Linac High-level Schedule
Step

Start

Commissioning to LEBT
Commissioning to MEBT
Commissioning to DTL1

2018-09
2021-11
2022-05

Commissioning to DTL4
Commissioning to Dump
Commissioning to Target
Start of user operations

2023
2024
2025
2026

Energy [MeV]
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0.075
3.62
21
74
570
570
800

issues with the medium-𝛽 cavities and good progress with
production of high-𝛽 cryomodules. This configuration also
gives the maximum energy of approximately 570 MeV. The
remaining two medium-𝛽 and 19 high-𝛽 cryomodules will
be installed later, but only five of them (and in total seven)
are powered, thus making the beam energy during the initial
operations 800 MeV.

Recent Highlights on the ESS Site
Overall, the ESS linac project is making steady progress
towards the major milestones of the first beam on target and
initial user operations. Because it is a European collaboration with more than 20 institutions, there is not enough space
to list progresses in all areas. Thus, this section lists highlights only from recent activities on the ESS site. Currently,
the accelerator tunnel is separated by a temporary shield
wall at the foreseen location of DTL5. This is to allow activities such as high-power conditioning of cavities and beam
commissioning in the NCL side in parallel to installation
and testing in the SCL side.
For the NCL, besides the beam commissioning, highpower conditioning of the RFQ and DTL1 was successfully
conducted on the ESS site. The RFQ reached steady operations at 850 kW (116% of the nominal power) for the full
duty factor. Whereas, for the DTL1, time ran out after reaching steady operations at 3.15 MV/m (105% of the nominal
field) for 14 Hz but for a ∼1 ms pulse length. Details on
the experiences from the RFQ and DTL1 conditioning were
presented in this conference [7, 8].
For the SCL, the cryomodules are being delivered to the
ESS. So far, the number of the received cryomodules for the
spoke, medium-𝛽, and high-𝛽 cavities are eight, seven, and
two for each, i.e., what is missing for the fifth and sixth commissioning steps is five spoke cryomodules. In the SCL side
of the tunnel, installation of the cryogenic distribution was
just completed. Once its testing is completed, installation
of the cryomodules is scheduled to start in 2023. Details of
cryomodule production, testing, and installation were presented in this conference [9]. Installation and testing of the
RF systems for the cryomodules are also progressing in the
gallery.

NCL COMMISSIONING OVERVIEW
NCL Structures
This section provides short descriptions of the NCL structures up to DTL1. Further details can be found in [1, 5].
MO1PA02
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Strategy and Constraints
The ESS linac project has been adopting aggressive schedule since the beginning, which lead to the decision of not

Figure 2: LEBT schematic layout during operations. During
the commissioning for the IS and LEBT, an additional tank
was placed at the position of the RFQ.
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The IS of the ESS is of the microwave discharge type and
produces a 75 keV proton beam. The following LEBT has
two focusing solenoids equipped with coils for trajectory correction. The LEBT includes the following diagnostics [10]:
Faraday cup (FC), beam current monitor (BCM), Doppler
detector for a proton fraction measurement, Allison scanner type emittance measurement units (EMUs), and noninvasive profile monitors (NPMs), which also provide a centroid position measurement. Figure 2 is a schematic layout
of the LEBT. Note that there is an additional BCM around
the cable of the 75 kV high-voltage power-supply, which
provides an indirect measurement of the current out of the
IS. During the first commissioning step for the IS and LEBT,
and also during the preceding commissioning at the site of
the INFN-LNS [11], an additional tank was placed at the
position of the RFQ, and the second set of the NPMs and
one of the EMU were placed in this tank.
After the LEBT, a 4.6 m-long, four-vane RFQ accelerates
the proton beam to 3.62 MeV and forms the bunch structure
of 352.21 MHz. The subsequent 4 m-long MEBT includes
three buncher cavities and eleven quadrupoles equipped with
coils for dipole correctors. The MEBT houses a comprehensive set of diagnostics: FC, BCMs, beam position monitors
(BPMs) both for position and phase measurements, wirescanners (WSs), slit and grid type EMU, and bunch shape
monitor for longitudinal profile measurements. Figure 3 is a
schematic layout of the MEBT. Note that the FC is in front
of the eighth quadrupole and this FC was final destination
during the second commissioning step.
The DTL1 with 61 acceleration gaps accelerates beam
from 3.62 MeV to 21 MeV. Every other drift-tube houses a
permanent magnet quadrupole (PMQ), forming the FODO
lattice for transverse focusing. DTL1 also houses six dipole
correctors and six BPMs in drift-tubes with no PMQ. During
the third commissioning step, an FC was placed after the
DTL1 with a ∼1 m drift and shielding.
The beam pulse out of the IS is much longer than the
nominal 2.86 ms (∼6 ms) because of the stabilization time
of a few milliseconds in the beginning. Adjustments of the
pulse length and cleaning of the edges are performed with
the slow and fast choppers housed in the LEBT and MEBT,
respectively. Adjustments of the current is performed with
the IS itself and the iris in the LEBT.

WS

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-MO1PA02

BCT

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Figure 3: MEBT schematic layout.
using any temporary test-bench or beam dump after the
commissioning step for the IS and LEBT [6] but instead
including comprehensive suite of permanent diagnostics in
the linac [12]. The choice of no temporary beam dump defined relatively tight limits in beam parameters during the
NCL commissioning (except when the beam is sent to the
LEBT FC): 62.5 mA and 50 µs for 1 Hz and 62.5 mA and
5 µs for 14 Hz. Testing a duty factor higher than these sets
of parameters has to be waited until the beam is sent to the
tuning beam dump, which is still limited to only 1/30 Hz for
the full nominal pulse. The aggressive schedule, combined
with limited resource for systems integration to the control
system, also lead to the situation where each commissioning
step thus far started with the minimal set of systems, especially for the diagnostics. When the first commissioning step
for the IS and LEBT started, only the BCMs and FC were
available. The NPMs and EMUs later received temporary
integration and provided measurement results during this
commissioning steps. However, because of their temporary
status, they became unavailable again during the following
commissioning steps. Similarly, for the second and third
steps of commissioning, only the FCs, BCMs, and BPMs
were available from the beginning. The WSs and EMUs in
the MEBT were later tested with beam but provided only
limited sets of measurements. In terms of cavities and their
RF systems, the buncher cavities were not available during
the whole period of the commissioning to MEBT in 2021
since their RF systems were not deployed yet at that point.
The feedback and adaptive feed-forward of the low-level RF
(LLRF) systems were still under testing phases for all the
cavities.
Because of the above-mentioned situations, for the second and third commissioning steps, priority was given for
deploying and verifying as many systems as possible. In
terms of beam parameters, the baseline goal was set very
low to establish stable probe beam (≤6 mA, 5 µs, and 1 Hz)
to the final destination of the given step.

Highlights
The initial part of the second commissioning step took
a very cautious approach prior to sending the beam to the
RFQ and ramping up beam parameters and spent time for
verifying the systems critical for machine safety such as the
BCMs, LEBT chopper, and machine protection systems [13].
Nevertheless, within the allocated period of five weeks in
2021, the beam was successfully accelerated with the RFQ
and stable beam with 6 mA, 50 µs, and 1 Hz was established
up to the MEBT FC, without any accident. The output
energy of the RFQ was verified to be ∼3.6 MeV with timeof-flight measurements (Fig. 4). In 2022, two additional
commissioning periods (approximately nine weeks in total)
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Figure 4: Histogram of the measured RFQ energy with timeof-flight.
Table 3: NCL Commissioning Milestones
Milestone

Date

Beam from IS
Acceleration with RFQ
Nominal current out of RFQ
Acceleration with DTL1
Nominal current out of DTL1

2018-09-19
2021-11-26
2022-03-12
2022-06-01
2022-07-01

were arranged. During these periods, stable beam with the
nominal 62.5 mA current was established up to the MEBT
FC, with an excellent RFQ transmission of ∼95%. Testing
of the closed-loop operation of the RFQ also made good
progress during this period, and the RFQ ran with both the
feedback and adaptive feed-forward during the following
commissioning step.
During the following commissioning step up to the DTL1,
it did not take too long to send the beam to the DTL1 and
attempt to ramp-up the current. This was because most of
the critical systems for machine safety were already verified
during the preceding step. Transport beam with the nominal
62.5 mA current was first attempted on 1st of July, 2022
and established within a few hours. Table 3 lists selected
milestones from the second and third commissioning steps.

HIGHLIGHTS FROM BEAM
CHARACTERIZATION AND TUNING
This section presents selected highlights of beam characterizations and tuning from the NCL commissioning steps
thus far. Further details could be found in the contributions
to this conference [7, 14–18] as well as in the upcoming
conference of this year (2022) [19, 20].

IS Repeller
During a maintenance period in early 2022, it was discovered that the repeller located ∼30 mm from the extraction
hole was disconnected. This repeller prevents electrons from
back-streaming into the IS chamber from the LEBT. It also
changes the balance between the electric potentials of the extraction system and beam space-charge and thus potentially
alters beam characteristics [16]. The first commissioning
step for the IS and LEBT showed large emittance values
(0.3-0.4 𝜋 mm mrad depending on the extracted current) and
Proton and Ion Accelerators and Applications
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Figure 5: Transmission to the LEBT FC for various extraction current levels and first solenoid strengths, before
(top-left) and after (top-right) the discovery of the IS repeller
issue, compared to the model prediction (bottom).
indicated a large initial divergence [21]. Transmission measurements up to the LEBT FC for different levels of the
extraction current and strength of the first solenoid (Figure 5) confirmed that the repeller was the cause of this issue.
The initial divergence is clearly reduced with the repeller
(thus improving the transmission in the low solenoid strength
region) and the measurements show much better agreement
to the model prediction. A further, detailed analysis of the
effect of this repeller can be seen in [16].

Matching to RFQ
Matching from the LEBT to RFQ was performed by scanning two solenoids in the LEBT and finding the combination which maximizes the transmission through the RFQ.
Like many other RFQs, this condition is also the best for
beam quality, e.g., minimizing emittance growth in all the
planes [22]. Figure 6 compares a measurement (left) and simulations (middle and right), which are based on three codes:
IBSimu [23] for the IS output distribution, TraceWin [24] for
the transport in the LEBT, and Toutatis [25] for the transport
in the RFQ. The condition of the simulations needs to be
improved, for example the maximum current into the RFQ
was ∼62 mA for the measurement whereas ∼69 mA for the
simulations. The best transmission measured was 95.5%,
which was very close to the model prediction of 97-98%. On
the other hand, the position of the optimal point and the pattern were quite different. It is also seen that the simulation
result is sensitive against the level of space-charge compensation (SCC). These results are still preliminary; additional
measurements will be performed in future and simulation
studies will continue.
For the injection to the RFQ, correcting the trajectory
error is also important. During the first commissioning step,
trajectory correction and error source identifications were
made based on position measurements from the NPMs [26,
27]. The significance of the Earth magnetic field, which had
a downward vertical component of 47.4 µT [28], was also
identified. Because the NPMs were not available, stability
of the trajectory correction could not be tested during the
second and third commissioning steps. During the second
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Figure 6: RFQ transmission vs. LEBT solenoids. Left:
Measurement. Middle: simulations with 95% SCC. Right:
Simulation with 100% SCC. (For the solenoid, the conversion from current to peak field is 0.8158 mT/A.)
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Figure 7: BPM phase difference between two downstream
BPMs during the buncher 3 phase scan. The different colors
are for different set effective voltages (𝑉𝑇).
step of commissioning, another scheme to correct the positions at the RFQ injection was also established by using the
BPMs in the MEBT and combining scans of the correctors
with modulation of the RFQ voltage [17].

RF Phase and Amplitude Setting
Beyond the RFQ, the most significant part of hadron linac
tuning, especially in the beginning, is to set the RF amplitudes and phases of all the RF cavities one-by-one from the
downstream, and thus establishing synchronizations among
cavities and intended energy at each point. This is typically
done by scanning the phase of the cavity under tuning for different levels of amplitudes, while all the other downstream
cavities are turned off, and by measuring the phases changes
in downstream locations. Details of the RF tuning conducted
so far will be presented in [20].
Figure 7 shows an example of such scans for the third
buncher. All the curves cross a point at a −30 degrees in
phase, where the buncher causes no acceleration and only
providing bunching. The amplitude of the oscillation is proportional to the cavity voltage (𝑉) multiplied by the transittime-factor (𝑇). Hence, a comparison of the amplitude to the
model gives beam-based calibration to the cavity amplitude.
In this case, it was found that the set amplitude was off by
approximately −10%.
The amplitude and phase of each DTL tank can be also set
in a similar manner based on phase measurement. For a DTL
tank, the phase signal tends to be more complex than the case
of the bunchers and the curve fitting is used to determine the
amplitude and phase (signature matching) [29]. For the DTL
of the ESS linac, applying machine-learning technique was
also studied for future applications [30]. For the DTL1, the
amplitude and phase can be also set roughly with transmisMO1PA02
22

Figure 8: Left: DTL1 transmission vs. phase. Right:
FWHM vs. amplitude. In the right figure, the reference
of the relative amplitude (horizontal axis) was selected so
that the measurement points overlap with the model prediction, indicating that the set amplitude of 2.9 MV/m is closest
to provide the nominal 3.0 MV/m field.
sion scan like the RFQ. This is because no beam comes out
of it for a certain range of phase, even if its amplitude is at
the design value. This is not the case for the rest of the tanks
of the ESS DTL. Figure 8-left shows the DTL1 transmission
scanned over the phase for different levels of amplitudes.
The transmission was measured between the BCM the end
of the MEBT and the other at the end of the DTL1. The
shoulders of these transmission curves depend on the bunch
length in time at the DTL1 entrance, whereas the full-widthhalf-maximum (FWHM) of each curve is insensitive against
the initial bunch length and thus is a good figure of merit.
Figure 8-right shows the relation between the FWHM and
the set amplitude, where the FWHM was calculated by fitting an error function to each shoulder. The horizontal axis
is the relative amplitude, whose reference was adjusted so
that the measured data points fit to the simulation. This preliminary analysis indicated that the set voltage of 2.9 MV/m
was closest to the nominal field case of the simulation. The
design phase is ∼70 degrees from the half-crossing of the
right shoulder (and ∼40 degrees from the left), which is at
∼130 degrees in the left figure.

CONCLUSIONS
The ESS linac project is making a steady progress towards
the initial operation at 800 MeV and 2 MW. For the NCL, the
commissioning step up to DTl1 was just completed. Despite
that only the fundamental diagnostics of FCs, BCMs, and
BPM was available for a large fraction of commissioning
time, the nominal current beam with 62.5 mA was successfully transported to the end of DTL1 on the day of the first
attempt. Three additional DTL tanks will be installed and go
through high-power conditioning this year (2022), followed
by beam commissioning next year. For the SCL, the cryomodules are being delivered and tested. Their installation
will start next year, aiming to conduct the beam commissioning of the SCL in 2024.
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FIRST YEARS OF LINAC4 RF OPERATION
S. Ramberger∗ , R. Wegner, CERN, Geneva, Switzerland
Abstract
Following the construction, commissioning, run-in, and
connection, in 2021 Linac4 at CERN saw its successful
start-up to full operation. Being composed primarily of
RF systems, occupying most of the tunnel and the equipment hall, a coordinated effort has been put in place by four
RF teams providing cavities, amplifier chains, low-level RF
and general control systems. While all parts came together
with impressive performance from day one, many details
required a considerable debugging effort to achieve the requested availability of at least 95% from first operation in the
synchrotron complex. This contribution focuses on issues in
equipment reliability, radiation to electronics, thermal stability, systems interaction, as well as a few aspects of complex
low-level RF setup. It will also discuss decisions taken with
respect to spare policies and upgrades for the coming years.

INTRODUCTION
Linac4, the new H− accelerator at CERN has been constructed as a replacement for Linac2, a proton machine,
which was close to its end of lifetime [1]. While the design efforts for Linac4 began in 2004, the actual project was
started in 2008. The ground-breaking took place on 16 October 2008, and the inauguration was celebrated on 9 May
2017, following the first beam commissioning of the machine. Linac4 has been designed as part of the LHC injector
upgrade with the aim to be able to reach up to twice the
beam intensity out of the PS Booster, which is a 4-ring synchrotron following Linac4 and which accelerates the beam
from 160 MeV to 2 GeV.
Supporting a rich physics program at the LHC as well as
at ISOLDE, AD, and several fixed target experiments, the injector complex is required to almost continuously supply all
customers reliably with the requested beam types and beam
quality throughout the year. Beam production is based on
a complex operation with pulse to pulse modulation (PPM)
that must make sure that all facilities are served in parallel
with individually tailored beams.
In this context, the performance of the accelerators is
primarily monitored in terms of machine availability of nondegraded beam quality. Equipment faults are registered by
the operation team in the accelerator fault tracking (AFT)
system, analysed by equipment experts, and discussed in
weekly meetings [2].
The decision to delay the connection of Linac4 from the
long LHC shutdown LS1 (2013–2015) to LS2 (2019–2021),
in order to reduce interference with LHC activities, was extremely beneficial for the reliability of the machine. Having
been run for almost 40 years, Linac2 was still at an average
of 98% of overall availability in the final years. Having the
∗
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very reliable Linac2 as its predecessor, the challenge for
Linac4 was set high, to deliver at its start-up all the previously defined beams at 95% availability despite its about
three times higher beam energy and number of RF systems.
In the following sections, a brief introduction to the Linac4
machine and the start-up phase is given. A number of exemplary RF issues that were encountered in the commissioning
and early RF operation are described. Operational strategies
and spare policies are discussed with an outlook on future
RF activities.

THE MACHINE
As is the case for linear accelerators in general, Linac4
consists primarily of RF systems and equipment required to
run these. Linac4 operates at an RF frequency of 352.2 MHz
and at about 0.1% duty cycle with a beam-pulse length of
up to 600 𝜇s and a 1.2 s repetition time. The machine has a
length of about 80 m. The average operational beam current
is up to 23 mA after beam chopping with an emittance of
0.3 𝜋 mm mrad at 160 MeV.
Cavities in the beamline tunnel are 12 m below the equipment hall where klystrons are located. The equipment hall
is about 100 m long and 12 m wide. Connection of RF
equipment from the hall to the tunnel passes via shafts with
rectangular half-height WR2300 waveguides, and coaxial
cables close-by, to keep line-lengths short and at the same
environmental conditions. High-voltage (HV) modulators
placed next to klystrons, generating the high voltage pulses
of up to 110 kV for the klystrons, are taken care of by the
power converter group.
The RF structures on the beam line accelerate beam out of
the source at 45 keV consecutively with a Radio-Frequency
Quadrupole (RFQ) to 3 MeV, 3 Bunchers, 3 Drift-Tube
Linacs (DTL) to 50 MeV, 7 Cavity Coupled DTLs (CCDTL)
to 102 MeV, and 12 PI-Mode Structures (PIMS) to 160 MeV
in the main tunnel, and 1 PIMS-type Debuncher cavity is
located in the transfer line tunnel. The RF teams are also in
charge of the two chopper structures located in the MEBT
line between the first two Buncher cavities and the 2 MHz
source amplifier providing about 30 kW RF power to the
plasma chamber.

THE ORGANISATION
The key to the success of Linac4 is the dedication of all
teams. Within the RF group at CERN, four of the hierarchical sections are contributing to the operation of the accelerator with each section being responsible for certain parts of
the systems, devided into klystrons, controls, feedback, and
other linac RF systems. A tight collaboration is also established with other groups at CERN, in particular for power
converters, cooling, mains electricity, vacuum, general controls, beam physics, and operation group. The effort within
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the RF group is organised by a Linac4 RF coordinator who
mainly takes care of the communication between RF teams,
and the operation and beam physics coordination. Part of
the assignment is to review faults, analyse corresponding
data, and to focus the team effort on critical issues.
In the RF group, three piquet teams for klystrons, other
high level systems (solid state amplifiers, chopper, source
amplifiers, cavities), and low level RF and controls provide
24/7 on-call support on a weekly rota. All piquet teams have
responsibilities for other machines as well. Apart from a
team of operators that are on shift work, an on-call machine
coordinator out of a team of nine people on a weekly rota
follow up the machine issues on the operational side. Three
of the machine coordinators are from the operation group,
three from the beam physics group and three from equipment
providers, whereof one is from the RF group. The benefit is
mutual as this responsibility provides a privileged view to the
RF group on the operation and to the operation group on the
RF. Daily and weekly coordination meetings are organised
for the tight follow-up of issues. During year end technical
stops, regular maintenance is scheduled, and few technical
stops are organised during the year for urgent interventions.
A number of software tools provide the formal framework
for the follow-up. Among these, the main tools are the elogbook, and the accelerator fault tracking tool (AFT).

THE COMMISSIONING TIMELINE
Linac4 commissioning progressed in three stages with a
multitude of runs as shown in Fig. 1. In the first stage of commissioning from March 2013 until end of 2016, milestones in
beam energy were reached at 3 MeV (RFQ), 12 MeV (DTL1),
50 MeV (all DTL), 107 MeV (all CCDTL & PIMS01), and
160 MeV (all PIMS), putting the machine consecutively in
service. From there on five beam commissioning runs of the
full linac led by the beam physics group covered the second
stage until summer 2018. Finally on the third stage, three
runs led by the operation group until end of 2020 provided for
the testing and debugging of the linac up to the connection
to the PS Booster synchrotron. These three commissioning
stages corresponded to the objectives of the exercise: first
to reach the reference beam energy with a first stable beam,
then to reach a certain reliability in the equipment operation with full beam and to improve on the beam quality, and
finally to reach the required beam quality. [3–5]
The three objectives for Linac4 were in line with the operational reality: for reaching the internal beam dump neither
the precise final beam energy nor nominal beam quality are
required. When then bending the beam into the transfer line
in the second stage, the absolute beam energy and the energy
spread needed to be within bounds. At the third stage when
sending the beam on the measurement line and later when
injecting into the PS Booster synchrotron, a consistent beam
quality needed to be achieved.
The transfer of responsibility for beam commissioning to
the operation group in the third stage was a natural but important step towards reaching the reliability in the beam param-
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Figure 1: Linac4 commissioning progressed in three stages
with a multitude of runs at each stage.

eters. Rigorous debugging with a view towards the downstream machines was undertaken and the standard CERN
high-level features like pulse-to-pulse modulation was introduced. The many relatively short operation periods of
two to four months interrupted with few months of technical
stops were essential for debugging and upgrading systems.

LOW-LEVEL RF SYSTEMS
The low-level RF systems for Linac4 are a new development. While the design team benefitted from contacts to
experts on other linacs namely the SNS at ORNL [6], the
operational needs at CERN favoured an individual development. At the time, all other injector linacs at CERN relied
on analog low-level cards, and the operational requirements,
in particular the pulse-to-pulse modulation scheme used
for multi-user beam production, and the specific controls
infrastructure required a dedicated implementation.
The hard- and firmware was installed in a Faraday cage
in the equipment hall, debugged and upgraded in a staged
approach that went all along the commissioning periods
of the machines. First the basic feedback loops for tuning,
amplitude and phase control were put in operation. Later
Kalman filtering and adaptive feed-forward (AFF) were introduced to stabilise the beam head. A polar loop is used to
stabilise the klystrons. Detailed descriptions of the systems
and algorithms are provided in [7].
Initial difficulties with data persistence increased the startup time in the first runs. Hardware installations and controls
issues repeatedly led to the loss of reference phase values and
required the rephasing of the machine practically at every
machine start-up. With the automation and debugging of
this procedure, the impact could be reduced from about a
week to just few hours lost.
The actual phase stability due to thermal variations is
continuously being monitored. Early in the design, the installation of a reference line was decided. The RF reference
is propagated along the linac tunnel and directional couplers
split off reference signals at each cavity which are brought
back to the Faraday cage closely following the hollow rectangular WR2300 waveguides through the vertical shafts.
While there are absolute seasonal phase changes of few degrees that might be due to humidity variations in the Faraday
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cage, the variations between cavities on the beamline remain
within ±1 deg, sufficient for reliable operation.
Very critical for the daily operation also is the recovery
of systems after external perturbation like power glitches
and outages. At first all systems had to be started individually from the control panel. Klystrons need 15 minutes for
heating the filament of the electron gun, and starting all 22
systems by hand required considerable time. The correct
start-up of the power systems including the HV modulator and the reliable closure of tuning, phase and amplitude
loops in a pre-defined operational state is non-trivial, and
the development of a sequencer script required considerable
testing and debugging effort. Operators are now able to
restart the systems rapidly and reliably. More to this, it is
critical for the sequencer to attribute start-up failures reliably
to sub-systems in order for the operator to be able to call the
right equipment specialist. Further improvements are still
on-going. Further effort also still needs to be spent on the
energy painting system designed for high intensity beams.
The upgrade of the debuncher amplifier to a higher power
level might need to be rediscussed.

RF PROBES
Originally the conditioning of the first DTL structure was
foreseen on the RF power test stand, though to gain time, all
RF structures were conditioned only in the Linac4 tunnel.
When reaching high RF power, and after a good number
of RF breakdowns, unfortunately, RF probes occasionally
failed with a vacuum leak. The RF probes actually had
been recuperated from Large Electron Positron (LEP) main
ring cavities [8]. The design was considered fully tested
and advantageous as it consists of two individual parts; the
power probe, and an RF vacuum window. This way, the
RF probe could be exchanged, and its loop angle and thus
coupling factor adjusted without breaking the vacuum.
First failures were spread out in time and occurred on the
7.3 m DTL Tank3, but for long did not show up on other RF
structure types. Only when all RF structures came on-line
and operated at nominal power, it became apparent that there
is a correlation with stored energy (24 J for DTL Tank3),
and that the problem would need to be treated rapidly to
maintain operation.
A new design with a more retracted classic coaxial ceramic feedthrough was developed and installed when available and appropriate. 70 replacement antennas needed to
be installed and calibrated, limiting interferences with the
Linac4 beam commissioning. The fact that recalibration of
RF probes used in feedback loops had an effect on cavity
phasing added to the phase issues mentioned before. Microscopic analysis before and after failures could trace cracks
in the ceramics as the issue (see Fig. 2). It took almost three
years from the first failure to replacing the last probe.

ARC DETECTORS
In the first months of commissioning up to 160 MeV and
with increasing beam intensity, arc detectors on the WR2300
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Figure 2: RF probe window (left) analysed by electron microscopy shows a hollow with cracks (right).

rectangular waveguides started detecting false events. Some
of the events unfortunately required forcing a power cycle
by disconnecting a cable of the control logic. Failures were
correlated with beam intensity, beam energy, and radiation
levels in the tunnel. The sensors had been built in two parts.
The actual detector had been designed radiation hard, and
the control logic was foreseen to be installed with long cables
far away. Nevertheless, as it was considered easier to do,
the control logic was installed in the tunnel close to the
detectors. The wrongly made assumption was that the low
Linac4 duty-cycle would not lead to radiation failures.
At low beam energies no issues were detected. For higher
beam energies, two options were found to remedy the situation a) to shield electronics and to make the control logic
radiation hard, and b) to displace the control logic out of
the tunnel. It was clear that option a) would allow to go
stepwise with minimal investment into hardware, and first
to increase shielding in particular locations, to verify with
simulations, and to adapt the measures to the needs. Nevertheless it was boldly decided to leave the control logic in
place for locations with lower beam energy, and to go for
option b) at higher beam energies as potentially debugging
the situation at multiple instances also comes at a cost. A
sufficient number of spare cable channels from the tunnel
were available. By laying cables from the tunnel to existing
racks on the surface up to 30 m line length away and moving
the hardware, the issue could be treated once and for good.
A year after first symptoms the issue was solved, and soon
forgotten.

THE KLYSTRON STRATEGY
The RF frequency of the Linac4 installation of 352.2 MHz
was chosen in reference to existing equipment from the former LEP ring, the predecessor of the LHC in the same tunnel. 20 klystrons of nominal 1.3 MW CW output power
from three manufacturers with an estimated accumulated
remaining lifetime of about 50 years could be recuperated,
including waveguides, circulators and dummy loads. In consequence, a layout was defined using some of these LEP
klystrons and some new 2.8 MW pulsed klystrons from two
manufacturers in order to make sure to reach the required
beam performance. [9]
Most RF structures require about 1 MW input power at
nominal 40 mA of beam current. At least 25% overhead
are required to cover line losses and feedback loop regu-
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Figure 3: Evolution of the klystron setup - start-up (top),
current (middle) and final setup (bottom).

lation. At higher beam energies the space in the klystron
hall is too tight for parallel LEP klystrons, and on some RF
structures the stably reachable output power from these LEP
klystrons limits beam current to 26 mA. In consequence the
original setup in Fig. 3 was chosen for the start-up and will
be upgraded to the final setup as LEP klystrons reach the
end of their lifetime. The lower beam current corresponds
to the beam current limits of the H− source after chopping,
and in order to reach the required integrated intensity, the
nominal injection into the PS booster synchrotron of nominally 4×100 𝜇s of beam has been extended to 4×150 𝜇s,
corresponding to roughly 150 turns in the PS booster.

CIRCULATOR COOLING
In October 2020, a water leak developed in the circulators
of the PI-Mode Structure 1 (PIMS01). Due to the fact that
it was inside the waveguides, it was discovered only few
weeks later, after phase variations in the PIMS02 branch
could not be explained other than by a variation on one of
the circulators. The two branches powering PIMS01 and
PIMS02 are fed by a single high power klystron. The phase
and amplitude were controlled on PIMS01 and the phase
difference between the structures is adjusted by a phase
shifter. As the PIMS01 phase is stabilised, the PIMS02
phase drifted.
When the problem was understood, the water cooling
was suppressed and the circulator operated without cooling.
Due to the low duty cycle of less than 0.1% water, cooling
is not required but a phase variation could still be seen as
the two circulators nevertheless depend on a temperature
stabilisation. The decision therefore was taken to install
chillers for air cooling on the water channels. On the lowlevel side the amplitude and phase loop is now stabilising
the vector sum of the two cavity voltages. Since these two
modifications, the systems are back to stable operation.

THE SPARES POLICY
The spares policy has a direct repercussion on the
Mean Time To Repair (MTTR). RF redundancy in normalconducting ion linacs is limited as all cavities are unique
and need to be continuously operational. Nevertheless, the
three buncher systems are equipped with a spare amplifier
rack and a patch panel which permits to switch from any
of the main buncher amplifiers to the spare within a few
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minutes. A full rack of spare parts was considered necessary
in any case and keeping that rack in standby was estimated
worthwhile. A similar situation is valid for the debuncher
amplifier. It actually consists of two buncher amplifier racks
and instead of combining the two, each of the racks can be
run individually on the debuncher cavity halving the available power. Currently also a spare chopper structure is being
built that can replace either of the two operating units. The
potential failure scenario is beam loss on the meander lines
of the ceramic buncher plates. Other individual spare units
are still being prepared when time is available, and a spare
RFQ project has been launched in 2020.

THE SPARE RFQ PROJECT
At the beginning of 2020, an inspection of the pre-chopper
dump in the LEBT line permitted also to inspect the RFQ
front face. First endoscope pictures made believe that the
RFQ vanes were strongly damaged. Inspection by normal
camera after removal of the second solenoid magnet showed
that the impact was less severe than apparent from the endoscope images, but changes in surface texture appear to
be real. Limited access to the vanes surface made further
analysis impossible. While no degradation in the RFQ performance was seen, it was nevertheless decided to build an
almost carbon copy spare RFQ (RFQ2). A risk analysis by
an expert team during the manufacturing of the first RFQ
(RFQ1) in 2015 had concluded that the fact that the RFQ
is a monolithic structure makes repairs difficult and favours
to have a full spare. Beam and breakdown damage however
were not seen as primary reasons for the need of a replacement structure. Raw material had been acquired soon after
the study but the decision whether to build a carbon copy or
an upgraded version had not been taken until 2020. Within
the framework of the Linac4 spare RFQ project, the manufacturing is on-going and the completion of the structure
before tuning is expected in September 2022 [10].
The interest in the beam dynamics design to increase
the vane voltage needed to be considered relative to the
breakdown rate. Early operation showed breakdown rates
of 4 × 10−4 with frequent bursts of consecutive breakdowns.
As breakdowns lead to surface damage, a suppression of
these bursts was considered mandatory. To achieve better
breakdown performance, first the cavity voltage was reduced,
and an effort was made to interlock the operation based on
the reflected power caused by the breakdown. Today a linear
ramped reconditioning kicks in, that becomes the longer
the more consecutive breakdowns are detected. Current
operation slightly above the nominal voltage of 35 MV/m is
achieved at a breakdown rate of 1 × 10−5 which corresponds
to a breakdown per day. This performance is considered
acceptable by operation. The evolution of breakdowns over
the years is shown in the Fig. 4.
In parallel to the RFQ2 manufacturing, a study program
was launched to consider the design of a future RFQ3. Building on experience from CLIC studies, materials are being
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Figure 4: RFQ accumulated number of breakdowns. A
breakdown protection considerably improved the situation.

Figure 5: Linac4 availability from 2017 to August 2022:
RF (blue), RF plus klystron HV modulators (green), Linac4
total (red), target value of 95% (dotted).

studied with respect to breakdown performance with and
without irradiation. First results are described in [11, 12].

THE AVAILABILITY
The key parameter for the performance of the CERN accelerators is the availability with full beam quality. As mentioned earlier, the performance of all machines at CERN is
extracted on a weekly basis and faults are discussed during
weekly meetings. Due to the meticulous care in the followup of issues and the long start-up phase, the target value
of 95% availability could be reached since 2021, as shown
in Fig. 5. AFT calculations rely on definitions like the accounting for start and end of a run, for planned interventions,
or for multiple interventions undertaken in parallel. In the
same way, the fault tracking also strongly depends on what is
considered as acceptable beam. Before the beam needed to
be injected into the downstream synchrotrons, low-level RF
systems were still in the debugging stage, and actual beam
quality was not yet checked to be within the same tight limits
as it is today. In the figure, a dip in the 2020 availability
can be noticed which is due to the issues with the circulator
mentioned before.
As a further indication in Fig. 6 the contribution of faults
to downtime in 2020 is listed by type of fault. It can be
noticed from the graph that most of the faults appear on highvoltage systems like klystrons, and that cavity breakdowns,
some source RF and chopper driver issues which are directly
related to high voltage faults, account for approximately one
third of the downtime. A great effort continues to be made to
reduce the impact of breakdowns in RF structures, and a new
solid-state amplifier for the source and a new chopper driver
are under study. With the replacement of LEP klystrons by
new 2.8 MW klystrons, too, it is expected that fault rates
improve.

CONCLUSIONS
Linac4 being the replacement for Linac2 at CERN has
shown an impressive performance since its connection to
the injector complex, and achieved the key performance
target values practically from day one of operation on the
accelerator complex. This high performance could only be
reached with a long run-in period and the strong dedication
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Figure 6: Blocking root faults of the RF systems of Linac4
by categories during the year 2022 until August.

of personnel to sort out issues along the way. The complexity
of the operation of such a facility is reflected in that teething
issues like failing probes and arc detectors even when treated
early, require considerable time to be sorted out completely.
Debugging of new systems like the low-level RF controls
was time intensive and needed to advance in stages. Data
persistence and automatic start-up routines are paramount
for reliable operation from the CERN control center.
Organisational structures for treating new issues like piquet teams, regular meetings for interdisciplinary discussion,
and a lead to advance on them is now in place. Efforts continue to be made to also secure against future failures and
to prepare for upgrades with regular maintenance, and correct numbers and types of spares, in view that beamtime for
CERN experiments is precious.
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Abstract
This paper discusses recently proposed Higgs-Energy
LEptoN (HELEN) e+e– linear collider based on advances
in superconducting radio frequency technology. The
collider offers cost and AC power savings, smaller
footprint (relative to the ILC), and could be built at
Fermilab with an interaction region within the site
boundaries. After the initial physics run at 250 GeV, the
collider could be upgraded either to higher luminosity or to
higher (up to 500 GeV) energies.

INTRODUCTION
One of the highest priorities for the particle physics
community is to make precision measurements of the
Higgs boson properties and look for any deviations from
the Standard Model using an e+e− collider at the center-ofmass energy of 250 to 360 GeV (Higgs factory). For many
years, the International Linear Collider (ILC) has been the
prime candidate for such a machine. Its mature
superconducting radio frequency (SRF) technology has
been “shovel ready” and has been used already to build
such linacs as European XFEL in Hamburg, Germany, and
LCLS-II at SLAC in the USA. Meanwhile, the SRF
community continues to make progress improving the
performance of SRF cavities.
In this paper we discuss how recent advances in the SRF
technology can be applied for a more compact and costeffective e+e− linear collider. This recently proposed
machine is named Higgs-Energy LEptoN (HELEN)
collider [1]. If the ILC cannot be realized in Japan in a
timely manner, HELEN could be built after relatively short
period of dedicated R&D efforts. At the core of this collider
is the traveling wave (TW) SRF technology. The paper
describes the machine in some detail including tentative
list of parameters, layout and possible siting, and potentials
for luminosity and energy upgrades. Finally, we provide
summary and conclusions.

PROMISE OF TRAVELING WAVE SRF
Travelling wave structures offer several advantages over
the traditional standing wave SRF structures: substantially
___________________________________________
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and lower 𝐸 /𝐸 , ratios of peak
lower 𝐻 /𝐸
magnetic field and peak electric field to the accelerating
gradient, respectively, together with substantially higher
𝑅⁄𝑄. To reach the maximal gradient, the optimal TW
cavity design must have the lowest possible 𝐻 /𝐸 ,
since 𝐻
presents the hard ultimate limit to the
performance of Nb cavities via RF superheating field.
On the other hand, as Fig. 1 shows, the TW structure
requires almost twice the number of cells per meter
compared to the SW structure to provide the proper phase
advance (105 in Fig. 1), as well as a feedback waveguide
for redirecting power from the end to the front of the
accelerating structure. The feedback waveguide requires
careful tuning to compensate reflections along the TW ring
and thus obtain a pure traveling wave regime at the desired
frequency.

Figure 1: A one-meter-long TW structure with a 105
phase advance per cell compared to the one-meter
standing-wave TESLA structure [2]. Note that a TW
structure for HELEN will be longer, perhaps 2-meter long.
Recent TW cavity geometry optimization study [3]
demonstrated that for an aperture radius 𝑅 = 25 mm and
phase advance of 90, one can achieve 𝐻 /𝐸
=
28.8 Oe/(MV/m) with 𝐸 /𝐸 = 1.73. Since 𝐻 /𝐸 is
42.6 Oe/(MV/m) for the TESLA structure, the TW
by
structure has reduced the critical parameter 𝐻 /𝐸
almost a factor of 1.5. At the same time, the peak electric
field ratio is smaller than TESLA cavity value of 2.0 and
we gain a factor of 2.1 in 𝑅⁄𝑄 although losing in the
geometry factor by 1.45 (186 Ohm vs. 270 Ohm). Thus, for
the same accelerating gradient the TW cavity is more
cryogenically efficient than TESLA cavity. The high group
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velocity in the TW mode increases the cell-to-cell coupling
from 1.8% for the TESLA structure to 2.3%. Thus, TW
structures have less sensitivity to cavity detuning errors,
making tuning easier, despite the larger number of cells.
The high stability of the field distribution along the
structure with respect to geometrical perturbations allows
for much longer (limited by manufacturing technology)
accelerating structures than TESLA cavities. We anticipate
that 2-meter long traveling wave accelerating structures
would be feasible, resulting in fewer cavity-to cavity
transitions in the linac and hence to larger real-estate
gradients.
Furthermore, the cell shape can be fine-tuned to avoid
multipacting without increasing 𝐻 more than 1%. While
higher order mode (HOM) damping for TW structures is
under study, preliminary results indicate that the first
10 monopole modes up to 7 GHz show no trapping [3].
What accelerating gradient can we expect to reach with
traveling wave structures? A new two-step low temperature
(75/120C) baking in combination with cold electropolishing pushes quench field of 1.3 GHz single-cell
TESLA shape cavities to 50 MV/m [4, 5]. This gradient
corresponds to the peak surface magnetic field of 2130 Oe.
Assuming that after applying similar cavity treatment the
TW cavity can demonstrate similar magnetic quench limit,
we can expect that TW cavities should be capable of
reaching 74 MV/m.

higher accelerating gradient (and larger fill factor of 80.4%
vs. 71% for ILC), it offers significant main linac cost
saving of about 37%. All proposed ILC luminosity upgrade
scenarios (see, e.g., [7]) are applicable to HELEN.
We have identified locations for a possible future linear
collider at Fermilab [8]: two 7-km diagonal options and a
12-km footprint with N-S orientation extending outside the
site boundary but with the Interaction Region (IR) on site
(Fig. 3). A 250-GeV HELEN Higgs factory (HELEN-250)
could potentially fit along either of two diagonals after
further optimization of the collider. The 12-km N-S
footprint can accommodate not only the 7.5-km-long
(including 3 km of beam delivery system) HELEN-250 but
would also allow extension of the main linacs to the centerof-mass energy of 500 GeV (HELEN-500).
Table 1: Tentative Baseline Parameters of HELEN
Parameter

Value

Center of mass energy

HELEN COLLIDER
In his paper [6], Padamsee considered several options for
ILC energy upgrade. Rather than waiting for ILC upgrades,
it was proposed to use these advanced technological
options from the very beginning as potential technologies
for a compact e+e– linear collider HELEN [1]. Here we
consider only the baseline SRF technology option: the
traveling wave SRF linac. This option provides an optimal
combination of the high accelerating gradient of 70 MV/m
with an expected demonstration of a fully developed
cryomodule within ∼5 years if sufficient funding for the
R&D is available. Besides the SRF structure, HELEN is
very similar to ILC, and the collider layout (shown in
Fig. 2) and most of its parameters (listed in Table 1) are
similar to ILC as well. HELEN’s AC power consumption
is similar to the ILC power demand. However, due to

250 GeV

Collider length

7.5 km

Peak luminosity

1.351034 cm-2s-1

Repetition rate

5 Hz

Bunch spacing

554 ns

Particles per bunch

21010

Bunches per pulse

1312

Pulse duration

727 s

Pulse beam current

5.8 mA

Bunch length, rms

0.3 mm

Crossing angle

14 mrad

Crossing scheme

crab crossing

RF frequency

1300 MHz

Accelerating gradient

70 MV/m

Real estate gradient

55.6 MV/m

Total site power

110 MW
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Figure 2: Conceptual layout of the HELEN collider.
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 Design and optimization of the HELEN linear collider
accelerator complex.
 Confirm the physics reach and detector performance
for the HELEN beam parameters.
 Publish Conceptual Design Report as modification of
the ILC design in 2–3 years.
 Prepare Technical Design Report after demonstrating
the cryomodule performance, in ~5 years.

SUMMARY AND CONCLUSIONS
If the ILC project in Japan will not gain traction, the
expertise and technological advances accumulated by the
world SRF community – in particular, at the U.S.
laboratories and universities (Cornell, Fermilab, JLAB,
SLAC, ...) – would allow rapid development, prototyping,
and testing of SRF cavities and cryomodules based on the
traveling wave technology for a new, compact e+e– SRF
linear collider HELEN. Fermilab has capabilities that
support the full cycle of R&D, production, and verification
(including testing cryomodules with beam) at the SRF
accelerator test facilities and FAST linac.
If given high priority, the construction of the 250-GeV
center of mass energy HELEN collider could start as early
as 2031–2032 with first physics in ~2040. The HELEN
collider can be upgraded to higher luminosities in the same
way as was proposed for the ILC or to higher energies (up
to 500 GeV at Fermilab site) by extending the linacs.
Figure 3: Options for HELEN collider at Fermilab.

HELEN ACCELERATOR R&D PROGRAM
The major objective of the accelerator R&D program is
to demonstrate feasibility of the traveling wave
technology:
 Test proof-of-principle multi-cell 1.3 GHz TW cavity
and demonstrate accelerating gradient of ∼70 MV/m.
 Adapt an advanced cavity treatment technique so that
high Q ∼ 1010 can be achieved at high gradient.
 Design, build and test full-scale prototype cavities;
demonstrate performance needed for the HELEN
collider.
 Design and build a prototype cryomodule for TW SRF
cavities.
 Verify the cryomodule performance without beam on
a test stand and with beam at Fermilab’s FAST facility.
Demonstration efforts have started with a single-cell TW
cavity development [9]. The first cavity with recirculating
waveguide achieved 26 MV/m accelerating gradient,
limited by the high field Q-slope, as expected for BCP
treatment. This result was very encouraging for the first
attempt. This was followed by development of a 3-cell Nb
TW structure. The cavity was designed and fabricated (see
Fig. 4) [10]. Currently, it is undergoing tuning and
treatment at Fermilab with the first vertical test scheduled
for fall 2022.
Beyond the demonstration of TW technology, the R&D
program will pursue the following tasks:
Electron Accelerators and Applications
Colliders

Figure 4: Fabricated 3-cell traveling wave cavity [10].
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LIGHTHOUSE - A SUPERCONDUCTING LINAC
FOR PRODUCING MEDICAL ISOTOPES
J. M. Krämer, G. Blokesch, M. Grewe, B. Keune, V. Kümper, M. Pekeler, C. Piel, P. v. Stein,
T. T. Trinh, C. Quitmann†
RI Research Instruments GmbH, Bergisch Gladbach, Germany
Abstract
99

The medical isotope Mo is used for diagnosing several
10 million patients every year. Up to now, it is produced
from highly enriched Uranium (HEU) using high-flux neutron reactors. The Institute for Radio Elements (IRE), Belgium has projected the design of a high-power superconducting linac for producing 99Mo without use of nuclear
fission as part of their SMART project. The LightHouse
accelerator consists of a photo gun and seven superconducting radiofrequency (SRF) modules, a beam splitter,
and target illumination optics. It will deliver two electron
beams of 75 MeV and 1.5 MW each.
The photo gun and the SRF modules are based on the
CBETA design of Cornell University. Photocathodes are
prepared and transferred in situ. We report on the design
principles and the Beam Test Facility operating since
April 2022.

Within this project, RI Research Instruments (RI) [4]
takes the responsibility for the design, fabrication, installation, and commissioning of the full accelerator. This includes the photocathode production and laser systems, the
cryogenic plant and RF amplifiers, the machine protection
system, the accelerator control system, and the beam
transport and beam scanning onto the target.

DESCRIPTION OF PROJECT
Radioisotopes are used in nuclear medicine to detect numerous diseases for example by spectroscopic imaging. In
case of cancer, it is predominantly used to determine how
much the disease has spread to identify to best possible
treatment. The metastable isotope 99mTc is applied to patients in more than 80% of the diagnostic treatments. IRE
[1] is one of the world's leading suppliers of its parent isotope 99Mo.
The large majority of 99Mo production is based on purification of fission products produced in nuclear research
reactors from enriched Uranium. The risk of proliferation,
aging reactors, and long-lived nuclear waste are reasons to
switch to an alternative production process. Within the
SMART project (Source of MedicAl RadioisoTopes) [2],
IRE is developing a 99Mo production facility based on accelerator technology in partnership with ASML [3]. In this
approach, a 100Mo target is illuminated with an electron
beam. The electrons are stopped in the 100Mo target, producing bremsstrahlung. A (γ, n) reaction will then knock
out one neutron from the Mo-nucleus, yielding the radioisotope 99Mo.
Currently, the project is in the design and prototyping
phase, which is going to be completed in 2024 with a decision of IRE’s board on the realization of the project. Manufacturing and construction are scheduled to be completed
by 2026, to be followed by installation and commissioning
until 2029. After one year of pilot production, the high-volume production is envisioned to start in 2030.
______________________________________
† christoph.quitmann@research-instruments.de
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Figure 1: Innovative production of Mo-99 from accelerator
irradiation compared to traditional production in a nuclear
reactor from Uranium targets. Courtesyof IRE.

DESIGN PRINCIPLES
The new production site is planned to take over the full
volume of 99Mo production for IRE. The required beam
power is 3 MW, with an electron beam energy of 75 MeV
and a beam current of 40 mA at 1.3 GHz continuous wave
(CW). The large average beam power calls for the use of
SRF technology.
To reach the desired specific activity of 99Mo, a twosided irradiation is mandatory. This results in a superior
depth profile of heat load and specific activity inside the
target. The two-sided irradiation is realized by splitting the
electron beam in two after acceleration to full energy.

Injectors
Relying on a single production facility also puts high demands on the uptime of the accelerator. This is implemented by providing two fully equipped parallel injectors
allowing for rapid switching. As they will be placed in separate rooms, it will also be possible to maintain one injector
while the rest of the accelerator is running in full production mode with the other injector.
A 3D model of the LightHouse accelerator is shown in
Fig. 2. The photo-gun operates at 350 keV and the SRF
module with five two-cell cavities accelerates the beam to
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Figure 2: 3D Model of the LightHouse accelerator. Two parallel injectors (left) will increase the availability of the system.
The electron beam will be split at 75 MeV into two arcs to illuminate the target (top right, details not shown) from both
sides simultaneously. The last part of the beamline will be designed to tolerate the high radiation background from the
target. The shielding is only shown for the left arc but would be applied for both sides.
12.5 MeV. Gunand SRF module are based on the CBETA
injector design by Cornell University [5]. Photo cathodes
are prepared in situ using thermal evaporators and crucibles large enough for depositing a large number of photocathodes. They are transported by a transfer system to the
gun located within the same vacuum system. This will ensure ideal conditions for the photocathodes and maintain a
high quantum efficiency (QE). Production and transport
will be fully automated.

Linac and Beam Splitter
In the main linac, the e-beam is accelerated to 75 MeV
with five identical copies of the injector cryomodule. The
facility thus comprises seven cryomodules in total. Each
cavity is powered by a solid-state amplifier with up to
130 kW of power. The RF amplifiers are built using gallium nitride transistors and have proven a plug to RF efficiency of 62%. The fundamental power couplers (two per
cavity) are designed to handle up to 80 kW each and are
currently put to testing.
Beam splitting will be done resonantly with a normal
conducting 650 MHz transverse deflecting cavity (TDC)
and static magnetic optics. This leads to two beams with
650 MHz repetition rate each, avoiding any beam pauses,
which would otherwise lead to thermal cycling of the target.

Beam Scanner and Radiation Hard Arcs
Additional TDCs will scan the beam and generate a specific pattern that optimizes the heat load and the specific
activity of the target. Arcs with imaging properties will
transport the beam pattern up to the target.
Due to the two-sided irradiation, a significant amount of
scattered radiation will leak from the target and its primary
shielding upstream into the beamline of the opposing ebeam. This requires a radiation hard design of beamline
components e.g., magnets are expected to receive up to
100 MGy in their lifetime. Build-in redundancy and quick
access to critical components through a shielded service
MOPOJO04
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level above the beamline will ensure a minimum downtime
in case of repairs. Replacement of beamline sections is facilitated by the use of pillow seals that allow for disconnecting the highly activated beam tubes without the need
to manually connect vacuum flanges or other activated
components.
The arcs will also host a differential pumping system,
ensuring good beamline vacuum levels, since no vacuum
window can be used towards the target due to the high
beam power.

Machine Protection System
To prevent damage to the accelerator caused by beam
loss or non-compliant machine settings, a Machine Protection System (MPS) hase been designed. Its key feature is a
reaction time from detector to stopping the beam in below
1 µs realized by a simple and fast gate logic, which sets
output permits as a function of binary, active-high input
signals. The MPS also controls and verifies the beam's duty
cycle and average beam power and is scalability to accommodate several hundrets of input signals. A prototype of the
MPS has successfully demonstrated these performance requirements.

PROTOTYPES
Prototypes of key accelerator components have been
built and are currently being tested at RI. This includes one
full RF amplifier rated to 130 kW, four 1.3 GHz fundamental power couplers including an RF test stand, the 650 MHz
splitter TDC, various electron beam diagnostics including
electronics, a prototype of the MPS, and, foremost, the
Beam Test Facility (BTF).

Beam Test Facility
The BTF hosts the 350 keV electron source including a
high-voltage (HV) power supply, laser system, photocathode production, a beamline with solenoids, beam diagnostics, a bending magnet, and beam dump. The MPS prototype controls beam patterns and can be used for interlock
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processing. This represents the complete setup of the electron source of the LightHouse accelerator plus a diagnostic
beamline but excluding the buncher cavity. Photographs
and a schematic overview of the BTF are shown in Fig. 3.
The main goal of the BTF is to show a photo cathode
operational lifetime of more than 24 hours at 40 mA beam
current and 350 keV. Furthermore, this installation enables
us to study the interplay between various sub-systems, like
automated preparation, transfer, and insertion of photocathodes into the gun or a feedback loop on the laser power
to continuously compensate for degrading QE while keeping the electron beam current stable at 40 mA. With the
BTF, our team is also gaining relevant experience with operating the systems in preparation for the ambitious commissioning schedule of the LightHouse accelerator.
In April 2022, we reached a major milestone at the BTF
showing electron beam operation for the first time. In that
run, beam operation was still limited to 120 keV and low
duty cycle, given that the HV power supply was operated
without insulation gas and that the beam dump for full
beam power was not yet installed.
In the meantime, various upgrades have been implemented, which will allow us to reach the full specification
of the electron source within 2022.
(a)
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Figure 3: (a) Photograph of the BTF from behind the gun,
also showing a part of the photocathode production and
transfer system, (b) photograph of the BTF from the beamline side with two solenoid magnets and beam current monitors, (c) schematic overview of the BTF and its components.
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EXPERIMENTAL STUDY TO OPTIMIZE THE TREATMENT EFFICACY
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Abstract
Here, we report our first step towards tackling this issue
at the roots by irradiating the pharmaceutical effluents from
a stages of their existing treatment plant with an Electron
Beam (EB) with doses varying from 25 kGy to 200 kGy. We
have used a normal conducting pulsed wave linear accelerator developed by SAMEER. It produced a pencil beam of
electrons of energy 6 MeV with an average current of 16 µA.
To ensure optimum dose delivery, Fluka-Flair Simulations
have been used. We have successfully demonstrated that
electron beam irradiation along with the use of conventional
techniques like coagulation after the irradiation can further
increase the efficacy of the process with a final reduction in
Chemical Oxygen Demand (COD) to be as large as 65% in
some of the cases.

Figure 1: A Schematic figure of proposed accelerator structure.

INTRODUCTION
Every day, the global demand for fresh water rises, putting
additional strain on available water resources such as rivers
and lakes. Furthermore, human activities have resulted
in the release of new pollutants known as Contaminants
of Emerging Concern (CECs) into these resources, which
include micropollutants, endocrine disruptors (EDs), pesticides, pharmaceuticals, hormones, toxins, and synthetic
dyes [1]. Pharmaceutical effluents are the most difficult to
treat conventionally due to the presence of ammonium nitrogen, toxic and complex compounds produced as byproducts
in drug manufacturing. The conventional treatments primarily aim to convert pollutants from one phase to another,
pollutants can still contaminate groundwater after purification because the residue is disposed of in a landfill. As a
result, we need a treatment process that can breakdown and
degrade these complex compounds into smaller, less harmful byproducts such as salts or water.
According to the research, electron beam irradiation is an efficient method for degrading complex compounds [2], which
also improves the efficiency of conventional wastewater treatment plants. This inspired us to develop a compact, high
intensity superconducting electron accelerator that can be
easily integrated into existing industrial effluent treatment
systems as shown in the Fig. 1.
In this paper, We reported our first step toward this technology by using an Electron Beam (EB) to irradiate pharmaceutical effluent collected from existing industrial treatment
∗

panku.r.k@gmail.com
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plant. Furthermore, the EB process has been investigated
in combination with a number of enhancement processes,
including chemical coagulation and scavengers such as titanium dioxide (TiO2 ), air, and ozone flow.

MATERIAL AND METHODS
The industry from which samples are collected has
wastewater purification scheme from which sample S is collected after the stage soil biotreatment (SBT) as shown in
the Fig. 2.The initial chemical oxygen demand (COD), pH,
and total dissolved solids (TDS) values for this sample are
704 ppm, 7.74, and 1421 ppm, respectively. The Titrimetric

Figure 2: Stage of sample S collection from the industrial
wastewater treatment plant.
Method is used for quantitative COD analysis and is used
to determine the quality of irradiated water sample S. For
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this all required COD solutions are created using the APHA
manual [3]. For Coagulation, ferric sulphate (Fe2 [SO4 ]3 ) is
used as a coagulant. TiO2 powder is also used in combined
with air flow to achieve better results.

EXPERIMENTAL SETUP
A 6 MeV, S band, side coupled, normal conducting pulsed
linac from the Society of Applied Microwave Electronics
Engineering and Research (SAMEER) at IIT Bombay was
used to irradiate the sample. We kept the average current
constant at 16𝜇A all across our experiments. For uniform
electron beam dose distribution, samples were irradiated in
a 100 mL standard cylindrical borosilicate glass beaker with
a diameter of 46.2 mm, as shown in Fig. 3.

Figure 3: Experimental setup of electron beam accelerator
with wastewater.
Fluka-Flair simulation was performed to optimise the dose
deposition in the sample S. The absorbed dose in the sample
was determined using simulations with the same geometry.
Table 1 shows the dose associated with the irradiation time.

Electron Beam Irradiation
As discussed earlier, Sample S is collected after Soil
Biotreatment (SBT), which is an environmentally friendly
wastewater treatment process that uses microorganisms (Indigenous soil microflora) to convert organic impurities into
H2 O and CO2 . In this case, SBT reduces additional 10% of
COD, indicating that non-biodegradable compounds are the
primary source of the remaining COD. Phenol, which has a
concentration of 18.75 ppm, is one of the nonbiodegradable
compounds still present in SBT effluent.
When water molecules are irradiated with an EB, they produce a variety of reactive species such as OH*, H3 O+ , e− ,
H2 O2 , H2 , and H* in water. As shown in the Fig. 4, the most
reactive species i.e. OH radical, attacks the benzene ring
of nonbiodegradable aromatic compounds in water. When

Figure 4: The OH radical produced by water radiolysis attacks aromatic compounds in various positions [4].
the benzene ring is broken, long chain aliphatic compounds
are formed. Figure 5 depicts additional possible reactions
of these aliphatic compounds with reactive species, and in
the presence of oxygen molecules, they can be converted
into carboxylic acid and esters [2]. This could be one of the

Table 1: Dose as a function of irradiation time
Irradiation time (s)

Associated Dose(kGy)

15
30
60
120
480

25
50
100
200
800

RESULTS & DISCUSSION
The effects of irradiation are discussed in terms of COD
as a function of irradiation dose. To evaluate COD improvement, samples were subjected to a variety of processes, including coagulation after irradiation (EBC), irradiation +
airflow (EBA), irradiation + ozone-flow (EBO) and irradiation + TiO2 + airflow (EBTA).

Electron Accelerators and Applications
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Figure 5: Possible combination of water radicals with intermediate compounds [2].
main reasons for the increase in COD value as the dose is
increased (in Fig. 6). Because long carboxylic acid chains
have low water solubility, the larger ester group may cause
polymerisation in the wastewater during irradiation. Coagulation aids in the extraction of these insoluble compounds,
resulting in a further reduction in the COD value of the sample of up to 65% at the absorbed dose of 200 kGy (Fig. 6).
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However, only EB treatment increases the COD value by up
to 41% for this water sample.

Figure 8: Percentage COD reduction of sample S for EBA,
EBTA and EBO process with different absorbed dose.
Figure 6: Percentage COD reduction of sample S for EB
and EBC process with different absorbed dose.

The Scavengers Effect
In the water radiolysis process, compounds such as nitrate (NO3− ), nitrite (NO2− ), carbonate (CO− ), and bicarbonate (HCO3 ), oxygen molecules (O2 ), ozone molecules
(O3 ), and titanium dioxide powder (TiO2 ) act as radical scavengers. These scavengers interact with free radicals before
they trying to act on impurities. The three radical scavengers

CONCLUSION
In this study, we used a 6 MeV electron accelerator to irradiate a pharmaceutical wastewater sample. The aim of this
study was to improve the EB treatment process by combining coagulation and scavenging agents. Electron Beam with
coagulation (EBC) achieved a reduction of 66% in COD
just after 200 kGy of radiation dose. This results clearly
show that combining EB treatment with coagulation is more
efficient than EB treatment alone. Moreover, the scavenging
agents also help EB treatment to reduce COD efficiently (%
COD reduction was between 27 to 30 %).

ACKNOWLEDGEMENTS
The authors would like to thank Sanjeev Chaudhari (Centre for Environmental Science & Engineering, IIT Bombay)
and Arindam Sarkar (Chemical Engineering, IIT Bombay)
for their support and assistance throughout this work.

REFERENCES
Figure 7: EB with scavengers and their byproducts.
(TiO2 ,O2 , and O3 ) absorb reducing species and convert them
to oxidising species, as shown in the Fig. 7. These newly
formed oxidising species aid in the mineralization of impurities during EB treatment. h+ in Fig. 7 represents the holes
produced after the interaction of electrons (energy >3.2 eV)
with TiO2 , a semiconductor of band gap 3.2 eV. the COD
reduction is observed in the S sample as shown in Fig. 8.
The percentage reduction in COD value for all combinations
varies between 27 to 30% with error bar of ±4.5%. The
results show that EB with scavengers reduces COD more
effectively than EB alone.

MOPOJO07
40

[1] R. Tahir et al., “Environmentally-related contaminants of high
concern: Potential sources and analytical modalities for detection, quantification, and treatment”, in Environment International, vol. 122. pp 52–66, 2019.
doi:10.1016/j.envint.2018.11.038
[2] S. Emmi, E. Takacs, “Water Remediation by electron beam
treatment”, in Radiation Chemistry, De Gruyter, Chapter 6, pp
79-95. doi:10.1051/978-2-7598-0317-0
[3] Association American, Federation Water, “Standard Methods
For The Examination Of Water And Wastewater”, 1981.
[4] Z. Wen et al., “A theoretical study on the destruction of typical
biomass tar components (toluene, phenol and naphthalene) by
OH radica”, in Journal of the Indian Chemical Society, vol.
98, p 2, 2021. doi:10.1016/j.jics.2021.100015

Electron Accelerators and Applications
Industrial and medical accelerators

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-MOPOJO08

RF DESIGN, OPTIMIZATION AND MULTIPHYSICS STUDY OF A 𝜷 = 1,
1.3 GHz SINGLE CELL ACCELERATING CAVITY FOR HIGH-INTENSITY
COMPACT SUPERCONDUCTING ELECTRON ACCELERATOR (HICSEA)
Manisha Meena, Abhishek Pathak, Raghava Varma,
Indian Institute of Technology Bombay, Mumbai, India
Abstract
High-energy electron accelerators have been used in water purification for several years. They are very effective
for the removal of complex impurities. This study aims to
design a superconducting electron beam accelerator with
an output energy of 1 MeV and beam power of 40 kW for
wastewater treatment. A 1.3 GHz single cell elliptic cavity
with 𝛽 = 1 was designed and optimized for TM010 mode and
an accelerating gradient of 15 MV/m. For the optimized
cavity, the RF parameters, namely, R/Q, transit time factor
and geometry factor (G) were found to be 174.93 Ω, 0.67
and 276 Ω, respectively. Multiphysics studies showed that
the value of R/Q for fundamental accelerating mode was
174.93 Ω. It was much higher than that of other modes, thus,
HOM coupler is not required for the system. The Lorentz
force detuning coefficient after stiffening the cavity iris, and
the temperature rise due to the RF surface losses were found
to be 0.20 Hz/(MV/m)2 and 0.085 K, respectively. It is also
observed that there is no occurrence of multipacting for the
designed accelerating gradient.

INTRODUCTION
Accelerator technology has been proven to be an efficient and sustainable resource for wastewater treatment [1].
Therefore, IIT Bombay proposed to develop a 40 kW superconducting electron accelerator system as shown in Fig. 1 in
collaboration with Japanese Universities and Institutes. The
proposed accelerator consists of a 1.3 GHz superconducting
single cell elliptic cavity to achieve desired beam energy of
1 MeV.
This paper presents detailed RF design and multiphysics
optimization studies to maximize RF efficiency, and to obtain
an acceptable beam quality at the exit of cavity. The RF
design and optimization studies are performed using CST
Microwave Studio and Poisson Superfish.
The RF design includes optimization of peak surface electric and magnetic fields since these are the limiting criteria
to obtain high accelerating gradient (E𝑎𝑐𝑐 ) and low power
loss for SRF cavities. The magnetic field is smoothened
out by the appropriate arc at the equator, which lowers the
peak surface magnetic field. As with the iris region, smooth
curvature lowers the peak surface electric field and solves
the issue of field emission. The RF design and optimization
have been followed up with multiphysics studies in order
to ensure a stable and reliable operation of the cavity. The
multipacting studies includes higher order modes (HOMs)
analysis, Lorentz force detuning study, multipacting study,
and thermal analysis.
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Figure 1: Prototype of the proposed electron accelerator
system and its components.

RF CAVITY DESIGN AND OPTIMIZATION
The RF design and simulations are perfomed with cavity
symmetry in YZ plane as shown in Fig. 2, where Z is along
the cavity length and Y is along the cavity radius. The
seven geometry parameters that determine the cavity design
include half-cell length (L), iris radius (R𝑖𝑟𝑖𝑠 ), iris ellipse
radii a and b, equator ellipse radii A and B, and cavity radius
(R𝑒𝑞 ). The wall angle (𝛼) can be derived from these seven
parameters. The half-cell length of the cavity for TM010 - 𝜋
mode operation is chosen as 𝛽𝜆/4 to ensure synchronization
of the bunch with RF field. The iris radius is chosen to be
3.2 cm, while the cavity radius (R𝑒𝑞 ) is tuned to achieve the
resonant frequency of 1.3 GHz. The wall angle is chosen
to be 90◦ because the product of geometry factor (G) and
ratio of shunt impedance to quality factor (R/Q) of the cavity
increases with wall angle which which in turn is inversely
proportional to the power loss. However, the upper limit for
𝛼 is limited by manufacturing and cleaning constraints.

Figure 2: Schematic design and geometry parameters of the
half-cell cavity [2].
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The RF requirements of the proposed system are to
achieve maximum R/Q and G, minimal power loss, and
minimum peak surface fields for the accelerating gradient
of 15 MV/m. Therefore, optimization of a 𝛽 = 1 single cell
superconducting cavity operating at 1.3 GHz is performed
by the 2D software Poisson Superfish, and this optimized
cavity shape is further simulated using the 3D software CST
Studio Suite.
The peak surface magnetic field (B 𝑝𝑘 ) must be less than
the critical magnetic field of niobium (≈ 180 mT) for superconducting operation, and the peak surface electric field
(E 𝑝𝑘 ) should be below the critical value (93 MV/m) since
it can lead to field emission [3]. In this work, the geometry
is optimized to reduce the value of B 𝑝𝑘 /E𝑎𝑐𝑐 for a certain
value of E 𝑝𝑘 /E𝑎𝑐𝑐 in order to attain maximum E𝑎𝑐𝑐 .
The cavity frequency is tuned to operate at 1.3 GHz.
Hence, there are now only four independent parameters
for optimizing the RF efficiency: a, b, A, and B. We kept
E 𝑝𝑘 /E𝑎𝑐𝑐 ≤ 1.6 as the target value since it is the value for
pill-box cavity [4], and we performed the calculations by
assuming that a/b = A/B = 1. Thereafter, we only have one
independent parameter, which is taken to be B with the initial
value equal to L/2. It can be seen from Fig. 3 that B 𝑝𝑘 /E𝑎𝑐𝑐
continuously decreases with B, but E 𝑝𝑘 /E𝑎𝑐𝑐 starts to rise
noticeably after B = 4.1 cm, hence by adhering to the constraint E 𝑝𝑘 /E𝑎𝑐𝑐 ≤ 1.6, the value of B is set at 4.1 cm for
subsequent simulations.

Figure 4: Variation of (a) E 𝑝𝑘 /E𝑎𝑐𝑐 , and (b) B 𝑝𝑘 /E𝑎𝑐𝑐 as a
function of A for different a/b ratios.
Table 1: RF Parameters of the Optimized Cavity
RF Parameter
E𝑎𝑐𝑐
Q0
R/Q0
G
B 𝑝𝑘 /E𝑎𝑐𝑐
E 𝑝𝑘 /E𝑎𝑐𝑐

Value

Unit

15
5.17 × 1010
174.93
275.98
2.90
1.59

MV/m
Ω
Ω
mT/(MV/m)
-

MULTIPHYSICS STUDY
Prior to manufacture, multiphysics studies are conducted
to validate and improve the cavity design. Therefore, various
multiphysics studies for the optimized cavity are performed
including higher order modes, Lorentz force detuning, and
multipacting.

Higher Order Modes (HOMs) Analysis

Figure 3: Variation of E 𝑝𝑘 /E𝑎𝑐𝑐 and B 𝑝𝑘 /E𝑎𝑐𝑐 as a function
of B by keeping a/b = A/B = 1.

The ratios E 𝑝𝑘 /E𝑎𝑐𝑐 and B 𝑝𝑘 /E𝑎𝑐𝑐 are plotted as a function of A for various a/b ratios in order to optimize the
value of A as shown in Fig. 4. It is observed that E 𝑝𝑘 /E𝑎𝑐𝑐
increases with A, whereas B 𝑝𝑘 /E𝑎𝑐𝑐 keeps monotonically
decreasing with A because the peak magnetic field falls as
the equatorial volume rises. Six data points (A, B, C, D, E,
and F) are obtained that match the criterion E 𝑝𝑘 /E𝑎𝑐𝑐 ≤ 1.6.
By considering these six data points, the B 𝑝𝑘 /E𝑎𝑐𝑐 is found
to be at its lowest with an optimal value of A = 4.73 cm and
a/b = 0.73.
The RF characteristics of the optimized cavity are listed
in data Table 1. The transit time factor (TTF) for 𝛽=1 is 0.67
for the cavity.
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Small R/Q values for the HOMs and high R/Q value for
the accelerating mode are preferred since the performance
of the cavity is constrained by the power dissipation, cryogenic load, and beam instabilities caused by the HOMs [4].
Figure 5 depicts the R/Q values for monopole, dipole, and
quadrupole modes for the optimized cavity under various
symmetry conditions (i.e., E𝑡 𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 = 0 and H𝑡 𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙
= 0) in XY, YZ, and XZ planes. It is noted that the maximum value of R/Q for the TM010 mode is 174.9 Ω, while
it is 28.6 Ω and 0.1 Ω for dipoles and quadruple modes
respectively.

Lorentz Force Detuning (LFD)
The electromagnetic and structural solvers of the finite
element code are used to calculate LFD for 3 mm of cavity wall thickness. Before stiffening the cavity iris for E𝑎𝑐𝑐
of 15 MV/m, the displacement of the cavity caused by the
Lorentz force density is 0.0129 cm. The displacement, frequency detuning, and LFD coefficient [5] (K 𝐿 = -Δ 𝑓 / E2𝑎𝑐𝑐 )
are 5.67x10−7 cm, -44.68 Hz, and 0.20 Hz/(MV/m)2 after
stiffening the cavity iris, respectively. As shown in Fig. 6,
the resonant frequency detuning increases with E𝑎𝑐𝑐 .

Multipacting (MP)
Multipacting is a phenomenon in which electron
avalanche takes place. Due to considerable RF power ab-
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observed that within 13.33 % variation from the 15 MV/m
E𝑎𝑐𝑐 , multipacting does not occur.

Thermal Analysis
The increase in temperature caused by RF fields only is
modelled here. There are two type of losses due to EM fields,
one is the volume losses within the cavity, and the other is
the surface losses because of resistivity of the cavity wall. In
the optimized cavity, the surface losses are 0.16 W and the
volume losses are zero due to RF fields. The optimized cavity
shows a temperature increase of 0.085 K for the designed
gradient of 15 MV/m. The temperature rise profile is given in
Fig. 8, and it can be seen that the temperature rise is highest
at equatorial region where the magnetic field is maximum.

Figure 5: R/Q with respect to frequency of, (a) monopole
mode, (b) dipole mode, and (c) quadrupole mode for the
optimized cavity.

Figure 8: Temperature rise profile due to RF losses at ambient temperature 293.15 K.

Figure 6: (a) Displacement of cavity after fixing the cavity
iris for E𝑎𝑐𝑐 = 15 MV/m, (b) Resonant frequency detuning
for different accelerating gradient.
sorption by the unwanted electrons, the cavity operation is
affected.
An argon discharge cleaned niobium cavity shelled model
with 3 mm thickness was used for the MP simulations. The
entire interior surface of the cavity has been chosen as the
particle source. The Gauss emission model is adopted, with
the electron as the preferred particles.

Figure 7: Number of particles as a function of time for E𝑎𝑐𝑐
15 MV/m.
The particles are dissipating over time for E𝑎𝑐𝑐 15 MV/m
as shown in Fig. 7, hence there is no multipacting. It is also
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CONCLUSION
The E 𝑝𝑘 is 23.85 MV/m and B 𝑝𝑘 is 48.45 mT for the optimized cavity, which are smaller than the allowed limits of
93 MV/m and 180 mT for niobium (Nb) cavity, respectively.
Multiphysics studies show that HOM couplers are not necessary because the R/Q values of HOMs are sufficiently low
(≈six times) in comparison to the R/Q of the accelerating
mode. LFD coefficient (0.20 Hz/(MV/m)2 ) and temperature
rise (0.085 K) values are negligible. The operational gradient does not show multipacting. Thus, the cavity is perfectly
tuned for the designed E𝑎𝑐𝑐 of 15 MV/m.
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A COMPACT INVERSE COMPTON SCATTERING SOURCE BASED ON
X-BAND TECHNOLOGY AND CAVITY-ENHANCED
HIGH-AVERAGE-POWER ULTRAFAST LASERS
A. Latina, V. Muşat, R. Corsini, L. A. Dyks, E. Granados, A. Grudiev, S. Stapnes,
W. Wuensch, CERN, Geneva, Switzerland
E. Cormier, CELIA, Talence, France
G. Santarelli, ILE, Palaiseau CEDEX, France
Abstract
A high-pulse-current injector followed by a short highgradient X-band linac is considered as a driver for a compact
Inverse Compton Scattering source. We show that using a
high-power ultrashort pulse laser operating in burst mode
and a Fabry-Pérot enhancement cavity, X-rays with flux
values over 1013 ph/s and photon energies up to MeV are
achievable. The resulting high-intensity and high-energy Xrays allow for various applications, including cancer therapy,
tomography, and nuclear waste management. A preliminary
conceptual design of such a compact ICS source is presented,
together with simulations of the expected performance.

Table 1: Electron Beam Parameters From the HPCI Injector
at the Interaction Point
Parameter

Value

Unit

Energy
Bunch charge, 𝑄
Bunch repetition frequency, 𝑓
Nb of bunches per train
rms spot size at the IP, 𝜎★
Bunch length, 𝜎𝑧
Bunch spacing
Normalised
𝑁
Transverse emittance, 𝜖 𝑥,𝑦

140
300
10
1000
30
300
1/3

MeV
pC
Hz
µm
µm
ns

5

mm mrad

INTRODUCTION
The number of Inverse-Compton Scattering (ICS) sources
has steadily increased over the last few years. Most ICS designs are based on storage rings due to a circular layout,
which maximises the repetition rate and flux. However, the
latter comes at the cost of increasingly large facilities. In
the 2000’s, Energy Recovery Linacs (ERLs) have garnered
interest as potential drivers for ICS, and several designs
based on ERLs exist [1]. However, these machines are typically based on super-conducting technology, which is not
readily available in hospitals or small laboratories. Normalconducting, low-emittance linacs can also be adapted for
compact ICS designs. Linac-based ICS sources tend to offer
higher brilliance due to the lower emittance obtained from
the photoinjector but exhibit lower fluxes since the electron
bunches are used only once.
Stemming from the R&D made at CERN in the context
of X-band high-gradient multi-bunch acceleration for the
Compact Linear Collider [2], this paper proposes a high
pulse-current accelerator based on a photoinjector and a
short X-band linac, which can deliver high-charge electron
pulses and ultimately high-flux photons. Given the compactness of the linac, electron beam energies up to hundreds of
MeV are achievable within a few metres, allowing for the
generation of MeV photons.

For an ultra-relativistic electron, the maximum achievable
energy in an ICS interaction is given in a head-on collision
by
𝐸 𝑋 = 4𝛾 2 𝐸 laser ,
(1)
where 𝛾 is the relativistic factor of the electron beam and
𝐸 laser is the laser photon energy [3]. Assuming a round
Gaussian transverse distribution for the electron and laser
beams [4], the total flux of the ICS photon beam F can be
derived by taking the time derivative of the number of the
scattered photons,
𝑁 𝛾 = 𝜎T

𝑁e 𝑁laser cos(𝜙/2)
√︃

2 cos2 (𝜙/2) + 𝜎 2 sin2 (𝜙/2)
2𝜋𝜎𝛾,𝑦 𝜎𝛾,
𝑥
𝛾,𝑧

where 𝜎T is the Thomson cross section, 𝑁𝑒 the number of
electrons in a bunch, 𝑁laser , the number of photons in the
laser macropulse, 𝜙 the crossing angle between the electron
and laser beam in the 𝑥 − 𝑧 plane, and 𝜎𝛾 the source rms
spot size at the interaction point (IP). For a high repetition
rate 𝑓 , the average flux is 𝑁 𝛾 𝑓 . The average brilliance B,
given a non-diffraction limited beam, is [3]
F0.1%

B=

Inverse-Compton Scattering
ICS is defined as the scattering of a low-energy photon
from a relativistic electron resulting in a high-energy photon.
Figures of merit for ICS photons are energy, bandwidth, flux,
and brilliance. The following equations are derived in the
Thomson regime, where the electron recoil is negligible.
MOPOJO09
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, (2)

4𝜋 2 𝜎𝛾, 𝑥

√︁

,
√︃
𝜖 𝑥 /𝛽★𝑥 𝜎𝛾,𝑦 𝜖 𝑦 /𝛽★𝑦

(3)

where F0.1% is the flux in a 0.1% bandwidth at the Compton
edge, 𝜖 𝑥,𝑦 are the normalised emittances, and 𝛽★𝑥,𝑦 is the
Twiss parameters at the IP. Peak brilliance,
B̂, is the average

brilliance normalised by 𝜎𝛾,𝑡 · 𝑓 , with 𝜎𝛾,𝑡 = 𝜎𝛾,𝑧 /𝑐.
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From Eq. (2), flux was maximised by increasing the number of interacting particles per bunch, reducing 𝜙 to 2°, and
minimising both electron and laser beam sizes at the IP.

an effective energy of 100 J could be achieved using GHzrepetition-rate high-power lasers, such as kW-Flexiburst [9].

The High-Pulse-Current Injector

The results, summarised in Table 2, were obtained using
RF-Track [10], a novel CERN tracking code that simulates
beam transport under the simultaneous effect of space-charge
forces and wakefields. The possibility of simulating the ICS
process was recently added to the code. A benchmark of
RF-Track against the well-established ICS code CAIN [11]
was presented in [12].
The flux of the ICS source was maximised by optimising
the laser and electron beam sizes at the IP. It was found
that an electron rms spot size of 7–13 µm corresponds to a
maximum flux of 6×1014 ph/s, with similar requirements for
the laser beam. However, a low IP beam size, 𝜎★, leads to a
large energy spread in the ICS photon beam. To decrease the
photon bandwidth, a parametric scan of 𝜎★ and ICS photon
collection angle was performed. The scan showed that 5%
bandwidth, as required by most applications, is obtained for
a reduced aperture of 0.6 mrad and 𝜎★ = 30 µm. Figure 2
shows an ICS photon spectrum with a 5% bandwidth.

The High-Pulse-Current Injector (HPCI) consists of an Sband photoinjector, similar to that of the CLEAR test facility
at CERN [5], followed by a high-gradient X-band linac with
an average gradient of 35 MV/m operating at a repetition
rate of 10 Hz, capable of accelerating trains of about 1000
electron bunches. Being a wakefield-dominated linac, special care was taken to control and limit the impact of both
short- and long-range wakefields using strong focusing and
high-order-mode damping, building on the experience made
in the context of CLIC [6]. Figure 1 shows the evolution
of the kinetic energy, the normalized transverse emittance,
and the beam size along the HPCI injector. As visible in the
figure, an energy of about 140 MeV could be reached in less
than 6 metres from the cathode. A short final-focus section
downstream of the linac is not included in the plot. Table 1
summarizes the electron beam parameters at the IP.

Figure 1: Evolution of the kinetic energy, normalized transverse emittance, and beam size along the HPCI injector.

Fabry-Pérot in Burst Mode
Burst mode cavities have been used for linac-based ICS
sources [7]. The lower average power obtained inside the
cavity significantly reduces the damage to cavity mirrors.
A four-mirror Fabry-Pérot cavity (FPC) is being considered for the HPCI-based ICS source due to its increased
stability. An optimisation of the burst mode parameters and
geometry was adapted from [8]. Burst mode parameters were
obtained by maximising the effective energy, Etot = 𝜖eff𝑈,
where 𝜖eff is the cavity effective gain, and 𝑈 is the laser
macropulse energy. The result is limited by 𝑁𝑒 and the
maximum number of injected laser pulses.
The FPC geometry was optimized numerically to obtain
the configuration with the maximum macropulse energy.
The cavity roundtrip length of 1 m was set to a sub-harmonic
of the laser repetition rate, which matches the electron bunch
spacing from HPCI. The FPC optimisation showed that
Electron Accelerators and Applications
Industrial and medical accelerators

PERFORMANCE ESTIMATES

Figure 2: Scattered photon spectra from RF-Track generated
by the HPCI-based ICS source. The 0.6 mrad spectrum
corresponds to an energy bandwidth of 5%.
Table 2: Projected parameters of the photons generated by
the HPCI-based ICS source
Parameter

Value

Unit

Energy
Source rms spot size, 𝜎𝛾
Total flux, F
Flux in a 1.5 mrad cone
Average brilliance, B
Peak brilliance, B̂

360
10
9 × 1013
2 × 1013
4 × 1014
3 × 1022

keV
µm
ph/s
ph/s

1

1
1

ph/(s mm2 mrad2 0.1%BW).

CONCLUSIONS
This paper presents a conceptual design, complemented
by beam dynamics and Compton scattering simulations, of
MOPOJO09
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a compact ICS source based on an S-band photoinjector,
a compact X-band linac, a short final-focus section and a
Fabry-Pérot cavity operating in burst mode. The proposed
HPCI ICS source showed that photon fluxes in a 1.5 mrad
cone of over 1013 ph/s could be reached, which is among
the highest in the landscape of existing and designed ICS
sources worldwide.
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THE LINAC TEST FACILITY AT DARESBURY LABORATORY
R. Schnuerer, A. Wheelhouse†, STFC, Daresbury, UK
N. Patel, H. Gasson, D. Rowlands, I. Tahir, Teledyne UK Ltd, Chelmsford, UK
Abstract
The LINAC Test Facility (LTF) based at Daresbury Laboratory supports research and development of applications in medical, security, and environmental technologies
through the operation of a Compact LINAC. This facility
has been operated and upgraded over several years and this
work has been performed in a collaboration between STFC
and Teledyne e2v, enabling the facility to deliver an increased accelerating gradient of 6 MeV, which has broadened the capability to provide testing of radiotherapy and
security scanning technologies. This paper describes the
developments undertaken, the benefits gained by both parties, and future planned improvements.

INTRODUCTION
For decades the Accelerator Science and Technology
Centre (ASTeC) at STFC Daresbury Laboratory has been
home to advanced particle accelerator research. Working
on a wide range of projects, carrying out research, developing and building the next generation of accelerators, one
aim is to support industrial applications of particle accelerator technology. The LINAC Test Facility (LTF) is dedicated to facilitating research and development of applications in medical, security, and environmental technologies
through the operation of a Compact LINAC. To advance
the world’s next generation of particle accelerator technologies and attract exciting new opportunities for UK industry, STFC and Teledyne e2v established a collaboration
and strategic relationship in 2018 and share a positive, impactful relationship continuing through to 2022 and beyond. Teledyne e2v [1] is a leading supplier of RF technologies and components in many industries, including radiotherapy, security, and high-energy physics. The company
required access to an accelerator and radiation test facility.
Gaining access to STFC’s unique facilities allowed Teledyne e2v to assist with the development of their integrated
RF sub-systems.
An important part of the collaboration between STFC
and Teledyne e2v is the Compact LINAC, an innovative
and highly compact electron beam accelerator, used by
both industry and the research community for testing x-ray
and electron beam technologies. The Compact LINAC has
undergone important upgrades enabling the facility to deliver an increased accelerating gradient and beam energy
of 6 MeV [2].

Figure 1: The Compact LINAC in the LTF. The main components
are (1) 3.1 MW S-Band Magnetron, (2) 3-Port Circulator and (3)
the 6 MeV Linear Accelerator.

The Compact LINAC uses a commercially available
6 MeV linear particle accelerator manufactured by AcceleRAD Technologies, Belmont, USA. The S-Band LINAC
produces electrons and X-rays and is powered by a tuneable S-Band Magnetron, see Figure 1. The pulsed RF frequency is 2.998 GHz, and the peak output power is
3.1 MW. The Compact LINAC’s RF repetition rate is from
a single pulse up to 400 Hz with a pulse width from 0.5 to
4 µs [3].
In this paper, the Compact LINAC system is described,
and operating conditions specified. Further, a few examples of work are listed to show the wide range of application possibilities with the system.

OPERATING CONDITIONS
The system comprises a Teledyne e2v AMM1 modulator
[4] and MG7095 magnetron [5] paired with a Teledyne e2v
electromagnet* an AFT three-port circulator, AcceleRAD
6 MeV LINAC, and bespoke Electron gun driver. The combination of the AMM1 modulator and magnetron with electromagnet allows for a wide range of operating points, see
Table 1 and Figure 2. The pulse width and repetition frequency can be changed quickly and easily allowing for the
output dose rate to be controlled.
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Table 1: Typical Operating Conditions

Operation parameters
RF Repetition Rate
LINAC Forward Power
Pulse Width
Peak Pulse Beam Current

Value
50 Hz - 400 Hz
1.3 MW - 2.2 MW
0.5 µs - 4 µs
35 mA - 240 mA

Figure 2: Cathode voltage and anode current measured on the
magnetron in the Compact LINAC system.

our current resources more efficiently needs to be part of
this. Since farming is one of the largest consumers of freshwater, reusing wastewater within agriculture could have a
significant impact, however existing techniques are limited
and difficult to apply at scale. The main issue with using
wastewater from industrial sources within agriculture is the
presence of contaminants which can then accumulate in
plants and seeds. Researchers from the University of Surrey supported by the STFC ‘Food Network+’ approached
treating wastewater with pulses of electrons that will react
with organic compounds and instantly degrade them. Using electron beams produced by the Compact LINAC system in the LTF could purify wastewater to a very high
standard within minutes. To assess whether this water
could safely be used for agricultural purposes, the team
have been testing the purified water on plants (such as lettuce and beans) grown in petri dishes. Reassuringly, the results showed little difference between tap water and the purified wastewater, with the seedlings appearing completely
healthy with no growth defects [7].
Teledyne e2v characterised the system performance,
looking at how the system responded to changes in magnetron output, see Figure 3. The amplitude and phase of the
forward and reflected power were studied.

WORK CONDUCTED
A few examples of research and development specifically geared towards testing the next generation of environmental and security technologies are outlined in this
section. These collaborative works were conducted by
STFC and their end-customers and users.
The efficient and secure movement of goods is important
for national security and economic prosperity. Rapiscan
Systems was interested in generating three-dimensional Xray images for more comprehensive cargo screening to improve the detection of contraband and illicit material hidden within dense metal objects. STFC’s Daresbury Laboratory provided Rapiscan Systems with the ideal environment to perform the proof-of-principle and proof-of-concept experiments. The LTF enabled the team to test the
technology at high energy levels of up to 6 MeV and allowed for scattering X-ray photons off a variety of materials. Its novel detectors provided valuable information to the
scientists at Rapiscan Systems as they aimed to reduce the
amount of scatter. These experiments are designed to examine the time of flight of the photons between the source
of the X-ray photon and an object, allowing algorithms to
approximate the position of an object. This type of photon
counting can be done only at Daresbury Laboratory due to
its high-precision equipment and controlled conditions.
Rapiscan Systems has been able to test, validate, and improve products and processes with the assistance provided
by STFC more effectively [6].
As the global population increases, securing enough supplies of clean, safe freshwater is a critical priority and using
*

Frequency Pulling is when the source output frequency is changed due
to the reflected power from the load.
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Figure 3: Set-up of measurement apparatus for characterisation of
the Compact LINAC.

The phase and amplitude of the reflected power to the
magnetron was measured during pulsed operation to allow
characterisation of the frequency pulling* phenomenon.
Phase is measured with respect to the forward power signal, at fast speed (nanoseconds scale) and sub-degree resolution. RF amplitude is measured and calibrated to sub-percent resolution, see Figure 4.
The phase and amplitude information gathered, gives
understanding of the RF behaviour of the circulator and
LINAC combination under different operating conditions
such as: peak power, duty cycle, electron beam loading and
coolant temperature. This knowledge is particularly useful
in a LINAC system during development and commissioning phases to optimise RF performance. The information
gathered will inform Teledyne e2v in subsystem building,
allowing for improved integration of components in the RF
subsystem offering.
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SUMMARY AND OUTLOOK
The collaboration between STFC Daresbury Laboratories and Teledyne e2v has been very positive with progress
being made in research and development across sectors using the upgraded Compact LINAC. This collaboration has
also provided a valuable opportunity for Teledyne e2v to
explore the use and limits of components in beam-producing systems, enabling this knowledge to be used for future
developments.
Possible future upgrades and product support for the
Compact LINAC will include Teledyne e2v’s next generation of magnetrons and modulators; providing better life,
monitoring and stability.
This collaboration and the work on the Compact LINAC
will be carrying on into the future, facilitating users to have
access to a reliable world-class system for x-ray and electron beam research.
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CHALLENGES FOR HIGH-ENERGY X-RAY SECURITY SCREENING
LINACS
M. J. Jenkins∗ , J. Ollier, M. G. Procter, Rapiscan Systems Ltd, Stoke-on-Trent, UK
Abstract
X-ray based Cargo and Vehicle Inspection (CVI) systems
are used for security and customs inspections at a variety of
locations. To provide the maximum flexibility many users
require mobile CVI systems to allow vehicles to be screened
efficiently for threats and contraband. The need for mobile
systems means that the linear accelerator, and ancillary systems, used to generate the x-rays must be compact, rugged,
and reliable. These systems must meet image performance
tests specified by American National Standards Institute
(ANSI) and the International Electrotechnical Commission
(IEC). The IEC also defines a standard for material discrimination. The requirements of these standards mean that the
x-ray output produced by the linac needs to be consistent
during and between scans, with the stability and repeatability of the output being critical. The tolerances on the linac
output to meet the performance standards combined with the
need for a compact system gives an unusual challenge for the
linac design. A review of how different stability measures
impact the performance tests is presented. This is compared
to current technologies and possible future linacs used for
mobile CVI systems.

Figure 1: Rapiscan Eagle M60 in the deployed position
ready for scanning.

MOBILE CARGO AND VEHICLE
INSPECTION SYSTEMS
Mobile Cargo and Vehicle Inspection (CVI) systems are
an important tool for customs agencies, security services
and military organisations. Mobile CVI systems allow for
inspection points to be set up where needed. This allows the
user to react to any intelligence they receive or to changes in
traffic flow across borders and other inspection points. The
typical design of linac based mobile CVI systems includes:
an electron linac with a nominal energy of 3 to 7 MeV, a
conversion target, slit collimator, detector array and x-ray
beam stop. These are all mounted to a truck or trailer to
allow the system to be moved as required. Figure 1 shows a
Rapiscan Eagle M60 which is a mobile CVI system.
This system uses a 6 MeV electron linac to produce x-ray
pulses with a bremsstrahlung spectrum with an end point energy of up to 6 MeV. Figure 2 shows a typical x-ray spectrum
from a 6 MeV linac used on a transmission imaging CVI
system. The spectra is not ideal for transmission imaging as
the majority of photons emitted have an energy of less than
1 MeV. Low energy x-rays contribute to some performance
metrics however, they also cause a lot of scatter which adds
noise to the final image. For transmission imaging a more
uniform spectral distribution would be preferred.
The x-ray beam is then collimated into a fan beam which
is used with an L-shaped detector array to image the cargo or
∗
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Figure 2: Typically 6 MeV x-ray spectrum used in transmission imaging systems.
vehicle under inspection. Figure 3 shows an outline drawing
of the rear of the Eagle M60 with the linac, slit collimator
and L-shaped detector array indicated.
The imaging methodology used by mobile CVI systems
like the Eagle M60 require either the CVI system or the
object under inspection to move through the scan tunnel
between the linac and detector array. As the object under
inspection passes through the imaging plane the linac is
pulsed generating a series of x-ray pulses. The signal from
each pulse is captured individually as a line, these lines are
then stitched together to create an image of the object under
inspection. Figure 4 shows a typical x-ray image of cargo
imaged by a mobile CVI system. The pulse rate of the linac
is determined by the geometry of the system and the speed
at which the object passes through the imaging plane. For
mobile CVI systems this is typically between 80 and 400 Hz.

IMAGE PERFROMANCE STANDARDS
The American National Standards Institute (ANSI) and
the International Electrotechnical Commission (IEC) have
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Spatial Resolution
The spatial resolution test measures the minimum separation where different the features of a test object can be
distinguished. The spatial resolution of a mobile CVI system
is determined by the line width of the system, the repetition
rate of the linac and the speed at which the object under
inspection passes through the imaging plane. The line width
of the system is determined by the width of the detector
pixels and the geometry of the system.

Wire Detection

Figure 3: Outline drawing of the rear view of a Rapiscan
Eagle M60 in the deployed position ready for scanning. The
positions of the linac, collimator and L-shaped detector array
are indicated.

The wire detection test measures the smallest diameter of
wire visible in air in the x-ray image. As with the spatial
resolution test the line width of the system is a key parameter
in determining the wire detection limit of a CVI system.
However, the wire detection limit is also driven by the xray dose output of the system. The wire detection limit is
driven by the contrast of the wire to the air background in
the image. This contrast between the wire and air is effected
by the number of low energy x-rays emitted. This results in
a different set of constraints on the x-ray output to the steel
penetration tests.

Contrast Resolution

Figure 4: Transmission image from a mobile CVI system.
developed a series of image performance standards [1, 2] that
transmission imaging CVI systems are tested against. The
two standards specify four methods to quantify the image
performance of a CVI system:
• Steel Penetration
• Spatial Resolution
• Wire Detection
• Contrast Resolution
The test methodology for the four tests above are slightly
different between the ANSI an IEC standards. However, the
methodologies for each of the four tests are similar enough
that the tests for each standard can be analysed together. In
addition to the image performance tests the IEC standard [2]
also specifies a test methodology for material separation
which is an important metric for CVI systems.

Steel Penetration
The steel penetration test measures the maximum thickness of steel through which a test object can be observed.
For mobile CVI systems the typical steel penetration value
is in excess of 300 mm. To achieve these steel penetration
values the imaging system is operating close to the noise
limit of the detectors. The useful part of the x-ray spectrum
for the steel penetration test is the section above 4 MeV. This
means that most of the x-rays emitted by the linac are not
useful for achieving high values of penetration.

Electron Accelerators and Applications
Industrial and medical accelerators

The contrast resolution test is used to determine the minimum increase in steel thickness that is visible in an x-ray
image. These tests are usually done at a percentage of the
total penetration of the system. Typical mobile CVI systems
aim to achieve a 2% contrast at around 20% of the total
penetration. As the aim of this test is to identify the smallest increase of steel possible the useful portion of the x-ray
energy spectrum is very different to the steel penetration requirements. This means it is the photons below 4 MeV that
contribute the most to the contrast resolution of the system.

Material Separation
Material separation is the ability of a CVI system to correctly identify the effective Z value of materials that it images.
To determine the effective Z values two different x-ray spectra with different end point energies are used. The most
common end point energies used for material separation are
6 MeV and 4 MeV. The cargo is imaged with both spectra
and the difference in x-ray flux that is detected is compared
to a set of calibration curves for different materials. The
IEC standard specifies that the materials to be identified are
graphite, aluminium, steel and lead.

QUANTIFYING X-RAY PERFORMANCE
The steel penetration, wire detection, contrast resolution
and material separation tests require a consistent x-ray dose
output from the linac. This means that the pulse to pulse
variation in the total number of photons emitted across the xray spectrum needs to be small. The material separation and
steel penetration tests are also very sensitive to the end point
energies of the x-ray spectra. This introduces a constraint on
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how much energy variation in the electron beam is allowed
on a pulse to pulse basis.
Material separation also introduces other constraints due
to the need to use previously generated calibration curves.
As these curves need to apply to every point in a scan this
means the acceptable drift in x-ray output over the whole
scan is very small. In addition the variation in the x-ray
output between scans is also restricted as otherwise the same
material could respond differently on different scans.
Therefore quantifying the x-ray output of a linac with metrics that can be directly linked back to the image performance
tests is important. The main metrics that are considered in
this paper are pulse to pulse stability, drift and scan to scan
stability. These are measured using the imaging array which
integrates the x-ray signal for each pulse.

Pulse to Pulse Stability
The pulse to pulse stability is measured over different time
intervals during a scan. The time intervals depend on the
scanning con ops used by the mobile CVI system. Pulse to
pulse stability 𝜙 is given in Eq. (1).
𝜎𝑥
𝜙 = 100
(1)
𝑥¯
𝜎𝑥 is the standard deviation of the array responses for
each pulse in a given time interval and 𝑥¯ is the mean array
response per pulse in a given time interval. The current
achievable pulse to pulse stability for mobile CVI systems
is less than 1%. The pulse to pulse stability is impacted by
variations in electron beam energy, the energy spread of the
beam and variations in the bunch charge.

Drift
The drift 𝛿 in the x-ray output of a linac is defined as the
change in signal over time. Equation (2) defines drift using
the mean array response between two different time intervals.
𝑥¯1 is the mean array response from the first time interval and
𝑥¯2 is the mean array response from the second time interval.
𝛿 = 100

| 𝑥¯1 − 𝑥¯2 |
𝑥¯1

(2)

To achieve consistent material separation results across
a scan the drift over the scan duration needs to be less than
1%. This is currently the limit for industrial linacs used
in security applications with many linacs in use not able
to achieve this value. The main cause of drift that needs
to be controlled for good material separation results is the
change in the electron beam energy over time. This causes
the end point energy of the x-rays to fluctuate which results
in inconsistent material separation during a scan.

linac is at producing the same output when it starts pulsing.
Equation (4) calculates the difference the end of one scan
and the start of the next scan.
𝑆𝑡𝑆 = 100

| 𝑥¯1𝐴 − 𝑥¯1𝐵 |
𝑥¯1𝐴

(3)

| 𝑥¯2𝐴 − 𝑥¯1𝐵 |
(4)
𝑥¯2𝐴
𝑥¯1𝐴 is the mean array response at the start of scan A, 𝑥¯1𝐵
is the mean array response at the start of scan B and 𝑥¯2𝐴 is
the mean array response at the end of scan A. For typical
CVI systems 𝑆𝑇 𝑆 < 2% and 𝐸𝑇 𝑆 < 3%, the difference
between STS and ETS is due to the allowable drift during
a scan. The main drivers of 𝑆𝑇 𝑆 and 𝐸𝑇 𝑆 are the stability
of the RF when first turned on and the coupling between
the cavity and the RF source. Most security linacs use a
magnetron as the RF source which means that ensuring a
good frequency match between the cavity and magnetron
when power is applied is crucial.
𝐸𝑡𝑆 = 100

AREAS OF DEVELOPMENT FOR FUTURE
CVI LINACS
Increasingly difficult image performance criteria are being
specified by end users of CVI systems. This is a particular
challenge to mobile CVI systems where the linac and all the
ancillaries for it need to be mounted on a road legal vehicle.
The common limiting factor for pulse to pulse stability, drift
and scan to scan stability is the variation in electron beam
energy.
Therefore the key developmental area is the RF system and
accelerating cavity. Optimising the stability of the electron
beam energy and whilst minimising the energy spread within
an electron bunch will provide an important increase in
image performance. For the next generation of security
linacs the aim is to reduce the current limits on pulse to
pulse stability and drift by an order of magnitude.
Other areas of development for future CVI linacs include
intra-pulse [3] and dose optimisation. However, while these
will drive improvements in performance they will not provide the overall impact that optimising the electron beam
energy stability and energy spread. Therefore Rapiscan are
concentrating on driving improves to energy stability primarily.
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DESIGN OF A COMPACT LINAC FOR
HIGH AVERAGE POWER RADIOTHERAPY*
C. D. Nantista†,1, G.B. Bowden 1, Z. Li 1, M. Shumail 1, S.G. Tantawi 1and B.W. Loo 2,3
1
SLAC National Accelerator Laboratory, Menlo Park, USA
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Department of Radiation Oncology, Stanford University School of Medicine, USA
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Abstract
followed by a current monitor cavity. On either side of the
We present the design of a compact, 10 MeV, 300 mA
pulsed X-band linac developed for medical application.
The layout, <1 m including gun, buncher, capture section
and current monitor, is of a recent configuration in which
the 36 main linac cavities are individually fed in parallel
through side waveguide manifolds, allowing for split fabrication. Initially destined for experimental study of
FLASH irradiation of mouse tumors, the design was developed as a prototype for realization of a PHASER cancer
treatment machine, in which multiple linacs, powered sequentially from a common RF source, are to provide rapid
treatment to patients from multiple directions without mechanical movement, delivering dosage on a time scale that
essentially freezes the patient. In this paper, we focus on
the RF design, beam capture optimization, mechanical design and fabrication of the linac itself, deferring discussion
of other important aspects such as window and target design, experimental specification setting, radiation shielding
and operations.

INTRODUCTION
A fundamental goal for improving the effectiveness of
radiation therapy for curing cancer is maximizing the differential damage done to cancerous tumors and normal tissue. To this end, so-called FLASH radiotherapy, with
greatly enhanced dose rates (>50 Gy/s), promises significant advantages, used in conjunction with modern imaging
and localization techniques. Rapid dose delivery effectively addresses the problem of “motion management”.
A revolutionary platform for implementing multidirectional FLASH treatment has been proposed [1]. Dubbed
PHASER (Pluridirectional High-energy Agile Scanning
Electronic Radiotherapy), it employs multiple (16) electron linacs, arrayed to target a common point and fired in
sequence, thus eliminating the need for gantry motion.
The linacs for this scheme are required to compactly produce pulsed 300 mA, 10 MeV electron beams. We briefly
describe here the effort toward developing such a linac at
X-band using a distributed coupling approach [2], in which
the cavities are individually powered from side manifolds.

capture section is a drift space where the beam tube is surrounded by a solenoidal permanent magnet for focusing.
The operating frequency is 11.424 GHz, and the beam is
bunched and accelerated from a 30 kV gun up to 10 MeV
in 26 inches (0.66 m), an effective gradient of ~15 MV/m.

Figure 1: Linac RF design vacuum space.

CAVITY DESIGN
Main Linac Cavities
By eliminating the need for cell-to-cell coupling through
the beam iris, the distributed coupling paradigm, like offaxis coupling schemes, allows greater freedom in cavity
shape design, in particular allowing nose cones and a small
beam aperture. For the main linac, cavity shapes were designed using an organic optimization code that maximizes
shunt impedance while limiting peak surface fields related
to RF breakdown, thus providing both good acceleration
efficiency and high-gradient capability.
While ideally cavity spacing would track beam velocity,
an acceptable solution was found to utilizing only two cell
types, simplifying the RF design of the linac without losing
much efficiency. The cavity shapes, optimized around different beam betas, are illustrated in Fig. 2. With a beampipe
radius of 1 mm, effective shunt impedances of ~200 M/m
are achieved. Of the 36 cavities, the first 6 are of type A
and rest of type B. To further maintain the beam phasing
through the -mode structure, the spacing after each A cavity was allowed to gradually increase from 1.249 cm to a
constant 1.307 cm for the B cavities.

LINAC ANATOMY
The overall RF layout of the PHASER linac vacuum
space between the 30 kV electron gun and the target (neither shown) is illustrated in Fig. 1. It consists of a buncher
cavity, a 5-cell single-feed capture section and a 36-cavity
distributed-coupling
main linac with two side manifolds,
___________________________________________
*Work supported by a grant from Stanford University School of Medicine.
†nantista@slac.stanford.edu
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Figure 2: Main linac cavity profiles (dimensions in cm).

Capture Section/Injector
The capture section has five iris-coupled cells, with input
coupler in the center cell. The outer walls are fully rounded,
except for the coupler cell. The cell lengths increase with
MOPOJO12
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beam energy, with only the last two left identical. The geometry and the deliberately non-uniform electric field amplitude on axis are illustrated in Fig. 3. This short section
helps to bunch and capture the beam current, while raising
the energy of electrons destined to survive to ~0.9 MeV.

linac of 79% (60% overall from the gun) and Fig. 6b shows
the final energy‒RF phase distribution of the captured
bunches. ~89% of particles are within 1% energy spread
and ~95% within 4% energy spread.

Figure 5: RF electric field and focusing magnetic field profiles along the axis of the overall linac structure.
Table 1: RF Design Parameters

Figure 3: Capture section and field profile.

Buncher and Current Monitor

Section

Power (kW)

Coupling 

The short buncher cavity design is illustrated in Fig. 4a.
Machine tooling considerations limited its shape optimization, but with an effective shunt impedance of 0.6 M, it
requires relatively little drive power (~100 W) in our design, to be siphoned off from the linac waveguide with a
35 dB directional coupler, followed by attenuation and
phase adjustment in coax.
Figure 4b shows a diagnostic cavity appended at the end
of the linac to monitor the captured beam current. The goal
here was to minimize shunt impedance to limit the attenuation required on the output. The beampipe radius is increased to 2 mm before opening in a radiused double step
into the flat cavity. To further limit R/Q, the cavity is extended to the sides to be resonant in a TE310 rectangularlike mode. With a shunt impedance of 0.15 M and  of
~3, it should extract ~2.6 kW peak from the 300 mA beam.
Each of these lower power cavities are coupled with a
narrow waveguide tapered to a WR750 port with an incorporated ceramic vacuum window and instrument flange.

Buncher

0.105±0.01

2.74±0.12

Phase ()
166±2

Capture

588±5

2.39±0.02

-107.1±0.3

C1‒C6

103.5±0.5
(3,726 total)

3.97

-15.7±0.4
(+180 even)

a)
b)
Figure 4: a) Buncher cavity and b) current monitor cavity.

BEAM SIMULATION AND RF DESIGN
OPTIMIZATION
Extensive calculations, including ASTRA beam simulations, were performed to optimize overall beam capture
and to set match conditions. The spacings, RF power levels
and relative phases of the sections were determined (see
Table 1), as well as the magnet parameters. Within the
main linac, cavity coupling betas were iteratively calculated to accommodate equal RF drive power with evolving
beamloading. Power into the walls from both RF and beam
loss were determined for heating considerations.
Table 1 summarizes the RF design parameters, and
Fig. 5 shows field profiles along the whole linac. Figure 6a
illustrates simulated current transmission through the main
MOPOJO12
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C7‒C36

3.86

Figure 6: a) Beam current along the man linac and b) phase
space of output beam bunches.

DISTRIBUTION MANIFOLD DESIGN
The 36 main linac cavities are powered through two side
waveguide manifolds. With H-plane T-junction inputs at
their centers, each half manifold feeds 9 cavities. A 3-port
design satisfying the scattering matrix required for constructing a 9-feed matched, equal distribution, 180 phase
advance circuit at a feed spacing of twice the cavity B
length is shown in Fig. 7a. Figure 7b shows the downstream and one upstream arm of the manifolds from the
matched midpoint input junction. The slight step pairs between the left few feeds of the upstream arm are introduced
to maintain matched phase length between feeds whose
physical spacing is changing to follow the cavity spacing.
The two upstream arms are thus not identical.

Figure 7: a) 9-feed 3-port junction design and b) downstream (top) and upstream (bottom) manifold arms.

LOW-FIELD CAVITY COUPLING
Distributed coupling employs parallel RF power feeds
into each individual cavity via a coupling hole at the high
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magnetic field region. The coupling hole pushes the surface current toward the edge of the opening, which can result in significant magnetic field enhancement. The optimization approach incorporated features that enhanced coupling between the cavity and the feeding waveguide, thus
reducing the opening size. Additionally, larger elliptical
rounding and smaller circular rounding were used to further minimize the surface field enhancement.
With optimized coupling geometry, the field enhancement was reduced from >200% of an original design to
<20%, depending on the cavity type and coupling , as
showing in Fig. 8. The cavity A design on the left has a
coupling  of 3.97 and B-field enhancement of 19%, while
the cavity B on the right side has a  of 3.85 and field enhancement of 6%, compared to the peak surface magnetic
field without coupling.

Figure 8: L-shaped coupler with minimized B surface field
enhancement.
To compensate for dimensional differences and establish
equal phase lengths to the cavity centers, a slight trombone
feature was included in the cavity A feed, as indicated.
Feed length from the manifold (or manifold spacing) is set
such that when a cavity is shorted with a wire during the
cavity tuning process, there is no reflection along the manifold from its feed (i.e. |S21| = 1 in Fig. 7a).

Figure 9: a) Fixed and b) variable power splitting circuits.
ets are cut through the plates at the two focusing solenoid
locations. Split rare earth permanent magnets are later
clamped around beampipe spools brazed across these
pockets.
The plates are diffusion bonded in a hydrogen atmosphere furnace at a bond plane pressure of approximately
27 bar for 30 minutes at 650 C. A bolted press made of
stainless plates is used to press the stacked plates together
(Fig. 10a). Included in the press assembly stack is a diaphragm made of 1 mm-thick stainless-steel sheets welded
together around the edges. Connected through 3 mm OD
stainless steel tubing to an external 14 bar argon gas source,
it is used to supply the bond pressure. All steel press surfaces are coated with a boron nitride loaded furnace release
paint to prevent their bonding.
After diffusion bonding, cavity tuning pins, flanged
waveguide ports, accelerator vacuum flanges and external
water-cooling tubes are brazed on using Au/Cu braze alloy.
A cross-section of the full accelerator with attached triode
electron gun is shown in Fig. 10b.

a)

INPUT RF SPLIT
The initial plan for splitting power between capture section and main linac is illustrated in the “tripod” circuit of
Fig. 9a. The main junction is a magic-Tee. The bends to the
manifolds are deliberately mismatched to reflect the fraction needed for the capture section, asymmetric and oppositely oriented so that the reflections incur a 180 phase
difference and combine into the fourth port. The run to the
capture feed has a tapered width section whose length is
adjusted to yield the needed relative phase.
For our prototype, power will be split through a
2-hybrid / 2-phase shifter waveguide circuit, illustrated in
Fig. 9b, to allow for adjustment of relative amplitude and
phase. A brazed-in T then divides the main linac power between the manifolds. The height of this T (or Y) is set to
avoid a choke forming between one arm and the other due
to any asymmetry during filling or during cavity tuning.

LINAC FABRICATION
The full linac structure, including distribution manifolds
and gun anode, is CNC machined in halves into two
64.8 cm × 14.58 cm × 2.03 cm OFHC copper plates. PockElectron Accelerators and Applications
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Figure 10: a) Plate diffusion bonding assembly and b) split
view of linac with gun attached.

CONCLUSION
A compact 10 MeV, 300 mA X-band linac of novel configuration and fabrication, with a 0.5% duty factor has been
designed for radiotherapy application. Extensive use was
made in the design process of Ansys HFSS, ACE3P, ASTRA and custom codes. It is currently in fabrication and
destined for FLASH research, with an ultimate goal of incorporation in a PHASER scheme.
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NEW X-BAND AND S-BAND LINEAR ACCELERATORS
AT VAREX IMAGING
Andrey V. Mishin, Brian C. Howe, Varex Imaging Corporation, Salt Lake City, UT, USA
John Stammetti, Varex Imaging Corporation, Las Vegas, NV, USA
Abstract
We have designed, built, and high-power tested the advanced linear accelerators equipped with our new 3 MeV
X-Band Accelerator Beam Centerline ABC-3-X-T-X and a
reduced spot (RS) S-Band ABC-7ER-S-T-RS-X with broad
3 MeV to 8 MeV energy regulation, which demonstrated
excellent performance and superior beam quality. We are
immensely proud of these recent accomplishments and
would like to share the news with the community.

LINACS FOR SECURITY, NDT,
MEDICAL APPLICATIONS
Our new Varex High Energy Sources (HES) R&D group
has been expanded and it now includes both (1) the Accelerator Beam Centerline (ABC) group in Salt Lake City,
which is engaged in design and production of the Accelerator Beam Centerlines and (2) our Linear accelerator
(LINAC) Subsystem Design and Engineering group in Las
Vegas The LINACs we produce are used by the customers
worldwide in various Security Screening, Non-Destructive
Testing (NDT), and Medical Radiation Therapy systems.

summarize the results on the latter and report experimental
results. The key models of our triode e-gun based ABCs are
presented in Table 1. We are concluding our work on the
new linac subsystem designs, which should be available for
commercial supply in the next calendar year. This includes
but is not limited to S-Band linac subsystems: improved
Mi6SSM (the base system is already on the offering list),
Mi7SSM; and an X-Band linac Subsystem: M3X. In addition, we are offering our ABCs and, potentially, systems,
for medical applications. We have designed and fully qualified all three ABCs – all of which meet or exceed the specification requirements. In Fig. 2, a traditional 6 MeV ABC
is shown next to an X-Band ABC-3-X-O-T-X, which was
originally designed for a small, 350 kW magnetron, and
then employed in a system M3X with a more powerful
magnetron.

Figure 1: 3 MeV S-Band and 3 MeV X-Band ABC (at the
correlated RF power settings). Note difference in radial dimensions for the two ABCs.
Our primary objective after separation of Varex Imaging
from its mother company Varian Medical in 2017 has been
to design the replacements for the guides supplied by Varian in Palo Alto as well as new models, and establish production of such guides, which we call Accelerator Beam
Centerlines (ABC) (Fig. 1). We previously reported on the
progress of our guides design and test [1-4]. Currently, we
have created a triode e-gun based ABC series that we intend to use for new products, which often exceed their predecessors’ parameters. In this paper, we would like to
MOPOJO14
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ABC-6-S-O-T-X.

ABC-3-X-O-T-X
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Table 1: Key Triode E-gun Models
Parameter

Units

X-Band

S-Band
ABC-3-S-O-T-X

ABC-6-S-O-T-X

ABC-7-S-O-T-X

ABC-3-X-O-T-X

3

6

7

2.5

3

4

3

2.5

4.5

6

8

3

300

1000

1300

50

300

600

50

50

500

1000

1200

20

Energy, W
Nominal, Wnom
Minimum, Wmin

MeV

Maximum, Wmax
Maximum Dose Rate, R
at Wnom
at Wmin

R/m/m2

at Wmax
Typical Spot Size, FWHM

mm

2

1.5

1.5

1.5

Typical E-gun Voltage

kV

8

8

8

12

NEW FACILITIES
Currently, we are finalizing the planning stage for a major addition to our new building in Salt Lake City, which
will include a production space designed for over
100 guides/year capacity and a test cell for testing and
“burning in” our produced ABCs. Estimated completion of
this construction is the end of the CY2023, when we should
start ramping up our production. We expect to reach full
production rates by the end of CY2024.

CONCLUSION
We have completed a line of triode-electron gun based
new ABCs for our new products. While there will always
be continuous improvement of any products, these new
ABCs are ready to be used in new linear accelerator subsystems or shipped to our customers for use in their subsystems. Meanwhile, we are happy to report that along with
the growing design and production of our standard and new
models, we have some exciting new ground-breaking products scheduled to be designed and tested. Please continue
to follow our publications and do not hesitate to contact us
for any new projects you have in mind. We would love to
support you at any time.
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LOW ENERGY LINAC FOR ELECTRONIC BRACHYTHERAPY*
Chunguang Jing†, Wade Rush, Pavel Avrakhov, Ben Freemire, Ao Liu, Edgar Gomez, Weinan Si,
Sean Miller, John Callahan, Yubin Zhao, Roman Kostin, Euclid Techlabs LLC, Solon, OH, USA
James Welsh, Edward Hines Jr VA Hospital, Hines, IL USA
Chenguang Liu, Mark.Pankuch, Northwestern Medicine Chicago Proton Center,
Warrenville, IL, USA
Daniel Mihalcea, Philippe Piot, Northern Illinois University, DeKalb, IL, USA
John Power, Wanming Liu, Scott Doran, Argonne National Laboratory, Lemont, IL, USA
Abstract
The use of electronic brachytherapy (EB) has grown rapidly over the past decade. It is gaining significant interest
from the global medical community as an improved userfriendly technology to reduce the usage of Ir-192. However, the present EB machines all use electron beams at energies of 100 kV or less to generate the X-ray photons,
which limits their use to low dose-rate brachytherapy. We
focus on the development of a compact and light weight
1 MeV linac to generate and deliver >250 kV X-ray photons to the patient. The device is intended to retrofit to existing brachytherapy applicators. In this paper we will report progress on this project.

MOTIVATION
The purpose of this effort is to deliver a prototype High
Dose Rate (HDR) Electronic Brachytherapy (EB) machine
to replace the radioactive sources, e.g. Ir-192, that are commonly used in brachytherapy. Permanent implant brachytherapy generally makes use of radioactive “seeds.” These
tiny seeds are about the size of a rice grain (~5 mm long)
and are implanted using ultrasound or another form of imaging guidance. Take, for example, Ir-192, which has a
short half-life of only 74 days. The short half-life means it
has a higher specific activity, and it is exclusively used for
HDR brachytherapy. On the other hand, the short half-life
of a material like Ir-192 means frequent replacement of the
sources, and the increased possibility of interception by
criminals during shipment and replacement. In contrast,
particle accelerators have been successfully employed as a
replacement technology for radionuclide radiation sources
in many applications. X-ray generators have been broadly
used for clinical radiation therapy [1]. However, their design is complicated and too bulky for some space-limited
applications like EB. Miniature DC high-voltage X-ray
generators can be made to the size of centimeters, and have
been evolving over the last decade, with Xoft being the primary example [2]. However, with only 50 kVp bremsstrahlung, they are not a suitable substitute for the main thrust
of HDR (high-dose-rate) brachytherapy, which currently
uses Ir-192.
Euclid Techlabs proposed a novel design of an electron
accelerating structure with two important features that are
necessary for use in EB, particularly aiming for the retrofitting of existing EB applicators: a very small transverse
___________________________________________
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size and very high dose delivery stability. In this project,
we leverage this with a cost effective 1 MeV metallic
brazeless accelerator, which was successfully tested before [3]. The design has been further improved since then.
The enabling factor for the proposed approach is that for
the case of a minimum weight accelerator, the beam current
is a miniscule ~1 μA at the target, which can deliver enough
dose (1Gy/min @ 1cm) for EB treatment management plan
(TMP). Using Bremsstrahlung radiation, the proposed
1 MeV electron beam will generate broad energy spectrum
photons up to 1 MeV with a mean energy of 250~450 keV
(depending on the applied target material), compared to the
380 keV narrow spectrum line of Ir-192. This is far more
energetic than the current EB source. In order to generate
such a powerful radiation dose, in comparison with the
state-of-the-art 50 kV DC accelerator-based EB system,
this proposed RF accelerator-based EB system has a much
larger size. However, one can imagine that the size and
weight can easily be managed using modern robotic technology. Figure 1 illustrates this concept. A higher energy
electron beam can be focused to a pencil beam to retrofit
to the existing applicators.

Figure 1: Artist’s view of an RF accelerator-based EB system.

ACCELERATOR DESIGN
To achieve the compactness, the electrons are produced
by a field emission cathode, which can generate high quality bunch electrons with proper designed bunching cavities. Figure 2 shows the profile of accelerating field along
the axis. The significant high field at the cathode location
help improve beam quality of the emitted electrons and
prompt acceleration. With optimization, it can achieve
nearly 90% of beam transmission passed through the 8-cell
accelerating structure without an external focusing
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element. The accelerator delivers a particle's energy spectrum at the 1 to 1.14 MeV range with 250 kW (peak) of RF
power. Figure 3 illustrates the relative beam losses over the
accelerating structure.

Figure 2: Accelerating field profile for the EB accelerator
(CST simulation, normalized to 1J of stored energy) as the
beam proceeds from left to right.

Figure 3: The simulated particle position along the accelerator.

RADIATION SIMULATIONS

Figure 5 shows the percent depth dose curves for the EB
machine and Ir-192 as produced by the treatment planning
software. The profiles are very similar up to 2 cm from the
source.

Figure 5: Percentage of total dose versus depth [cm] for
Euclid’s EB machine (simulation) and Ir-192.

A MOCKUP MEDICAL TREATMENT
Several mock-up treatment plans have been studied using the simulated radiation production of our developed EB
system. As an example, Fig. 6 shows the treatments plans
developed for vaginal cancer for the Euclid’s EB Machine
and Ir-192. Isodose contours are drawn from 250 to
550 cGy, which are used to determine the total dose received by both the tumor and healthy tissue. There is very
little difference in the delivered dose between the EB Machine and Ir-192, indicating the EB Machine would be suitable as a direct replacement of Ir-192.

Presently we only consider a straight applicator, the simplest but commonly used EB applicator. The energetic
beam will be transported through a ~10cm long medical
drift tube (MDT) inside the applicator. The effect of a medical drift tube with a larger outer diameter and wall thickness on the dose was studied for the case of a 2 mm thick
gold disk target and 0.3 mm thick stainless steel sealing
cap. Figure 4 shows the simulation result using the Brachy
module of GEANT4. It can be seen that the MDT effectively attenuates the back-scattered electron energy, removing this high dose region along the MDT. The size and
shape of the equi-dose contour lines at ≈1 Gy/s, with beam
current of 1.6uA.

(a)

Figure 4: x-z slice of the simulated dose rate around the
end of MDT.
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STATUS
Development of the linac based EB system has been carried out with joint efforts from multiple parties. Most individual subsystems, including linac, MDT with radiation
target, robotic maneuverer system, vision system, etc, have
been developed. Tests of subsystems are ongoing. The first
prototype machine is expected to be integrated by the end
of 2022.
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(b)
Figure 6: Mock treatment plans for vaginal cancer developed based on Euclid’s EB Machine (a) and Ir-192 (b).
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Abstract
We report on the development of a cryogenic X-band
(11.424 GHz) accelerator to provide electron beams for
Very High Energy Electron therapy. The distributed coupling linac is designed with a 135° phase advance, optimized to produce a 100 MeV/m accelerating gradient in a
one-meter structure using only 19 MW when operating
around 77 K. This peak power will be achieved through
pulse compression of a 5-8 MW few-µs pulse, ensuring
compatibility with a commercial power source. We present
designs of the cryogenic linac and power distribution system, as well as a room temperature pulse compressor using
the HE11 mode in a corrugated cavity. We discuss scaling
this compact and economical design into a 16 linac array
that can achieve FLASH dose rates (> 40 Gy/s) while eliminating the downtime associated with gantry motion.

INTRODUCTION
The linear accelerator (linac) design presented here
aims to demonstrate a Very High Energy Electron (VHEE)
therapy system that is compact enough to fit within a conventional clinical radiation treatment room. Because
VHEE therapy eliminates the process of using the electron
beam to produce X-rays, relying instead on the therapeutic
dose provided by the electrons themselves, this treatment
scheme inherently allows for higher dose rates, making it
an attractive approach to deliver FLASH treatments exceeding 40 Gy/s.
Electron beam energies on the order of 100 MeV are
needed to reach deep-seated tumors throughout the body.
Designing a linac capable of accelerating electrons up to
100 MeV within a meter is well within the known state of
the art. However, the typical amount of RF power needed
to power the linac to achieve this high gradient requires
sources that are incompatible with existing medical treatment facility infrastructure. Typically, the required RFpower is on the order of 150 to 200 MW at X-band. The
sources that can generate this type of power typically occupy the space of several treatment rooms. Furthermore,
the cost of such a source would be highly prohibitive; a
VHEE device with these power requirements would not be
competitive with other radiotherapy modalities.

SYSTEM DESIGN
The accelerator design presented here requires only 58 MW of RF power at 11.4 GHz to generate a 100 MeV
beam, compared with the typical 150-200 MW required for
____________________________________________
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conventional linacs. This breakthrough in power efficiency
is accomplished through the development of a novel high
efficiency linac operated at cryogenic temperatures and a
novel ultra-compact RF pulse compression scheme.

135 Degree Phase Advance Linac
The phase advance of this standing wave linac design,
135° per cell, provides the highest possible geometric
shunt impedance, reaching 192 MΩ/m at room temperature. A narrow beam pipe radius of 1 mm reduces coupling
between cells to the point where the relative phase can be
arbitrarily chosen to maximize shunt impedance. The cavity geometry, shown in Fig. 1, features a re-entrant nose
cone to maximize the ratio of on-axis accelerating gradient
to surface field using a geometric optimization approach [1]. The Q0 of the cavity is 8100 at room temperature. By reducing the operating temperature to 77 K, we
expect to gain a factor of 2.7 in Q0, with a corresponding
increase in the shunt impedance by the same factor [2].

Figure 1: (a) Cross-section of the electric field profile simulated in one half of the 135° phase advance linac cavity.
(b) 3D model showing one half of the power distribution
waveguide with coupling iris for a single cavity.
Power is coupled to each cell through a distributed
power coupling manifold. To accommodate the 135° phase
advance, four parallel manifolds are used. The phase advance between the feeding junctions on each waveguide is
180° which allows feeding every fourth cavity as the phase
advance to every forth cavity is 135°×4 ≡ 180°. The full
one-meter structure is composed of 104 cells. Power couples to the cell through an iris at the cell equator, as shown
in Fig. 1 b. The parameters of the iris, along with the inverted feature opposite the cell in the waveguide, have
been optimized using the parallel ACE3P solvers developed at SLAC to produce the correct transfer S-matrix and
coupling for a beam-loaded cavity.

RF Pulse Compressor
The VHEE system presented here is intended to be compatible with a commercial 11.424 GHz RF power source,
taking a 6 MW peak power input in a ~4 µs pulse length
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and producing a 19 MW peak power in a ~200 ns flattop.
While the average power is consistent with the system requirements, this peak power is insufficient to drive the 100
MeV/m gradient needed in the structure. To compensate, a
pulse compressor is included within the scope of the VHEE
system design. The pulse compressor design operates under the same principle as the original SLED cavity [3]. The
energy in the long RF pulse produced by the klystron is
stored in a single high-Q cavity, with two polarized modes
replacing the original SLED design concept of two energy
storage cavities [4]. Before the end of the RF pulse is
reached, the phase of the klystron output is flipped by
180 degrees using the low-level RF input. As a result, incoming power from the klystron to the coupler on the highQ cavity is reflected on towards the accelerator structure
while simultaneously summing with the stored power now
being discharged from the cavity.
In order to reach the required gain in peak power, the
pulse compressor for the VHEE system must meet the simultaneous challenges of a high Q0, roughly 400,000, and a
high coupling beta, on the order of 10. Coupling to the desired mode without significant mode coupling distortion is
nontrivial. The design presented below uses an HE11-mode
in a corrugated cylindrical cavity.

Figure 2: (a) Cross-section of the simulated HE11 mode
profile shown for 9 periods in one half of the pulse compressor cavity. (b) 3D model showing one half of the coupler with an intermediate low-Q cavity at the end plate of
the pulse compressor.
The field profile of the HE11-mode in the high-Q compressor cavity is shown in Fig. 2a. This design benefits
from low losses because the fields tend to zero at the wall,
while still allowing for tuning and coupling at the end
faces. To enable a large coupling factor without spoiling

the high-Q mode in the compressor cavity, a specialized
coupler was designed with a secondary low-Q TE11 cavity,
as shown in Fig. 2b. The small aperture in the compressor
cavity keeps the perturbation to the HE11 mode small, while
the four irises into the low-Q cavity enhance the coupling
factor.
Because the Q0 of the compressor scales with the cavity
frequency f, radius a, and length L, as
𝑄𝑄0 =

2391.448 𝑎𝑎3 𝑓𝑓5/2 𝐿𝐿
𝑎𝑎3 𝑓𝑓2 +121.126 𝐿𝐿

,

(1)

the necessary quality factor can be achieved with an appropriate length of cavity without needing further enhancement through techniques like cryogenic cooling. The
VHEE compressor design achieves a Q0 of 405,000 with a
cavity length of 0.87 m.

Mechanical Design
The increased complexity of the distributed coupling
linac fed by four parallel manifolds requires innovation in
the mechanical design of the structure. The designs of previous distributed coupling linacs produced at SLAC have
used a split-block fabrication technique with two halves either brazed or diffusion bonded. In this case, the minimum
number of distinct pieces that can be used when milling out
the vacuum space of the distributed coupling linac is four,
as shown in Fig. 3. This design includes the RF waveguides
routing to each of the four manifolds at the center of the
structure. The four copper slabs include holes for alignment pins to assist during assembly. In addition, angled
holes running the length of the structure allow access for
four tuning pins per cell.
The four slabs are designed for diffusion bonding. An
investigation into the predicted stress distribution during
the diffusion bonding process is shown in Fig. 4. The primary concern is the variability in the stress distribution as
a result of the vacuum spaces of the power distribution
waveguides and cavities themselves. Sufficient pressure
must be applied for the surfaces to bond, without excessive
pressure deforming the cavity geometry. The simulation
shown in Fig. 4 takes advantage of symmetry and structure
periodicity to reduce computational time, rendering only
one half of the structure over four periods. The variation in
normal stress at the interface running through the center of
the cavities covers a range up to 8 MPa, within the expected tolerance for the diffusion bonding process.

Figure 3: 3D model of the mechanical design for the four copper slabs composing the VHEE distributed coupling linac.
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from multiple angles of approach without the need for gantry motion. An extension of this single VHEE linac system
into a 16-linac architecture will be able to leverage the innovations in the PHASER project, which uses the same approach to eliminate gantry motion and provide high dose
rates for conventional X-ray radiation therapy [5].

CONCLUSION

Figure 4: (a) Cross-section of the simulated stress distribution in one half of the VHEE linac. Pressure would be
evenly applied at the flat outer surface on the left during
diffusion bonding. A line-out plot indicates the variation in
normal stress at the right-most boundary that runs through
the center of the cavity irises. (b) 3D view of the stress distribution in one half of four periods of the structure.
The operating temperature of the VHEE linac is controlled with a single stage cold head providing up to 250 W
of cooling power at 80 K. The schematic shown in Fig. 5
illustrates the configuration of the thermal strap providing
flexible contact between the linac and cold head, along
with the RF input consisting of 4 rectangular waveguides
bundled together. These waveguides are made of stainless
steel plated with copper in order to reduce the thermal conductivity. The assembled linac design includes stainless
steel reinforcement bars running the length of each side.

The designs presented here for a distributed coupling
linac with 135° phase advance and compact RF pulse compression system provide a technological solution to the
challenge of delivering a VHEE beam (100 MeV) with
equipment that can be installed in existing radiation therapy facilities. The necessary acceleration gradient of
100 MeV/m in a one-meter X-band structure is achieved
using an RF source with only 5-8 MW peak power. This
modest power requirement represents a breakthrough in
terms of the viability of a VHEE treatment system which
could offer a path to higher dose rates for FLASH therapy
as well as greater accessibility for medical care using accelerator technology. The VHEE linac design shown here
demonstrates the novel capability of the distributed coupling concept to enable a standing wave linac with fully
optimized phase advance, providing the highest possible
geometric shunt impedance. The extreme efficiency of this
cryogenic X-band linac combined with the innovation in
room temperature high-Q pulse compressor design continue to advance the cutting edge in compact accelerator
technology.
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Upstream of the distributed coupling linac, a thermionic
gun provides the electron beam, followed by an injector
section to facilitate bunch capture and bring the beam up to
a relativistic energy. The pulsed average current at the output of the injector is 20 mA. At a repetition rate of 30 Hz,
this single linac system provides an average current of
120 nA. This corresponds to an expected dose rate of
around 50 Gy/s in a treatment area of 6 cm2.
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ELECTRON GUN AND TRANSPORT CHANNEL FOR A 1.3 GHz HIGH
INTENSITY COMPACT SUPERCONDUCTING ELECTRON
ACCELERATOR (HICSEA) ∗
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Abstract
Here we present the design and optimization of a 100 kV
DC thermionic electron gun and a transport channel that
provides transverse focusing through a normal conducting
solenoid and longitudinal bunching with the help of a single
gap buncher for a 1.3 GHz, 40 kW, 1 MeV superconducting
electron accelerator. The accelerator is proposed to treat
various contaminants present in potable water resources. A
100 kV thermionic electron gun with LaB6 as its cathode
material was intended to extract a maximum beam current
of 500 mA. To minimize beam emittance, gun geometry,
i.e., cathode radius and height and radius of the focusing
electrode, is optimized. The minimal obtained emittance at
the gun exit is 0.3 mm.mrad. A normal conducting focusing
solenoid with an iron encasing is designed and optimized to
match and transport the beam from the gun exit to the superconducting cavity. Finally, a 1.3 GHz ELBE type buncher
is designed and optimized to bunch the electron beam for
further acceleration.

INTRODUCTION
Accelerator technology is proven very efficient for treating harmful pollutants in water resources [1, 2]. A 1.3 GHz,
1 MeV, 40 kW high intensity compact superconducting electron accelerator (HICSEA) is proposed by IIT Bombay and
Japanese institutions (KEK, Tohoku etc.) to treat various
pollutants present in the limited usable water resources. The
proposed accelerator will be a 3 m long with an industrialgrade thermionic electron gun followed by a transport channel for transverse and longitudinal focusing, a single-cell
Nb3 Sn accelerating cavity, a bending magnet, and finally a
raster magnet. A schematic of the proposed accelerator is
shown in Fig. 1. In this paper, we discuss the design and
optimization studies for a dedicated electron source, i.e., a
100 kV thermionic diode electron gun followed by a transport line that constitutes a normal conducting solenoid and
a buncher cavity.
The electron gun is based on a DC thermionic cathode
and operates at 100 kV in the intensity range of 100 mA to
500 mA. Thermionic electron emission sources (W, CeB6 ,
and LaB6 ) are cheaper, compact, can operate under lower
vacuum conditions, and provide greater brightness for largearea illumination [3]. There are several other advantages
∗
†
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Figure 1: Schematic of proposed accelerator.

of using thermionic cathodes, such as emission capability,
ease of maintenance, and ease of finding supplies. The
thermionic cathode is also cost-effective, compact, simple
in operation, and can produce large current densities of
10-100 A/cm2 . As the proposed accelerator operates with
a beam current of 500 mA, space-charge forces will play a
significant role and may lead to emittance growth. Therefore,
the design of an optimized transport channel constituting
a buncher for efficient bunching of the DC beam produced
by the thermionic electron gun and a solenoid for transport
confinement is an essential part of the linac design. Followed
by the thermionic gun optimization, we performed modeling
and optimization studies for a normal conducting solenoid
and a single-gap buncher cavity to bunch, transport, and
match the beam from the electron gun to the single-cell
accelerating cavity while keeping a minimum emittance
growth throughout the accelerator.

GUN DESIGN
The gun design comprises a planar cathode with a focusing electrode, and an anode. A flat symmetric cathode of
circular cross section was chosen for this study. The cathode material used for this study was LaB6 (work function
= 2.67 eV) because of its better emission properties such
as uniform emission density, smooth surface and high resistance against contamination [4]. Here, cathode along
with the focusing electrode is held at -100 kV and anode was
grounded. The design of the electron gun is such that the
maximum current up to 500 mA can be extracted efficiently
from it. For the current of 1 A, further optimizations or
more geometry modification such as inclusion of an extra
electrode might be needed.
A cross sectional view of cathode is shown in Fig. 2. To
minimize the beam emittance, various geometry parameters
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such as cathode radius, height and radius of focusing electrode, distance between cathode and anode, are optimized.
The final parameters are listed in Table 1.

SOLENOID DESIGN
The purpose of the solenoid is to match and transport
the beam from the electron gun to the 1.3 GHz buncher
cavity [5]. Therefore, a 8 cm long solenoid is designed and
the schematic view of the solenoid is shown in Fig. 4. The
design incorporates the use of iron shielding for the solenoid
coil.

Figure 2: Cross-sectional view of the electron gun.

Table 1: Final Optimized Parameters for the Electron Gun
Parameter
Operating temperature
Applied potential
Maximum current
Distance between anode and cathode
Cathode radius
Radius of focusing electrode
Height of focusing electrode
Beam diameter
Normalized RMS transverse emittance

Values
1940K
100 kV
0.5 A
20 mm
1.25 mm
13 mm
5 mm
5 mm
0.3 mm.mrad

Figure 4: A schematic view of solenoid.
The iron has significant impact on the fringe field of
solenoid. Iron provides additional contribution to the peak
magnetic field. Here, the objective of shielding by iron is to
optimize the fringe field and provide magnetic shielding to
the other component of accelerator from the solenoidal field.
The effect of iron on magnetic field is shown in Fig. 5.

The role of focusing electrode is to bend the equipotential
lines to cause uniform extraction from cathode and focus
the beam. Here, focusing electrode is a cylindrical shaped
electrode held at same potential as that of cathode. The
equipotential lines generated is shown in Fig. 3.

Figure 5: Magnetic field with and without iron cover.

Figure 3: Equipotential lines generated due to the applied
potential of -100 kV on cathode.
The most critical geometry parameter of the electron gun
is cathode radius. The cathode radius of 1.25 mm was chosen
depending on the current required for a particular application
the cathode radius is chosen. Here, the required maximum
current is 0.5 A and for that the normalized emittance is
minimum for cathode radius of 1.25 mm. Therefore, radius
of 1.25 mm is chosen for further studies.
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Various parameters such as length, coil current, number
of turns, inner and outer radius of the solenoid, thickness of
iron cover etc. were optimized to get the required focusing
through the solenoid and the final parameters are listed in
Table 2.
Our beam dynamics simulation demonstrate the desired
focusing with optimized solenoid at the input of the buncher
cavity as shown in Fig. 6.
The normalized transverse beam emittance and beam diameter passing through the solenoid is shown in Fig. 7.

BUNCHER DESIGN
A buncher cavity is required between the electron gun and
the accelerating cavity, in order to bunch the beam [6, 7].
An electron beam having beta 𝛽 = 0.54 will be injected into
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Table 2: Final Parameters of Optimized Solenoid
Parameter
Length
Coil current
Inner radius of solenoid
Outer radius of solenoid
Thickness of iron cover
Number of turns
Peak magnetic field

Value
8 cm
1A
3.5 cm
10 cm
2 cm
2000
0.027 T

Figure 8: Cross sectional view of buncher cavity (units in
mm).
Table 3: Final Parameters of Optimized Buncher Cavity
Parameter

Figure 6: Z-X profile of beam (a) without solenoid, (b) with
solenoid.

Energy of the electrons
Beta of electrons
Beam current
Resonant frequency
Maximum accelerating voltage
Peak surface electric field
Bunch length
Bunch current

Value
96 keV
0.54
0.5 A
1.3 GHz
1 MV/m
3.3 MV
45 ps
0.548 A

Figure 7: Change in normalized RMS transverse emittance
(left) and beam diameter (right) with direction of propagation.

the buncher cavity to obtain electron bunches with acceptable beam quality. The frequency of the buncher cavity is
equal to the frequency of main linac i.e. 1.3 GHz. The
design of the buncher cavity is shown in Fig. 8. Various
parameters required for the design of buncher cavity are
summarized in Table 3.
A beam dynamics study is going on to realize the bunching through the buncher [8]. A initial simulated beam
with 𝛽 = 0.54 were injected into the designed buncher cavity
(z = 0 to z = 120 mm). The beam projection after ejected for
the cavity is shown in Fig. 9. The particles exit the buncher,
four electron bunches can be seen.

CONCLUSION

Figure 9: Beam projection after ejected from the buncher
(every peak represent a bunch).
namics studies was also performed on designed structures
using self written particle tracking scripts and MATLAB
code which was developed by our team. The results are
briefly described here.
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A DC thermionic electron gun, a solenoid and a 1.3 GHz
buncher cavity is designed and optimized for high intensity
compact superconducting electron accelerator. A beam dy-
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Abstract
We are conducting research an accelerator-based terahertz source that can produce arbitrary polarization states
from linearly polarized coherent undulator radiation
(CUR). The polarization manipulation of the CUR can be
realized using the Martin Puplett interferometer employed
as an optical phase shifter. Variable polarization manipulator (VPM) was demonstrated using the terahertz CUR
source based on an extremely short electron bunch at Research Center for Electron Photon Science (ELPH),
Tohoku University. The horizontally polarized CUR with a
frequency of 1.9 THz was manipulated into variable polarization state, and Stokes parameters were measured to derive the degree of polarization states. Experimental results
will be presented in this conference.

INTRODUCTION
A test accelerator as a coherent terahertz source (tACTS) is currently under development at ELPH in Tohoku
University [1-3], wherein extremely short electron bunches
are used to generate intense coherent THz radiation. THz
radiation sources have attracted considerable interests because of their potential applications in fields such as material science, medical imaging, and high-speed communication. The coherent THz radiation having polarization control ability can be used for various types of scientific investigation and applications. Vibrational circular dichroism
(VCD) measurements in the THz region are extremely sensitive to conformational changes in proteins [4, 5]. A THz
source capable of switching left and right circular polarizations with high speed is very useful for biological analysis
and is in great demand. Because although a quarter waveplate (QWP) is used to change linearly polarized light into
circularly polarized light, no QWP can be used in a wide
THz wavelength range. We developed a system that manipulates linearly polarized CUR in the THz region into arbitrary polarization states and measured the degree of polarization.

MANIPULATION AND MEASUREMENT
OF POLARIZATION STATE
Polarization Manipulation
As a relativistic electron beam propagates through an undulator, under the condition that the pulse length of the
electron beam is sufficiently shorter than the resonance
wavelength of the undulator radiation, the radiation will
____________________________________________
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have temporal coherence. The temporal profile of the electric field of the undulator radiation shows an almost sinusoidal wave with a cycle of the number of undulator periods
[6].
The polarization state of the CUR is manipulated by exploiting the property of temporal coherence. The variable
polarization manipulator (VPM) consists of a wire-grid as
beam-splitter and two rooftop mirrors, with one rooftop
mirror mounted on a movable stage [7]. The radiation from
a planar undulator is linearly polarized, therefore the input
polarizer is not necessary. An incident beam of the CUR is
split into two orthogonal linear polarizations by the wiregrid splitter, and the reflected and transmitted beams travel
to the rooftop mirrors. Polarization of two beams are
flipped by 90° using the rooftop mirrors and the round-trip
beams are superimposed at the splitter wire-grid. The relative phase (δ) between the two orthogonal linearly polarized beams is adjusted using the movable stage. By using
the VPM, it is possible to produce various polarization
states by simply adjusting the relative phase. All polarization states can be realized simply by moving the interferometer stage. In other words, the left and right circular polarization can be switched by simply shifting the movable
stage by half a wavelength (~150 𝜇𝑚 at 1 THz). The VPM
can realize high-speed switching the left and right circular
polarization at several-hundred-Hz using a piezoelectric
actuator stage. In addition, it has the advantage of high
transmission efficiency in the interferometer.

Polarization Measurements
The polarization state of light can be expressed by measuring the Stokes parameters (𝑆! , 𝑆" , 𝑆# , 𝑆$ ), which are four
elements of the Stokes vector. The partial polarization in
which polarized and unpolarized lights are mixed can be
expressed using polarization degree 𝑃 (0 ≤ 𝑃 ≤ 1) as follows:
𝑆!
𝑆!
𝑆!
𝑆"
𝑆
0
𝑆 = ,𝑆 - = (1 − 𝑃) , 0 - + 𝑃 ,𝑆" - .
#
#
0
𝑆$
𝑆$

(1)

In the case of complete polarization, 𝑃 = 1, and the degree
of polarization 𝑃 can be defined as:
2𝑆" # + 𝑆# # + 𝑆$ #
𝐼%&'
𝑃 =
=
,
𝐼(&(
𝑆!

(2)

where 𝐼(&( is the total intensity and 𝐼%&' is the intensity of
the partial polarization. The four Stokes parameters can be
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measured using a polarizer and a QWP [8]. The linear polarizer follows the QWP, and the transmission intensity of
the light to be measured can be expressed as follows by
using the rotation angle (𝜃, 𝜙) of the polarizer and QWP.
1
𝐼(𝜃, 𝜙) = [𝑆! + 𝑆" cos 2𝜃 + 𝑆# sin 2𝜃 cos 𝜙
2
− 𝑆$ sin 2𝜃 sin 𝜙]

(3)

By measuring the four transmission intensities, that is,
𝐼(0,0), 𝐼(𝜋⁄2 , 0), 𝐼(𝜋⁄4 , 0) and 𝐼(𝜋⁄4 , 𝜋⁄2), the Stokes
parameters can be obtained as follows:
𝑆!
𝑆"
𝑆#
𝑆$

=
=
=
=

𝐼(0,0) + 𝐼(𝜋⁄2 , 0),
𝐼(0,0) − 𝐼(𝜋⁄2 , 0),
2 ∙ 𝐼(𝜋⁄4 , 0) − 𝑆! and
𝑆! − 2 ∙ 𝐼(𝜋⁄4 , 𝜋⁄2)

(4)

BEAM EXPERIMENT
Experimental Setup
The polarization manipulation of the CUR was demonstrated using t-ACTS, in Tohoku University. The accelerator system consists of a specially designed S-band RF gun
[1], alpha-magnet with an energy slit, 3 m-long S-band accelerating structure, the terahertz undulator and a dispersion section with beam dump for energy spectrum measurement. The t-ACTS injector system can deliver small
emittance and short electron beams by implementing the
velocity bunching scheme, where a traveling wave structure is utilized as a bunch compressor [2]. The short electron bunches were employed to generate a coherent undulator radiation in the THz wavelength region in the present
study. The electron beam and undulator parameters are
listed in Table 1.
The THz CUR and an electron beam were separated by
a bending magnet downstream of the undulator and the
CUR passes through the vacuum window made by THz
grade crystal quartz (z-cut). The experimental setup of
VPM is presented in Fig. 1. Two off-axis parabolic (OAP)
mirrors were used to make a parallel THz beam, which was
injected to the interferometer. Measurement system of polarization state consists of Fresnel Rhomb waveplate
(Quarter wave plate: QWP), wire-grid polarizer (GS57207:
wire diameter of 10 m, wire spacing of 25 m) mounted on
Table 1: Electron Beam and Undulator Parameters
Aspect

Parameter

Value

Electron
beam

Energy
Bunch charge
# bunches/pulse
Bunch length (𝜎! )
Block size

22 MeV
4 pC
5700
80 fs

Undulator

Period length
# of periods
Total length
Gap
Peak B field (k)
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70×23×20 mm3
80 mm
7
587 mm
33 mm (fix)
0.471 T (3.52)

Figure 1: Experimental setup. The VPM system was installed beside the beam line of t-ACTS. (OAP: off-axis parabolic mirror; CUR: coherent undulator radiation; WG:
wire-grid polarizer; QWP: quarter wave-plate.)
rotating stage, OAP mirror and pyroelectric detector (THz10, SLT Sensor- und Lasertechnik GmbH).
The Al coat mirror allows to generate the transition radiation. One Michelson interferometer was installed upstream of the undulator to measure the spectrum of the coherent transition radiation (CTR) emitted from short electron bunches, while the electron bunch length was deduced
from the radiation spectrum. The beam injection phase into
the accelerating structure was adjusted to produce a short
electron bunch by maximizing the radiation power of coherent transition radiation (CTR). From the spectrum analysis of CTR, the electron bunch length was estimated to be
compressed to approximately 80 fs.

Coherent Undulator Radiation
The frequency spectrum of the undulator radiation was
measured using the Martin–Puplett interferometer. In this
interference measurement, the output wire-grid polarizer
was set the angle, at which the horizontal polarized beam
passes. Figure 2 (top) shows the measured interferogram,
with the shifting of the rooftop mirror in 10 μm steps over
1.2 mm. This sinusoidal interferogram indicates that CUR
was being produced. When the phase difference (δ) between the two THz beams in the VPM was zero, the interferogram showed a maximum and the polarization state of
CUR was horizontal linear polarization. The spectrum of
the CUR was derived by Fourier transform of the interferogram as shown in Fig. 2 (bottom) with a frequency resolution of 0.125 THz. The center frequency of the radiation
was approximately 1.9 THz (λ=158 μm).

MEASUREMENT RESULT
Variable polarization states could be produced by changing the stage position of the VPM. The intensities of the
THz beam were measured by rotating the output wire-grid
polarizer placed in front of the detector. Figure 3 shows the
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Figure 2: Measured Interferogram and the spectrum of the
CUR using the Martin–Puplett interferometer.
measurement result when the phase difference of two THz
beams was set to 0 (red solid circle), ±𝜋(blue solid and
open circles) and ± 𝜋⁄2 (green solid and open circles),
which correspond stage positions of 0, ±40𝜇𝑚 and
±20𝜇𝑚, respectively. When the phase difference is 0 and
π, horizontally polarized and vertically polarized states
were produced. Because, in Fig.3, the rotating phase of polarizer for the two conditions was different by 90 degrees.
On the other hand, when the phase differences were adjusted to ±π/2, the VPM outputs became left and right circularly polarized beams, respectively. The left and right
circularly polarized beams are converted to ± 𝜋⁄4 linear
polarized beam by the QWP (Fresnel Rhomb waveplate).
In Fig. 3, the rotation angle of the polarizer is in opposite
phase for left and right circularly polarized light.
From the results of Stokes parameter measurement
shown in Fig. 3, we derived polarization degrees using
Eqs. (5) and (6) where 𝑃) and 𝑃* are the degree of linear
polarization and circular polarization, respectively.
𝑃=
𝑃) =

+,! " -," " -,# "
,$

2𝑆" # + 𝑆# #
𝑆!

,

＝F𝑃) # + 𝑃* #

(5)

𝑆$
𝑆!

(6)

𝑃* =

We could obtain a degree of circular polarization
(𝑃* = 𝑆$ /𝑆! ) using the 𝑆$ and left- right- circularly polarization can be distinguished by the sign of 𝑃* . Derived the
degree of polarization states are summarized in Table 2.
Table 2: Measured the Degree of Polarization
Pol. state
δ
P
PL
PC
Hor. Linear
+π
0.707
0.670
0.227
Right circular + π/2
0.752
0.039
0.751
Hor. Linear
0
0.88
0.875
0.116
Left circular
- π/2
0.768
0.054
-0.766
Ver. Linear
-π
0.683
0.682
0.043
Electron Accelerators and Applications
Synchrotron light sources

Figure 3: Measured intensity of the coherent undulator radiation as a function of rotating angle of the polarizer wiregrid.
The highest degree of polarization (𝑃) is obtained when the
phase difference is 0. And the degree of polarization decreases as the phase difference increases, because the overlapping of the orthogonally split beam is reduced. With
δ = 0 and +𝜋, the output THz beam is expected to be linearly polarized, and the derived polarization degrees were
𝑃) = 0.875, 𝑃* = 0.116 and 𝑃) = 0.67, 𝑃* = 0.227 ,
respectively. In contrast, with δ = −π/2 and +π/2, the degrees were 𝑃' = 0.054, 𝑃. = −0.766 and 𝑃' = 0.039,
𝑃. = 0.75. When the phase difference is +π/2 and −π/2, the
sign of 𝑃c was opposite. This means that the left-right circular polarization was reversed. The measurement results
show that various polarization states were realized by the
VPM system.

CONCLUSION
We are developing an accelerator-based variable polarized THz source that utilizes the CUR produced from a
short electron pulse. The VPM system using the THz-CUR
has been demonstrated at Tohoku University. The linearly
and circularly polarized beams were obtained using a VPM
system by adjusting the relative phase of two orthogonal
linearly polarized THz beams generated from the CUR.
The results of the polarization measurement using the wiregrid polarizer clearly showed that variable polarized states
were produced from the CUR. The development of the
measurement system for Stokes parameters in the THz region is also an important issue. A method described in Ref.
[9] has been also developed to measure the polarization of
vector beams. The VPM using the THz-CUR that can produce various polarization states with extremely simple operation can be expected to be applied to biological analyses
such as in VCD.
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PROGRAMMABLE SLED SYSTEM FOR SINGLE BUNCH AND
MULTIBUNCH LINAC OPERATION
C. Christou, P. Gu, A. Tropp
Diamond Light Source, Didcot, Oxfordshire, UK
Abstract
The Diamond Light Source pre-injector linac generates
single bunch and multibunch 100 MeV electron beams for
top-up and fill of the storage ring. Two high-power 3 GHz
klystrons are required for reliable injection into the booster.
In order to introduce redundancy, a SLED pulse
compressor is being installed so that the linac can operate
from just one klystron, with the second klystron held as a
standby. A phase flip can be used to generate a transient
RF spike, suitable for single bunch operation, and a
programmable amplitude and phase drive profile can be
specified to generate a constant-power output suitable for
multibunch operation. Details are presented of design,
installation and high-power operation of the SLED system,
and the ability to generate a long pulse, including
corrections for klystron nonlinearity and deviations from
modulator flat-top, is demonstrated.

Injection efficiency into the booster is poor at low
energy, and so a SLED is being installed to enable full
energy operation with one klystron. The right side of Fig. 1
shows the network with the SLED. Power from either
klystron is compressed in the SLED and then split to the
linac structures by power splitters Sp1, Sp2 and the new
Sp3, which controls relative powers in AS1 and AS2.

SLED CAVITY PARAMETERS
Pulse compression is achieved by using the first part of
a high-power RF pulse to charge the SLED cavities and
then adding the second part of the pulse to the SLED cavity
discharge [2]. Figure 2 shows an analytic solution for the
fields (= √power) in the cavity charge and discharge
process, with the bold blue line representing the summed
pulse delivered to the linac. The RF pulse is divided in two
by a 180° flip of the input phase, shown as a change of
direct output from +1 to -1.

LINAC DESIGN AND OPERATION
A schematic diagram of the present Diamond linac
power distribution is shown on the left side of Fig. 1.
Klystrons K1 and K2 power primary and final bunching
units (PBU and FBU) and two accelerating structures (AS1
and AS2). One klystron powers PBU, FBU and AS1 and
the other powers AS2. Beam from AS1 can drift through
AS2 and so two waveguide switches (SW1 and SW2)
allow either klystron to power the bunchers and AS1 to
deliver low-energy beam to the booster in the event of a
klystron or modulator failure [1].

Figure 2: Calculated SLED performance with phase flip
(above) and additional amplitude shaping (below).

Figure 1: Linac configuration without (left) and with
(right) SLED cavity.
Electron Accelerators and Applications
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The upper plot in Fig. 2 shows the sharp spike generated
by a simple phase flip. This pulse shape can be used for
single-pulse operation, but multibunch operation requires
equal acceleration of every bunch in a 500 MHz 120-bunch
train, duration 240 ns. The accelerating structure filling
time is 740 ns and so the SLED must deliver a flat highpower pulse of duration 1 µs. The lower plot shows a 5 µs
RF pulse with a flip at 4 µs and a post-flip pulse amplitude
modulated to generate this 1 µs flat output pulse.
SLED parameters were chosen to generate a long flat
pulse: cavity Q0 was slightly above 100,000 and coupling
β was 4.0, suitable for a 1 µs double-power pulse.
MOPOJO19
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The SLED cavities and hybrid combiner, supplied by RI
Research Instruments, are shown in Fig. 3. The linac
waveguide is filled with SF6 and the SLED operates under
vacuum and so two windows are required: a low power
input window suitable for uncompressed klystron output,
and a high-power output window capable of transmitting
the full klystron power after maximum compression. The
output window was built by VitzroNextech based on the
PLS-II/PAL-XFEL high-power linac window design [3].

interface. The DWC8VM1 has 8 channels downconverter
and one vector modulator.
The clock, IF, LO and 3 GHz are all derived from the
500 MHz master oscillator and are naturally synchronized.
Clock frequency is four times the IF frequency, as IQ
demodulation is used in the firmware.
An external trigger is provided by the timing system. It
is sampled by one of the two DC ADC channels. The IF
signals are sampled and demultiplexed into IQ
components. The CORDIC algorithm translates IQ
components to amplitude and phase before comparing
them with the set points. Three modes were built into the
firmware: standard phase flip, arbitrary output in the final
1 µs and full arbitrary output. Phase and amplitude
feedback can be used to correct the pulse-to-pulse variation
and long-term drift in the first two modes.
There are two RJ45 connectors on the front panel of the
SIS8300-KU, providing 4 LVDS digital inputs and 4 LVDS
digital outputs. They are isolated and translated into TTL
signals using CN0256 board from Analog Devices. These
digital inputs and outputs are used for interlock signals.

LOW POWER TESTS
Figure 3: SLED cavity assembly.

LOW LEVEL RF
The digital LLRF system architecture, shown in Fig. 4,
is based on the Micro Telecommunications Computing
Architecture (MicroTCA) standard. The LLRF consists of
a 2U MTCA.4 chassis, a MCH, an AMC computer board,
a Struck SIS8300-KU card and a Struck DWC8VM1 reartransition-module with supporting clock/local oscillator
(LO)/reference generation RF circuits.

The two resonant cavities of the SLED can be
mechanically tuned by deformation of the end plates using
a screw mechanism. Cavity frequency as a function of
screw turns is shown in Fig. 5. The cavities were tuned to
the operating frequency and low-power pulse compression
was demonstrated. No further mechanical tuning is
envisaged.

Figure 5: Mechanical tuning of SLED cavity.
Further frequency tuning is possible by changing the
temperature of the water-cooling circuit, shown in Fig. 6
for temperatures of 37°C and 50°C. Fine tuning established
an optimal operating temperature of 38.4°C.

Figure 4: Low level RF schematic.
The AMC computer board is an AM G64 from
Concurrent. It communicates with the FPGA through PCIe
bus. It runs Linux and EPICS IOC and provides the
interface to the Diamond control system. The SIS8300-KU
has a Xilinx Kintex Ultrascale FPGA, 10 channels 16-bit
ADC and 2 channels 16-bit DAC. It has a 4 lane PCIe Gen3
MOPOJO19
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HIGH POWER TESTS
The SLED system was mounted for high-power testing
on the free stub of switch SW1 in Fig. 1. SLED output was
directed to a water-cooled load and measured with
directional couplers after the output window. The SLED
was isolated from the klystrons with a 4-port circulator, as
shown in Fig. 7.

Figure 9: Klystron output with empirical LLRF tuning.
The droop in the uncorrected output is clear when
measured after the SLED, shown in blue in Fig. 10. The
corrected red curve, however, maintains a flat 20 MW
output over the entire 1 µs duration.

Figure 7: Installation for high power test into water load.
The ideal klystron pulse calculated in Fig. 2 assumes a
klystron RF output with a perfect flat-top and zero rise and
fall times. The true pulse, shown in Fig. 8 for a rectangular
drive with constant phase, differs somewhat from this
ideal, and so the LLRF drive pulse must be empirically
tuned to compensate for modulator and klystron
nonlinearities and limited switching bandwidth.
Figure 10: SLED output with empirical LLRF tuning.

PRESENT STATUS AND SUMMARY

Figure 8: Klystron output with square drive.
The flexible digital LLRF defines the drive amplitude
and phase as independent arrays that can be modified
point-by-point, allowing the SLED pulse to be optimised.
Figure 9 shows in blue the droop in klystron output at the
ends of a 10 MW 5 µs RF pulse when driven by a linear
approximation to the ideal waveform. The droop in
amplitude ramp after the phase flip can be easily corrected
by editing the LLRF demand, leading to the linear red
curve.

Electron Accelerators and Applications
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High-power pulse compression and doubling in
amplitude of the flat 1 µs RF pulse has been demonstrated,
and so in August 2022 the water-cooled load is being
removed and the waveguide link from the SLED to the
bunchers and first linac accelerating structure is being
installed. This will allow the pulse compression to be
further optimised to generate a uniform train of 120
bunches in long-pulse mode and enable a new high-energy
single bunch mode of operation. Once satisfactory
operation with beam has been proven, the waveguide
network can be completed and the linac can function with
one operating and one redundant klystron.
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IDENTIFICATION OF THE MECHANICAL DYNAMICS OF THE
SUPERCONDUCTING RADIO-FREQUENCY CAVITIES FOR THE
EUROPEAN XFEL CW UPGRADE
W. H. Syed∗ , A. Bellandi† , A. Eichler, J. Branlard,
Deutsches Elektronen-Synchrotron DESY, Germany
Abstract
The European X-Ray Free-Electron Laser (EuXFEL) is
to-date the largest X-ray research facility around the world
which spans over 3.4 km. EuXFEL is currently being operated in a pulsed mode with a repetition rate of 10 Hz. One
upgrade scenario consists of operating the EuXFEL also
in a Continuous-Wave (CW) mode of operation to improve
the quality of experiments. This upgrade brings new challenges and requires new algorithms to deal with controlling
a stable accelerating field inside the Superconducting Radiofrequency (SRF) accelerating cavities and keeping them on
resonance in this new mode of operation. The purpose of
this research work is to identify the mechanical dynamics
of the cavities which will facilitate the development of the
resonance controller for the CW upgrade. To this extent, experiments were conducted at a test bench. For the first time,
in this work, two different types of spectrally rich excitation
signals: multi-sine and stepped-sine are used to excite the
mechanical dynamics of the cavities using the piezo actuator.
After the analysis of experimental data, mechanical modes
are successfully identified and will be used to design the
controller.

INTRODUCTION
The European X-Ray Free-Electron Laser (EuXFEL) is
used to generate ultrashort X-ray flashes with a very high
brilliance in the femtosecond range for various scientific and
industrial research purposes. Currently, EuXFEL is being
operated in a pulsed mode with a repetition rate of 10 Hz and
a duty factor of 1.4% and can produce a maximum of 27000
electron bunches per second with a temporal separation of
220 ns. The possibility a Continuous-Wave (CW)-upgrade
for EuXFEL is currently being investigated as CW allows a
high average beam current and a flexible bunch pattern of the
beam, which will be of great importance for the quality of
experiments at the EuXFEL. To investigate the possibility a
CW-upgrade, experiments are being conducted on a facility
called Cryo-Module Test Bench (CMTB) at DESY, containing 8 TESLA-type SRF cavities, same as in EuXFEL. To
upgrade EuXFEL to CW mode of operation, the Superconducting Radio-frequency (SRF) cavities must be operated at
a very high-quality factor, in the order of 107 , due to power
limitations. But this very high-quality factor would result in
an extremely narrow half-bandwidth, of less than 20Hz [1],
when operating cavities at 1.3 GHz. This will make the
∗
†
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cavities more sensitive to external mechanical disturbances
or microphonics, which would cause detuning effects. Detuning is the difference between the operating frequency of
the SRF cavity and the resonance frequency of the cavity.
So to keep the SRF cavity at resonance with the required
field stability and as well as to limit the required power, a
control solution must be developed to suppress the effect of
these microphonics using fast piezoelectric tuners. Various
filter-based model-less algorithms have been investigated
for microphonics suppression as in [2], but these solutions
show limitations when combined with RF field control and
are only able to suppress narrow bandwidth microphonics.
To overcome this problem, a model-based control strategy
can be used for microphonics suppression. However, before
developing a model-based control strategy, the mechanical
dynamics of the cavity (from piezo actuation to the detuning) in the form of a model (transfer function or state-space)
must be identified with reasonable accuracy. So far extensive research has been done to investigate the mechanical
dynamics of the cavity as in [3–6]. The commonly used excitation signal are either the stepped sine or chirp. However,
a comparison between different excitation signals was never
done, with the exception of [7], where stepped-sine and step
signal are compared for identifying the cavity’s mechanical
modes. Still, in [7], spectrally rich signals like steppedsine, chirp, multi-sine, etc. are not compared.. For the first
time, in this work, two different spectrally rich excitation
signals: multi-sine and stepped-sine are used to investigate
the mechanical dynamics of the cavity. The reason for using multi-sine is that on one hand it is very time efficient
compared to stepped-sine and on the other hand it is a much
more reliable signal compared to a simple step signal when
it comes to system identification. We could have used chirp
as well along with stepped-sine and multi-sine but due to
technical limitations of our measurement setup we are only
able to collect one second of measurements at a time. So if
we cover the desired frequency region using one second of a
chirp signal, we might not get the steady-state measurement
for the desired frequency region.
If we can identify the mechanical dynamics of the cavity
using multi-sine with reasonable accuracy then it would significantly reduce the time during the online implementation
routine and will be preferred over stepped-sine especially
when re-characterization of the system is required often.

EXPERIMENT
Choice of excitation signal plays a key role when it comes
to identify a dynamical system whether for control purpose
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or estimation purpose. Some of the key factors which influence the choice of excitation signal are time limitation and
the required accuracy of the model in the desired frequency
range. In this work, we need to identify a model which captures the mechanical modes of SRF cavities with reasonable
accuracy (i.e. 70% or higher in time domain), especially in
the frequency range of 1 to 250 Hz as the most damaging
mechanical modes are within the 250 Hz bandwidth. This
is the frequency range where the mechanical dynamics of a
cavity is affected by the disturbances mostly.
To identify the mechanical dynamics of the cavity, experiments are conducted at CMTB. In these experiments, the
mechanical dynamics of the SRF cavity are excited using
the fast piezo actuators.
To identify a system with various modes such as mechanical dynamics of the SRF cavitys, the excitation signal should
be spectrally rich, like a chirp, multi-sine, stepped-sine,
etc. Here, two different excitation signals: multi-sine and
stepped-sine are applied and compared and their viability is
investigated.

Excitation
Signal

Ref = 0

Integral
Controller

Piezo Actuator

-

SRF Cavity
Mechanical
Dynamics

Figure 1: Experimental setup scheme.

cover the desired frequency range. Mathematically, it can
be represented as,

𝑢(𝑡) = 𝐴 sin(2𝜋 𝑓𝑛 𝑡 + 𝜙) ,

(3)

where 𝐴, 𝑓𝑛 , and 𝜙 are the amplitude, frequency, and phase
of the signal and they can be chosen freely for a particular
sinusoid. Here amplitude 𝐴 remain constant throughout the
signal 𝑢(𝑡) but frequency 𝑓𝑛 keep being updated after a fixed
time interval (1 s in this case), so 𝑓𝑛 can be defined as,

Multi-sine
Multi-sine consists of a sum of multiple sinusoids. The
amplitude, frequency, and phase of each sinusoid can be
chosen freely. By using multi-sine as an excitation signal
multiple desired discrete frequencies of the system can be
excited simultaneously, as a result, we can significantly reduce the measurement time. Mathematically a multi-sine
can be defined as

𝑢(𝑡) =

𝑁
∑︁

𝐴𝑛 sin(2𝜋 𝑓𝑛 𝑡 + 𝜙 𝑛 ) ,

(1)

𝑓𝑛 = 𝑓𝑛−1 + Δ 𝑓

(4)

where 𝑓𝑛 is the current frequency of the signal, 𝑓𝑛−1 was
the frequency of the signal in the previous time interval and
Δ 𝑓 is the frequency update. The choice of the frequency
update (i.e. the step size between each consecutive excited
frequency) can be influenced by multiple factors like time
limitation for the measurements, the memory of the measurement hardware, required identification accuracy, and the
bandwidth of modes of the system under-consideration.

𝑛=1

where 𝐴𝑛 , 𝑓𝑛 and 𝜙 𝑛 are the amplitude, frequency and phase
of the 𝑛𝑡 ℎ sinusoid respectively. 𝑁 is the total number of
sinusoids considered in the signal. Altough the amplitudes
and phases of sinusoids can be freely chosen but in practice
the phases are optimized to attain minimum crest factor thus
best Signal-to-noise ratio (SNR). A well known choice of
phases are the Schröder phases defined as,

𝜙𝑛 =

−𝑛(𝑛 − 1)𝜋
𝑁

(2)

Eq. (2) also ensures an equal 𝐴𝑛 for all frequency components.
Implementation of multi-sine as excitation signal is motivated because of its lower measurement time which would
significantly increase the efficiency while moving towards
an online identification routine on EuXFEL.

Stepped-sine
In contrast to multi-sine, stepped-sine only allows to excite a system with a single frequency at a time, and then this
frequency is updated to the next desired frequency. Therefore, several frequencies have to be excited separately to
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Implementation
Both multi-sine and stepped-sine are applied in a closedloop as illustrated in Fig. 1. Closed-loop identification
method is used because the integrator controller is required
to keep the cavity on an average detuning of 0 Hz.
It can be seen that the excitation signal is super-imposed
on the control feedback and then piezo voltage 𝑉 𝑝 and detuning Δ𝜔 are used for system identification. Since Δ𝜔 is not
directly measurable, so the model of the cavity RF dynamics
(5) is used,
 
𝑉¤ 𝑃,𝐼 (𝑡)
−𝜔1/2
=
𝑉¤ 𝑃,𝑄 (𝑡)
Δ𝜔(𝑡)



+ 2𝜔1/2



−Δ𝜔(𝑡) 𝑉𝑃,𝐼 (𝑡)
−𝜔1/2 𝑉𝑃,𝑄 (𝑡)



 (5)
𝑉𝐹,𝐼 (𝑡)
𝑉𝐵,𝐼 (𝑡)
− 𝜔1/2
,
𝑉𝐹,𝑄 (𝑡)
𝑉𝐵,𝑄 (𝑡)

where 𝑉𝑃,𝐼 (𝑡) and 𝑉𝑃,𝑄 (𝑡) are the in-phase and the quadrature components of the probe signal respectively. The forward and beam signals are defined similarly. Δ𝜔 is the angular detuning and 𝜔1/2 is the half bandwidth of the cavity.
Since the beam is not included in the identification experiments 𝑉𝐵 (𝑡) will be omitted.
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Figure 2: Comparion of transfer functions from piezo voltage
to detuning for multi-sine and stepped-sine.

Multi-sine Implementation The multi-sine signal in
this work for system identification has a frequency range
from 1 to 250 Hz, and the desired frequency range is covered with the frequency resolution of 1 Hz. The Sampling
frequency of the collected input data is 16 kHz. As the base
frequency of multi-sine is 1 Hz so one period of multi-sine
is of 1 sec. The first five seconds of the measured data are
removed. Such a decision was done to achieve a periodic
steady-state regime. The remaining collected data is divided
into 10 different data sets and each data set consists of one
multi-sine period. The reason for 10 different data sets is to
minimize the effects of measurement noise during system
identification.
Stepped-sine Implementation Stepped-Sine also covers the frequency range from 1 to 250 Hz with the frequency
update of 1 Hz, and sampling frequency of 16 kHz. For
stepped-sine as well we drop the first 5 seconds of measurements for each measured frequency to neglect the transients.
Like in multi-sine, the remaining data is divided into 10
different data sets and each data set consists of 250 s of measurement i.e. one second of measurement for each frequency.
The reason for 10 different data sets is same as for multi-sine,
i.e. to minimize the effects of measurement noise during
system identification.

RESULTS
Frequency Response Function
The mean frequency response for 10 different data sets of
the multi-sine and stepped-sine are compared in Fig. 2. Both
approaches give compatible results identifying the main
mechanical eigenmodes of the system so there is a good
qualitative agreement. Moreover, mechanical eigenmodes
identified in this work are in good agreement with the previous work in [8]. We assume the difference in amplitude
between both the approaches used in this work is due to the
windowing techniques applied in the Fast Fourier Transform
(FFT) calculations.
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Figure 3: Time-domain validation of model identified using
multi-sine data set.

Model Identification & Validation
As stepped-sine data was not continuous so we use only
multi-sine data for identifying a model from piezo voltage
to detuning. The System Identification Toolbox of Matlab
was used to identify a 20-order model with 20 poles and 19
zeros using the black-box approach [9]. The mean prediction
accuracy of 73.89% for 9 different data sets is achieved.
Normalized root mean square (NRMSE) is used as a metric
for validation. Validation for one of the data set is shown in
Fig. 3.

CONCLUSION
For the first time, two different spectrally rich excitation
signals, multi-sine and stepped-sine, are used to identify
the mechanical dynamics of the SRF cavities. The use of
multi-sine as an excitation signal is motivated by its time efficiency compared to stepped-sine and higher identification
accuracy compared to step signal. It turns out that multi-sine
is 250 times more time-efficient compared to stepped-sine
and both the approaches are in good qualitative agreement
in identifying mechanical eigenmodes. The model identified using multi-sine data showed mean accuracy of 73.89%
when validated in the time domain for 9 different data sets
and will be used for control design to suppress microphonics.
But to use this model for control purposes, we need to do
model order reduction, otherwise, it might not be possible to
implement model-based control techniques on such a high
order model.
For future work, we could increase the amplitude of piezo
actuation for the multi-sine approach to increase the SNR so
we can better capture the dynamics of the frequency region
where we have higher disturbances. Moreover, since the
mechanical modes of the cavity have narrow bandwidth,
tests with higher frequency resolution (i.e. smaller frequency
update) will be performed in the future to better capture these
resonance peaks. The future availability of a measurement
setup able to capture multiple seconds of continuous data
will open the possibility to use additional excitation signal
types, like continuous stepped-sine and chirp.
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BEAM-TRANSIENT-BASED LLRF VOLTAGE SIGNAL CALIBRATION
FOR THE EUROPEAN XFEL
N. Walker, V. Ayvazyan, J. Branlard, S. Pfeiffer, C. Schmidt, DESY, Hamburg, Germany.
Abstract
The European XFEL linac consists of 25 superconducting RF (SRF) stations. With the exception of the first station which is part of the injector, each station comprises 32
1.3-GHz SRF TESLA cavities, driven by a single 10-MW
klystron. A sophisticated state-of-the-art low-level RF
(LLRF) system maintains the complex vector sum of each
RF station. Monitoring and maintaining the calibration of
the cavity electric field (gradient) probe signals has proven
critical in achieving the maximum energy performance and
availability of the SRF linac. Since there are no dedicated
diagnostics for cross-checking calibration of the LLRF system, a procedure has been implemented based on simultaneously measuring the beam transient in open-loop operation of all cavities. Based on methods originally developed
at FLASH, the European XFEL procedure makes use of
automation and the XFEL LLRF DAQ system to provide a
robust and relatively fast (minutes) way of extracting the
transient data, and is now routinely scheduled once per
week. In this paper, we will report on the background, implementation, analysis methods, typical results, and their
subsequent application for machine operation.

BEAM TRANSIENT
The beam transient voltage Vt as a function of beam-on
time t for an on-resonance cavity can be expressed as
"

𝑉! (𝑡) = − ∆!! 𝑅$ (1 − 𝑒 %!/' +
!

≈

*

!

𝑄) /"0 𝜔+ ∆! for t<<t,

"
%
#

!

(1)

were Qb is the single bunch charge; Dtb is the bunch spacing; RL is the loaded shunt impedance; and w0 and t are the
cavity frequency and time constant respectively. The basic
assumption is that all cavities generate the identical transient response (for the same beam pulse). For short beam
pulses of ~50 µs (<< t = 1130 µs) the only variations arise
from differences in (r/Q) (=1030 W) or cavity frequency
(f0 = 1.3 GHz) which are considered negligible. Taking
typical beam values of Qb = 250 pC and Dtb = 0.45 µs
(2.25 MHz repetition rate), equation (1) gives ~1 kV transient amplitude per bunch, or ~100 kV for a one-hundredbunch beam pulse, which represents a ~0.5% of the typical
accelerating gradient in a cavity (~20 MV). Although the
RF stability is in general better than this at XFEL [1-3],
resolving the transient generally requires averaging over
many pulses.

ALGORITHM
The approach dates back to a similar method developed
for FLASH [4]. The beam transient is measured with the
MOPOPA03
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nominal accelerating RF field present, which provides a
calibration point at the typical working values. Furthermore, since no changes are need to the operational state of
the accelerator taking the measurements becomes very
quick and can be done within a few minutes during nominal operations. The transient itself is measured using the
difference between beam-on and beam-off measurements.
Figure 1 shows an example of the typical raw data.

Figure 1: Example of cavity voltage amplitude data used to
calculate the transient. Blue: averaged beam off. Red: averaged beam on. Grey: individual single-pulse measurements. The dashed lines indicate the period of the beam
pulse, which in XFEL starts at t = 800 µs.
All the measurements are taken open-loop (i.e. no feedback control). The beam is turned on and off with a period
of ~5 seconds (50 pulses) for total time of approximately
one minute (see Fig. 2). The on and off data are interleaved
to reduce the influence of slow drifts in the applied RF
which could influence the difference calculation. During
the beam-on data, the beam energy at the end of the accelerator is also recorded; this additional data can be used for
absolute calibration. The RF signals are automatically record by the XFEL DAQ system, which runs continuously.
The analysis of the data is performed entirely in the complex plane. The raw cavity voltage waveforms are extracted from the DAQ system as amplitude and phase and
converted into complex numbers. The beam-on and beamoff data are first averaged and then subtracted to provide
the required beam transient. The transient is reported after
100 bunches (t = 845 µs). Despite the care taken to avoid
the influence of drifts in the RF, experience has shown that
some offset between the on and off datasets is inevitable.
Hence a small correction is applied to the transient measurement based on the difference between the signals at the
start of the beam pulse (t = 800 µs, see Fig. 3). Care has
been taken to make sure that the correlation between the
real and imaginary parts is taken into account in
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propagating the (statistical) errors (the complex errors are
dealt with in a non-standard way, with real and imaginary
parts treated as independent variables).

A second MATLAB© script then extracts the cavity voltage waveforms for the time period for each of the 24 RF
stations (768 cavities) as well as the beam charge information from a single beam toroid at the end of the linac.
The analysis and reporting tool (written using Mathematica© [6]) then analyses the raw LLRF signals. The analysis
tool generates a comprehensive report which is then available for inspection. The data extraction and analysis require approximately 25 minutes, but is entirely in parallel
with operations.

EXAMPLE RESULTS

Figure 2: Cavity voltage sample points (amplitude) measured during data acquisition. (blue) t = 800 µs, showing the
stability of the RF; (orange) t = 880 µs (after 200 bunches)
showing the impact of the beam transient during beam-on.

Figure 4: Example transient amplitude measurements for
all cavities in the XFEL linac. The dashed line is the mean.
Error bars represent ±1 std. err. (statistical).
The beam transient amplitudes for a typical dataset is
shown in Fig. 4, and the corresponding transient phase is
shown in Fig. 5. Table 1 gives the relevant parameters for
the dataset.
Table 1: Parameters for Example Dataset
Figure 3: Estimation of beam transient from measured
(complex) voltages. The ellipses indicated the statistical
uncertainty from the averaging (1 std. err.). The small difference (drift) at the t = 800 µs point is used to correct the
transient difference between the t = 845 µs points.

AUTOMATION
In order to reduce the invasive time required by the procedure, both the data acquisition and subsequent analysis
have been completely automated. The prerequisite for data
acquisition is a stable beam with at least 100 bunches (typically 200), with good loss-free transmission to the highenergy beam dumps. A MATLAB© [5] script supported by
a user interface then: (1) opens the LLRF loop of all stations; (2) Turns the beam ON for approximately 5 seconds
and for each pulse records the beam energy profiles from
the downstream spectrometer; (3) turns the beam off and
waits ~5 seconds; (4) repeats (2) and (3) a further five
times; (5) closes the loop on all the LLRF systems and reestablishes normal operations. The entire process takes approximately 2 minutes and can be run any time by the operators.
Electron Accelerators and Applications
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Beam energy
Bunch charge
Number of bunches
Beam pulse length
ON / OFF pulses

17.77
253±1
100
44.4
211/300

GeV
pC
µs

Assuming identical and on resonance cavities, the transient amplitude induced by the beam should be equal, assuming the cavity voltage probes are all correctly calibrated (or at least correctly cross-calibrated). Figure 4
shows an average amplitude of 88 kV with a ±10 kV RMS
spread, which is significantly larger than the typical statistical error on the individual amplitudes (±0.6 kV std. err.)
Some fraction of this spread is almost certainly calibration
errors. However, systematic errors which account for ~5%
of the error. In general, these values are monitored for stability over time but are not corrected, unless very large errors are reported.
Large excursions in transient phase are however acted
upon. All phases should ideally be zero. The typical statistical error on the transient is approximately ±2° (std. err.)
but can be as large as ±5°. Figure 5 shows two interesting
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features, one around cavity number 210 and another at 550.
These correspond to RF stations A9 and A19 respectively.
Closer examination of A9 indicated a phase offset between
the LLRF manager and subordinate systems of 45°. A19
was later shown to have an overall phase rotation error of
18°. Both were corrected.

original measurements in FLASH. The reason for this apparent difference is still under investigation.

Figure 6: Beam energy scale factors for all datasets recorded in the last twelve months. The factor can be interpreted as the ratio of “measured” to theoretical transient
amplitude. Error bars are ±1 std. err. (statistical).
Figure 5: Beam transient phase for all cavities in the XFEL
linac. Error bars are ±1 std. err. (statistical).
Looking at Fig. 5, there is a hint of a systematic offset of
about +4°, which is under investigation, although it plays
no significant role in operations. In general, with the observed stability and the number of pulses averaged, the accuracy of the technique is almost certainly dominated by
systematics.

ABSOLUTE CALIBRATION
During beam-on data acquisition, the beam energy at the
end of the linac is also recorded. The spectrometer is
quoted as having an absolute accuracy better than 100 MeV
(<1% relative). This data can be used to provide an absolute calibration for the probe signals. Again, the starting
point is the assumption that the beam transient in every
cavity is equal in amplitude and at zero phase. The transient
measurements (Fig. 4) are then used to calculate cavity
probe complex scale factors, which, when applied, result in
the theoretical transient amplitude given by Eq. (1). The
same scale factors are then applied to the measured RF cavity voltage, and the total beam voltage is calculated by
summing the real parts. A final single (real) energy scale
factor is then calculated and applied, using the measured
beam energy.
In principle the absolute probe calibration can be obtained directly from Eq. (1). However, the fact that this
needs to be scaled to agree with the beam energy measurement leads to an interesting observation. Figure 6 shows
the scale factors for all the datasets recorded for the past
twelve months. The data show that the observed transient
in consistently ~12.3% lower than the theoretically predicted value from Eq (1). This factor has been historically
observed in Tesla cavities for many years, starting with
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CONCLUSIONS
A fast quasi-non-invasive method of cavity probe calibration has been developed by using the measured beam
transient simultaneously in all 768 cavities in the XFEL L2
and L3 linacs. This procedure is routinely used to monitor
the LLRF calibration, and in particular any large phase
misalignments with single RF stations (32 cavities). Typical statistical errors are at the few per cent level. Systematic
errors are still be evaluated by there is evidence these are
at the 4—5% level. An absolute calibration is also available
which uses the measured beam energy at the exit of the
linac, which results in energy scale factor indicating that
the transient amplitude is consistently 12.3 ±0.1 % less
than the expected theoretical value. This anomaly is under
investigation.
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SIMULATION STUDY OF AN ACCELERATOR-BASED THz FEL FOR
PUMP-PROBE EXPERIMENTS AT THE EUROPEAN XFEL∗
P. Boonpornprasert† , G.Georgiev, M. Krasilnikov, X. Li, A. Lueangaramwong,
Deutsches Elektronen-Synchrotron DESY, Platanenallee 6, 15738 Zeuthen, Germany
Abstract
The European XFEL considers to perform THz-pump and
X-ray-probe experiments. A promising concept to provide
the THz pulses with satisfactory properties for the experiments is to generate them using a linear accelerator-based
free-electron laser (FEL). A simulation study of a THz FEL
facility capable of generating powerful tunable coherent
THz radiation that covers the wavelength range of 25 µm
to 100 µm was performed. An accelerator beamline layout
based on the Photo Injector Test Facility at DESY in Zeuthen
(PITZ) and an APPLE-II undulator with a period length of
40 mm were used in the simulation study. Results of the
study are presented and discussed in this paper.

is shown in Fig. 1. The layout consists of an RF electron
gun, two identical RF linacs, a bunch compressor, and a THz
FEL undulator. Models and locations of the RF gun and the
first linac in the layout are identical to those at the PITZ facility, with an additional linac downstream from the first one.
Descriptions of the gun and the linac are presented in [10].
Description and preliminary simulation studies of the bunch
compressor are presented in [11]. The THz FEL undulator
used in this study is an APPLE-II type undulator in a circular
polarization mode with a period length of 40 mm [12].

INTRODUCTION
The European XFEL has planned to perform THz pump–
X-ray probe experiments at the full bunch repetition rate
for users. A promising concept to provide the THz pulses
with a pulse repetition rate identical to that of the X-ray
pulses is to generate them using a linear accelerator-based
THz source [1, 2]. The Photo Injector Test Facility at DESY
in Zeuthen (PITZ) is an ideal machine as a prototype for
developments of the THz source [3].
Research and development (R&D) of the prototype linear
accelerator-based THz source are ongoing at PITZ. The
R&D has been conducted in two parts. The first part
is a proof-of-principle experiment to generate THz SelfAmplified Spontaneous Emission (SASE) FEL using an
LCLS-I undulator (on loan from SLAC) driven by an electron bunch from the PITZ accelerator [4–6]. The second part
is a conceptual design study of an ideal accelerator-based
THz source facility that can be established at the European
XFEL site and used for the pump-probe experiments.
Recently, the installation of the first THz beamline setup
at PITZ was finished [7] and the first commissioning of
the proof-of-principle experiment has been performed with
a bunch charge of up to 3 nC. Measurements of the THz
generation have been taken using pyrodetectors and the statistics properties analysis reflects the expected SASE performance [8, 9].
As the proof-of-principle experiments are ongoing at the
PITZ facility, we also have worked on a conceptual design
of the ideal THz source that can produce intense, tunable,
and narrow-band THz radiation using a SASE FEL, a seeded
FEL, and superradiant undulator radiation (SUR). A basic
concept layout of the ideal THz source for simulation studies
∗
†
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Figure 1: The basic concept layout of the ideal THz source.
In this paper, we focus on simulations of the SASE FEL.
We also perform an example simulation of the seeding FEL
for comparison with the SASE. We left SUR simulation for
future study. First, we performed beam dynamics simulations using The ASTRA program package [13]. Next, we
conducted FEL process simulations using the Genesis 1.3
code [14]. Then, we performed an example simulation of the
seeded FEL with a center wavelength of 100 µm to demonstrate an improvement of THz pulse properties compared to
the SASE case. Finally, a conclusion and outlook are given.

BEAM DYNAMICS SIMULATIONS
Beam dynamics simulations using the ASTRA program
package were performed in order to deliver an uncompressed
4 nC electron beam from the cathode to the undulator entrance. Space-charge calculations were included in the simulations. The beam transport line layout used in these simulations follows the schematic diagram in Fig. 1. Some
important machine and beam parameters used in the simulations are listed in Table 1.
The main solenoid current at the gun was optimized for
minimum beam emittance values at the undulator entrance,
18 m downstream from the cathode. The accelerating gradient of the second linac was scanned from 0 to 18 MeV/m to
achieve various beam momenta. Figure 2 shows simulated
normalized transverse emittance at the undulator entrance
as a function of the main solenoid current and the beam
momentum. The emittance for each beam momentum is
minimized in a main solenoid current range of 360 A to
365 A. We selected the beam with minimum emittance for
each beam momentum and used it for FEL simulations in
the next step.
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Table 1: Machine and Beam Parameters for the Simulation
Studies.
Parameters
Laser distribution
FWHM laser pulse duration [ps]
Gun gradient [MV/m]
Gun phase [°]
Linac gradients [MV/m]
Linac phase [°]
Bunch charge [nC]
Undulator period length [cm]
Number of undulator periods
Total length of undulator [m]
Undulator parameter

Values
Flattop
20
60
0 w.r.t. MMMG
10 and 0–18
0 w.r.t. MMMG
4
4
125
5
1.85

Figure 3: Average slice momentum spread of the optimized
beam with different beam momenta.

MMMG stands for maximum mean momentum gain.

Figure 4: Peak current of the optimized beam with different
beam momenta.
Figure 2: Normalized transverse emittance at the undulator
entrance as a function of the main solenoid current and the
beam momentum.
Figure 3 shows the average slice momentum spread of the
optimized beam as a function of the beam momentum. The
average slice momentum spread gradually reduces with the
beam momentum starting from 8.07 keV/c at 15 MeV/c to
7.52 keV/c at 31 MeV/c. A plot of the peak current of the
optimized beam as a function of the beam momentum is
shown in Fig. 4. The trend of the peak current is increasing slightly with the beam momentum from about150 A to
152 A. Values of the peak current and the slice momentum
spread are comparable to those from start-to-end simulations
in [12].

FEL SIMULATIONS
Simulations of the FEL radiation were performed using
the Genesis 1.3 code. The calculations in time-dependent
mode including space-charge effects were used in the simulations. The undulator was set to be a helical undulator and
its parameters are listed in Table 1. The optimized beams
with different beam momenta were used as the input beams.
We assumed a good beam-matching condition. The trans-
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verse rms sizes of each beam were assumed to be 0.5 mm
and the values of the Twiss parameter 𝛼 were assumed to
be 0.1 at the undulator entrance. Beam matching for these
values were demonstrated from the start-to-end simulations
in [12].
Since the undulator parameter was fixed at 1.85 in this
work, the center wavelength depends on the beam momentum. Figure 5 shows FEL pulse energy at the undulator exit
as a function of the center wavelength. The pulse energy
of 1.1 mJ was obtained at the center wavelength of 24 µm
and the maximum pulse energy of 1.8 mJ was obtained at
100 µm. In summary, we got the pulse energy of > 1 mJ for
all the center wavelengths.
In addition to high intensity, the ideal THz source should
deliver stable THz pulses with low shot-to-shot pulse energy
fluctuation and low arrival time jitter. However, SASE FELs
demonstrate significant shot-to-shot fluctuation due to the
stochastic nature of the SASE process. To achieve more stable shot-to-shot performance, several seeding methods can
be used [15]. We performed an example seeded FEL simulation for the center wavelength of 100 µm. A pre-bunched
electron beam was used by setting the bunching value in the
simulation code to be 0.01. The beam current modulation
for this bunching value can be seen in [15]. The gain curves
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CONCLUSION AND OUTLOOK

Figure 5: FEL pulse energy at the undulator exit as a function
of the center wavelength.

Simulations of the THz FEL were performed. The results show that a SASE FEL pulse energy of at least 1 µJ is
achievable for the center wavelengths of 25 to 100 µm. The
preliminary seeding FEL simulation shows that the seeding
method can improve the stability of the THz pulse significantly compared to that from the SASE.
We plan to perform more simulations including more realistic start-to-end simulations with quadrupole magnets,
FEL simulations from the APPLE-II type undulator in linear
polarization modes, and detailed seeded FEL simulations.
Possible impact of the narrow vacuum chamber of the undulator (wakefield of electron bunch and waveguide effect of
the FEL process) also has to be investigated.
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Abstract
Femtosecond synchronisation between charged particle
beams and external laser systems is a significant challenge
for modern particle accelerators. To achieve femtosecond
synchronisation of the CLARA electron beam and end user
laser systems will require tight synchronisation of several
accelerator subsystems. This paper reports on a method to
compensate for environmentally driven long-term drift in
Laser-RF phase detection systems.

INTRODUCTION
The Compact Linear Accelerator for Research and
Applications (CLARA) facility [1] is a test bed for
accelerator and Free Electron Laser technology. CLARA
will deliver a 250 MeV electron beam to the Full Energy
Beam Exploitation (FEBE) [2] experimental hutch, and
femtosecond synchronization of particle beams to an
external laser is a foreseen requirement for future
exploitation. To recover femtosecond dynamics from
pump-probe experiments on CLARA will require
femtosecond synchronisation between end station laser
systems and several RF accelerator components.

LASER-RF PHASE DETECTOR
CONCEPT
CLARA is a normal-conducting linear accelerator where
an electron beam is generated by a UV photo-injector laser
system in an s-band electron gun and then accelerated to
full energy by four traveling wave linacs. The CLARA
photo-injector (PI) laser system and high power RF
systems are seeded by pulsed laser and RF master
oscillators respectively. The PI (mode-locked) laser master
oscillator, is currently locked to the RF master oscillator
using a direct photodetection Phase Locked Loop (PLL)
based on analogue electronics. The noise performance and
long term stability of the laser-RF Phase Locked Loop has
a significant impact of the quality of CLARA electron
beam.
Direct photodetection Laser-RF phase locked loops use
a fast photodetector and analogue electronics to determine
the laser-RF phase error and a control loop to reduce this
phase error to zero. This approach is very robust, well
understood and has been widely used. However nonlinearities in the standard photodetectors result in
unwanted amplitude-to-phase (AM-PM) noise conversion
[3] which limits the synchronisation between mode-locked
laser systems and RF master oscillators. Laser-RF
synchronisation on the order of several tens of
femtoseconds would be acceptable for most applications,
Electron Accelerators and Applications
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however to resolve femtoseconds level dynamics with
pump-probe experiments, such X-ray FEL pump-probes
schemes, requires sub 10 femtoseconds synchronisation.
Several approaches to resolve AM-PM noise conversion
have been proposed in the literature [3].
To resolve limitations related to direct detection LaserRF PLL, a Laser-RF PLL system was developed that is
immune to AM-PM conversion noise and is able to
compensate for the inherent system drift that results from
using Mach Zehnder Modulators (Fig. 1). The method of
Mach Zehnder Phase Detector Reverse Bias Detection
(MZPD-RBD) (Fig. 2) developed in this paper follows the
work of [4-6]. Here an emphasis was placed on developing
a system that could be easily constructed within limited
space, which used commercially available optical
components and required a minimal number of free-space
optical components.
Short term locking performance is achieved by
imprinting the phase error information between modelocked laser pulse train and radio-frequency wave as an
amplitude modulation of the laser pulse train itself (at half
the laser repetition rate) using a Mach Zehnder (Intensity)
Modulator. The amplitude modulation is enabled by
simultaneously applying an alternating bias signal to the
MZM. The alternating bias signal flips the MZM total
phase advance by 𝜋 at rate of half laser repetition rate. At
the output of the MZM the laser pulse train has the
following pulse pattern,
𝐼 = 0.5 ∗ 𝐼 [1 + −1

sin(𝜙

sin(𝜙 + 𝜙 ]

(1)

where I0 is the input laser pulse intensity, 𝜙 laser-RF phase
error, bias drift term 𝜙 , and 𝜙 is related to the electrooptic conversion efficiency of the MZM. Note the sign flip
in equation (1) between each adjacent laser pulses from the
MZM, this allows one to retrieve laser-RF 𝜙 phase error
by simply subtracting the optical intensity (or heights) of
adjacent optical pulses, assuming that the bias drift term 𝜙
is set to zero. In this paper Laser-RF phase error
information is extracted using a fast photodetector and
traditional RF frequency down-conversion techniques. The
alternating bias signal is triggered by laser pulse train itself
and is therefore intrinsically synchronous to the laser pulse
train at a fixed rate of frep/2. This method is effectively
immune to laser amplitude noise and AM-PM conversion
noise. This technique is similar to that developed in [4, 5],
the main advantages here are; interleaving the optical pulse
train is not required for bias drift detection and each optical
pulse we always ‘see’ the correct bias voltage regardless of
relative phase.
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RF waves as it travels through the device, which will
average the input RF waves to a DC level. The RF wave
contribution will be seen as a constant offset on the DC bias
drift as the counter propagating laser pulses will be
modulated by an equal number of radio frequency waves
on each reverse pass of the MZM waveguide structure.
To allow injection of the counter propagating bias
detection laser pulse train a pair of fibre coupled circulators
are inserted into the setup before and after the Mach
Zehnder Modulator. The forward photodetector will have
contributions from the laser-RF phase and bias drift,
whereas the reverse photodetector detects MZM bias drift
only. A PID feedback routine was developed in the
LabVIEW FPGA and implemented on an NI CompactRIO
device, this enables high bandwidth feedback to the bias
point of the Mach Zehnder Modulator and should allow
‘drift free’ performance over several hours.

Figure 1: Mach Zehnder Modulator Phase Detector: LaserRF phase error information is imprinted as an amplitude
modulation on the laser pulse train. The Laser-RF phase
information can then be extracted using a fast
photodetector with a fast ADC or using an RF downconversion mixer based scheme. As the Laser-RF phase
measurement is performed in the optical domain the effects
of AM-PM noise conversion are effectively eliminated.
The switching bias signal is generated using a d-latch
(HMC747) evaluation board. Using a d-latch to generate
the switching bias signal has the benefit of ensuring the
correct phase advance is applied to the optical pulse
regardless of relative timing between optical pulse
switching bias signal.
Using the Mach-Zehnder Modulator as a Laser-RF phase
detector requires that the working (quadrature) point of the
MZM is carefully controlled by an externally applied DC
voltage. The optimal working point/voltage is equal to the
applied external DC voltage that results in an optical
transmission through the MZM of 50%. Unfortunately this
working point (often referred to as the bias point) is known
to have a substantial drift over several hours. Several
groups [7, 8] have attempted to establish the environmental
and physical origins of the MZM bias drift with significant
results, however the most common approach to MZM bias
drift mitigation is to develop systems that monitor and
control the bias point without unduly affecting the
operation of the MZM.
Here the method of bias point stabilisation takes
advantage of the traveling wave design of the Mach
Zehnder Modulator by injecting the bias-detection laser
pulse train in the counter propagating direction to the radiofrequency wave in the device. When the system is locked,
the counter propagating pulse will measure the DC bias
drift 𝜙 only. This is because the optical pulse train
propagating in the reverse direction is not phase matched
to the input RF wave. This results in each counter
propagating optical pulse sampling a constant number of
MOPOPA11
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Figure 2: Mach Zehnder Phase Detector Reverse Bias Detection
(MZPD-RBD) working principle: The optical pulse train is split
via a 50:50 fibre coupler and injected into both input and output
ports of the Mach Zehnder Modulator using a pair of fibre
coupeld circulators Optical pulses captured by the forward
photodetector (normal operating mode) contain contributions
from both laser-RF phase error and the MZM bias drift. Signal
detected by the reverse photodetector will have contribution from
the MZM bias drift, and therefore can be used to drive a PI
controller that stabilises MZM bias point.

RESULTS
Short Term Performance
The Mach Zehnder Phase Detector Reverse Bias
Detection (MZPD-RBD) system was experimentally
demonstrated by locking a Dielectric Resonator Oscillator
(DRO) with a resonant frequency of 2.9985 GHz to the
CLARA fibre timing laser. The CLARA timing laser is a
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Origami-15 Yb/Er fibre laser oscillator from OneFive. The
Origami-15 produces ultra-short optical pulses (177fs,
1560 nm, 30 nm BW) with exceptionally low timing jitter
performance (<20 fs rms over a BW 1 kHz – 10 MHz). The
short term locking performance of the MZPD-RBD PLL is
show in Fig. 3, an absolute integrated timing jitter of sub
20 femtoseconds rms of the DRO output was measured
using the Rohde and Schwarz Phase Noise Analyser
(FSWP). The absolute integrated jitter of locked DRO is an
important parameter as it will influence any subsequent
systems that are driven by the DRO.

Figure 3: Absolute phase noise measurement of a locked
DRO using the MZI phase detector. The absolute
integrated jitter is 18.6 femtoseconds over a bandwidth of
10 Hz – 10 MHz.
To the verify the Phase Locked Loop performance
shown in Fig. 3 a second MZPD-RBD system was
constructed to allow out-of-loop phase noise
measurements with results shown in Fig. 4. After
optimising the system sub 5 femtosecond out-of-loop
timing jitter was achieved.

bias point of both in-loop and out-of-loop phase detectors
was stabilised using the CompactRIO feedback routine.
Figure 5 shows the problems associated with MZM bias
drift, when no feedback is applied to the in-loop MZM
phase detector the bias point drift is an equivalent of
>300 fs per minute. Bias point drift [7] has several
physical
origins
including
humidity,
thermal,
photorefractive and charge relaxation effects. However
once feedback is enabled the rms drift has been reduced to
30 fs over 12 hours as shown in Fig. 6.

Figure 5: Without bias correction drift in the MZI bias can
be a significant challenge. Without bias feedback
1 picosecond of drift can observed over 3 minutes.

Figure 6: The locked DRO shows significantly improved long
term drift performance when bias stabilisation is enabled over.

CONCLUSION

Figure 4: Out of loop phase noise measurement of Locked
DRO. An out of loop timing jitter of sub-5 femtosecond
was measured within the locking bandwidth of the phase
locked loop.

A drift free laser-RF Phase Locked Loop (MZPD-RBD)
has been developed that uses a novel MZM bias
stabilisation system. The system was locked and the MZM
stabilised was for 12 hours and verified for using an outof-loop laser-RF phase measurement. Short term
performance of the system was measured at sub
5 femtosecond residual rms timing jitter and 30
femtoseconds rms drift. The MZPD-RBD system is in the
process of being professionally packaged with electronic
and optical components mounted onto temperature
stabilised plates.

Long Term Performance
The setup from the previous section was used to measure
the out-of-loop long term performance of the system. The
Electron Accelerators and Applications
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Abstract
Short pulse, low emittance electron beams are necessary
to drive bright FEL X-rays, for this reason it is important
to preserve and limit emittance growth. The strong bunch
compression required to achieve the short bunches, can lead
to coherent synchrotron radiation (CSR)-induced emittance
growth, and while there are some methods of CSR cancellation, these methods may be less effective when the CSR
kicks are distorted. In an attempt to understand why CSR
kicks become distorted, we compare the CSR kicks calculated using the whole beam parameters to the CSR kicks
calculated using the longitudinally sliced beam parameters,
when propagated to the end of the bunch compressor. We
find that CSR kicks can become distorted when calculated
with non-uniform slice beam parameters. While slice beam
parameters that are uniform along the centre of the bunch,
do not result in distorted CSR kicks.

INTRODUCTION
Free-electron lasers are a fourth generation light source
which aim to provide bright, coherent light over a wide range
of wavelengths [1]. The demand for research using FELs
is driving demand for shorter pulse, brighter FEL X-rays.
As such it is necessary for high quality electron bunches
driving the FELs, which have small emittance and short
bunch lengths.
Bunch compressors are used to compress the bunch longitudinally, however this can lead to unwanted collective
effects such as coherent synchrotron radiation (CSR) [2–7]
and microbunching instability (MBI) [8]. CSR causes kicks
in the horizontal coordinates, which increases the projected
emittance (as in Fig. 1). This projected emittance growth
can be managed using CSR cancellation techniques, however these methods may be less effective if the CSR kicks
become distorted [9]. In this paper we explore how CSR
kicks could be distorted by considering how the slice Twiss
parameters vary.

MAX-IV
MAX-IV facility located in Lund, Sweden, hosts 1.5 GeV
and 3 GeV electron storage rings and the short pulse facility
(SPF), all driven by the same linear accelerator. The laboratory provides a wide range of spectroscopy techniques for
industry and research. In this study we focus on the existing
∗

sgadixon@liverpool.ac.uk
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Figure 1: Horizontal slice offset leading to increased projected emittance [10].
short pulse facility (SPF) [11] and soft X-ray laser (SXL)
[12], which is in the conceptual design phase [13]. The
layout of the MAX-IV linac is shown in Fig. 2.

COHERENT SYNCHROTRON RADIATION
Synchrotron radiation is emitted by relativistic electrons
when the bunch goes through a dipole. The electron bunch
will radiate coherently when the bunch length is shorter than
the radiation emitted and the following inequality is satisfied,
(1)

𝜆 ≥ 2𝜋𝜎𝑧 ,

where 𝜎𝑧 is the bunch length and 𝜆 is the wavelength of
synchrotron radiation.
Coherent synchrotron radiation leads to a redistribution
of energy in the bunch due to some electrons reabsorbing
emitted radiation. This effect can be approximated by the 1D CSR wake as, excluding entrance and exit transient effects
[14–17]. The 1-D CSR wake is defined as
𝑑𝐸
−2𝑒 2
=
𝑐𝑑𝑡 4𝜋𝜖0 (3𝜌 2 ) 1/3

∫

𝑧˜

𝑧˜ −𝑠𝐿


 1/3
𝑑𝑓
1
𝑑𝑧,
𝑑𝑧 𝑧˜ − 𝑧

(2)

where 𝜖0 is the permittivity of free space, 𝜌 is the bending
radius of the dipole, 𝑑𝑑𝑧𝑓 is differential of the linear charge
density, 𝑧˜ is the position within the bunch, and 𝑠 𝐿 is the
slippage length.
CSR leads to projected emittance growth by causing longitudinal slices of the beam to become offset in the horizontal
coordinates (see Fig. 1) [2–7]. The projected emittance
growth can be mitigated by using CSR cancellation techniques, such as CSR kick matching [5, 18, 19] and optical
balance [2, 3, 18–20].

Point-Kick Model
The point-kick model is an analytical method of evaluating the CSR kick from a dipole, by approximating the CSR
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Figure 2: Layout of the MAX-IV linac. Including the beamlines to the short-pulse facility (SP02/FemtoMAX) and the soft
X-ray laser (SP03) [13].
kick as single kick which occurs at the centre of the dipole
[18]. The point-kick matrix 𝑿 𝑘 is given as

𝑿𝑘 =

   4/3

𝑥𝑘
𝜌 𝑘 [𝜃 cos(𝜃/2) − 2 sin(𝜃/2)]
=
,
𝑥 ′𝑘
sin(𝜃/2) [2𝛿 + 𝜌 1/3 𝜃𝑘]

(3)

where the 𝑥 𝑘 and 𝑥 ′𝑘 represent the change in horizontal position and momentum due to the CSR kick. 𝜃 and 𝜌 are the
bend angle and bend radius of the dipole, respectively, 𝛿
is the momentum deviation at the centre of the dipole and
2/3
𝑑𝐸 𝜌
𝑘 = 𝑐𝑑𝑡
𝐸0 .
This model can be used to approximate the overall CSR
kick from multiple dipoles [18], such as in a bunch compressor. This is done by evaluating the CSR kicks (𝑥 𝑘 , 𝑥 ′𝑘 )
at the centre of a dipole, then these kicks are propagated to
the centre of the following dipole using the 2-D horizontal
transfer matrix [18, 21, 22]. The kicks are evaluated for the
second dipole and the two kicks are summed. The summed
kick can then be propagated to the region where you are evaluating the overall CSR kick, such as at the end of a bunch
compressor or achromat. In the case of the second bunch
compressor (BC2) in SPF and SXL, the overall kick from
8 dipoles was evaluated at the end of the bunch compressor.
The horizontal transfer matrix used to propagate the CSR
kicks depends on beam properties such as the Twiss parameters (𝛽 𝑥 and 𝛼 𝑥 ) and the phase advance (𝜓 𝑥 ) [21, 22].
However, when a chirped bunch is passed through multipole
magnets within a dispersive region, the bunch undergoes
focusing dependant on longitudinal position 𝑧. As such,
the slice beam parameters (slice 𝛽 𝑥 , slice 𝛼 𝑥 and slice 𝜓 𝑥 )
may become non-uniform along the bunch. When the CSR
kicks are propagated with the slice parameters they can also
become distorted [9].

DISTORTED COHERENT SYNCHROTRON
RADIATION KICKS
In the point-kick model of CSR, the CSR kicks are transported by the 2-D horizontal transfer matrix. When the
whole beam Twiss parameters and phase advance are used
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to calculate the CSR kicks, we will refer to the CSR kicks
as ‘typical’. However, when the slice Twiss parameters and
slice phase advance are used to calculate the CSR kicks, we
will be refer to the CSR kicks as ‘distorted’ or ‘atypical’.
The overall typical and distorted CSR kicks have been
calculated for bunch compressor 2 in the SPF and SXL lines
in the MAX-IV linac, as in Fig. 2. Elegant [23] simulations
of the bunch compressors were performed using 2, 000, 000
macro-particles. The simulations allowed us to calculate the
whole beam and slice Twiss parameters, and whole beam
and slice phase advance to be used in the calculation of the
CSR kicks.

Short Pulse Facility
The short pulse facility uses a 100 pC electron beam for
FemtoMAX. At the entrance of BC2 the electron beam has
an energy of 3 GeV. The horizontal and vertical 𝛽-functions,
and horizontal dispersion through BC2 are shown in Fig. 3.
The first-, second- and third-order longitudinal dispersion
of 𝑅56 = 26 mm, 𝑇566 = 42 mm and 𝑈5666 = 49 mm, respectively.

Figure 3: 𝛽-functions (solid lines) and horizontal dispersion
(dashed lines) through SPF bunch compressor 2.
The slice beam parameters for dipole 5 and 6 in BC2
of SPF are shown in Fig. 4. This figure shows the slice
parameters at the centre of dipoles 5 and 6 that are nonuniform along the centre of the bunch. Similar behaviour is
seen in the other dipoles (not shown in this paper).
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The slice beam parameters for dipole 5 and 6 in BC2
of SXL are shown in Fig. 7. This figure shows the slice
parameters at the centre of dipoles 5 and 6 that are close to
uniform along the centre of the bunch, and similar behaviour
is seen in the other dipoles (not shown in this paper).

Figure 4: Slice beam parameters for BC2 of SPF. Slice 𝛽 𝑥 in
dipole 5 and dipole 6 (left), and slice phase advance between
dipole 5 and 6 (right).
The overall typical and distorted CSR kicks for BC2 of
SPF are shown in Fig. 5.

Figure 7: Slice beam parameters for BC2 of SXL. Slice
𝛽 𝑥 in dipole 5 and dipole 6 (left), and slice phase advance
between dipole 5 and 6 (right).
The overall typical and distorted CSR kicks for BC2 of
SXL are shown in Fig. 8.

Figure 5: The overall typical (blue) and distorted (red) CSR
kick in 𝑥 (left) and 𝑥 ′ (right) as a function of longitudinal
position z, at the end of SPF BC2.
From Fig. 5 we see that the CSR kicks calculated with the
slice parameters are distorted in shape and size compared to
those calculated with the whole beam parameters. The root
mean square (RMS) of the typical CSR kick is Δ𝑥 𝑅𝑀𝑆 =
1.40 µm and Δ𝑥 ′𝑅𝑀𝑆 = 1.82 µrad at 𝑧¯ = −0.07 pm. The RMS
of the distorted CSR kick is Δ𝑥 𝑅𝑀𝑆 = 3.63 µm and Δ𝑥 ′𝑅𝑀𝑆
= 4.51 µrad at 𝑧¯ = −0.07 pm.

Soft X-ray Laser
The soft X-ray laser will use a 10 pC electron beam to
drive MAX-IV’s proposed FEL. At the entrance of BC2
the electron beam has an energy of 3 GeV. The horizontal
and vertical 𝛽-functions, and horizontal dispersion through
BC2 are shown in Fig. 6. The first-, second- and third-order
longitudinal dispersion of 𝑅56 = 26 mm, 𝑇566 = −86 mm and
𝑈5666 = 87 cm, respectively.

Figure 6: 𝛽-functions (solid lines) and horizontal dispersion
(dashed lines) through SXL bunch compressor 2.
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Figure 8: The overall typical (blue) and distorted (red) CSR
kick in 𝑥 (left) and 𝑥 ′ (right) as a function of longitudinal
position z, at the end of SXL BC2.
From Fig. 8 we see that the CSR kicks calculated with the
slice parameters are not distorted in shape or size compared
to those calculated with the whole beam parameters. This
is because the slice beam parameters are close to uniform
along the centre of the bunch. The typical RMS kick is
Δ𝑥 𝑅𝑀𝑆 = 0.82 µm and Δ𝑥 ′𝑅𝑀𝑆 = 3.24 µrad at 𝑧¯ = −0.01 pm.
The distorted RMS kick is Δ𝑥 𝑅𝑀𝑆 = 0.86 µm and Δ𝑥 ′𝑅𝑀𝑆 =
3.20 µrad at 𝑧¯ = −0.01 pm.

CONCLUSION
Using the point-kick model of CSR, we find that CSR
kicks become distorted in shape and size for SPF BC2 when
the kicks are calculated with the slice parameters as opposed
to the whole beam parameters. This indicates that CSR
cancellation techniques could be less effective at limiting
projected emittance growth. Further work is necessary to
determine the degree to which distorted CSR kicks limit
CSR cancellation techniques. The distortion seen in the
CSR kicks for BC2 of SPF is a result of the slice beam
parameters being non-uniform along the centre of the bunch,
whereas the slice beam parameters for BC2 of SXL are close
to uniform along the centre of the bunch leading to CSR
kicks which were not distorted.
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200 MV RECORD VOLTAGE OF vCM AND LCLS-II-HE CRYOMODULES
PRODUCTION START AT FERMILAB*
T. Arkan†, J. Kaluzny, D. Bafia, D. Bice, J. Blowers, A. Cravatta, M. Checchin, B. Giaccone,
C. Grimm, B. Hartsell, M. Martinello, T. Nicol, Y. Orlov, S. Posen, Fermilab, Batavia, USA
Abstract
The Linac Coherent Light Source (LCLS) is an X-ray
science facility at SLAC National Accelerator Laboratory.
The LCLS-II project (an upgrade to LCLS) is in the commissioning phase; the LCLS-II-HE (High Energy) project
is another upgrade to the facility, enabling higher energy
operation. An electron beam is accelerated using superconducting radio frequency (SRF) cavities built into cryomodules. It is planned to build 24 1.3 GHz standard cryomodules and one 1.3 GHz single-cavity Buncher Capture
Cavity (BCC) cryomodule for the LCLS-II-HE project.
Fourteen of these standard cryomodules and the BCC are
planned to be assembled and tested at Fermilab. Procurements for standard cryomodule components are nearing
completion. The first LCLS-II-HE cryomodule, referred
to as the verification cryomodule (vCM) was assembled
and tested at Fermilab. Fermilab has completed the assembly of the second cryomodule. This paper presents LCLSII-HE cryomodule production status at Fermilab, emphasizing the changes done based on the successes, challenges,
mitigations, and lessons learned from LCLS-II; validation
of the changes with the excellent vCM results.

INTRODUCTION
LCLS-II-HE cryomodule (CM) production started at
Fermilab with the assembly and testing of the verification
cryomodule (vCM). Fermilab is responsible for the cryomodule design. The vCM design is the same as the LCLSII CM; one major difference is that the superconducting radio frequency (SRF) cavities are treated with a new processing protocol for the required performance specifications.
With contributions from Fermilab, Jefferson Lab and
SLAC, an R&D effort has been successfully completed to
develop the new processing protocol and transfer the technology to industry. Ten fully dressed cavities were fabricated and processed with the newly developed treatment in
industry, and successfully tested at Fermilab; performance
exceeded the specification with average Q0=3.6e10 and
Eacc=25.6 MV/m (specifications are Q0=2.7e10,
Eacc=21 MV/m)).
vCM was successfully tested at Fermilab with a 5-month
test program and achieved an acceleration voltage of 200
MV in continuous wave mode, corresponding to an average accelerating gradient of 24.1 MV/m, significantly exceeding the specification of 173 MV. The average
Q0 (3.0 × 1010) also exceeded its specification (2.7 × 1010).
___________________________________________
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After quench processing, no field emission was observed
up to the maximum gradient of each cavity. At Fermilab,
with this world record performance of vCM, we started the
production of series cryomodules.

VCM ASSEMBLY AND TEST
vCM is assembled using eight of the best performing
cavities fabricated with the new processing protocol. R&D
to develop the new processing protocol, transfer the technology to industry, test and qualify the cavities processed
with the new protocol is the first part of the equation to
declare success. The second part is to assemble these cavities into the cryomodule and prove that the performance of
the cavities can be preserved. vCM was assembled very
soon after completing the last LCLS-II CM (keeping the
momentum). Based on lessons learned from our successes
and from unwanted outcomes of LCLS-II cryomodules
production, some infrastructure upgrades were done and
validated [1].
vCM cavity string was assembled (Fig. 1) in two months
which is twice the duration of the LCLS-II production CM
string assembly. We had to ensure that the new procedures,
tooling, and infrastructure upgrades were fully understood
and utilized by the team.

Figure 1: vCM cavity string assembly.
A few of the changes done to the cavity string assembly:
•
•
•

Beamline slow vacuum pumping & nitrogen gas
backfill / purge systems upgrades
Leave beamline under active vacuum during CM assembly, pumping with NEG/ion pump
Eliminate fundamental power cold coupler (FPC)
assembly workstation in the cleanroom and combine the cavity interconnect bellows and cold end
FPC assembly into one workstation. This is mainly
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done to eliminate additional handling of the cavity
with vented beamline and to reduce the opening and
closing cycles for the cavity beamline isolation right
angle valve.
After the string assembly is completed and rolled out of
the cleanroom, cold mass and cryomodule assembly was
assembled in four months. We again had to ensure that the
new procedures, tooling, and infrastructure upgrades are
fully understood and utilized by the team. One of the biggest concerns was assembling the beamline under vacuum.
The Fermilab CM assembly team visited JLab to learn and
transfer the knowledge for the beamline assembly. We introduced new tooling and procedures to eliminate any risk
to the cavity string bellows and unintentional collapse due
to beamline vacuum forces. A Failure Mode and Effects
Analysis (FMEA) was written to complement the travelers.
See Fig. 2 for photos of vCM cold mass and CM assembly.

Figure 3: Helium vessel leak repair in situ on a dressed cavity during cold mass assembly.
The assembly of vCM was completed at the end of
March 2021 and it was transported to the Fermilab CM
Test Stand (CMTS). We used the proven, established onsite CM transport procedures and experienced team to
transport the CM from the assembly floor to CMTS as seen
in Fig. 4.

Figure 4: CM transport to CMTS.
vCM is tested at CMTS [2] (See Fig. 5).

Figure 2: vCM cold mass & CM assembly.
During the cold mass assembly at WS2 after the 2-phase
circuit welding leak check, a helium vessel leak was found
on an SRF cavity. This non-conformance was not experienced before during LCLS-II CM production at Fermilab.
Helium vessel leak check is done as a part of the SRF cavity incoming QC. This leak opened during cold test at the
vertical test stand. Fortunately, the leak was repaired in situ
thanks to Fermilab welding experts. We were able to keep
the schedule and did not end up disassembling and moving
the cavity string back to the cleanroom to replace the leaky
cavity. See Fig. 3 for repair. As lessons learned, we revised
the production workflow and introduced a new cavity
jacket leak check step post vertical test, prior to SRF cavities entering the cleanroom for string assembly.
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Figure 5: vCM at CMTS.
Cavity performance results look excellent. This is a
world record CW CM. Gradient and Q0 in all eight cavities
exceed the LCLS-II-HE specification [3] and are well
above average compared to LCLS-II production. The CM
is also almost field emission free: only a very minimal level
of x-rays (~1 mR/hr) were detected while powering one
cavity at the operating gradient and this was processed
away during the unit test. We also applied plasma processing to this cryomodule even though it was field emission free. Post plasma processing results showed that no
new field emission was introduced to the CM. One benefit
observed after plasma processing was the elimination of
multipacting quenches [4]. These excellent results prove
that all the work done to prepare for LCLS-II-HE CM assembly, keeping the momentum from LCLS-II and applying the lessons learned, was an effective strategy. vCM has
successfully shipped and delivered to SLAC in February
2022. See Fig. 6.
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solenoid magnet package. The 1.3-GHz dressed cavity is
to be of the same design as that used in the standard eightcavity 1.3 GHz CMs including the same FPC and tuner.
The BCC CM will have a BPM identical to the standard
CM and will have a solenoid magnet with corrector and
quad trim windings. See Fig. 9. Fermilab will design, build,
test and deliver the BCC to SLAC in early 2026.
Figure 6: vCM prepped for shipping at Fermilab and stored
at SLAC.

PRODUCTION CRYOMODULES
Procurement of parts for series cryomodules production
is nearing completion at Fermilab, see Fig. 7. SRF cavities
and fundamental power coupler procurements for the project will continue at SLAC and JLab throughout 2023.
Figure 9: BCC design in progress.

CONCLUSION

Figure 7: Cryomodule parts received, in quality control at
Fermilab.
The first article CM has been fully assembled and tested
at Fermilab. Excellent results from first article re-affirms
production readiness at Fermilab, this CM will be shipped
to SLAC in September 2022, see Fig. 8.

LCLS-II CM production at Fermilab has brought technical readiness and important lessons learned for LCLS-IIHE. We have developed a strong team. We have proven that
our team of people worked well together internally and externally and produced excellent results. The Fermilab team
has demonstrated the capability of producing world record
performance cryomodules on schedule and on budget. The
push for even higher performance for LCLS-II-HE is progressing well with the vCM successful assembly and excellent test results. The Fermilab infrastructure and team
are fully committed to complete its scope for the LCLS-IIHE.
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Figure 8: First article CM being prepared for shipping to
SLAC.
We continue to receive dressed cavities from the cavity
vendor and test/qualify them individually with cold vertical test before string assembly. The second production CM
assembly is complete and ready for testing at CMTS. Fermilab plans to produce and deliver all series production
CMs by the end of 2025.
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BUNCHER CAVITY CRYOMODULE
The LCLS-II-HE project scope includes the construction
of a 100 MeV low emittance injector (LEI). The LEI includes two SRF cavities: an electron gun cavity and a
1.3 GHz, 9-cell buncher cavity. The latter is housed in the
Buncher Cavity Cryomodule (BCC) that includes a
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3 YEARS OF OPERATION OF THE SPIRAL2 SC LINAC - RF FEEDBACK
M. Di Giacomo†, M. Aburas, P-E. Bernaudin, O. Delahaye, A. Ghribi, J-M. Lagniel,
J-F. Leyge, G. Normand, A.K. Orduz, F. Pillon, L. Valentin, A. Dubosq, GANIL, Caen, France
F. Bouly, LPSC, Université Grenoble-Alpes , CNRS/IN2P3, Grenoble , France
S. Sube, CEA-DRF-IRFU, Saclay, France
Abstract
The superconducting LINAC of SPIRAL2 at the GANIL
facility has been in operation since October 2019. The accelerator uses 12 low beta and 14 high beta superconducting quarter wave cavities, cooled at 4°K, working at
88 MHz. The cavities are operated at a nominal gradient of
6.5 MV/m and are independently powered by a LLRF and
a solid-state amplifier, protected by a circulator. Proton and
deuteron beam currents can reach 5 mA and beam loading
perturbation is particularly strong on the first cavities, as
they are operated at field levels much lower than the nominal one.
This paper presents a feedback after three years of operation, focuses on the RF issues, describing problems and
required improvement on the low level, control and power
systems.

RF SYSTEM DESCRIPTION
The SPIRAL2 accelerator [1] uses independently phased
RF cavities, operated at 88.0525 MHz, to accelerate a multitude of ion beams within wide intensity and energy ranges
(up to 5 mA and from 0.75 to 20 MeV/A).
Table 1: Main cavity parameters @ opt beta
Parameter
Eacc (MV/m)
Field integral (MV)
5mA beam loading (kW)
Qext

β = 7%
6.5
1.56
7
5.5105

β = 12%
6.5
2.66
12
1.1106

The SC LINAC cavities [2] are quarter wave resonators
(QWR), hosted in two families of cryomodules (CM). The
12 low beta ones host one QWR each, while the high beta
CMs host a couple of QWR each. Table 1 gives the main
parameters for both type of cavities.

Each cavity has its own RF system equipped with digital
LLRF, solid state amplifier (SSA) and circulator as shown
in Fig. 1.
Reference and timing signals are provided by two subsystems: the master oscillator (MO) with its distribution
line and the timing electronics (ECSF in the picture). The
circulators are installed out of the LINAC tunnel but as
near as possible to the cavities, and each system has two
sections of transmission lines: TL1 and TL2, the second
being designed to withstand strong mismatched conditions
(high VSWR).
Commissioning of the first beams took the first three
years of operation, and showed several issues that had not
arisen during the RF equipment commissioning or that had
been insufficiently addressed during the design phase.

CALIBRATIONS
Calibration of the accelerating field amplitudes (Eacc)
and of the external Q factors (Qext) was one of the first
tasks to check whether it would have been possible to accelerate all ion species at nominal current and energy. That
was particularly important for the first low beta cavities,
which are used at much lower fields and are driven by
2.5 kW (cavity 1 to 6) and 5 kW (7 to 9) amplifiers (with
respect to 10 kW for the last ones and to 19 kW for the high
beta cavities).

Eacc
Cavity probes and LLRF acquisition channels had been
characterised on the test benches while cables and attenuators had been measured in situ, after installation. Nevertheless, during the acceleration of the first beams showed that
most of the cavity fields were over-estimated (see Fig. 2).

Figure 2: field error before calibration.

Figure 1: SC cavity RF system block diagram.
___________________________________________

The accelerating fields were then calibrated looking at
the effect of the first proton beam on each single cavity.
Smaller corrections have followed, while accelerating various beam species and improving the measurement methods.
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Qext
Qext is one of the main parameters contributing to the
RF power requirements, and one of the most delicate and
time consuming to measure. For each cavity, it has been
calculated from the Eacc exponential decay time constant
and from RF power measurement as shown in Fig. 3 for the
low beta family, where the shadowed area represents the
range initially defined by the acceptance criteria.

Figure 3: Qext estimation by different methods.
Bdt and tau: Eacc exponential decay respectively at 1
MV/m, (performed during the test bench commissioning of
each cavity) and at 6.5 MV/m performed at GANIL after
installation and cool-down), 0.93Pa and Pi: RF power indicated by the amplifier (corrected by a factor of 7% loss
in the circulator and transmission lines) and by the directional coupler at the cavity entrance.

SUBSYSTEM FEEDBACK
Master oscillator (+ RF reference distribution)
This subsystem is shown in Fig. 4 and is briefly introduced as it is not described elsewhere, while a more detailed description of the LLRF and the amplifiers can be
found in references [3, 4].

transmission line that runs parallel to the LINAC. A thermal screen envelops a water pipe kept at 26°C ±0.2°C and
the coaxial line whose temperatures is stable around 32°C,
almost independently from the LINAC tunnel thermal conditions. Several directional couplers provide reference signal to the LLRF and diagnostics cabinets at levels up to
23 dBm. For each device, the RF reference and signal cables have almost the same length and follow the same path
to compensate differential losses and thermal phase drift.
The line is ended on a matching resistor and a bidirectional
coupler monitors direct and reverse power on the load.

Figure 5: Spectral analysis of the master oscillator driver,
with 1 Hz resolution and video bandwidths.
The system has proven to be reliable and stable and no
issues arose with it.

Timing
The beam macrostructure (beam pulse) is created via a
chopper located in the low energy beam transport (LEBT)
and beam power is ramped changing the pulse duty factor.
The chopper trigger is generated by the timing system,
which can also provide a short pulse turning-off the RFQ
for a few milliseconds, to take away the initial beam portion that is affected by space charge compensation (but this
is no more used as no effect was visible on beam loss). The
pulse repetition rate was around 1 Hz at the beginning of
the commissioning but loss monitoring has shown no significant increase at least up to 100 Hz, and higher rates are
progressively being used to improve the diagnostics resolution. Timing signals derived from the chopper trigger are
used by the LLRF to apply feed-forward (FF) and by the
diagnostics.

Digital LLRF

Figure 4: MO and reference distribution bloc diagram.
The master oscillator is derived from a commercial FM
modulator. As shown in Fig. 5, the central frequency is
88.05248 MHz, and the spectral purity is better than 43
dBc. The slow drift is 10-6 Hz/year.
The amplifier is a commercial 1kW device providing stabilized output power: ±0.2° in phase and ±0.2 dB in amplitude. It is operated at 550 W (~50W reflected) into a 7/8”
Proton and Ion Accelerators and Applications
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The LLRF uses I and Q feedback (FB) loops and FF to
stabilize the accelerating field.
Each loop can be independently tuned thanks to separate
PI (Proportional/Integral) controllers. However, the current
configuration uses the same proportional (kp) and integral
(ki) coefficients for both loops of all the cavities of the
same family. Both cavity systems are simulated with
Matlab/Simulink [5] and values around kp=75 and ki=0.1
have been set to compensate the beam loading perturbations. Strong FB alone was still not enough for all the cavities because the first ones (which work at much lower voltage) are much more affected as the energy absorbed by the
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beam is a larger fraction of the stored one. FF was eventually added to achieve field stability within the required 1%,
1° range, as shown in Fig. 6. The FF algorithm stores both
values of the IQ modulator control signals at the end of
each pulse and applies them at the beginning of the next
one. We are still trying to optimize the delay between the
“beam present” trigger and the FF application, but the field
stability has already been improved by a factor of 3 and
already fits the requirements.

 too long polling time for the operating parameters
(voltages, currents, output powers, etc)
 and unreliable contact of the input connectors final
combiners (10 and 20 kW devices).
Solving these problems requires major changes and the
issues are not yet fixed on all amplifiers. Some RF modules
with new bias circuits have been successfully tested. A new
control architecture is being studied and more intermediate
diagnostic signal are being installed to prevent damaging
the combiners.
The 10 and 19 kW amplifiers were used at their nominal
power and in continuous mode during the coupler conditioning phases only. As we don’t see any processing effect
beyond 100 W, we have reduced by 20% the maximum
power level during these processes.

Circulators
Figure 6: residual field perturbation on cavity A1 with a
5 mA deuteron beam, strong FB and FF. The vertical plot
scale is ±1% of the mean value
The LLRF also manages some of the RF protections. It
biases the cavity coupler pickup and monitors the electron
current Ie-. The initial Ie- threshold at which the LLRF was
asked to stop the power, was around 130 µA. This value
had been established on the basis of the maximum electron
current levels observed during the coupler conditioning,
which is performed at variable power level and in full mismatched conditions [6]. Beam loading changes the matching conditions and this can generate currents much higher
than the ones processed, especially for the cavities operated
at low field, then driven with low power level as multipactor (MP) is only observed up to < 100 W in the SPIRAL2 couplers. When strong current (hundreds of µA)
arose during the transient edges only, the RF trip was generated by the Ie- protection but no effect was visible on the
vacuum pressure. When the current stays during the whole
pulse length, few tens of µA are already enough to trigger
a vacuum trip. This behaviour shows that the electron current alone is not (at least in our case, where the RF power
in the line is low) representative of the amount of energy
associated to the MP or of the ceramic window damage
risk. The vacuum pressure being already sensitive enough
to protect the window, the Ie- threshold has been set at
1.6 mA.

Power Amplifiers
The 26 solid state amplifiers are based on 2.5 kW units,
used alone, or combined to achieve 5, 10 and 19 kW amplifiers. Each amplifier has its own hardware/microprocessor that runs the protection logic/ algorithms, while a central PLC manages the whole switch on/off procedures and
the communication to the main control system.
Three main issues arose since the beginning of operation:
 drift of the transistor quiescent current due to insufficient thermal stability of the bias circuit components,
MOPOPA15
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The circulators (12x10 kW + 14x20 kW) behave very reliably by the RF point of view, but dirt in the cooling system originates frequent trips and the filters need continuous
maintenance. One of the 20 kW units required to be replaced but, as the cavity of that station had been more difficult to start since the beginning, we consider the circulator was damaged during the reception tests and the issue
worse during the first years of operation, until destruction.

Transmission lines
The interesting issue with the transmission line is the
feedback on the section between the circulators and the
high beta cavities. This portion withstands very high mismatching at almost full power (19 kW) during the coupler
conditioning phases and is made of 3 1/8 ” standard coaxial
lines, with Cu inner tube and Al outer one. At 88 MHz this
standard should withstand 63 kW @VSWR=1 but the
power level decreases quickly in mismatched conditions.
We experienced one trouble at the entrance of cavity B#
coupler, at almost /4 distance from the antenna tip, likely
initiated by thermal untightening of the inner coaxial contact of an elbow. Here again, derating the amplifier should
help avoiding future damage.

CONCLUSION
The SC linac RF system has been running since 2017
and experienced few significant problems since then. In
two occasions RF issues affected the beam characteristics
during a whole run duration, mainly due to lack of spare
parts. Work is going on to improve the reliability and control of the amplifiers and to complete the spare stock.
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Abstract
The GSI-UNILAC as well as the heavy ion synchrotron
SIS18 will serve as a high current heavy ion injector for the
FAIR synchrotron SIS100. In the context of an advanced
machine investigation program acceleration and transport
of space charge dominated argon beam inside entire UNILAC have been explored. The conducted high current argon beam measurements throughout the UNILAC-poststripper and transferline to SIS18 show a transversal emittance growth of only 35% for the design current of 7 emA
(40Ar10+). By horizontal collimation of the UNILAC beam
emittance, the space charge limit could be reached at
slightly lower pulse currents, but accordingly longer injection times. Further improvements in brilliance can be expected from the planned upgrade measures, in particular on
the high-current injector linac.

routes, the beam transmission in all sections can be permanently monitored and measured with high precision.
Highly charged heavy ion beams with high average intensities (but low pulse intensities), from an ECR ion
source of CAPRICE-type are accelerated in the High
Charge State Injector (HLI) to 1.4MeV/u. The HLI as well
as the HSI serve in a time sharing mode for the Alvarez
DTL. The FAIR proton linac has to provide the high intensity primary proton beam for the production of antiprotons.
It will deliver a 70MeV beam to the SIS18 with a repetition rate of 4Hz. The proton linac will be located north of
the existing UNILAC complex.

HEAVY ION BEAMS AT THE SPACE
CHARGE LIMIT

INTRODUCTION
Besides two ion source terminals and a low energy beam
transport system (LEBT) the High Current Injector (HSI)
of the UNILAC (Fig.1) comprises a 36MHz IH-RFQ
(2.2keV/u up to 120keV/u) and an IH-DTL with two separate tanks, accelerating the beam up to the final HSI-energy of 1.4MeV/u. After stripping and charge state separation the Alvarez DTL provides for beam acceleration up to
=0.155. In the transfer line (TK) to the synchrotron
SIS18 a foil stripper and another charge state separator system can be used. In order to provide the highest heavy ion
beam currents (15emA, U28+), as required for FAIR, the
HSI must deliver up to 2.81012 U4+ ions per pulse [1-12].

Figure 1: GSI-UNIversal Linear ACcelerator (UNILAC);
the slit-grid-emittance measuring devices are shown in
blue; 1: LEBT/UH1, 2: gas stripper section/US4, 3: poststripper/UA4, 4: transfer line/TK5, 5: transfer line/TK8.
The positions of the emittance meters (slit-grid devices)
used for the measurements presented in this paper are also
shown in Fig. 1. With the AC beam transformers installed
behind each accelerator cavity and along all transport
† email address: w.barth@gsi.de
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Figure2: Argon beam variation beyond UNILAC design
limitations.
For medium heavy ions beams (40Ar10+) the HSI-intensity level behind gas stripper exceeds the space charge limit
of 7 emA specified for SIS18. This enables to investigate
acceleration and transport for space charge dominated
beams inside entire UNILAC and transfer line to the
SIS18. As depicted in Fig. 2, for further high intensity
measurements the stripper gas density was chosen such
that the desired Ar10+ current of 7 emA was achieved after
optimization of the poststripper and TK. Also for highly
charged ions (Ar18+), stripping with a suitable carbon foil
(400 g/cm2) allows to reach intensities that enable to fill
the SIS18 up to the so-called space charge limit. The design
current limit given in Fig. 2 (dashed line in red) is based on
the FAIR requirements or the space charge limit achievable
by multiturn injection of the high current beam from UNILAC into the SIS18.
Intensity variation at UNILAC is achieved by varying
the gas stripper target density, which allows the particle
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density in the desired charge state (Ar10+) to be varied over
a wide range 13-15]. However, since the defocusing space
charge force also increases (quadratically) for high ion currents, undesirable emittance-growth effects already occur
in UNILAC, which ultimately leads to measurable particle
losses. This is shown in Fig. 3 for different A10+ input intensities (1 emA – 10 emA). For the highest current of
10 emA, the particle transmission drops by about 10% due
to space charge.

to the extremely high space charge forces, since the requirements on the beam spot size for the separation of the
neighboring argon charge states are much smaller compared to the operation with heavy ions (e.g. Bi, U). For the
argon high-current campaign, the RF-supply of Alvarez
tank 4 was not available, so the UNILAC energy was
8.6 MeV/u. However, the emittance values given in the following are all normalized for better comparability. An
Ar10+-transmission of about 65% for poststripper and transfer line could be achieved for this high intensity.

Figure 5: High intensity 40Ar-beam emittance and current
measurements along UNILAC and TK.
Figure3: Beam transmission at poststripper and transfer
line to SIS18 for different beam currents.

HIGH INTENSITY UNILAC MACHINE
INVESTIGATIONS
In order to optimize the UNILAC poststripper for operation with the highest ion current, the particle transmission
was first investigated by varying the transverse zero current phase advance. As Fig. 4 shows, the maximum achievable transmission is reached at a phase advance of 45 degrees. As known from previous investigations, the phase
advance must be set to approx. 55 degrees to minimize the
growth of emittance due to space charge; this was carried
out for all subsequent investigations.

Figure4: Ar10+- beam transmission as function of the zero
current phase advance for two different beam currents.
For the results of the Argon emittance measurements
shown in Figs. 5 and 6, the stripper gas density was adjusted so that the FAIR design current of 7 emA (Ar10+) was
available at the end of the transfer line to the SIS18 16,17].
For argon high-current operation the effect of emittance
asymmetry described in, turns out to be much smaller, because the horizontal beam spot can be set much larger due
Proton and Ion Accelerators and Applications
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Bearing in mind the very high ion current in this section
of UNILAC, the average transverse rms-emittance growth
is relatively low at 35% and fits perfectly into the transversal acceptance of the synchrotron. The evolution of the
transverse beam emittance along the UNILAC and transfer
channel under high current conditions is displayed in
Fig. 6. High current front to end-simulations at GSI-UNILAC were published in 18]. The simulated emittance
growth depends strongly on the starting conditions. For
high current operation emittance grows under ideal conditions inside poststripper and TK by almost a factor of 2 at
a beam transmission of 70%.

Figure 6: Evaluation of high intensity 40Ar-beam emittance
measurements corresponding to fig. 10.

BEAM BRILLIANCE ANALYSIS
The measured beam brilliance is defined as the measured
beam current divided by the accordingly measured beam
emittance. The fractional brilliance is obtained when the
measured beam emittance is cut in the post analysis so that
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particles (with highest momentum) are removed from the
limiting edge. The remaining phase space area is again divided by the remaining current and results in the corresponding fractional brilliance. For the determination of the
beam brilliance at the end of the transfer line (TK8), the
beam emittance was evaluated again in more detail and
linked to the corresponding beam current measurement.
For brilliance analysis, the fractional emittance values
were determined in the horizontal and vertical directions,
resulting in corresponding fractional brilliance quantities
which can be obtained by cutting the phase space in the
dedicated collimation channel directly in front of the installed emittance measuring device. Fig. 7 shows the normalized Ar10+ and U28+(fractional) beam brilliance analysis
based on beam emittance and corresponding beam intensity measurements at the end of the transfer line (TK8) to
the SIS18. The data refers to the norm. high current FAIR
requirement of 1mA/m defined for U28+ as reference ion
(A/Z = 8.5; I = 15 emA, hor. emittance = 1 m).This FAIR
demand is also plotted as the horizontal brilliance of the
injected UNILAC beam required to reach the SIS 18 space
charge limit by multi turn injection into the ring accelerator
(dashed line). One can easily see that the brilliance increases from the edge to the core of the phase space distribution. By suitable collimation of the phase space distribution in such a way that about 5 emA Ar10+ remains, the
SIS18 space charge limit can be reached. By this method
the FAIR design condition in particular for medium heavy
ions could be fulfilled.

SUMMARY AND OUTLOOK
In preparation for successful high current operation with
medium and heavy ions, the full spectrum of ions at high
intensity is available for the first time in 5 years. For medium-heavy ions, the UNILAC is now easily capable of delivering the intensities required to achieve the SIS18 space
charge limit. However, the decisive parameter for this is
the beam brilliance, i.e. the current in a given phase space
area. By horizontal collimation of the UNILAC beam emittance at the end of transfer line, the space charge limit
could be reached at slightly lower pulse currents, but accordingly longer injection times [19, 20]. The conducted
high current Argon beam measurements throughout the
UNILAC-poststripper and TK show a transversal emittance growth of only 35% for the design current of 7 emA
(40Ar10+) at the end of TK. The measured high current Uranium beam emittance grows with 40% until SIS18 injection accordingly. Through horizontal collimation
(2.5mmmrad), the number of Uranium particles in this
phase space area is sufficient to fill the SIS18 up to 30% of
the space charge limit. Further improvements in brilliance
can be expected from the planned upgrade measures, in
particular on the high-current injector linac.
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RF COMMISSIONING OF THE FIRST-OF-SERIES CAVITY SECTION OF
THE ALVAREZ 2.0 AT GSI
M. Heilmann∗ , L. Groening, C. Herr, M. Hörr, S. Mickat, B. Schlitt, G. Schreiber
GSI Helmholtz Centre for Heavy Ion Research, 64291 Darmstadt, Germany
Abstract
The existing post-stripper Drift Tube Linac (DTL) of the
GSI UNILAC will be replaced with the new Alvarez 2.0
DTL to serve as the injector chain for the Facility for Antiproton and Ion Research (FAIR). The 108.4 MHz Alvarez 2.0
DTL with a total length of 55 meters has an input energy
of 1.36 MeV/u and the output energy is 11.32 MeV/u. The
presented First-of-Series (FoS) cavity section with 11 drift
tubes and a total length of 1.9 m was planned as the first
part of the first cavity of the Alvarez 2.0 DTL. After copper
plating and assembly of the FoS-cavity the RF-conditioning
started in July 2021. These contribution gives an overview
on the results of the successful RF-conditioning to reach
the necessary gap voltage for uranium operation including a
comfortable safety margin.

INTRODUCTION
The UNIversal Linear ACcelerator UNILAC (Fig. 1) at
GSI (Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany) will serve as main operation injector for
the Facility for Antiproton and Ion Research FAIR (Fig. 2
and [1, 2]). The UNILAC is able to deliver ion beams (protons [3] up to uranium) for different experiments in parallel
(pulse-to-pulse switch mode) with individual ion species
and energies. For the upcoming FAIR project an update
of the UNILAC in terms of high beam intensities, quality,
and high availability is required. The construction of a completely new Alvarez-DTL 2.0 will fulfill these requirements
with new beam dynamics [4]. Additionally, an increased
shunt impedance per surface field on the drift tubes [5] is
essential for the new RF-design (Table 1) [6]. The First-ofSeries (FoS) Alvarez-Cavity was planned as the first section of the first tank of the new Alvarez 2.0 and was used
for extensive prototyping. The RF-design study with CSTsimulations [7] of the FoS-Cavity [8, 9] was verified with a
scaled model [10–12] and the mechanical cavity design [13]
ended with successful LLRF-measurements of the copper
plated FoS-cavity [14].

Figure 2: Schematic overview of the current GSI (blue)
and the new FAIR complex in the complete expansion stage
(red).
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 diameter

MHz

108.408
≤ 8.5
1.76×A/q
-30 / -25
1.358
3.0 – 11.3
≤ 0.8
≤ 2.5
≤ 1.0
≤ 10
5
25 – 52
109.9 – 327.0
180 – 190.3
30 / 35

mA
deg.
MeV/u
MeV/u
μm
μm
ms
Hz
#
#
mm
mm
mm

FOS ALVAREZ CAVITY SECTION

Figure 1: Schematic overview of the upgraded GSI UNILAC
with five individual Alvarez-type post-stripper DTLs.
∗

The First-of-Series cavity (Table 2) [15] is the first tank
section of the Alvarez 2.0-DTL (Fig. 3). The empty drift
tubes were fabricated internally at the GSI workshop for a
cost-effective high power RF-test campaign. After copperplating of all components [14], time-consuming mounting,
and challenging adjustment of the drift tubes including media supply had to be carried out in preparation for the RF-test.
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Figure 3: The copper plated FoS-Alvarez cavity section with a length of 1.9 m and 11 drift tubes. The drift tubes are
installed at the top of the tank, but other combinations are possible. The bottom houses RF coupling and an service access.
The new inductive incoupling loop for a 6 1/8" rigid RF-line is connected to the 1.8 MW RF-power amplifier. Three vacuum
pumps and two dynamic plungers are installed at the FoS cavity.
Table 2: Parameters of the FoS-Alvarez-Cavity
Parameter
RF-Frequency
Input energy
Output energy
Gaps
Gap length
Drift tubes
Drift tube length
Drift tube diameter
Aperture
Tank diameter
Tank length
Total power (sim.)
Q - Factor (sim.)

Unit

Value

MHz
MeV/u
MeV/u
#
mm
#
mm
mm
mm
mm
mm
kW

108.408
1.358
1.705
12
40.5 – 44.6
11
109.9 – 121.0
180.0
30.0
1952.6
1880.5
318
82000

Low Level RF-Measurements
The incoupling loop is connected to a 6 1/8” rigid RFline and has an S11 -parameter of -26.2 dB at an angle of
about 30 degrees in the electric field without vacuum. The
change in penetration depth of the dynamic plunger is
23.2 mm for a constant operating frequency at 1000 mbar
and 7.6×10−7 mbar, respectivelly. The Alvarez-DTL 2.0 will
use four dynamic plungers per cavity and for the RF-testing
with the FoS-Alvarez, just one dynamic plunger was used
(2nd plunger was available, but not necessary) to change the
frequency in operation within the linear range.
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RF-Conditioning
The high power RF-conditioning at the FoS cavity was
carried out with an 1.8 MW amplifier [16] in the second half
of 2021. This power amplifier for short pulse operation build
by Thales [17] has been in regular operation at the existing
Alvarez-DTL (A.IV) since the beam time 2019. For the RFtest a new 6 1/8" rigid line between the RF-gallery and the
test cave was installed and the inductive incoupling loop has
been S11 -optimized. The frequency spectrum shows no parasitic modes close to the operation frequency (neighboring
frequencies: 67.2 MHz and 130.4 MHz). The 𝜔0 -regulation
controls the dynamic plunger (∅𝑎 190 mm) with a z-axis
precision manipulator [18] to keep the operating frequency
constant. The RF-conditioning of the FoS-cavity has been
divided into three test modes. Uranium and non-uranium
operation (Table 3) as well as the testing of the maximum
possible RF-power coupling. For reasons of time, the conditioning did not start with low RF-power and then gradually
increasing the RF-performance. The powerful 1.8 MW amplifier allowed to increase quickly the RF-power to high levels. This jump meant that the entire pulse was not in the flat
Table 3: FAIR-Relevant RF-Parameters for the FoS-Alvarez.
Parameter

Unit

UranBeam

Non UranBeam

Repetition Rate
Beam Pulse length
RF-Power P 𝑓

Hz
ms
kW

10
1.0
269 + 40 %

10
< 2.5
≪ 269

MOPOPA17
107

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-MOPOPA17

at the uncooled front side (Fig. 4 bottom). The drift tube of
the new Alvarez-DTL has just a water cooled mantel and no
active end plate cooling.
The gap voltage has been verified with X-ray energy measurements (Fig. 5). The channels on the gamma spectrometer
have been calibrated with the excitation energies of 241 Am
(E𝛾 =1771 keV) and 152 Eu (E𝛾 =2200 keV). Several gamma
spectra were measured during the RF-conditioning and an
example of the uranium beam operation with safety margin
is shown in the Fig. 5. The gap voltage estimated from the
X-ray energy measurements for the uranium case as well as
other RF-settings confirmed the gap voltages corresponding
to the RF-power expected from simulations.

OUTLOOK

Figure 4: Measured vacuum pressure (top) and temperature
(bottom) for constant RF-operation of the FoS-Alvarez at
Pf =333 kW, Pr =3.3 kW.
top and the tank was conditioned from high to lower power,
while the desired high RF-coupling could already be preconditioned in parallel. The repetition rate was at 10 Hz throughout the conditioning campaign, while the pulse length was
varied. The RF-conditioning started on Juli 28, 2021 and for
a short time, the conditioning had to be done manually at the
beginning. The RF-amplitude control became operational
on August 4, 2021 and the 𝜔0 -control has been activated on
August 10, 2021. After conditioning the reverse RF-power
was about 1% of the forward RF-power. The tank pressure
during the RF-conditioning was in the range of 7×10−7 mbar
with a pump capacity of 2100 l/s (Fig. 4 top). The temperature increased at an uncooled DN 200 CF blank flange from
about 25.5 °C to 31.5 °C and the water cooled drift tubes at
constant RF-operation with Pf =333 kW remained at 31 °C

After the successful RF-test, tendering of all Alvarez-tank
sections has started. At the present time the first Alvareztank (2x end plates and 5x tank sections) are already being
built and will be delivered in Q1 2023. A study of the longest
drift tube with an aperture of 35 mm has been started and
52 drift tubes for the first tank have been tendered.
The FoS-Alvarez tank will continue to be used as an RFtest stand in order to have an RF-load available for necessary
RF-investigations on the Thales high-power amplifier.
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Abstract
In order to improve the UNILAC performance for the
upcoming use as heavy ion injector for the FAIR accelerator chain, dedicated beam investigations have been carried
out. In particular measurements with Bismuth and Uranium
beam require the maximum accelerating voltage of rf cavities, power of rf transmitters and exciting current of magnet
power converters. After four years without regular Uranium
high current beam operation (2017-2020), recently the UNILAC has been operated again with full performance. Several
upgrade measures will improve the UNILAC capability. In
combination with the prototype pulsed hydrogen gas stripper, beam intensities close to the FAIR requirements are
achievable.

INTRODUCTION
The UNILAC is designed as a universal linear accelerator
for all ion types of different mass from protons to uranium.
The UNILAC consists of different ion source terminals, the
High Current Injector HSI with the adjacent stripping section, the poststripper, a chain of ten single gap resonators
and the transfer channel to SIS18 (Fig. 1).

Figure 1: Overview of the GSI Universal Linear Accelerator (UNILAC) [1]; numbered blue dots mark positions of
installed emittance measurement devices.
In the HSI ion beams are accelerated from 2.2 keV/u
to 1.4 MeV/u with an RFQ and two IH-DTL-tanks. The
poststripper contains five Alvarez tanks and ten single gap
resonator cavities. Its nominal output beam energy is
11.4 MeV/u. Lower energy steps can be chosen by individually turning off Alvarez cavities, fine tuning is accomplished
with the single gap resonator chain.
High current Uranium beam machine experiments were
carried out in 2015 and 2016 for the last time before a four
year break. At this time only three of the five Alvarez DTL
post stripper tanks were available, due to upgrade and maintenance work at the RF-amplifier systems. For this the achiev∗
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able high current beam brilliance at injection into the heavy
ion synchrotron SIS18 could be estimated only on the base of
front-to-end high-current measurements with proton beam
performed in 2014 [1–14].

HEAVY ION BEAM INVESTIGATIONS
In 2021 and 2022 measurement campaigns have been
conducted with high intensity heavy ion beams (Uranium,
Bismuth, Tantalum, Xenon) and with medium and light
ion beams (Argon, p+ ). Bismuth and Uranium beams have
been utilised for an advanced optimization campaign along
entire UNILAC (described in this report), while an Argon
beam has been used to test space charge dominated beam
operation [15].
HSI-RFQ- and the superlens-operation (SL) were suffering from performance restrictions, nevertheless since heavy
ion beam operation is again possible the U28+ beam performance at the end of the transfer channel could be significantly
improved.

HSI RFQ and Superlens Optimization
After a beam line modification during shutdown 2017, the
RF performance of the HSI-RFQ was strongly degradated
(while RFQ kept under atmosphere conditions for almost
one year). During recommissioning in 2018 only 70% of
the nominal RF-voltage could be reached. As the the copper
surfaces were degradated, new electrodes (rods) have been
installed (2019). After recommissioning with light ions
and U5+ , the working point of the HSI-RFQ has been redefined: With a medium heavy ion beam (Ar2+ and Ar1+ ),
the beam transmission through the HSI has been scanned
in a wide range from voltages far below the working point
to high voltages well above. The result was a surprisingly
long plateau of almost full transmission and sufficient beam
performance. The working point was sufficiently re-defined
at an RF voltage closely above the kink point to the plateau.
This was confirmed by measurements with Uranium (A/Z
= 59.5), and also with ion beams of an even higher massover-charge ratio: 181 Ta3+ (A/Z = 60.3) and 124 Xe2+ (A/Z =
62) [16].
The superlense suffered from short breakdowns during
beam operation at high RF voltages, probably when the SL
electrodes were hit by the ion beam. In order to avoid further
breakdowns, the beam was partly collimated in the LEBT
right before RFQ-injection. Additionally an RF high power
coupler with with an enlarged loop surface was mounted.
However, this only slightly improved the HF perormace, so
that the SL rods will be exchanged in the next shutdown.
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Stripper Development
The stripping efficiency for the desired U 28+ -fraction is
65% higher, when a pulsed hydrogen gas target at 1.4 MeV/u
is used, as confirmed in may differnt machine investigation
campaigns (w.r.t. nitrogen gas target). Technical and safety
issues do not yet allow a routine operation of the hydrogen gas target so far. Only short test periods of only three
days have been performed applying the pulsed hydrogen
gas stripping. After an upgrade of the stripper gas cell the
optimal H2 target thickness of up to 14 μg/cm2 (for stripping
to charge state 28+) was available from 2021 on, confirming
an absolute stripping efficiency of 21%, while the efficiency
for the standard N2 gas stripping is only 12.5% (Fig. 2).
Applying recent technical developments durability has been
significantly improved (2022) [10].

Figure 3: Transversal Uranium (U28+ ) beam brilliance behind the gas stripper.

tor. Emittance growth along UNILAC has been investigated
in 2019, 2020 and 2022 with high intensity Bismuth and
Uranium beams.
The measured transversal emittances and the beam pulse
currents for Uranium, shown in Fig. 4, were measured at
LEBT-section (U4+ ), behind the H2 -gas stripper (U28+ ), behind poststripper and in the middle (TK5) and at the end
(TK8) of the transfer line to the SIS18.

Figure 2: Uranium beam stripping efficiency for two different stripper targets (N2 (blue) and H2 (red)).
Injection into SIS18 requires a small horizontal beam
emittance. For pulsed H2 -gas stripper operation, the vertical beam emittance for high intensity uranium beam (7.0
emA, U28+ ) is increased, while the horizontal emittance
is simultaneously decreased, confirming former emittance
measurements with 209 Bi26+ at the H2 -target. The horizontal U28+ beam brilliance at 1.4 MeV/u scales inversely with
the pulse current (Fig. 3). The horizontal beam brilliance
inside the beam core is increased significantly by applying
the H2 -stripper target instead of the N2 -target.
To achieve SIS18-heavy ion beam energies of up to 1
GeV/u, higher charge states of the ion beam are mandatory
by foil stripping at full UNILAC beam-energy (11.4 MeV/u)
in the transfer channel. The high intensity Uranium beam
(5 emA U28+ ) has been applied to investigate beam emittance
blow up due to straggling effects at the carbon foil targets. In
order to minimize beam spot enlargement, the foil thickness
was reduced from 600 to 400 μg/cm2 at a remaining stripping
yield in the desired charge state (73+). However, the energy
loss is thereby reduced, while in particular the horizontal
emittance growth is significantly lowered by 30%.

Front-to-End Measurements
The horizontal beam emittance is the key beam parameter
to estimate the high-current capability of a synchrotron injec-
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Figure 4: Transversal U4+/28+ emittance measurements along
UNILAC.
An increase of the vertical emittance and a significant
decrease of the horizontal emittance appeared behind gas
stripper, which remain constant along the complete UNILAC (Fig. 5). At the end of the transfer channel a three
times smaller horizontal emittance was measured compared
to the vertical plane. For injection into SIS18, a very small
horizontal emittance of 0.42 mm mrad (4×rms, 90%, normalized) was measured. From the LEBT to the end of the
transfer channel (TK8), no net emittance growth has been
observed in the horizontal direction, whereas the vertical
emittance increases by a factor of 5. (However, it has to be
noted that particle losses of > 40% along post stripper and
transfer channel must be taken into account.)
Comparable emittance measurements were performed
with Uranium beam as shown in Fig. 6. The effect of asymmetric horizontal emittance growth and simultaneous vertical reduction was less pronounced compared to the Bismuth
beam measurements.
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smaller than in 2021, resulting in a brilliance increase of
≥150%, as shown in Fig. 8.

Figure 5: Transversal Bi4+/28+ emittance along UNILAC
[17].

Figure 8: TK8 beam brilliance analysis.

Figure 6: Measured transversal U4+/28+ emittance along UNILAC for the 2022 and 2021 campaign.
The recent machine investigation campaign (2022) confirmed the results from 2019 and 2020 applying hydrogen
gas stripping. The high current emittances for low and high
charge state measured at the end of the transfer channel
(TK8) are displayed in Fig. 7. The measured horizontal
emittance was sufficiently small; 0.46 mm mrad (4×rms,
90%, normalized) for the U28+ beam, and 0.42 mm mrad
for the U73+ beam, matching the acceptance of SIS18 of
0.75 mm mrad. An additional emittance blow up for the
U73+ beam does not result in measurable larger emittance
size.
Despite superlens performance restrictions the recently
measured U28+ beam performance at TK8 was significantly
improved (compared to 2021). With an inverted polarity of
the quadrupole quartet in front of the RFQ applying hydrogen gas stripping the horizontal emittance was considerably

Investigations of Uranium beam matching to the SIS18
were conducted in 2022. The fast current transformer analysis, displayed in Fig. 9, shows a SIS18-RF capture efficiency
of more than 90% as a result of the longitudinal beam shape
adaption applying UNILAC rebuncher cavities behind post
stripper and in the transfer channel.

Figure 9: RF capture of the UNILAC beam in the SIS18.

SUMMARY
With heavy ion beams (Bi, U) sufficiently small horizontal
beam emittances along the UNILAC up to the SIS injection
have been achieved, as well as successful longitudinal matching to the SIS18 applying dedicated rebuncher settings. A
significant improvement in beam brilliance (factor of ≥2.5)
has been achieved by using the pulsed hydrogen gas stripper
and through a reversion of the QQ polarity, allowing to fill
the SIS18 up to 30% of its space charge limit.
Among several GSI linac projects [18–25], the upgrade of
UNILAC in order to fulfill the FAIR requirements is already
defined. Some upgrade measures have already been carried
out; besides dedicated repair measures after damages (exchange of RFQ rods). Thus, the UNILAC operation is fully
feasible again - furthermore, significant performance improvements on the way to a FAIR injector could be achieved
in the last three years.
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Table 1: General Characteristics of the HELIAC Accelerator

Abstract
The integration of the accelerator components in to the
cryogenic module prototype (Advanced Demonstrator) is a
major milestone of the R&D for the superconducting heavy
ion continuous wave linear accelerator HElmholtz LInear
ACcelerator (HELIAC) at GSI. The HELIAC is a joint
project of Helmholtz Institute Mainz (HIM) and GSI developed in collaboration with IAP Goethe University Frankfurt.
This module is equipped with three superconducting (sc)
Cross bar H-mode (CH) acceleration cavities CH0-CH2
and a sc rebuncher cavity, as well as two sc solenoids. The
commissioning of the cryogenic module with Argon beam
at GSI is scheduled for August 2023. In preparation for the
beam test activities, the beam line, which connects the High
Charge State Injector (HLI) with the testing area, has been
installed. The beamline comprises a pair of phase probes
for Time Of Flight (TOF) measurement of the incoming
beam energy, quadrupole lenses and a 4-gap RF-buncher cavity. The beam diagnostics bench behind the cryo module is
equipped with phase probe pairs, a slit grid device, a Bunch
Shape Monitor (BSM Feshenko monitor) for measurements
of the longitudinal beam profile. The bench allows complete
6 d characterization of the ion beam.

Property

Value

Frequency

108.408 MHz
(216.816 MHz1 )
≤6
Continuous wave
≤ 1 mA
3.5 MeV/u to 7.3 MeV/u
1.4 MeV/u
5
12

Mass-to-charge ratio
Repetition rate
Beam current
Output energy
Injector energy
Normal conducting cavities
Superconducting cavities
1

SC CH cavities operate at the second harmonic

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
experiments, smoothly varying the output particle energy
from 3.5 to 7.3 MeV/u and simultaneously preserving high
beam quality [14].

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 medium-energy
range, cw-Linacs can be used for several applications and
user experiments, 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 need for compactness and energy efficiency of such cw facilities requires
the use of superconducting (sc) technology in modern high
intensity ion linacs [5–9]. For this purpose the heavy ion
superconducting (sc) cw linear accelerator 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].
∗
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Figure 1: Layout of the HELIAC (top) and of the first cryogenic module i.e. "Advanced Demonstrator" (bottom).
Figure 1 shows the schematic layout of HELIAC, it comprising of ECR source, warm injector LINAC [15, 16] and
four cryogenic modules [17].
Following the successful beam test of the first cavity cavity
(CH0) within the Demonstrator [6, 10, 18] research project,
the next step towards realization of HELIAC is the development, manufacturing and operation of the first cryogenic
module (CM1) within the "Advanced Demonstrator" project
[18]. As shown in Fig. 1 it contains the demonstrator cav-
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Figure 2: 3d Model of the testing area at GSI (left) and photograph of cryostat installed in testing area.
ity CH0 [19] , two identical CH1 & CH2 cavities [20], a
two-gap re-buncher cavity (B) [21, 22] and two identical sc
solenoids S1 & S2).

CRYOGENIC MODULE TESTING AREA
AT GSI
B1

B2

Adwanced
Demonstrator

Figure 3: Schematic layout of matching line and beam diagnostic test bench.
For stable 4 K operation of the entire cw-Linac HELIAC a
cryo plant with 240 W total cooling power@4K is required.
The cryo plant of the GSI-Series Test Facility (STF) has a
cooling capacity of 700W and is already in operation for
testing of superconducting SIS100 dipole magnets for FAIR
project. After the magnet testing will be finished, the cryo
plant is foreseen to supply mainly the HELIAC. Figure 2
(left panel) shows a 3d model of Helium transfer lines and
the distribution boxes in the testing area. The LHe distribution box supplies the test area with liquid Helium. The
commissioning of the He-supply infrastructure has been accomplished in the 3rd quarter of 2020. In preparation for
further beam test activities, the beamline, which connects
the “GSI-HochladungsInjektor” (HLI) with the testing area,
was installed. Figure 2 (right panel) shows the installed
cryostat within the radiation protection shelter.
Figure 3 displays the schematic layout of the matching
line between HLI and cryogenic module testing area. The
beamline comprises current transformers, a pair of phase
probes for TOF measurement of the incoming beam energy, quadrupoles and two steering magnet pairs enabling
transversal matching and two 4-gap RF-buncher cavities for
longitudinal matching. Furthermore, new collimating slits
(in horizontal and vertical plane) in front of the test area
were installed in order to enable for beam-based alignment
of the cryogenic module . The slits cut out the beam halo
and potentially can produce a pencil like beam. The beam
diagnostics bench behind the cryostat is equipped with phase
probe pairs, a slit-grid device, a bunch shape monitor (BSMFeshenko monitor)[23] for measurements of the longitudinal
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beam profile. This setup allows complete 6d characterization of the ion beam. In 2021 two test beam times were
successfully accomplished. During the first run the BSM
was commissioned. The measured longitudinal profiles for
different rf-amplitudes of two bunchers could be used for the
reconstruction of the 2d longitudinal distribution [24] at the
exit of HLI. The projection of the reconstructed distribution
shows excellent agreement with measurements of another
BSM monitor, installed temporary at the exit of HLI. Additionally, the longitudinal profile has been measured with a
novel fast Faraday cup; the agreement with the BSM monitor
measurement [25] is excellent as well.
The second run was dedicated to the commissioning of
cryostat and the sc solenoids. Among others a key criteria
for successful site acceptance test of the cryostat is the fidelity of transversal positioning with respect to the beam
axis of the accelerator components during evacuation of the
isolation vacuum and during the cool down phase. Prior
beam test the position of temporarily installed cross hair targets - fixed on entrance and exit of both solenoids – could be
measured during evacuation and cool down with a dedicated
telescope equipped with a CMOS camera. The analysis
shows a movement of components during evacuation and
cool down in transversal plane less than 0.1 mm, which is
within the cryostat specification. After removal of the target,
the cryostat has been integrated into the beam line and could

Figure 4: Transverse beam emittance.
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be cooled down again. The electrical functionality of both
solenoids and their current leads were proven by ramping
up to the maximal design current of 100 A. The beam was
successfully focused on the profile grid behind the set up.
Under the influence of the solenoids, the beam was only
slightly displaced. It was possible to compensate the offset
by gentle excitation ( <1 A) of the steering coils, integrated
in the solenoid. Figure 4 shows the measured emittance of
an Ar8+ beam behind the cryostat without and with subsequently excited solenoids. The measured emittance growth
is negligible, so that the functionality and quality of the
solenoids is fully validated.

integration of rf–power coupler with CH2

ASSEMBLY OF COLD STRING IN CLEAN
ROOM AT HIM
The recent build laboratory of the Helmholtz Institute
Mainz (HIM) comprises amongst other things a cleanroom
(CR), which is dedicated as part of the infrastructure for the
SRF projects at GSI in Darmstadt and Johannes-Gutenberg
University (JGU) in Mainz [26]. The clean room without
further equipment and other auxiliary installations was already put into operation in November 2015. It features a
heavy duty aluminum double floor, capable for 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 with a resistivity of 18 MΩ cm) supplying the clean room. Besides
different locks the clean room is mainly divided into two
parts: a 42 m2 ISO-class 6 area (CR1) for cleaning and
preparation, and a 43 m2 ISO-class 4 (CR2) area, designated
for drying and assembly. The CR1 contains an ultrasonic
bath with a volume of 1 m3 and a conductance rinse bath
of the same volume. The High Pressure Rinsing cabinet
has been installed in the dividing wall between the CR1 and
CR2. Besides those large permanent installations the clean
room is equipped with additional smaller tools such as ionized nitrogen spray guns, other smaller US baths, a clean
room dishwasher, particle counters, wet and dry CR-vacuum
cleaners and two lift trolleys, used to lift and transport heavy
objects, besides perforated stainless steel tables, shelves and
trolleys.
Figure 5 shows 3d model of the cold string for CM1 as to
be assembled in clean room. The main components of the
cold string i.e. the cavities, solenoids and vacuum valves
subassembly are supported with trolley stands and should
be successively assembled together. The main components,

Figure 5: 3d Model of cold string assembly in clean room.
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assembly of S2 and CH2 with bellow

Figure 6: Integration of rf-power coupler into CH2 cavity
(top panel) and interconnecting the CH2 and S2 with bellows
(bottom panel) in clean room CR2 .
bellows and fastener are cleaned just in time in preparation
for the next step, intrinsically the stockpiling of the cleaned
components leads to contaminations with particulates.
The upper panel of Fig. 6 shows the integration of the
rf-power coupler [27] into the CH2 cavity, the bottom panel
displays the interconnection of CH2 cavity and vacuum below with the solenoid S2.

OUTLOOK
The assembly of the cold string and integration into the
cryostat is scheduled for Q4 2022, the installation at GSItesting area and cryogenic commissioning for Q1 of 2023,
followed by rf conditioning and commissioning of the low
level rf system. The CM1 commissioning with beam is
scheduled for Q3 of 2023. A variety of different activities for
the realization of the HELIAC project is still ongoing: R&D
on 18 GHz ECR ion source, prototyping of a cw capable
RFQ, manufacturing of an APF cw IH-DTL [15, 16], specification of cw capable high power rf-amplifiers for warm
injector linac, purchasing of CM2&3 -cavities, manufacturing of the CM2 cryostat, preparation of the linac tunnel, final
layout of the beam transfer line to experimental area, detailed
specification of beam line magnets and power supplies.
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Q DROP TENDENCY OF HALF-WAVE RESONATOR CAVITY ∗
Yoochul Jung† , Heetae Kim, Hyunik Kim, Hyojae Jang, Juwan Kim
Institute for Basic Science, Daejeon, Republic of Korea
Sungmin Jeon1 , Kyungpook National University, Daegu, Republic of Korea
Abstract
Half-wave resonator superconducting cavities (HWRs)
have been fabricated and tested. HWRs have been installed
in the low energy section of the LINAC and being ready
to be cooled down for the next step. All HWR cavities
have been completely tested in two ways: vertical test and
horizontal test. For the vetical test, HWRs were tested both
at 4.2 K and 2.1 K cryogenic surroundings although the
operating temperature is 2.1 K. Good cavity having higher
quality factor than that of the target value showed the 𝑄 0
drop tendency of 2.1 K was very similar to that of 4.2 K.
However, in many cases, 𝑄 0 drop tendency of 2.1 K was
not similar with 4.2 K, rather 𝑄 0 decreased more rapidly
than 4.2 K which means the surface resistance of the cavity
rapidly increased at 2 K surrounding. In this study, we will
report that various 𝑄 0 results of HWRs and discuss their 𝑄 0
drop tendencies as a function of temperature, 2.1 K and 4.2
K along with field emission.

INTRODUCTION
One of factors determining the performance of the cavity is a quality factor, 𝑄 0 . The quality factor decreases as
electric field increases due to the increase of the surface
resistance. The surface resistance consists of temperature
dependent term (𝑅 𝐵𝐶𝑆 ) and temperature independent term
(𝑅𝑟 𝑒𝑠 ). The residual resistance, 𝑅𝑟 𝑒𝑠 , originates from the material itself such as a lattice structure, impurities and grain
boundaries. On the contrary, the BCS resistance, 𝑅 𝐵𝐶𝑆 ,
coming from how much the material depends on the temperature, increases with temperature [1].
In addition to temperature effect on the cavity, a field
emission, detected as x-ray radiation, is also a critical factor
for limiting the cavity performance. Field emission current
causes x-ray radiation known as Bremsstrahlung radiation
[2]. With the existence of a proper field emission tip, the
field emission current starts to flow at or above a specific
electric field. Consequently, x-ray radiation starts to turn on
at or above this electric field. The intensity of field emission
current and the turn-on electric field depends on the size and
the curvature of the tip. And the x-ray radiation increases as
electric field increases similar to the field emission current.
At cryogenic temperature, a cavity must be conditioned
with a proper range of the electric field in order to achieve the
target applied electric field (𝐸 𝑎𝑐𝑐 ) in the cavity. Technically,
the cavity conditioning consists of two different purposes.
∗
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One is "RF surface conditioning", which means cleans RF
surface of the cavity to apply RF power effectively by removing the gases from the cavity surface such as 𝐻2 𝑂 and
other gases. This process takes a few hours depending on
the states of the cavity, and the low temperature baking is
well known method to cut down conditioning time dramatically [3]. The other is "field emission conditioning", which
means removes (lowers) field emission (x-ray radiation) with
proper RF power. This conditioning process is to remove
field emission tip itself or smoothen the tip. The RF power
can be applied either as a pulse mode or a continuous mode
depending on the intensity of x-ray radiation. This process
must be carefully carried out at high gradient because a long
time RF exposure to the cavity surface can degrade the cavity performance severely by damaging cavity surface such
as creating craters, thus the RF mode and conditioning time
must be carefully chosen in this case [2].

VERTICAL TEST
Similar to a quarter wave resonator cavity (QWR) in RISP,
HWR cavity showed a very similar 𝑄 0 drop tendency, which
means 𝑄 0 decreased linearly with 𝐸 𝑎𝑐𝑐 as long as no x-ray
radiation observed, while 𝑄 0 decreased dramatically after
the onset of x-ray radiation. Figs. 1–3 show the typical three
types of test results. For the HWR vertical test, the field
emission conditioning was carried out in 2K while the RF
surface conditioning was performed at 4K because HWR
cavity operates at 2K and the RF power is more effectively
applied at 2K due to the less surface resistance of the cavity.

RF Surface Conditioning
When the cavity reaches 4K, the input RF power is set
1 Watt and check out the pickup signal monitored through
both a power meter and a spectrum analyser. The input RF
power is controlled in order to increase the pickup signal of
the cavity very slowly. This process ends when 𝐸 𝑎𝑐𝑐 in the
cavity reaches target 𝐸 𝑎𝑐𝑐 , 6.6 MV/m, or a moderate amount
of x-ray radiation begins, for example, 50 ∼ 100 µ Sv/h in
RISP test facility.

Field Emission Conditioning
The HWR cavity is cooled down to 2K cryogenic temperature for measuring quality factor. Increase input RF power
CW/pulse mode to remove (lower) x-ray radiation while
checking out 𝐸 𝑎𝑐𝑐 of x-ray turn-on and the vacuum pressure
in the cavity. It is good evidence to observe the change of
x-ray turn-on and vacuum pressure because not only turn-on
𝐸 𝑎𝑐𝑐 increases but the sharp vacuum peak appears when the
field emission tip is removed or smoothened. Depending on
the size and geometry of the field emission tip. The effect of
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field emission conditioning can be classified as three types.
Fig. 1, Fig. 2, and Fig. 3 show three distinct types with the
field emission conditioning. Fig. 1 shows the FE conditioning was successively performed, thus x-ray turn-on 𝐸 𝑎𝑐𝑐
increased and x-ray radiation at the same 𝐸 𝑎𝑐𝑐 decreased.
On the contrary, Fig. 3 shows the FE conditioning deteriorated the cavity due to the long time RF exposure at high
gradient, which means not only x-ray turn-on decreased but
x-ray radiation increased at the same 𝐸 𝑎𝑐𝑐 . As the last type,
x-ray turn-on 𝐸 𝑎𝑐𝑐 and the X-ray radiation slightly changed
- slightly better or slightly worse - with FE conditioning,
Fig. 2 shows that the cavity was slightly degraded with FE
conditioning. Fig. 4, Fig. 5 and Fig. 6 show the turn-on 𝐸 𝑎𝑐𝑐
when x-ray radiation starts with FE conditioning. X-ray radiation was replotted in log scale to determine 𝐸 𝑎𝑐𝑐 more
precisely.

Figure 3: Quality factor and x-ray radiation of No.55 HWR:
the square line and circle line represent 4K and 2K data,
respectively.

Figure 4: Turn-on 𝐸 𝑎𝑐𝑐 of x-ray radiation of No.44 HWR:
the square line and the circle line represent 4K and 2K xray radiation, respectively, (a) plotted in linear scale and (b)
replotted in log scale.
Figure 1: Quality factor and x-ray radiation of No.44 HWR:
the square line and circle line represent 4K and 2K data,
respectively.

Figure 5: Turn-on 𝐸 𝑎𝑐𝑐 of x-ray radiation of No.46 HWR:
the square line and the circle line represent 4K and 2K xray radiation, respectively, (a) plotted in linear scale and (b)
replotted in log scale.

ENHANCEMENT FACTOR, 𝜷

Figure 2: Quality factor and x-ray radiation of No.46 HWR:
the square line and circle line represent 4K and 2K data,
respectively.
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The enhancement factor accounts for explaining how field
emission current changes depending on the geometry of the
field emission tip. The enhancement factor, 𝛽 was plotted
from the x-ray radiation counting rate 𝑁¤ (eq.1), which follows Fowler-Nordheim equation in the RF field, where E
is the electric field at the surface, 𝜙 is the work function, 𝛾
represents the dependence of breamsstrahlung production
and x-ray radiation absorption. The function 𝜈 of the variable y=3.79×10−4 𝐸 1/2 depend weakly on the electric field.
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Figure 6: Turn-on 𝐸 𝑎𝑐𝑐 of x-ray radiation of No.55 HWR:
the square line and the circle line represent 4K and 2K xray radiation, respectively, (a) plotted in linear scale and (b)
replotted in log scale.

In this relation, RF field change, the generation of the field
emitted electrons, the acceleration of electrons, and the absorption of the x-ray radiation are taken into account [4].
The values of 𝛽 calculated from the fitting of x-ray radiation
are summarized in Table 1. The value of enhancement factor,
𝛽2𝐾 compared with 𝛽4𝐾 , shows the effect of FE conditioning
at 2K on the cavity. In case of No. 44 HWR, the value of
𝛽2𝐾 decreased with FE conditioning, thus x-ray radiation
decreased (Q factor increased) and turn-on electric field,
𝐸 𝑎𝑐𝑐,2𝐾 ,𝑂 𝑁 increased. However, the FE conditioning did
not make good effect on the No. 46 and 55. Rather, the FE
conditioning deteriorated No. 46 due to the long time RF
exposure at high gradient. Thus, all three typical types of
FE conditioning effects on the cavity are shown in Fig. 7


−6.83 × 107 𝜈(𝑦)𝜙3/2
5/2
1+𝛼 𝛾
¤
𝑁 = 𝐶 (𝛽𝐸) (𝐸 ) exp
(1)
𝛽𝐸

Table 1: Enhancement Factor and Turn-on 𝐸 𝑎𝑐𝑐
HWR

𝛽4𝐾

𝛽2𝐾

𝐸 𝑎𝑐𝑐,4𝐾 ,𝑂 𝑁

𝐸 𝑎𝑐𝑐,2𝐾 ,𝑂𝑁

44
46
55

688
794
632

550
964
652

4.0 MV/m
3.8 MV/m
4.6 MV/m

5.2 MV/m
3.2 MV/m
4.5 MV/m

CONCLUSION
For the low energy LINAC segment, vertical tests of HWR
cavities have been conducted for almost 2 years. We have
observed that many cavities failed to pass the performance
tests mainly due to the field emission, while a thermal quench
also was another failure reason for tests. We have analysed
why the quality factors of cavity at 2K showed different
Q-drop tendency with FE conditioning. FE conditioning
strongly depends on the initial state of the cavity surface, thus
the effect of FE conditioning depends on the geometry of the
field emission tip. FE conditioning is essential process for
operating superconducting cavity, however FE conditioning
must be carefully carried out not to deteriorate the cavity by
controlling RF mode and conditioning time.
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Figure 7: Three types of Q-drop tendencies with FE conditioning: (a)𝛽2𝐾 < 𝛽4𝐾 , turn-on 𝐸 𝑎𝑐𝑐,𝑂𝑁 increased, (b) 𝛽2𝐾
∼ 𝛽4𝐾 , turn-on 𝐸 𝑎𝑐𝑐,𝑂𝑁 remains almost same, (c) 𝛽2𝐾 >
𝛽4𝐾 , turn-on 𝐸 𝑎𝑐𝑐,𝑂𝑁 decreased.
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RF BEAM SWEEPER FOR PURIFYING IN-FLIGHT PRODUCED
RARE ISOTOPE BEAMS AT ATLAS FACILITY*
A.C. Araujo Martinez, R. Agustsson, S.V. Kutsaev†, J. Peña Gonzalez, A.Y. Smirnov
RadiaBeam Technologies, LLC, Santa Monica, CA, USA
B. Mustapha, Argonne National Laboratory, Lemont, IL, USA
Abstract
RadiaBeam is developing an RF beam sweeper for purifying in-flight produced rare isotope beams at the ATLAS
facility of Argonne National Laboratory. The device will
operate in two frequency regimes – 6 MHz and 12 MHz –
each providing a 150 kV deflecting voltage, which doubles
the capabilities of the existing ATLAS sweeper. In this paper, we present the design of a high-voltage RF sweeper
and discuss the electromagnetic, beam dynamics, and
solid-state power source for this device.

INTRODUCTION
The Argonne Tandem Linac Accelerator System (ATLAS) is the national user facility, providing stable and radioactive low-energy heavy ion beams. The latter have
supported multiple astrophysics experiments for about two
decades [1]. One way of producing Radioactive Ion Beams
(RIB) at ATLAS is the in-flight method, providing access
to more than 100 short-lived isotopes in the mass range up
to A∼60 [2]. During this process, the primary beam
traverses the production target. Its energy is degraded, and
the beam acquires a long low-energy tail from the multiplescattering processes in the target material. These tails can
easily dominate the low-intensity RIB beams of interest.
To handle the large divergence and energy spread of the
in-flight produced beam, an in-flight radioactive beam separator (AIRIS) was recently commissioned to enhance the
radioactive beam capabilities of the ATLAS facility [3].
This system, shown in Fig. 1 (top), consists of a production
target placed at the end of ATLAS followed by a two-step
ion separator. The first step is a magnetic achromat while
the second consists of an RF sweeper or chopper [4,5].

The RF sweeper provides contaminant beam reduction
through velocity differences: a time difference eventually
develops between the two beam components due to the velocity difference and results in a varying deflection in the
time-dependent electric deflecting field (see Fig. 1) [6]. For
many cases of interest at ATLAS, the currently existing
sweeper, operating at an ATLAS sub-harmonic of 6 MHz
with a maximum voltage of 55 kV, was sufficient for a
clean separation with 1-meter-long sweeper plates and a
10 cm gap. However, there are still many other beams that
require at least twice as high voltage.
One class of experiments that could benefit from a
higher-voltage separator would be those beams produced
in fusion evaporation, such as the (3He, n) reaction used for
production of 22Mg from 20Ne and 44Ti from 42Ca. These
beams are also wanted at low energy (< 5 MeV/u). Another
class of experiments could be the beams that are created
with (d, p) for A>30. Here, the issue is the primary beam
charge states, so, it would be helpful to have a larger kick
of these beams, which are typically requested at more like
10 MeV/u, as the fully stripped primary beam is close in
energy to the beam of interest. For lower energy beams ~
5 MeV/u, 6 MHz would be better because of the flight
time. Hence a new RF sweeper design that includes
12 MHz high voltage for fast beams > 10 MeV/u, and
6 MHz with moderately high voltage for low energy beams
~5 MeV/u is needed.
In order to enable these experiments, RadiaBeam is developing the RF sweeper capable to operate at both 6 MHz
and 12 MHz frequencies with about triple the voltage of
the existing ATLAS sweeper. We have completely revised
the electrical and engineering design of the original
sweeper to allow operation at 150 kV.
In this paper, we present the electromagnetic design of
the high voltage RF sweeper, beam dynamics, the conceptual engineering design, and the design of the solid-state
RF power supply to feed the system.

ELECTROMAGNETIC DESIGN

Figure 1: Layout of the ATLAS in-flight RIB facility (top)
and the scheme of rare isotope RF separation (bottom).

___________________________________________
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We designed a structure capable to operate at both
6 MHz and 12 MHz frequency. The maximum operation
voltage in both regimes is up to 150 kV. The design relies
on the idea of establishing resonance between the capacitor
(electrodes) and variable inductance (coil). We decided to
use a sliding contact (switch) that electrically divides two
coils in series. Figure 2 shows the circuit diagram of the
device and its 3D model in CST Microwave Studio.
The operation principle of the sliding switch is the following: the switch is disconnected to enable the 6 MHz
mode in which the two coils are in series, and when the
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switch is connected it creates a short circuit at the end of
Coil 1, enabling the 12 MHz mode.

with the resonant structure to account for mechanical tolerances.
We performed beam dynamics simulations in the old
sweeper using the TRACK code [7]. In particular, we simulated 50Ca beam, obtained from 48Ca at 10 MeV/u with a
two-neutron pickup. Figure 4 demonstrates that the 48Ca
primary beam core & tail are eliminated by AIRIS/Raisor,
while 49Ca contaminant is reduced but not completely eliminated. With a higher voltage in the new sweeper, we could
potentially remove the remaining contaminants.

Figure 2: Schematics of dual frequency RF sweeper (left)
and its 3D model (right).
We tuned the cavity to the required frequencies by adjusting the number of periods and the diameter of the coils.
Coil 1 is comprised of three periods, and Coil 2 of six, the
diameter of the coils is ~35 cm. The electrodes are 1 m long
with 75 mm gap, its shape has been optimized to reduce the
peak fields on the edges (see Fig. 3). We have performed
a preliminary thermal analysis of the structure considering
a water flow rate of 10 L/min at 30°C in the cooling channels, which are further described in the following section.
Table 1 contains the main RF parameters for both regimes.
Figure 4: Test Case of
10 MeV/u.

50

Ca RIB from

48

Ca primary at

Then, we performed a series of beam dynamics simulations of the with different frequencies (6 MHz and
12 MHz) and voltages. In these simulations we found that
for lower energy beams ~5 MeV/u, which corresponds to
10% the speed of light, it requires 33 ns to cross the
1 meter-long sweeper. At 12 MHz, the period of oscillations is 83 ns, so the beam spends 40% of the period in the
sweeper and can be partly deflected. This indicates that for
low-energy beams 6 MHz is a better fit and it doesn’t require significant high voltage.
Figure 3: The surface electric fields in the sweeper (top)
and the thermal maps (bottom) for 6 MHz and 12 MHz regimes normalized to 1 J.
Table 1: RF Parameters of the Sweeper
Frequency regime

6 MHz

12 MHz

Q-factor
4000
5000
RF power @150 kV, kW
8.8
10.3
Peak E-field (Ep), MV/m
5.9
5.6
Ep/EKilpatrick
1.3
1.2
Number of coil loops
9
3
Max. temperature, °C
44
80
Additionally, we designed two RF couplers to excite the
modes (Fig. 2). The loop next to Coil 1 is the RF feed for
the 12 MHz regime, and the loop next to Coil 2 feeds the
6 MHz regime. Both couplers are slightly over-coupled
Proton and Ion Accelerators and Applications
Ion linac projects

ENGINEERING DESIGN
The engineering design of the RF sweeper (Fig. 5) accounts for RF specifications, manufacturability, structural
stability under vacuum, and assembly tolerancing allowances. A drop-in design approach was chosen for the system to improve the chamber’s hermeticity by minimizing
the number of lids. Additionally, attaching most of the
components to a lid will allow for ease of access for levelling and repairing. Vacuum will be sealed using a Viton Oring, and an additional canted spring contact will be added
to make the inner lid an electrical ground surface as well.
The RF couplers will be attached through copper flanges
with a pair of seals for vacuum and grounding. The flanges
include features for rotational adjustment to allow some
control over the amount of inductive flux going into the
coils. Water cooling is applied on both electrode plates,
coils, and couplers. We have chosen a tube-in-tube cooling
approach for the coils and the couplers. The electrode plate
MOPOPA21
123

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-MOPOPA21

connected to the coils will include channels milled into it
to allow for cooling throughout its mass.

Figure 7: Measured output RF power and efficiency vs. DC
power for the 1 kW module.

Figure 5: Engineering design of the RF sweeper with overall dimensions in millimeters (in brackets) and inches.

RF POWER SUPPLY
We are developing a solid-state class-E RF power source
with two channels (6 MHz and 12 MHz) both with a controlled output power of up to 16 kW CW to enable a large
range of deflection voltages in the sweeper. The source
consists of 8 modules with 2 kW output power each and
8-way power combiner.
We designed a module capable of providing 1 kW CW
power at 12 MHz based on IXYS 102N06A RF MOSFET
to verify the operation of the Class-E topology in a solidstate amplifier. The idea behind class-E is to reduce or
eliminate the effects that various capacitances within the
MOSFET have on efficiency and operation at high frequencies. The 1 kW module diagram is shown in Fig. 6.
The gate driver (DEIC420) is a CMOS high-speed high
current gate driver specifically designed to drive
MOSFETs in Class D and E for RF applications at up to
45 MHz. We built the module and performed RF power
tests at RadiaBeam. The results shown in Fig. 7 indicate an
average efficiency of the module of 84% over 300-970 W
output power range.

Then, we upgraded the 1kW circuit for 2 kW CW power
for both 6 and 12 MHz channels. The 2 kW modules
(Fig. 8) are also based on a class-E push-push up amplifier,
consisting of a pair of MOSFET switches, a transformer for
combining the two outputs with 180° phase, and a matching circuit that has two functions: converting the output impedance of the transistors to a load resistance of 50 Ohms
and obtaining a sinusoidal output signal. The amplifier also
contains a control circuit that converts the input sine wave
to a square wave and provides with a 180° phase shift between the two stages. Additionally, the amplifier uses an
RF choke coil and blocking capacitors to minimize AC signal noise.

Figure 8: Amplifier pallet design of the 2-kW module.
We are currently in the process of assembling the modules and designing the power combiners in order to reach
the required output power level.

SUMMARY
We have designed a high-voltage RF beam sweeper for
the ATLAS facility. The device incorporates a sliding
switch to allow operation at two frequencies: 12 MHz and
6 MHz. Thermal analysis has been performed to ensure the
manufacturability of the device. In addition, we are developing an in-house solid-state RF generator to provide the
required power level for the two frequency regimes.
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HIGH-GRADIENT ACCELERATING STRUCTURE
FOR HADRON THERAPY LINAC,
OPERATING AT kHz REPETITION RATES*
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RadiaBeam Technologies, LLC, Santa Monica, CA, USA
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Abstract
Argonne National Laboratory and RadiaBeam have designed the Advanced Compact Carbon Ion Linac (ACCIL)
for the acceleration of carbon an proton beams up to the
energies of 450 MeV/u, required for image-guided hadron
therapy. Recently, this project has been enhanced with the
capability of fast tumour tracking and treatment through
the 4D spot scanning technique. Such solution offers a
promising approach to simultaneously reduce the cost and
improve the quality of the treatment. In this paper, we report the design of an accelerating structure, capable of operating up to 1000 pulses per second. The linac utilizes an
RF pulse compressor for use with commercially available
klystrons, which will dramatically reduce the price of the
system..

INTRODUCTION
Radiation therapy with X-ray, electron and hadron
beams, is used to treat over 60% of cancer patients. Compared to X-ray therapy, which is currently the standard
treatment method, hadron therapy offers significant advantages, such as a sharp Bragg peak and the capability to
treat “radioresistant” tumours [1]. Unless the position of
the tumour and treated organs are accurately known both
before and during the treatment, and the therapy system can
track the motion of the patient’s organs, the small beam
spot benefit of ion therapy may not be realized. However,
by combining ion beam therapy with real-time image guidance and fast transverse and longitudinal (i.e. beam energy
variation) scanning is potential game changer in the future
of cancer radiation therapy [2].
Argonne National Laboratory, in collaboration with RadiaBeam Technologies has been working on the development of the Advanced Compact Carbon Ion Linac (ACCIL), an ultra-high gradient linear accelerator for cancer
therapy capable of delivering the full energy range from
ion source to 450 MeV/u for 12C6+ and protons [3]. The latter can also be used for imaging. However, it’s design must
be adjusted for the pulse repetition and the beam energy
variation rates up to a thousand per second (~1000 Hz).
Such flexibility in beam tuning will enable the fast and efficient beam scanning and 3D dose painting, as well as
real-time image-guided range calculation and targeting of
___________________________________________
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moving targets, while reducing the treatment time to several minutes [4].
One of the key technical challenges of the ACCIL system is the need for a high gradient accelerating structure to
limit the footprint to ~45 m and improve the overall efficiency of the linac [5]. In ACCIL the high-gradient section
starts from the energy of 45 MeV/u (β=0.3), allowing to
replace ~3 meters of low-frequency DTLs with a 30 cm
long S-band structure, operating at 50 MV/m gradient. In
order to achieve such high gradients at so low velocity, the
beam is accelerated by the negative -1st harmonic. Such
negative harmonic accelerating structure (NHS), consisting of 15 magnetically coupled cells [6], was build and
tested at ANL. The structure was conditioned up to 33-MW
peak power, corresponding to 50 MV/m gradient with RF
breakdown rate of 1 per 1000 pulses [7].
In this paper we will discuss the improvements made to
thus structure design to enable its operation at 1 kHz repetition rates. The second challenge to be addressed is the requirement for the RF power system. With the current prototype, up to 33 MW of RF power is required for each accelerating section. At 1 kHz repetition rate, this would require the development of a custom klystron and modulator
system. Instead, we have designed the accelerating structure for operation with standard medical klystrons
(~ 5-MW, up to 1% duty cycle) that are available at reasonable costs. Such breakthrough improvement was enabled
by relaxing the peak gradient from 50 MV/m to 40 MV/m
reducing a peak power requirement to 20 MW. Thanks to
short 300 ns beam pulses such peak power can be achieved
by utilizing an RF pulse compressor (SLED) [8].

RF DESIGN
The goals of the upgraded negative harmonic structure
(NHS) design are to reduce peak power requirements from
34 MW to 20 MW and reduced the filling time to 300 ns to
be used with SLED. This was achieved by reducing the accelerating gradient to 40 MV/m, improving the shunt impedance (Rsh), and adjusting the group velocity of the structure.
In order to improve its shunt impedance, we modified
the cell design of the previous NHS [9]. We reduced the
gap between the noses, adjusted the nose shape, and increased the blending radius of the outer wall (Fig. 1). These
modifications allowed to increase the shunt impedance
from 32 MΩ/m up to 47 MΩ/m while maintaining the peak
fields below 180 MV/m at 40 MV/m. The number of coupling holes was reduced from eight to five, and the
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thickness of the iris (ti) was increased from 3.0 to 3.9 mm,
which has improved the thermal conductance, and allowed
to keep the temperature raise within 26°C and mechanical
von Mises stress of 69 MPa, below the copper yield, as
shown in Fig. 1.

Figure 2 shows the electric field magnitude along the
axis and the S-parameters of the tuned structure for 20 MW
of input power. The simulated field flatness is 1.37% and
S11=-50.45 dB. The cumulative phase advance error is
1.69°. The tuned 15-cells model is shown in Fig. 3. According to electromagnetic simulations of the full-length
model, the required peak RF power to achieve 40 MV/m
gradient, is 20-MW. Table 1 compares of the RF parameters for the original NHS, designed for 120 Hz repetition
rate and the upgraded structure for 1000 Hz rate. The pulse
heating and modified pointing vector were also improved
in the new design.
Table 1: RF parameters for the Initial and New NHS
Structure
Repetition rate, Hz
Group velocity, %c

Figure 1: Initial and optimized cell design of the NHS
(top). Thermal and stress maps for the optimized cell (bottom).
The modulation of the group velocity in 15-cell section
in the range of 0.43%c-0.232%c resulted in 287 ns filling
time. The input and output couplers were matched by adjusting coupler cell diameter and coupling slot width individually for both couplers. This corresponds two criteria:
high field flatness inside the structure, which we aimed to
be < 2%, and low reflection from input port 1 at operation
frequency <-30 dB.

Filling time, ns
Shunt impedance, MΩ/m
Gradient, MV/m
Input RF power, MW
Average RF losses, kW
Peak E-field, MV/m
Pulse heating, K
<Sc>, MW/mm2

Initial

New

120
0.120.33
450
32
50
33.8
3.9
160
28
1.3

1000
0.230.43
287
47
40
20
5.6
180
12.2
1.1

ENGINEERING DESIGN
The engineering design of the new NHS structure is
shown in Fig. 4. It includes the accelerating section, input
and output couplers, RF flange ports, transition to standard
WR-284 RF flanges, cooling channels, and tunning pockets in each cell.

Figure 2. E-field profile along the axis (top) and S-parameters (bottom) for the new 15-cell NHS.

Figure 4. Engineering design of the new NHS.

Figure 3. Surface electric field of the improved 15-cell
NHS at 2856 MHz and 20 MW input power.
Proton and Ion Accelerators and Applications
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We performed thermal analysis of the structure, which
included fluid dynamics, considering forced water cooling
with a flow rate at each inlet of 0.12 l/s at 30⁰C and natural
convection of the outside surface of 2 W/(m2.K). The
steady-state temperature field is shown in Fig. 5, which
was further applied as an initial condition for transient thermal analysis. We simulated 10 thermal pulse load cycles
were input as thermal load (Fig. 6), showing the maximum
temperature at end of a power cycle (location 1) and the
maximum temperature at the end of a heat pulse (location
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2), which are in agreement with preliminary estimations,
and are within the range of operational values.

The engineering design of the SLED incorporates cooling
channels distributed on the cavity and the polarizer. We
performed a thermo-mechanical steady state analysis considering an average water flow rate of ~0.53 l/s at 30⁰C in
ANSYS. The results shown in Fig. 7 indicate a 20⁰C temperature raise, and 0.1 mm maximum deformation which
will cause a <1 MHz frequency shift which is manageable.
The SLED is currently being fabricated.

Figure 5. Steady state temperature field of the NHS with
0.117 kg/s water flow rate at 30°C.
Figure 7. Thermo-mechanical analysis on the SLED.

SUMMARY
We improved the design of the S-band, β=0.3, negative
harmonic accelerating structure for operation at repetition
rates as high as 1 kHz at 20 MW RF power The design reduces treatment time and is compatible with guided therapy methods. Engineering design of an accelerating module which includes the accelerating structure and SLED RF
pulse compressor has been completed. The module will be
fed by 5 MW klystron, enabling its practical application.
Figure 6. Results of the transient thermal analysis.

RF PULSE COMPRESSOR
We have designed a compact 2856 MHz RF pulse compressor of a SLED type based on a E-plane polarizer and a
TE112 spherical cavity [10,11]. To facilitate vacuum pumping of the SLED we added a cut-off circular port opposite
to the circular waveguide. The whole device without vacuum pump will fit in a box with size 60x40x40cm. The Efield and S-parameters of the device are shown in Fig. 6.
We have used the parameters of the SLED in a circuit
model to simulate its performance. The SLED will produce
a flat 18 MW 600 ns RF pulse from a 7 μs 5 MW klystron
pulse, with 62% efficiency for pulse.
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HIGH-BRIGHTNESS RFQ INJECTOR
FOR LANSCE MULTI-BEAM OPERATION*
Y.K. Batygin†, D.A. Dimitrov, I.N. Draganic, D.V. Gorelov, E. Henestroza, S.S. Kurennoy
Los Alamos National Laboratory, Los Alamos, New Mexico, 87547, USA
Abstract
The LANSCE accelerator facility has been in operation
for 50 years performing important scientific support for national security. The unique feature of the LANSCE accelerator facility is multi-beam operation, delivering beams to
five experimental areas. The LANSCE front end is
equipped with two independent injectors for H+ and Hbeams, merging at the entrance of a Drift Tube Linac
(DTL). The existing Cockcroft-Walton (CW) – based injector provides high beam brightness before injection into
DTL. To reduce long-term operational risks and support
beam delivery with high reliability, we designed an RFQbased front end as a modern injector replacement for the
CW injectors. Proposed injector includes two independent
low-energy transports merging beams at the entrance of a
single RFQ, which accelerates simultaneously both protons
and H- ions with multiple flavors of the beams. The paper
discusses details of beam physics design and presents injector parameters.

INTRODUCTION
LANSCE linear accelerator consists of 201.25 MHz
Drift Tube Linac accelerating particles from 0.75 MeV to
100 MeV and 805 MHz Coupled-Coupled Linac (CCL),
accelerating particles from 100 MeV to 800 MeV. Accelerator facility simultaneously delivers various beams to
multiple targets. Proton 100-MeV beam is delivered to Isotope Production Facility (IPF), while 800-MeV H- beams
are distributed to four experimental areas: the Lujan Neutron Scattering Center, the Weapons Neutron Research facility (WNR), the Proton Radiography facility (pRad), and
the Ultra-Cold Neutron facility (UCN). The existing front
end of accelerator is based on 50-years old Cockcroft-Walton (CW) accelerating columns and Drift Tube Linac.
Analysis of beam availability within the last decades shows
that a significant fraction of beam downtime (around 30%)
is due to failures of the existing injector and Drift Tube
Linac. Continuation of operation of that obsolete equipment leads to the risk of complete failure of facility operation.
To reduce long-term operational risks and to realize future beam performance goals in support of the laboratory
missions, we develop a novel Front End including a highbrightness Radio-Frequency Quadrupole (RFQ) based injector [1]. The layout of the proposed injector is illustrated
in Fig. 1 and the parameters are presented in Table 1. The
new Front-End must provide the existing capabilities with
a possible upgrade in beam intensity.
____________________________________________

* Work supported by US DOE under contract 89233218CNA000001
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Figure 1: Layout of proposed RFQ-based 3-MeV injector.
Table 1: Parameters of the Proposed LANSCE Injector
H+/H100 keV
201.25 MHz
3 MeV
120 Hz
32 mA
1.25 mA
625-1000 µs
187
4.2 m

Ions
Ion sources extraction voltage
RF Frequency
RFQ energy
Repetition rate
Max beam peak current
Average current
Beam pulse
Number of RFQ cells
RFQ Length

DESIGN ISSUES FOR THE PROPOSED
INJECTOR
The optimal operation of the accelerator facility critically depends on the emittance and brightness of the beam
extracted from the ion sources and beam formation in the
low-energy beam end. Normalized beam brightness is determined as

B

I
8  x _ rms  y _ rms
2

where I is the beam current, and  x _ rms ,  y _ rms are normalized beam emittances in x- and y- directions. The H+
beam injector operates with a duoplasmatron proton source
which delivers a high-brightness beam with a current
I = 10 - 30 mA, normalized rms emittance in the range
 rms = 0.003 – 0.004 π cm mrad, and beam brightness
B = 20 A/(π cm mrad)2 [2]. The H- beam injector is based
on a cesiated, multicusp- field surface-production ion
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Preliminary design and study of the new injector were
performed to evaluate the performance of the critical components of low-energy beam transport and the new RFQ.
The injector consists of 2 independent, nearly identical
beamlines for H+ and H- beams, merged into a common
beamline in front of the RFQ. Each beamline contains a
deflector, chopper, pre-buncher, Low-Frequency Buncher
(in the H- only), solenoids, and quadrupoles accompanied
by emittance measurement stations to match the beam to
key beamline points.
Besides the basic focusing elements, there are additional
proposed beamline elements (see Fig. 2). There are 4 steering magnets, 5 beam current monitors, 2 beam stops, and 2
vacuum valves in each leg. The steering magnets are used
to make fine adjustments to the beam direction. The current
monitors are used to measure beam current along the beamline and in the Hardware Transmission Monitor (HWTM)
system to control beam losses. The beam stops are used to
terminate beam propagation during beam tuning. The vacuum isolation valves allow work on individual sections of
the beamline without disturbing the vacuum in the other
sections and close the beamline in case of pressure

Collimator
Current Monitor

LOW-ENERGY BEAM TRANSPORT

H- Ion Source

Table 2: Normalized Transverse RMS Beam Emittance
(π cm mrad) and Charge Per Bunch (pC) in Existing
LANSCE Accelerator

excursion. Beam collimators are placed in front of RF cavities and RFQ to remove outlying transverse particles, or
beam halo. Additionally, a four-part collimator (jaw) is
placed before bender magnet to remove part of the unchopped beam and for tuning purposes. The common
beamline contains a bending magnet, the Main Buncher,
and pair of solenoids to match beams to the RFQ, one steering magnet, a beam stop, and a vacuum valve. A number
of ion pumps are placed along the beamline to provide distributed pumping. The typical vacuum required is 10–6 Torr
to avoid H- beam stripping and provide a necessary level of
space charge neutralization on residual gas.
Particle trajectories in the beamline, calculated by the
macroparticle code BEAMPATH [4], are presented in Figure 3. The first solenoid provides beam matching from the
ion source to the chopper. The beam has a waist in the middle of the chopper. The second solenoid is used to create
the beam waist in the Low-Frequency Buncher (H- only)
and Pre-Buncher. The subsequent combination of four
quadrupoles (quadruplet) matches the beam to the deflector, creating a beam waist in the center of the deflector. The
second quadruplet matches the beam to the Main Buncher,
creating a beam waist in the Main Buncher. The last pair
of solenoids matches the beam to the RFQ providing the
required Twiss parameters at the entrance to RFQ.

Collimator

source with beam current I = 14-16 mA, normalized emittance  rms =0.018 π cm mrad and beam brightness
B = 0.6 A/(π cm mrad)2 [3]. The time structure of
LANSCE beams was presented in Ref. [1]. While the accelerator facility delivers beams to 5 targets, there are 3
types of beams with different emittances and different
charges per bunch (see Table 2). The typical time pattern
of the accelerator includes 100 Hz of simultaneous acceleration of WNR/IPF beams and 20 Hz of acceleration of
the Lujan beam. Beam delivered to pRad or UCN facilities,
“steals” the cycles from WNR beam. During acceleration,
the beams experience significant emittance growth.
The challenge of the present project is associated with
the necessity to provide better than existing beam parameters while beam intensity is supposed to be increased and
injection energy is reduced from 750 keV to 100 keV. In
the proposed injector, beam space charge effects are
stronger than in the existing one due to lower beam energy.
Another aspect of the design of the injector is related to
multi-component beam formation and acceleration in a single RFQ. Proposed RFQ must provide simultaneous acceleration of various intense beams with a high level of beam
transmission and small emittance growth.

RFQ

Figure 2: Layout of H- leg of injector part with additional
beamline elements.

Figure 3: Particle trajectories in the injector beamline: (red)
horizontal, (black) vertical.
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MULTI-BEAM RFQ
The primary challenge of the proposed project is the design of the multi-beam RFQ, since there is no such existing
device in service for simultaneous acceleration of different
intensity, charge, and time structure beam species of H- and
protons. The adopted approach of using pre-bunched
beams has to date been demonstrated only in the case of
single heavy ion beam acceleration with low current [5].
The RFQ is designed to accept three various types of
beams described above. H- (WNR) beam exists only as a
sequence of single bunches separated by a long time interval of 1.8 μs, equivalent to 360 RF periods. The level of
bunching of other beams is determined by the requirement
to combine high beam capture and low emittance growth
in RFQ. The RF frequency of RFQ f = 201.25 MHz is selected to be the same as that in the existing LANSCE accelerator. It is dictated by the necessity to provide the highest possible charge per single WNR bunch. It is supported
also by the availability of the recently developed and installed high-power 201.25 MHz RF system for the
LANSCE accelerator [6].
Table 3 illustrates the results of BEAMPATH simulation
of beam dynamics in the designed RFQ. Simulations were
performed separately for each individual beam injected in
RFQ. The accelerator provides a high value of beam capture of 0.96 for preliminary bunched beam and lower capture of 0.84 for initially unbunched beam. However, beam
emittance growth of unbunched H+ (IPF) beam is noticeably smaller than that of the same bunched beam. Emittance
growth of H- (Lujan/pRad/UCN) beam is roughly the same
for bunched and unbunched beam with significantly larger
capture of the bunched beam.
Figures 4 and 5 illustrate the formation of two-component H+ and H- beam in RFQ from the simultaneous injection of initially unbunched beams with rms emittance
 rms = 0.02 π cm mrad and charge per bunch 50 pC. For
simplicity, both beams were supposed to be identical at the
time of injection. It is seen, that after 55 RF periods beams
become well bunched and spatially separated. Emittance
growth and capture of both beams in case of simultaneous
injection is roughly the same as that for separate injection
of both beams. Further optimization of the proposed
scheme will be required to improve multi-beam performance in the proposed injector.

Table 3: Normalized Transverse RMS Beam Emittance
(π cm mrad) , Beam Capture in RFQ (in Parenthesis), and
Charge Per Bunch (pC) in RFQ Injector

Figure 5: Formation of the two-component beam in RFQ:
(red) H+ beam, (blue) H- beam; numbers indicate RF periods  t f .
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LINAC DESIGN WITHIN HITRIplus FOR PARTICLE THERAPY
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Abstract
Within the EU Horizon 2020 programme a linac was
designed, which is starting from the concept as used at the
4 European cancer therapy centers applying light ions up to
carbon. The new linac will in its simpliest version allow ion
beam injection into synchrotrons at 5 A MeV, with high
beam transmission and allowing currents up to 5 mA 𝛼 particles. An advanced ECR – ion source will inject into an
RFQ – IH-DTL combination. The DTL concept allows
upgraded versions for A/q – values up to two and with beam
energies of 7.1 A MeV from IH – tank2 and 10 A MeV
from IH-tank3. The higher beam injection energies for light
ions allow for relaxed synchrotron operation conditions at
lowest magnetic field levels. A main argument for the DTL
extensions however is an additional linac function as
radioisotope facility driver. The 7.1 A MeV are especially
defined for the clean production of 211At, which may play a
future role in cancer therapy. The linac will allow for high
duty-factors – up to 10%, to fulfil the needs for efficient
radioisotope production. Solid state amplifiers with
matched design RF power levels (up to 600 kW for IH3)
will be used.

INTRODUCTION
With the development of the carbon therapy in Europe a
7 A MeV linac for C4+ was developed in a cooperation with
GSI Darmstadt and IAP Frankfurt and was put into
operation in 2008 at the therapy facility HIT Heidelberg [1].
The linac serves there as a synchrotron injector, as well as
at 4 other facilities.
This linac is extremely compact. The acceleration from
8 A keV to 7 A MeV is accomplished within 5.5 m. The
inter-tank section between RFQ and IH – DTL with a length
of 0.25 m consists of a quadrupole doublet and beam
diagnostics only. The system is easy to operate. Main key
parameters can be seen from Table 1.
Table 1: Key Parameters of the HIT Injector

For a new therapy facility one would like to get rid of the
big tetrode driven RF amplifiers in the present design. The
RF power losses within the present IH -DTL are 870 kW.
* Work supported by EU Horizon2020 – No. 101008548
† email address: u.ratzinger@iap.uni-frankfurt.de
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There is a chance for a drastic reduction, as the
synchrotron not necessarily needs such a high injection
energy. Moreover, the carbon stripper foil after the linac,
which provides a C6+ - beam to the synchrotron was
proven to be sufficiently effective at 5 A MeV beam
energy. For 𝛼 - and p - beams energies of 7.1 A MeV and
10 MeV are envisaged. These will allow higher injection
energies for those lighter ions (stable synchrotron
operation at lowest magnetic field levels) and furthermore,
an efficient production of radioisotopes for medical
purposes. Production of At211 is the reason for a 7.1 A
MeV 𝛼 - beam from the linac. In this operation-mode up
to 10% linac duty-factor are requested. This is – besides
RF power reduction – an additional reason for reduced
acceleration fields: to overcome water-cooling limitations
on the cavities. A new generation ECR – ion source
AISHA is foreseen for this injector [2]. To allow combined
function operation of this linac as synchrotron injector and
as a radioisotope facility driver linac the design duty-factor
is 10% for A/q – values up to 2.0, and below 1 % for A/q
– values up to 3.0.

GENERAL LAYOUT
RFQ –Design
The detailed layout of the RFQ was not part of this
study. However, the main parameters are fixed: The
injection energy is 15 A keV, which is an upper limit for
the ECR ion source as long as a high-voltage platform is
avoided for simplicity. The end energy of 700 keV resulted
from extensive beam dynamics studies on the DTL and its
acceptance improvement by rising the exit energy from
400 keV (HIT Heidelberg design) to this new value. It is
expected, that the new RFQ will have a total length of
about 2.5 m. An improved 4 – Rod design is suggested,
which safely can be operated at 10% duty factor.

DTL –Design
Figures 1 and 2 show the scheme of the HITRIplus
Linac, consisting of one RFQ, 3 IH – cavities, one
rebuncher and two debunchers for matching the beam
longitudinally to the synchrotron at all injection energies.
Table 2 shows the simulated beam parameters, Fig. 3
shows the exit cluster plots (with norm. eff. emittance
values printed). It should be mentioned, that HITRIplus
offers many linac options to a potential customer:
 The basic version with a 5 A MeV injector and one IH
– cavity only
 The 5 / 7.1 A MeV version with two IH – cavities and
– production
the option of 𝐴𝑡
 The full version with three synchrotron injection
energies and extended isotope production program at
5 mA He2+ nominal beam current after debunching.
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Figure 1: Scheme of the HITRI injector linac. The 217 MHz version1 was investigated so far.

Figure 2: 217 MHz DTL layout from the RFQ exit down to the debunchers.

Table 2: Beam Parameters of the HITRI Injector Linac

Figure 3: Exit emit. at 10 A MeV (top) and at 5 A MeV at
nominal beam current after debunching.
5 mA 𝐻𝑒

Table 3: Technical Parameters of the HITRI Injector Linac

Figure 4: Beam env. at 10 A MeV, 5mA 𝐻𝑒 , simulated
with LORASR from the RFQ exit down to the debuncher.
*: First number refers to A/q=3 operation
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Figure 5: RF - layout of IH-cavity 1.
The investigations were performed by the LORASR
multi-particle simulation code [3]. Parameters like gap
voltages and quadrupole fields were chosen in a way, that
10% duty factor operation at A/q = 2 beams is assured as
well as reasonable peek fields for A/q = 3 beams with low
duty factor operation for synchrotron injection only. While
the Kilpatrick field level is about Kp=15.2 MV/m, the peak
surface fields at the drift tube ends are reaching up to about
2.1 Kp in the short pulse modus for A/q=3 beams. This is
regarded as a safe value for IH – DTL’s. Results from beam
dynamics calculations are shown in Table 2, Figs. 3 and 4.
The layout of the RF IH-cavity 1 is shown in Fig. 5.
Compared with the HIT-linac design, the beam
acceptance in all planes was more then doubled for the
HITRI layout – to fit to the powerful new ECR – ion source
characterisics and to improve the beam transmission.

LINAC TECHNOLOGY
Within this study the first and most challenging IH cavity
was RF designed – following the given parameters from
beam dynamics simulations (Table 3). The commercial
software CST – Microwave studio [4] was used for these
calculations. The 51 gaps-cavity with three internal lenses
was RF tuned with respect to resonance frequency and to
gap voltage distribution successfully. A needed fine-tuning
step would follow in case of building the structure. Suitable
tuning installations and a capacitively acting dynamic tuner
with tuning ranges were defined. Cooling aspects and
electric peak – field considerations were performed. Special
care has to be taken for the envisaged high duty factor of
10% for radioisotope production. This would still need
some additional care in case of realization – with respect to
controlled beam collimation and with respect to water
cooling. However, no showstoppers have been found. The
simulations show, that this design approach keeps all
parameters within well proven limits. With respect to hot
spots in the cavity under maximum heat load, temperature
increases on the cavity surfaces were estimated to stay
below 35 deg everywhere.
Aperture diameters and fields of the quadrupole lenses
have been chosen in a way, that the pole tip fields stay
MOPOGE01
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below one Tesla. The beam diagnostics elements like
current transformers and capacitive pick-up probes or
beam position monitors can be well integrated in this
layout.
The intertank section from RFQ to IH1 was designed
more comfortable against the HIT design and consists of a
quadrupole triplet, a two-gaps-rebuncher and a quadrupole
doublet (compare Fig. 1). Two xy-steerers are foreseen as
well in that section. A current transformer and a segmented
capacitive pick-up probe (or 4-knob beam position
monitor BPM) can be integrated – due to available drift
lengths.
From a study of the present RF power amplifier market
and from recent experience [5] with in-house participation
in projects like MYRRHA, it is concluded that solid state
power amplifiers would be a most adequate choice for all
HITRIplus linac RF amplifiers.

CONCLUSION
This linac approach looks quite well suited to fulfil the
tasks of the HITRIplus linac, including all three versions
from a 5 A MeV carbon injector linac up to a high duty
factor, high current linac for the two exit energies 7.1 A
MeV and 10 A MeV for ions like alpha- particles or 𝐻 .
The high energy options allow for medical radioisotope
production on the one hand, and for improved synchrotron
injection for all ions with A/q – values up to two.
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STATUS OF THE TOP-IMPLART PROTON LINAC
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Abstract
The TOP-IMPLART (Intensity Modulated Proton Linear Accelerator for Radio Therapy) proton linac, is a RF
pulsed linac, designed for proton therapy, consisting of a
low frequency (425 MHz) 7 MeV injector followed by a
sequence of accelerating modules operating at 3 GHz under construction, assembly and test at the ENEA Frascati
Research Center. The accelerator features also a vertical
low energy (3-7 MeV) line for irradiation of samples in
horizontal position. The segment currently completed includes 8 SCDTL modules up to 71 MeV grouped in two
sections each one powered by a 10 MW klystron driven by
a SCANDINOVA K100 modulator with a variable pulse
length (1-5 us) at a repetition frequency of 25 Hz. The output current can be varied up to 30 µA. The beam is mainly
used for radiobiology experiments and dosimetry systems
tests, but the flexibility in beam characteristics makes it
suitable also for applications different from proton therapy,
as the irradiation of electronics components to verify their
behavior in the space environment. In this work, the current
status of the accelerator and beam characteristics measurements are presented with an overview of the experiments
carried on it.

The beam extracted from the source is focused by an
einzel lens into a 3 MeV RFQ followed by a 7 MeV DTL,
each powered by a 350 kW triode based amplifier. The
nominal operation frequency of the injector is 425 MHz
(with a tuning range of ±100 kHz).
The high frequency booster consists of two sections of
4 SCDTL accelerating module each. The first section accelerates the beam to an energy of 35 MeV and the second
one to an energy of 71 MeV. Each section is powered by a
10 MW peak power klystron amplifier operating at a frequency of 2997.92 MHz (S-band). The main beam parameters are listed in Table 1.
The output beam current can be varied by changing the
voltage on the einzel lens in the injector or acting on the
length or the temporal superposition of the two klystrons
pulses. A magnetic scanning system is under realization
and will be installed to test and demonstrate the implementation of 4D irradiations based on active control of energy
and intensity and x-y spot scanning.

INTRODUCTION
The TOP-IMPLART linac is a pulsed proton linear accelerator under construction and commissioning at the
ENEA Frascati Research Center in a partnership with the
Italian Institute of Health (ISS) and the oncological hospital Regina Elena-IFO in Rome. Accelerator development is
funded by Regione Lazio with the aim of developing a
technological demonstrator for a linear accelerator for proton therapy. The final particle energy expected for the TOPIMPLART linac is 120 MeV, the maximum achievable energy compatible with the available space in the 27 meters
long ENEA bunker.
Linac development and construction has been intermixed with experiments directed to optimize beam delivery strategies and design beam diagnostic systems adapted
to the peculiar beam pulsed structure.

THE TOP-IMPLART LINAC
The TOP-IMPLART linac (see Fig. 1) is composed by a
commercial injector, PL-7 model, developed by AccSys
Technology Inc. (Pleasanton (CA), USA) and an high frequency booster composed of two SCDTL (Side Coupled
DTL) sections designed by ENEA. PL7 is a 7 MeV linac
consisting of a compact duoplasmatron H+ ion source
working at a voltage of 30 kV.
___________________________________________
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Figure 1: TOP-IMPLART linac.
Table 1: Main Beam Parameters
Parameter

Value

Max. Output Current (pulsed)
Beam pulse width
Beam pulse repetition rate
Beam size at the linac output

30 µA
1 -5 µs
10 – 100 Hz
<3 mm

The MEBT line features also a vertical extraction line for
the injector 3-7 MeV beam consisting of a 90° bending
magnet directing the beam toward the ceiling for irradiation of samples that must stay in horizontal position, like
cell cultures in Petri dishes.
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Figure 2: TOP-IMPLART linac schematic representation showing RF distribution network and beam diagnostics.

TOP-IMPLART RF Distribution
Radiofrequency generation and distribution is shown in
Fig. 2. Injector and booster RF systems coexists independently. The high frequency booster is powered by two
Canon E37325, 10 MW, S-band klystrons, installed into
Scandinova K100 modulators. The modulators have been
fitted with an amplitude and phase control system to provide correct RF phasing to the accelerating modules. The
RF power is delivered to the accelerating modules using a
two levels corporate-type distribution network consisting
of WR284 waveguides and components filled with SF6
(Sulfur Exafluoride) at a pressure of 1.5 bar. All components are motorized to perform small adjustments during
operation. The top level of the network splits the power between couples of modules using high power three-hybrids
power dividers. This solution has been chosen to operate
the linac with an incomplete section where not all four
modules are present, a situation that occurs during commissioning. The second level delivers the correct power to
each module. The power dividers in this levels are variable
3dB hybrids made by ENEA following the design in [2].
Correct phasing between the modules of each section is
guaranteed by a dielectric slab phase shifter (with a an
achievable phase shift of nearly 70 deg.) in the last three
modules of each section. The RF distribution network of
the 2nd section differs from the first one because a 360°
Proton and Ion Accelerators and Applications
Industrial and medical accelerators

phase shifter is used after the top level power divider and
because a waveguide switch is used to turn off SCDTL8.
Both components are used to test energy modulation of the
beam, by deviating RF power or by altering the phase in an
accelerating module.
RF power delivery to structures is controlled sampling
the forward power, reflected power and cavity field envelopes of each module.

TOP IMPLART Beam Diagnostics
Pulse current is monitored along the linac in three different positions, using AC current transformers and a passive
cavity [3]. The injected current is measured at the output of
the MEBT using an AC current transformer (ACCT1 in
Fig.1). The second measurement position is at the output
of the first section where the 35 MeV beam current is monitored by the combination of ACCT2 and the passive cavity. The cavity detector is necessary to obtain reliable measurements for pulse currents below 10 uA. The third measurement position the output of the linac. It consists of a
combination of a ACCT3 followed by a Faraday collector
measuring the beam current in air after the titanium window sealing the pipe. The ACCT measures all the output
current whereas the Faraday collector can be screened with
aluminum foils of controlled thickness to measure the fraction of the current passing the screen only.
MOPOGE02
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This is particularly important when commissioning new
modules and the correct amplitude and relative phase of the
radiofrequency must be discovered. The total current at the
output, measured by the ACCT is compared by the fraction
measured by the screened collector and when they match,
the module acceleration is correct.

TOP-IMPLART Output Beam

Energy measurement has been performed by the analysis
of the Bragg peak position of the 63 MeV beam on a EBT3
film (see Fig. 4) sandwiched inside a custom made phantom placed at 50 cm from the linac exit. The Bragg peak
occurs 32 mm (in water), the correct value for an energy of
63 MeV at the linac exit taking into account the energy
degradation due to the Titanium window, the 1 mm Aluminum foil on ACCT3 and the beam expansion in air.

TOP-IMPLART linac is now fully operational at
63 MeV and commissioning of the 71 MeV beam (acceleration through SCDTL8) is underway. The main operational
parameters are summarized in Table 2.
Table 2: TOP-IMPLART Actual Operation Parameters
Parameter
Injected current (pulsed)
Injector current pulse width
Booster RF pulse width
Beam current pulse width (FWHM)
Beam pulse repetition rate
Beam output energy
Beam output current (max.)

Value
0.5 – 1.5 mA
8 µs
4 µs
2.4 µs
25 Hz
63 MeV
30 µA

Figure 3 shows the beam current measured in the three
positions of Fig. 2 when the linac operates at 63 MeV.

Figure 4: Bragg peak measured at beam output using EBT3
radiochromic film. The z-coordinate corresponds to the
penetration depth in water.

Experimental Activity

Figure 3: Screen image of the 63 MeV acceleration.
An injected current of 0.7 mA, measured by ACCT1
(yellow trace in Fig. 3, 500 µA/div scale), produces a current of 36 µA at the output of the first section (light blue
trace in Fig. 3, 9 µA/div scale), as measured by ACCT2.
The output current is measured by ACCT3 (pink curve,
10 µA/div scale). ACCT3 is screened by a 1 mm aluminum
foil to stop secondary electrons, and by the Faraday collector screened with 14.3 mm thick aluminum screen (for a
total 15.3 mm thick screening). Both detectors measure the
same current of 20 µA with a perfect overlap of the two
curves. This overlap of the curves means that all the particles pass through an aluminum thickness of 15.3 mm and,
thus, no residual particles at lower energies are present in
the beam, as would be the case of incorrect acceleration
due to errors in filed amplitude and phase settings.
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Large part of experimental activities occurred at energies
of 35 MeV and 55.5 MeV. TOP-IMPLART pulsed beam
has been used for in-vitro and in-vivo radiobiology experiments and the for the characterization of radiation-induced
damage of materials and electronics components [4-6]. For
these experiments in addition to the diagnostics described
above, mainly devoted to the commissioning and routine
control of accelerator, dosimetric monitors such as integral
and 2D ionization chambers, diamond and LiF based sensors are used [1, 4] for dose and fluence measurements.
Since 2021 TOP-IMPLART linac is included in the ASIF
(ASI Supported Irradiation Facilities) project coordinated
by the Italian Space Agency (ASI) and in other research
and development programs focused to the validation of
space-related technologies and in the prevention and preparedness to radiological and nuclear emergencies.

CONCLUSION
The status of the TOP- IMPLART linac has been presented. The accelerator reached a beam energy of 63 MeV
with a maximum current of 30 µA. Commissioning of the
last module of the fourth section (71 MeV) in underway.
The third section that will bring the energy to 120 MeV has
been designed and procurement procedures are expected to
start in September. The RF plant for the third section has
been already installed and commissioned.
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Abstract
The recent accelerator developments allow the design of
very efficient linear accelerators for various applications.
The possible use of concepts, components and developments well established or recently achieved in larger projects will be illustrated, with some examples related to isotope production for medical applications.

INTRODUCTION
The accelerator driven production of radioisotope for
medical applications (for diagnostics, therapy and combined, so called theranostic) is one of the most important
applications of nuclear techniques. The focus of INFN in
the field has grown up in the last years, also in connection
with the possible use of the new cyclotron at LNL able to
deliver 0.5 mA of protons with variable energy range
(35-70 MeV). Novel as well as already established radionuclides of medical interest may alternatively be produced
using alpha particle beams [1-3], having energy ranging
between few and 40 MeV. This new approach may allow
to yield radionuclides hard to be obtained with more traditional nuclear reactors or by proton accelerators by exploiting new reaction routes. This approach may lead to better
radionuclidic impurity profile, simplifying the radiochemical separation/purification process.
Interesting cases are, e.g., the alternative supply of 99mTc
through the 96Zr(,n)99Mo reaction route, or the very important theranostic 67Cu (under the spotlight at international level) by using the 64Ni(,p) route. Other interesting
products
are
based
upon
the
reaction
routes209Bi(,2n)211At., or natMo(,x)97Ru. The use of cyclotron for  particles has an intensity limitation (mainly
related to the extraction system): the IBA cyclotron at Arronax is for example limited to about 35 A.

THE ALPHA DTL LINAC DESIGN
With the project alpha-DTL, presently under evaluation
by INFN as interdisciplinary accelerator research program
(CSN5 call), we propose an alternative approach with a
high duty cycle normal conducting linac (high frequency,
i.e. 352 MHz), composed by an ECRIS (electron cyclotron
resonance ion source), an RFQ (radio frequency quadrupole) and a DTL (drift tube linac), as sketched in Fig.1; an
average of 0.5 mA of fully stripped He can be delivered to
the target (one order of magnitude better than cyclotrons).
Moreover, we intend to develop an original idea to allow
in the DTL the energy regulation on a large range. This accelerator will represent a clear step forward in the field of
accelerator driven isotope production.
MOPOGE03
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Figure 1: Block diagram of the alpha-DTL linac.
The design is based on the high power linac development
by INFN in the last years. In particular, the RFQ uses the
mechanics of TRASCO RFQ [4,5], 4 modules, and the tuning procedure developed for IFMIF-EVEDA [6]. The DTL
uses the design developed for ESS [7, 8]. The RF system,
two klystron and a single modulator, is the same of ESS
normal conducting section.

The Background
Alpha-DTL project makes the best use of the unique
competences and edge technologies developed by INFN,
with application in a different field, new in terms of particle
kind and applications. Moreover, the energy variation in a
DTL is a substantial innovation in itself and opens to new
applications; the DTL (well known for excellent efficiency
in terms of beam dynamics and power consumption) can
now be used as a flexible main linac to track energy dependent cross sections.
The implementation of the research program moves in
four main directions, the beam dynamic design, the linac
component development, the ion source and the solid target
development. The first WP has the very important task to
optimize the design (which for TRASCO RFQ and ESS
DTL was though for high current protons) with A/q=2, with
all the key performances, interfaces and limitations that
characterize our system; moreover, the idea of energy variation is integrated in the design. A key ingredient of this
optimization are the new algorithms developed for linac
design based on genetic and AI techniques and heavy parallelization of the processes [9]. The second WP considers
the design of the cavities and of the RF system, with a program of dedicated prototypes (actuated post-couplers for
the DTL, new power couplers, new DT-tank interface…);
also, 3D RF simulations allow unprecedented performances (for example a full DTL tank with all tuning and
stabilizing devices). New milling machines allow substantial advantage with new geometry optimization. This WP
has preeminent aspects in mechanics, rf design and control
system. The third WP considers the ion source development, with a specific assessment of the reliable performances. The forth task is dedicated to assessing the solid
target design for this specific application (10 kW beam
power).
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The aim of the alpha-DTL project during the 3 years of
the call is to complete the R&D so to give a final answer to
the few open questions and to prepare, possibly in a collaboration between INFN, European research institutes and
industrial partners, the construction of this very performing
instrument.

The Reference Design
A reference design for the RFQ, the MEBT and the DTL
has been determined with the design code VERDE and the
simulation codes of CEA. The parameters in Table 1 are
the result of a quite vast exploration of the parameter space
performed with AI methods. The results are illustrated in
Fig. 2.
Table 1: Main Parameters of Alpha-DTL RFQ and DTL
Parameter

Symbol, unit

RFQ

DTL

Frequency

f [MHz]

352.21

352.21

Peak Current

I [mA]

5

5

p

4

Ion

2+

4

He

2+

He

Duty Cycle

D.C. [%]

10

10

Input / Output Energy

E /E [MeV/u]

0.05/3.0

3.0/10.125

Resonator length

L [m],L/λ

4.99,
5.874

7, 8.24

Maximum surface
field

K

1.85

1.41

Transmission WB,
Gaussian

[%]

92.5,
88.9

100, 100

0.2/0.17

0.35 /0.35

0.129

0.17

68,
102.5

-

-

2.6

-

65, 45

-

45

2.55,
4.13

10

672,
29.5

794, 70

Transverse Emit- 𝜀
tance in/out
Longitudinal Emittance

in

/𝜀 , ,
[mm mrad]

𝜀,

V ,V

[kV]

E [MV/m]
G

,G

max

Quadrupoles Length

dissipated Power &
beam loading (peak)

,

[deg MeV/u]

Average Acc. Field

Average Aperture/
Quadrupoles Bore

p

, , ,

Min and Max Voltage

Quadrupoles Gradient

out

min

[T/m]

[mm]
R

0, GB

R

0, ACC

[mm]

Pd, Pb
[kW]

Figure 2: Start to end simulation from the begin of RFQ to
the end of DTL.

The DTL Energy Variation
A distinctive feature of alpha-DTL is the final energy
variation, obtained by acting on the RF system and on the
actuators that mechanically rotate the post couplers.
In multicavity linacs (as ALPI), if the linac is set for the
maximum energy, the energy decrease is achieved by
switching off the last cavities; sometimes we readjust the
transverse focusing strength. The DTL is a single cavity
with permanent magnet quadrupoles (PMQ), so the final
synchronous energy is determined by the geometry; if the
field in the last part of the linac is decreased at 50-80% with
respect to nominal one, the synchronous condition is lost
(cos s approx. 90%). Transversally the PMQ focusing
channel can transport (with full transmission) the partially
accelerated beam.
Alpha-DTL (as ESS DTL) is equipped with a set of post
couplers terminated by stubs, to stabilize and flattten the
accelerating field E0 (Fig. 3). The key idea of the variable
energy linac is the use of the post couplers to create a step
in the field by means of rotation of the stubs (the reverse of
what is done during tuning). Note that this new field configuration is still made stable against perturbation. The
field step will terminate the acceleration process and will
vary the beam output energy Wout (respect to the maximum
energy, obtained with the flat field).
In Fig. 4 the steps obtained experimentally on ESS tank
3 by “detuning on purpose the post couplers are shown. In
Fig. 5 an example of simulation at low energy, with full
transmission.

Figure 3: DTL cavity inner view and 3d simulation model.
Post couplers with stubs are visible.
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Figure 4: Field steps experimentally obtained by post coupler rotation in ESS-DTL3.

operate at 18 GHz but use different technologies to produce
the confining magnetic field: in fact, AISHA employs High
Temperature Superconducting (HTS) coils, while HIISI
room temperature ones. Both are equipped with a permanent magnets sextupole. In particular, AISHA already obtained preliminary results of the production of the necessary intensity of He2+ beams and is available for a further
investigation.
The LEBT will be magnetic, with a moderate resolution
dipole system and an electrostatic chopping system before
the large aperture solenoid to match the RFQ.

A FAMILY OF POSSIBLE LINACS

Figure 5: Only 1m out of 7 m of the alphaDTL accelerating
(Wout=4 MeV/u).

The Source and the Injector

In the preparation of the proposal alpha-DTL a wider
spectrum of possible applications was considered for the
linac development available at INFN; ion sources, nc structures, RF sources (besides klystrons, SS amplifiers and
tethrode systems). The most interesting cases are listed in
Table 2.
In the first two lines the reference points, ESS DTL (with
the CEA RFQ ), and MUNES, the cw RFQ TRASCO to be
used with Be target for BNCT application. These two elements (and the n production target) can be used for a compact neutron source (cansDTL).
Considering A/q=2, the main parameters of alpha-DTL
(detailed in previous sections) are listed. The same linac
could be extended to accelerate 80 kW d beam at 40 MeV
for a competitive neutron source.
In the last two lines the possibility of a nc partial IFMIF
facility is considered. In this case the high power 175 MHz
realized by INFN is considered, with the empowered dynamics (150 mA) and frequency jump in the MEBT;
nDTL* considers alpha-DTL field level (600 kW beam on
target) and nDTL** half accelerating field (2400 kW on
target). This last value is almost half of the nominal
DONES [13] beam power (5MW).

The required beam (5 mA He2+, 10% duty cycle) will be
delivered by an ECRIS [10], where a plasma is created by
microwave and magnetically confined to allow ionizations
to high charge states. ECRISes presently in operation belong to the so-called second and third generation: the former, which were developed from the 90’s, operate usually
at 14-18 GHz and can produce Ar ions up to the charge
state 16+. Confining magnetic fields are in the order of
1.5-2 T and are produced by room temperature coils coupled to permanent magnet sextupoles. Third generation
ECRIS con produce fully stripped argon ions and are characterized by very high confining magnetic fields (up to 4T),
normally obtained using superconducting magnets (for
both solenoids and sextupole). They involve the use of a
very expensive and complex technology, need an external
cryogenic system and find their best application in the production of high intensity of very high charge states of
CONCLUSION
heavy ions (e.g. 13 µA of U50+). The intensity is challengThe preliminary design of a linac able to accelerate
ing, being, in fact, presently not available from 2nd generation ECRISes,. Two models could fill the gap between 0.5 mA of alpha particles with 4-10 MeV/u energy varia2nd and 3rd generation, without involving the complexity tion is shown (alpha-DTL). This design, mainly based on
of the latter, thus keeping low the costs and employing the DTL realized by INFN for ESS, allows the realization
well-established technologies: the AISHA source [11], de- of a very flexible and performant accelerator driven isotope
veloped by INFN-LNS for hadrontherapy purposes, and source for medical application.
the HIISI source [12], developed by JYFL. Both sources
Table 2: General Parameters for Possible Linacs of the Same Family for Various Applications
RFQ
Linac

A/q specie wout Length freq wout
MeV/u m
MHz MeV/u
ESS DTL
1p
3.6
5
352
90
BNCT MUNES
1p
5
7.3
352 na
cansDTL
1p
3
4
352
20
alphaDTL
2 4He+2
3
5
352
10
nDTL
2d
3
5
352
20
nDTL*
2d
2.5
10
176
20
nDTL**
2d
2.5
10
176
20
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DTL
#of tanks
approx
8m each
5
na
1
1
2
2
4

whole linac
RF power (approx)
duty
peak beam
focusing cycle curr. power peak
average
structure %
mA
kW
MW
MW
F0D0
4
65
234 12.05
0.48
100
40
200
1.00
1.00
F0D0
10
40
80
2.60
0.26
FF0DD0
10
5
10
1.90
0.19
FF0DD0
10
20
80
3.70
0.37
TBD
10
150
600
8.90
0.89
TBD
40
150
2400
7.80
3.12
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CELL GEOMETRY OPTIMIZATION FOR DIPOLE KICK CORRECTION
IN A HIGH FREQUENCY IH STRUCTURE∗
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Abstract
Given the asymmetry in the stem configuration of an
IH-DTL structure, an electric dipole component is always
present between drift tubes, and it is especially significant
for reduced dimensions in high-frequency regimes. Here we
study the effect of different modifications of the drift tubes
geometry of a 750 MHz IH-DTL to eliminate the impact
of the dipole component in the transverse beam dynamics.
Tracking simulations through a single cell are also performed
to assess the outcomes in particle’s trajectory offset and angle.

INTRODUCTION
Interdigital H-mode structures are common components
in linac injectors due to their high power efficiency performance in the acceleration of beams below 25% of the speed
of light [1]. Following the recent progress at CERN on a
“bent-linac” design for carbon ion beams [2] that comprises
a highly compact RFQ [3] operating at 750 MHz, here we
present a conceptual study of a high frequency IH-DTL
structure for the injector, downstream the mentioned RFQ,
accelerating in the energy range of 5 to 10 MeV/u. The baseline design tries to continue the work in [4] on the optimized
cell geometry of a 750 MHz IH-type structure.

Figure 1: Front view (left) and lateral cross-section (right)
of one standard IH cell. Electric field map is represented in
the YZ plane.
∗
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Structures with very small apertures, and high frequency
regimes, require special attention to the beam dynamics
which is strongly affected by small errors in geometry dimensions. In addition, the asymmetry with opposing stems
introduces a very significant transverse component of the
electric field. Benedetti et al [4] proposed the mitigation
of such dipole kick by adjusting the length of the first and
last cells of the rf tank. In this study, we consider several
proposals of geometrical modifications of the drift tubes
that aims at either reducing or compensating the transverse
electric fields. Simulations of the electromagnetic fields
were performed in ANSYS HFSS [5], and calculations of
different figures of merit were compared for each model.
Figure 1 shows the conformed geometry in vacuum of
one regular cell of an IH structure, which respects the idea
in [4] of using flat copper walls for the outer cavity profile,
but has been revised with a round profile in seek of smaller
power losses [6]. The model in Fig. 1 is used as baseline for
this study. The cell length is 23.085 mm, corresponding to
an ion speed of 𝛽 = 0.12. The internal bore diameter of the
drift tube is 5 mm, its thickness is 2 mm, and the gap length
is 9.315 mm. The horizontal and vertical sizes of the outer
profile of the cavity are 91.35 × 91.35 mm.
For such a model, the electric field along the ideal particle
path is represented in Fig. 2 by the axial (z) and transverse
(y) components. The transverse voltage, responsible of deflecting the beam, entails 8.4% of the total axial voltage in a
single cell. The goal of this study is to reduce the deflecting
effect by modifying the standard drift tube geometry close
to the gap.

Figure 2: Axial (blue) and transverse (red) field profile along
the centre of the rf cell. Fields are scaled to an axial effective
voltage of 120 kV.
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Figure 3: Four proposals of drift tube modifications for electric dipole compensation.

DRIFT TUBES SHAPE VARIATIONS
Four variations of the drift tubes are analysed in this study,
shown in Fig. 3. For the sake of a fair comparison, the gap
between drift tubes and the stem dimensions are the same
than in the standard cell. One dimension of the new feature is
used as an optimisation parameter to minimize the transverse
deflection. To do so, we consider the minimisation of the
integral of the transverse field component:
∫ 𝐿cell
𝑉𝑦 =
𝐸 𝑦 (𝑧) d𝑧.
(1)
0

The results of 𝑉𝑦 as a function of the optimisation parameter
are represented for all drift tubes variations in Fig. 4.
Since the new shape changes the capacitance between
tubes, the resonant frequency is shifted by few MHz. This
is tuned back to nominal value (750 MHz) by adjusting the
size of the outer profile of the cavity, which only affects the
auto-inductive region.

Circular Disk Feature
A common choice of dipole correction is adding small
bulges at the edges of the drift tube [1, 7] that compensate
the electric field orientation from the accumulated charge
in the stems. This bulge, shown in Fig. 3(a), is modelled as
a 2 mm thick circular disk, with a larger diameter than the
drift tube, but off-centred, so that it makes a tangent point
on the side of connection with the stem bar. This offset is
used as optimisation parameter for minimising 𝑉𝑦 , with the
clear trend shown in Fig. 4.

Racetrack Disk Feature
Based on the same principle of the circular disk, a racetrack shape is adopted to reduce the bulge material on the
laterals of the drift tube. As it can be seen in Fig. 3(b), one
arc of the racetrack is matched to the drift tube contour, and
the centre of the second arc is displaced by an offset, which
is again used as the optimisation parameter.

Aperture Off-Centre
In this case, instead of machining bulges, the whole drift
tube is designed so that the aperture where the beam travels
is off-centre. In our model, shown in Fig. 3(c), we keep the
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Figure 4: Optimisation curves of four variations for 𝑉𝑦 minimisation.
aperture and the stem connection in the same position as
the standard cell, but we introduce an offset for the cylinder
axis that defines the copper-made drift tube. The offset is
the only optimisation parameter for minimising 𝑉𝑦 .

Angled Faces
A slant is introduced in machining opposing faces at the
edges of the drift tubes. In this way, we intend to compensate
the asymmetry of the inverted stems and reorient the electric
field lines across the gap. The resulting model is shown in
Fig. 3(d). Here, the optimisation parameter is the angle of the
slanted faces with respect to the original. Only 3.4 degrees of
slant between faces is enough to minimise deflecting voltage,
which is strongly sensitive to slant angle: a deviation of 1
degree results in a transverse voltage of 2.4% with respect
to axial voltage.

RESULTS
Transverse Field Profile and Deflections
The electric fields on the beam axis have been evaluated
for the optimised variations (Fig. 5). The geometries with
bulges and with aperture off-centre achieve very low levels
of transverse field across the gap, offering a fairly uniform
profile with ripples of about 100 kV/m. Contrastingly, the
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field profile produced by the angled faces variation show
three peaks of alternating field direction in y axis, although
the net voltage due to transverse field is still zero. It is noted
that the maximum peak results in half of the standard one.

Figure 5: Transverse electric field profile for the standard
cell and presented four variations. Fields are scaled to an
axial effective voltage of 120 kV.
The effect of the field shape caused by the angled faces
variation is simulated for a single C6+ ion entering to the cell
on centred axis with no angle, and a velocity of 𝛽 = 0.12, by
® The ion trajectory, depicted in Fig. 6,
solving d 𝑝/d𝑡
®
= 𝑞 𝐸.
describes a very small deflection at its halfway point and
gets corrected at the exit back to zero offset position and
angle, which is the optimum for entering the following cell.

Table 1: Figures of merit on standard cell and variations
Model

𝐷
[mm]

𝑇

𝑍𝑇𝑇
[MΩ/m]

𝜂

Standard

91.35

0.902

360

7.7

Circular disk
Racetrack disk
Aperture offset
Angled faces

82.41
85.60
80.65
91.00

0.903
0.905
0.907
0.903

267
291
250
356

7.2
8.6
8.6
8.2

We do find a large diversity in the results of the effective
shunt impedance (𝑍𝑇𝑇), a relevant indicator of the power
efficiency performance of the rf cavity. The circular and
racetrack disk features added on the drift tubes degrades the
efficiency in 26% and 19%, respectively. This is even worse
for the case of the aperture offset, that loses 30% of shunt
impedance. The angled faces variation represents the least
modification of the geometry, thus the smallest degradation
of 𝑍𝑇𝑇 is accomplished (1%). This performance makes
the latter a promising candidate to be applied on a full IH
structure.
The field enhancement factor (𝜂) is defined here as the
ratio between the peak electric field on copper surface and
the average gradient on axis. Most of the models show an
increase in the surface field with respect to the applied voltage between gaps. Aiming at a maximum surface field of
50.6 MV/m, 2 times Kilpatrick’s limit, the proposed variations allow for a maximum average gradient from 5.8 to
7.0 MV/m, corresponding to effective axial voltages (𝑉𝑧 𝑇) of
122 to 145 kV. Nominal voltage in design for the 23.085 mm
long cell presented here is 120 kV, still below the potential
breakdown limits on dipole-corrected models.

CONCLUSIONS

Figure 6: Particle trajectory comparison between the standard cell and the angled faces variation, for an effective axial
volt age of 120 kV.

Figures of Merit
To compare the performance and suitability of each variation that suppresses the electric dipole component, we analyse in Table 1 a series of figures of merit.
The size of the cavity (𝐷) is adjusted to tune the resonant
frequency to 750 MHz. Adding more material on the drift
tubes, as it is the case for the first three variants, increases
electric capacitance and decreases frequency. For this reason,
the size of the cavity needs to be from 6 to 11 mm smaller.
For the shape with angled faces, electric capacitance is barely
altered. Transit time factor (𝑇), which is mainly dominant
by gap size, does not show remarkable differences among
all variations.
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Different alternatives are shown to be valid for correcting
electric deflection in an IH-DTL. Although no mechanical
assessment has been made here, the angled faces variation
seems to be the simplest geometry feature to compensate
field orientation across the gap. At the same time, its larger
shunt impedance makes it the most favourable option regarding its efficiency. Dimension sensitivity studies should be
examined in the future for tolerance specifications, so that
this feature is considered to be integrated in the design and
construction of a complete IH-type structure.
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EFFECT OF HIGH-MAGNETIC FIELD REGION GEOMETRY ON THE
EFFICIENCY OF A 750 MHz IH STRUCTURE∗
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Abstract
High frequency structures generally translate to high efficiency performances thanks to reduced surfaces of the inner
cavity. Two round-profiles geometry and some variations
of two important parameters of a 750 MHz IH-DTL are
proposed in this paper in order to improve shunt impedance
performance regarding an existing solution with flat-walled
cavity developed by CERN. The proposed designs are shaped
such that they guarantee an easy connection of RF and vacuum auxiliaries. Electromagnetic simulations are checked
with CST Microwave Studio.

INTRODUCTION
H-mode accelerator structures, which work in transverse
electric (TE) modes, stand out mainly because of their high
efficiency performance in low 𝛽 regimes, compared to other
accelerator structures such as Alvarez linac type cavities [1].
Among the different types of H-mode DTL structures, two
are emphasised above all, the so-called crossbar H-mode
(CH), which operates in TE210 mode; or the interdigital
H-mode (IH) structure, operating in TE110 mode. It is for
a specific particle’s velocity range, below 𝛽 ∼0.15, where
IH cavities show the most efficient performance [2], and
become a necessary component in linac injectors for light
and heavy ions. An example is the bent-linac injector for
medical applications with carbon ion beams [3] proposed at
CERN, which comprises a compact 750 MHz RFQ in the
first RF acceleration stage (0.4-5 MeV/u) [4]. After such
cavity, the use of an optimised 750 MHz IH structure capable
of covering the first range up to 5-10 MeV/u range has been
proposed [5].
There are some factors that can define the high value
of the RF cavity efficiency, such as its external structure.
Refining the shape in the auto-inductive dominated regions
of the cavity allows for further optimisation of the power
consumption. Concerning this idea, this work explores the
shaping and geometry parametrisation of a 750 MHz IH cell
aiming at improving its efficiency.
The shunt impedance (𝑍) parameter is a good variable to
study the optimisation of the cavity. This variable is defined
as the ratio between the square of the longitudinal voltage in
the cavity and the consumed power. Thus, with a constant
longitudinal voltage, the value of 𝑍 reaches its highest value
when the power dissipated in the cavity walls is minimised.
∗
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One usually deals with the effective shunt impedance (𝑍𝑇𝑇),
which includes the transit time factor of the voltage noticed
by the beam. Under this consideration, in order to achieve
the objective of this study, some proposals for geometric
modifications to the 750 MHz IH structure together their
𝑍𝑇𝑇 values are presented here. These structures are capable of reducing the dissipated power while maintaining the
dimensions of the drift tubes.
With a view to carry out this analysis, the CST Studio
Suite 2021 software was used. This software allows for the
simulation of the resonance frequencies of an RF cell, EM
fields and some determining parameters such as the effective
impedance 𝑍𝑇𝑇.

Figure 1: Front view (right) and lateral cross section (left)
of half standard IH cell.
Figure 1 shows the baseline cavity in which the analysis
was carried out, as well as the nomenclature of key parameters that have been studied in the optimisation. It is a regular
cell that belongs to an IH cavity with a structure inspired by
the S. Benedetti et al. study [5]. With a length of 25.16 mm
and a gap equal to 8.99 mm, this cell has a series of flat
copper walls for the outer profile, motivated by an easy machining and insertion of auxiliaries. These flat walls will be
modified during this study.

EFFICIENCY AND CAVITY WALLS
Choosing the best acceleration structure for a given application is a complicated task. To narrow down the spectrum
of possibilities, it is useful to set some constraints. In this
work, the orifice size, the gap and the operating frequency
were fixed. The decision on the orifice radius comes from
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beam dynamics considerations, although this size greatly
affects the RF optimization, as does the gap [6].
On metallic surfaces that are not perfectly conductors,
the electromagnetic fields (𝐸 𝑠 and 𝐻𝑠 ) penetrate into the
material through a certain depth, leading to a power density
dissipated in the walls:
𝑑𝑃 1
= 𝑅𝑠 𝐻𝑠2
𝑑𝐴 2

(1)

𝑅𝑆 is the surface resistance of the cavity, in this case made
of copper, and 𝐻𝑆 is the magnetic field, which can be considered uniform on the cavity profile at first order approximation. Equation (1) reveals that one would need to reduce
the area of the copper walls that enclose the cavity in order
to reduce the dissipated power in the cell, as it is confirmed
in simulation results shown in Table 11 .
Table 1: Values belonging to the flat cavity IH (Fig. 1) with
different modifications of 𝐷𝑣 and 𝐷ℎ, simulated in CST.
Dv
[mm]

Dh
[mm]

c
[mm]

Area
[mm2 ]

ZTT
[MΩ/m]

91
92
95

104.91
104.70
104.16

26.50
27.00
28.50

2473
2487
2532

329.21
328.18
324.96

Generally, there is an increment of 𝑍𝑇𝑇 when reducing
the vertical size (𝐷𝑣) of the cavity, but we have to increase
the horizontal size (𝐷ℎ) to retune the resonance.
Another solution to reduce the area of walls is to make
them round. Also, some variations of two parameters have
been adopted in this study for this purpose.

Figure 2: 𝑍𝑇𝑇 analysis for 𝑅𝑒𝑙𝑙𝑖 𝑝𝑠𝑒 =25,30,35 mm as a function of 𝐷𝑣 in the flat-walled cavity.
is intended to allocate power couplers, vacuum ports and
tuners, thus a minimum width of 38 mm will be required
as it was designed for the RFQ [4]. In Fig. 3, the 𝑍𝑇𝑇 parameter is analysed as a function of 𝑀, and establishing the
optimal 𝑅𝑒𝑙𝑙𝑖 𝑝𝑠𝑒 in each case. 𝑍𝑇𝑇 is consistently larger as
the lateral wall width shrinks. For this reason, it is found convenient to restrict the 𝑀 dimension to its minimum possible
value of 38 mm.

SHAPE VARIATIONS
Flat Walls Profile
The reduction of 𝐷𝑣 is limited at a certain level by other
parametrised dimensions of the stems, such as 𝑅𝑒𝑙𝑙𝑖 𝑝𝑠𝑒 , as
it is obvious that the cavity size cannot be smaller than the
stem size. In Fig. 2, the variation of the 𝑍𝑇𝑇 parameter was
evaluated as a function of 𝐷𝑣 and 𝑅𝑒𝑙𝑙𝑖 𝑝𝑠𝑒 for the flat-walled
IH cavity (Fig. 1). This could not be assessed for values of
Dv below the mentioned limit and, for this reason, the trend
of increasing 𝑍𝑇𝑇 is cut. It is found optimal to maximise
𝑅𝑒𝑙𝑙𝑖 𝑝𝑠𝑒 , so that the ellipse edge which describes the stem
shape ends on the corresponding ridge. That is:
𝑜 𝑝𝑡
𝑅𝑒𝑙𝑙𝑖
𝑝𝑠𝑒 = ℎ𝑟𝑖𝑑𝑔𝑒 − 𝑟 𝑠𝑡

(2)

where 𝑟 𝑠𝑡 =1.5 mm is the small rounding at the ridge edge.
We also found the size of the lateral wall, which is indicated in Fig. 1 by the M dimension, to be critical for the
optimisation (being an analogous dimension definition as
parameter c). This flat wall, for both left and right sides,
1

Others constant values used in the simulations carried out in Table 1:
ℎ𝑟𝑖𝑑𝑔𝑒 =30.29 mm, 𝑅𝑒𝑙𝑙𝑖 𝑝𝑠𝑒 =28.79 mm, 𝑀 =38 mm and 𝐹𝑟 𝑒𝑞 =
749.48 MHz.
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Figure 3: 𝑍𝑇𝑇 analysis for the values 𝑀 =38,50,57 mm as
a function of 𝐷𝑣 and maximising the value of 𝑅𝑒𝑙𝑙𝑖 𝑝𝑠𝑒 .

Round Walls Profile
Based on the principle of area reduction to improve 𝑍𝑇𝑇,
two structure models with round profile walls were proposed
(see Fig. 4). Model 1 substitutes the straight boundaries
on the corners of the original one by two arcs, of radius
𝑅1 and 𝑅2, that are tangent to the lateral wall line (width
is maintained at 38 mm) and the angled line of the stem.
Instead, Model 2 breaks the tangent bounds of the second
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arc because the 𝑋1 coordinate of the centre of the arc 1 is
fixed at 2 mm. This makes the 𝑅1 larger than in Model 1.

Figure 4: Model 1 (M1) and Model 2 (M2) of the studied
IH cells with round profile.
Table 2: Model 1 and Model 2 of the IH cells studied with
round profile.

Dv [mm]
Dh [mm]
M [mm]
ℎ𝑟𝑖𝑑𝑔𝑒 [mm]
𝑅𝑒𝑙𝑙𝑖 𝑝𝑠𝑒 [mm]
ZTT CST
[MΩ/m]

Flat
Walls

Round
Walls
(M1)

Flat
Walls

Round
Walls
(M2)

90.00
104.74
38.00
31.27
29.77

90.00
94.76
38.00
31.27
29.77

90.00
105.45
38.00
28.78
27.28

90.00
99.77
38.00
28.78
27.28

331.12

333.25

327.74

337.48

Table 2 shows two comparisons made between the three
IH cell profile variations that have been studied. The first
two columns show the results of 𝑍𝑇𝑇 obtained for the flat
walls profile and for the first model made of round walls.
For the sake of a fair comparison, the stems and drift tubes
dimensions are the same, that means that ℎ𝑟𝑖𝑑𝑔𝑒 and its optimal 𝑅𝑒𝑙𝑙𝑖 𝑝𝑠𝑒 are fixed, and only the parameters that define
the outer profile are adjusted. An enhancement of 0.65 % of
𝑍𝑇𝑇 was obtained by adopting the first variation of round
walls. It should be noted that this comparison was carried
out at a 𝐷𝑣 value equal to 90 mm, since it provides the highest 𝑍𝑇𝑇 (see Fig. 5). The same procedure was performed
for the last comparison between the flat profile cell and the
second variation of a round profile cell. In this case, model
2 gives a 𝑍𝑇𝑇 increase of 2.9 % over the flat profile cavity.
The values obtained in Table 2 have also been simulated
with the HFFS software. Although the mesh generation
process is different in the CST and HFFS sofwares, the
same settings have been applied in order to make results
comparable. A fine mesh of maximum 0.8 mm is specified
in a box containing the drift tube region while, for the rest,
meshing elements are limited to 10 mm. In addition, curved
surfaces are approximated to a maximum normal deviation
of 10 degrees.
Under these considerations and achieving a similar number of meshing cells, the results define that the HFFS software offers very similar values to those of CST. The biggest
difference found is a 1 % reduction of the 𝑍𝑇𝑇 values with
HFFS compared to the values with CST.
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Figure 5: Model 1 and Model 2 of the studied IH cells with
round profile and the flat profile cavity.

CONCLUSIONS
After the parametrization effort on a regular cell of an
IH structure, the 𝑅𝑒𝑙𝑙𝑖 𝑝𝑠𝑒 and 𝑀 dimensions were proven to
be of great importance in the interest of enhancing power
efficiency. To sum up, 𝑅𝑒𝑙𝑙𝑖 𝑝𝑠𝑒 , which outlines the shape of
the stem base, needs to be maximised up to the ridge level,
while the lateral wall width 𝑀 should be as small as possible,
as long as the structure allows and facilitates power coupling
and tuning.
Regarding the outer profile of the cavity, aiming at reducing the high magnetic field area, where power losses
take place, simulations show a slight improvement of shunt
impedance when adopting round walls, up to 2.9 % for the
second proposed model. The approach of rounding the walls
of the IH tank is beneficial to electricity consumption costs,
however at the expense of a somewhat higher degree of complexity in its fabrication. Nonetheless, the outer profile of
the cavity does not require the tightest tolerances, as it does
for the drift tubes, since any undesired machining errors are
intended to be corrected with external tuning tools. It should
also be mentioned that the efficiency enhancement achieved
in this study makes no special relevance in the choice of the
power source (solid state amplifiers), considering that the
maximum available power will be safely foreseen to be well
above the required input power.
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AUTOMATIC RF CONDITIONING OF S-BAND CAVITIES FOR
COMMERCIAL PROTON THERAPY LINACS
S. Benedetti#, M. Cerv, S. Magnoni, L. Navarro, D. Soriano, AVO-ADAM, Geneva, Switzerland
Abstract
The CERN spinoff company ADAM owned by
Advanced Oncotherapy plc (AVO-ADAM) is completing
the construction and testing of its first LIGHT (Linac for
Image-Guided Hadron Therapy) system. Each LIGHT
machine is composed by 20 accelerating modules: one
750 MHz RFQ, four 3 GHz Side-Coupled Drift Tube
Linac (SCDTL) and 15 3 GHz Coupled-Cavity Linac
(CCL). The company aims at delivering several similar
LIGHT machines in the next years. A prerequisite to
achieve such goal is the capability to complete the RF
conditioning of the accelerating modules in a systematic
and automatic way, with minimal inputs from RF
engineers. In the past years ADAM developed an
automatic conditioning system capable of increasing the
main conditioning parameters – RF power, pulse width,
repetition rate – while controlling the cavity breakdown
rate and vacuum level. The system has been so far tested
on about twenty accelerating structures with different
brazing methodologies and RF accelerating voltages,
proving its robustness. This paper discusses the ADAM
automatic conditioning system design and its
implementation.

INTRODUCTION
RF accelerating structures must undergo a process of
conditioning before being accepted for operation in an
accelerator facility. The conditioning is considered
finished when the breakdown rate (BDR) meets the
requirements and the RF parameters – pulse width and
repetition rate – are nominal. The conditioning process
consists of an iterative algorithm that smoothly increases
the average power in the cavity until the working
conditions are reached. During this process, the BDR and
other parameters, such as the cavity vacuum pressure, are
acquired to characterize the conditioning status. A fast RF
inhibit is recommended to protect the cavity from clusters
of breakdowns that could damage the inner surface of the
cavity. A schematic of an RF system suitable for
accelerating cavity conditioning is sketched in Fig. 1.

Figure 1: Overview of an RF network layout for cavities
conditioning.
Such systems are typically composed of a low-level RF
(LLRF) box or RF generator, a modulator and klystron
system (MKS), an RF network (RFN), vacuum system and
gauges, temperature sensors and thermos-switches, SF6

gauge and reading, a cooling system and a trigger system
to synchronize the LLRF, the MKS and the acquisition
system.
AVO-ADAM developed in the past years an automatic
tool for conditioning its accelerating cavities, called Event
Detection System (EDS), building on the initial work
discussed in [1]. The EDS permitted to condition more than
19 accelerating cavities so far with a reproducible and
standardized process.

SYSTEM COMPOSITION
The Event Detection System (EDS) is a system
consisting of software and hardware. It monitors the RF
signals in the RF network and in the accelerating cavity. If
any of the signals exceeds predefined limits, the EDS
marks it as an event. After a user-defined number of
consecutive events, it can inhibit the trigger of the RF
generator to protect the RF cavity from physical damage.
In addition, the EDS accepts external digital inhibit signals
from the cooling and vacuum systems.
EDS is fully controlled by a supervisory control system,
where also sends the data for monitoring, archiving and
further processing. Triggers arrive from the trigger
generator and are conditionally forwarded to the RF
generator.
When the EDS detects a trigger, it will perform data
acquisition on 8 analogue inputs, process the acquired
waveforms, detect whether some of those processed values
are out of preconfigured limits and appropriately flag this
data. Typically acquired signals are the MKS voltage and
current, the MKS and accelerating cavity bi-directional
coupler (BDC) forward and reflected power as well as the
accelerating cavity pickups (PKPs). This system capability
proved very useful during the data postprocessing to
discern between recorded events originating from
breakdowns in the accelerating cavities, rather than in the
RFN or in the klystron.
If the number of consecutive events is higher than a userdefined limit, an internal inhibit signal is raised. EDS also
detects externally produced inhibit signals, typically those
coming from the cooling and the vacuum systems. If an
inhibit signal is raised, the EDS will no longer forward the
triggers from its input to its power output.
The EDS computes the rate of recognized events in a
dynamic way, as 2 divided by the number of pulses since
the second to last event to the present time. This number is
the accelerating cavity BDR monitored by the system,
though as explained above during the data postprocessing
several recorded events can be discarded as breakdowns
non-originating from the accelerating cavity.

___________________________________________
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SIGNAL ACQUISITION AND ANALYSIS
Analogue signal acquisition and processing are carried
out in an FPGA to ensure deterministic operation at 200 Hz
and no lost triggers as well as to immediately react to
multiple detected events.
Upon a trigger signal, each of the eight channels
performs pulse analysis on the acquired waveform. The
analysis measures three parameters of the pulse: its mean
and peak amplitude and area (Fig. 2). The measurements
are performed between time window delimiters window
begin and window end (marked red in the three figures).
Each of the three parameters has independent time window
delimiters.

flag as events the RF pulses where the pulse area, peak or
mean value differs more than a user-defined percentage
from the averaged values of the last N pulses. This type of
threshold has been applied to all the LIGHT-conditioned
cavities BDC FWD pulses and PKP signals, together with
the most common maximum peak threshold on the BDC
RFL signals.

Figure 3: Example of acquired signals. Breakdown event
in solid lines and previous nominal pulse in dotted lines.

CONTROL AND LOGGING
A complementary layer to the EDS oversees controlling
the GUI, archiving data, monitoring the EDS, managing
the inhibits and their recovery, and regulating the RF
frequency to keep minimum the cavity reflected power.

GUI Control and Data Archiving

Figure 2: Sketch of the three types of measurements
applicable to the acquired signals.
When pulse analysis is complete, the results are
evaluated. If any of the parameters is outside the limits, this
pulse is marked as an event (otherwise it is referred to as a
nominal pulse). The user can set three types of limits: a
low, a high and a maximum deviation from the moving
average. Each of the three limits may be turned on or off.
The deviation is set in percent change with respect to the
value averaged from the last N nominal pulses (events are
excluded). N is set by the user and can be either 1, 2, 4, 8,
16 or 32. The data sent to the software include the flags
reporting which of the limits was reached on which
channel. Event detection also includes a counter of
consecutive events. If the number of consecutive events
exceeds a user-defined limit, a register is set to inform the
trigger logic that an EDS inhibit has been triggered.
The EDS keeps in a buffer the RF signals of the most
recent nominal pulse. In such a way, all the RF pulses
recognized as “Events” can be compared with their
previously nominal RF pulse, as shown in Fig. 3.
Amongst the different detection systems available, the
one that proved to be the most effective is the possibility to
Proton and Ion Accelerators and Applications
Industrial and medical accelerators

This part of the application permits to control:
- The RF generator amplitude, phase, frequency, and
repetition rate.
- The MKS status.
- The EDS thresholds and the enabling of the inhibit
conditions.
- The vacuum and cooling status.
The application can display the RF signals, the computed
values (peak/mean/average of the RF signals), the BDR,
and the vacuum and temperature signals at a maximum
repetition rate of 2 Hz. The user can retrieve all the data in
CSV files over a defined time window.
When enabled, events are logged into binary files at a
rate up to 200 per second and stored on a remote server.
Once a file size has been reached, a new file is created and
populated as events occur.

EDS Monitor
Once an event has been recognized by the EDS, this is
displayed together with the most recent nominal pulse
before it. The conditions that trigger the event are shown,
together with the number of pulses accumulated since the
last recognized event.
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Inhibits and Automatic Recovery
When the functionality is enabled, the EDS can restart
the output trigger after an inhibit blocks it. When an inhibit
occurs, the EDS tries to resume the conditioning for a userdefined number of times. If the inhibit root cause was
cleared in the meantime, the EDS restarts the conditioning,
else it stops it. Typical examples of external inhibits not
recoverable by the EDS are high/low SF6 pressures in the
RFN and MKS interlocks.

Cavity Resonance Feedback
During the RF conditioning, the average power in the
cavity changes, so the optimum resonance condition
changes as well. This part of the application monitors the
cavity temperature, and it reacts when this changes more
than a user-defined value – typically 0.2 deg. The RF
generator frequency is changed automatically by a userdefined ratio, typically 50 kHz/deg. As a result, a matched
cavity at the start of the RF conditioning – with low RF
power, pulse width, and repetition rate – remains matched
also when the nominal RF conditioning parameters are
reached.

The CCA publishes live, at a slow monitoring rate of
2 Hz, the RF power in any of the eight acquired signals,
together with the vacuum reading, the pulse width, the
repetition rate, the RF generator power, and the BDR in the
cavity according to the thresholds set in the EDS. The
operator has thus a quick way to monitor the main
conditioning parameters and their trends.

SYSTEM CAPABILITIES EXAMPLE
An example of the full history conditioning data of one
of the LIGHT accelerating cavities conditioned with the
EDS is shown in Fig. 4. In the case shown, the repetition
rate was set from the beginning at 200 Hz, and one can
appreciate the initial RF power ramp-up – driven by the
CCA BDR thresholds set by the operator – followed by the
increase of the pulse width. More than 1600 breakdowns
were detected during the cavity conditioning, which lasted
less than 2 weeks in total. After the setup of the EDS events
recognition thresholds, the operator intervention was
minimal and limited to stopping and restarting the CCA
once activities such as SF6 refill were needed.

CONDITIONING LOGIC
The conditioning is driven by the Cavity Conditioning
Algorithm (CCA) algorithm, which decides when and how
to increase the RF power delivered to the cavity. This
works similarly to systems previously developed, e.g., in
[2], namely, the CCA is capable of 1. Automatically
increasing the RF power at a user-defined rate when the
BDR is below a user-defined low threshold, 2. Keeping the
RF power constant when the BDR is above the previous
threshold but below an upper one, and 3. Decrease the RF
power by a user-defined amount when the BDR exceeds
the upper limit.
The CCA allows the user to enable, disable, pause, and
resume the conditioning process. The user shall define the
RF conditioning goal parameters – RF power, pulse width
and repetition rate – together with the corresponding
increase steps. The CCA increases first the RF power.
Once the RF power reaches the goal one, the CCA reduces
the RF power by a user-defined percentage and increases
the repetition rate by the same percentage. Once both the
RF power and the repetition rate reach the goal values, the
CCA starts increasing the pulse width with the same logic
as above.
During the increase of the pulse width, the system
modifies the moving thresholds (average and mean)
accordingly, such that the sample values maintain their
statistical significance.
Once the system has reached all the goal parameters –
RF power, pulse width and repetition rate – the CCA keeps
on operating at those values until the BDR fall to a userdefined goal. Once this is reached, the CCA can either stop
the conditioning or continue it, depending on the user
settings. An e-mail notification can be sent either when the
conditioning ends successfully or when the conditioning
stops.
MOPOGE06
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Figure 4: Full conditioning history of one LIGHT
accelerating cavity. The top picture shows the cumulative
number of breakdowns, the pulse width, the repetition rate,
the RF power, and the vacuum pressure across the
cumulative number of RF pulses. The bottom picture
shows the BDR moving average and the dynamic BDR
across the cumulative number of RF pulses.

SUMMARY
The EDS system permitted to complete the automatic
conditioning of the 4 SCDTL modules and the 15 CCL
modules composing the first LIGHT accelerator in a
systematic and efficient way, along with several RFN
components such as isolators and RF windows.
The system has been first tested and it is in use since late
2019. More than 130 GB of data have been collected and
post-processed, corresponding to a total of almost 1 million
breakdowns identified.
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HIGH POWER RF TRANSMISSION LINES
OF THE LIGHT PROTON THERAPY LINAC
J.L. Navarro Quirante*, D. Aguilera Murciano, S. Benedetti, G. Castorina, C. Cochrane,
G. De Michele, J. Douthwaite, A. Eager, S. Fanella, M. Giles, D. Kaye, V. F. Khan, J. Mannion,
J. Morris, J. F. Orrett, N. Pattalwar, E. Rose, D. Soriano Guillén, AVO-ADAM, Meyrin, Switzerland
Abstract
The Linac for Image-Guided Hadron Therapy (LIGHT)
machine [1] is designed to accelerate a proton beam up to
230 MeV to treat deep seated tumours. The machine consists of three different kinds of accelerators: Radio-Frequency Quadrupole (RFQ), Side Coupled Drift Tube Linac
(SCDTL) and Coupled Cavity Linac (CCL). These accelerating structures are fed with Radio Frequency (RF)
power at 750 MHz (RFQ) and 3 GHz (SCDTLs and
CCLs). This power is delivered to the accelerating structures via the high power RF transmission network (RFN).
In addition, the RFN needs to offer other functionalities,
like protection of the high RF power feeding stations,
power splitting, phase and amplitude control and monitoring. The maximum power handling of the RFN corresponds to a peak RF power of 8 MW and an average RF
power of 9 kW. It functions either in Ultra-High Vacuum
(UHV) conditions at an ultimate operating pressure of 10 -7
mbar, or under pressurized gas. The above listed requirements involve different challenges. In this contribution we
exhibit the main aspects to be considered based on Advanced Oncotherapy’s (AVO) experience during the commissioning of the RFN units.

OVERVIEW OF LIGHT SYSTEM
The Linac for Image-Guided Hadron Therapy (LIGHT)
machine [1] consists of several subsystems to produce, accelerate, transport and deliver protons to treat deep seated

tumours. It has the capability to deliver the required dose
sending pulses with a duration of 5 µs, 200 times per second and being able to change the proton energy electronically pulse by pulse. The main subsystems are:
• LIGHT Proton Injector (L-PIA) that produces continuous proton pulses of 5 µs at 200 Hz and modulates
their intensity.
• LIGHT Radiofrequency Quadrupole subsystem (LRFQ) that comprises the necessary devices to produce, amplify, transport, monitor and control RF at
750 MHz to feed an RF quadrupole cavity that is capable of capturing the proton pulses produced by the
source, bunching and accelerating them up to 5 MeV.
• LIGHT Side Coupled Drift Tube Linac subsystem (LSCDTL) composed of two units with the necessary
equipment to produce, amplify, transport, monitor and
control the 3 GHz RF power to feed accelerating cavities boosting protons up to a fixed energy of
37.5 MeV.
• LIGHT Coupled Cavity Linac subsystem (L-CCL)
composed of 10 units able to produce, amplify,
transport, monitor and control the 3 GHz RF power to
feed 15 CCL cavities able to dynamically modulate
the energy of the protons from 70 to 230 MeV.
• After the main Linac other subsystems transport and
deliver the beam to one or several treatment rooms,
which are out of the scope of this contribution.

Figure 1: 3D model of the full LIGHT. The 3 GHz RF Network is visible connecting the high power stations to the
accelerator.
___________________________________________

* l.navarro@avo-adam.com

MOPOGE07
158

Proton and Ion Accelerators and Applications
Industrial and medical accelerators

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-MOPOGE07

RF Network is a subcomponent of L-RFQ, L-SCDTL
and L-CCL in charge of transporting, monitoring and manipulating the high power RF from the high power amplifier to the RF cavities.

LIGHT RF NETWORK
The LIGHT RF Network is a distributed apparatus over
several subsystems of the LIGHT machine. The L-RFQ is
required to transport RF pulses of up to a length of 10 µs,
a maximum RF peak power of 120 kW, RF at 750 MHz at
a pulse repetition rate of 200 Hz. In addition, it needs to
offer protection against reflected power to the high power
amplifier and monitoring of the transported signals. For LSCDTL and L-CCL, the RFN needs to transport RF pulses
of 5 µs length, at a maximum RF peak power of 7.5 MW,
3 GHz RF and 200 Hz pulse repetition rate. It also needs to
offer protection to the high power amplifiers against reflected power as well as signal monitoring. In some cases,
it needs to split the power to feed several cavities using the
same amplifier with the possibility to change RF amplitude
and phase independently for each cavity. In the following
sections we describe our design to meet the above requirements. Figure 1 shows the full LIGHT.

360 degrees phase shifter able to adjust not only the phase
but also the amplitude. After splitting the power, it is important to keep the RFN temperature stable to not induce
phase drifts between the two fed modules. In all cases, the
3GHz RFN integrates an isolator to protect the amplifier
from reflections coming from cavities during RF transients. The RFN foresees the use of a sliding short to match
the accelerating cavity impedance.

Design and integration
Due to the differences in requirements, two different designs have been used for the RFN. One for a 750MHz RFN
and another for a 3GHz RF network.
750 MHz RFN: it is built using 3 1/8 and 4 1/2 inches,
50Ω hard coaxial lines to offer the best compromise between compactness, power handling and insertion losses.
The RFQ accelerator needs feeding from 4 high power amplifiers, therefore, the system has 4 independent but similar
RFN coaxial lines, each one containing the following functional devices: one bi-directional coupler (BDC) at the output of the amplifier to monitor the production of RF and
the reflection in order to interlock the system in case of
failure, one circulator to remove reflections from cavity
during RF transients and a second BDC at the input of the
cavity to monitor the pulses delivered for acceleration. The
coaxial lines work at atmospheric pressure. A PEEK window separates the vacuum cavity side. Besides the functional components, the 750 MHz RFN is tailored to the installation site by using elbows and straight parts. The support of the network is a key point to be considered in the
integration to relieve any stress to the RF cavity and power
amplifier. Figure 2 shows an integration of the network.
3 GHz RFN: it is built using heavy wall rectangular
waveguides (WR284). They offer the right compromise between power handling, compactness, and insertion losses.
The waveguides are pressurized at 3.6 bars with SF6 to
mitigate potential arcs due to the high peak RF power handled. The pressure is monitored and the system interlocks
if it drifts away of the working region. An RF window is
used just before the RF cavity to separate the pressurized
section from the cavity which works in vacuum at a pressure lower than 10-7 mbars. For some CCLs, two modules
are fed by a single power amplifier. In those cases, the RFN
splits the power using a magic tee and it integrates a

Proton and Ion Accelerators and Applications
Industrial and medical accelerators

Figure 2: 3D model of 750MHz coaxial lines

Figure 3: 3D Model of 3GHz RF Network.

Manufacturing and Site Acceptance Tests
The RF pulses are monitored at the output of every amplifier and the input of every cavity using BDCs. Besides
the above functional components, the RF network is composed of straight parts, E-bends and H-bends to tailor it to
the installation site. Being this RF network typically heavier than the coaxial lines, the integration and design of supports is critical for a successful commissioning. Figure 3
shows an integration of one 3GHz RF network.
The manufacturing of the LIGHT RFN is externalized to
several specialized suppliers that need to meet strict quality
control processes to ensure that the components are
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produced meeting mechanical tolerances, RF requirements
and cleanliness for those under high vacuum.
After reception of components from manufacturing, they
undergo the following site acceptance test (SAT) to ensure
they meet the requirements before installation:
• Mechanical Inspection to ensure their dimensions are
produced as per design. In some cases dimensional
control is performed to check the geometrical tolerance of flanges as they are critical to ensure good electrical connection;
• Cooling SAT: for components with integrated cooling
circuits, pressure and cooling connector tests are performed;
• Pressure and vacuum SAT: each individual component to be installed under pressure or vacuum is tested
and validated against a range of acceptance parameters such as leak rate and outgassing rates (RGA) to
meet our requirements;
• Low Power RF SAT: functional or critical components, such as isolators, RF windows, magic tees,
loads and BDCs are characterized using a vector network analyser (VNA) to meet our requirements. Other
components like straight sections and elbows are either randomly tested or tagged after visual inspection
if suspected of potential non-conformity.
• Motion SAT: the sliding shorts and phase shifters in
the LIGHT RF system are linear actuator devices
driven by stepper motors. Functionality tests on the devices must be carried out to ensure they behave as intended. This includes: motion and range testing ensuring that the motor can travel its intended range with
appropriate velocity, acceleration, and deceleration;
connectivity tests to be accessible via a unique IP on
the Network to send movement commands; limit
switch testing to prevent damage if the actuator
reaches its maximum range and encoder readback tests
that provides feedback to the control system and enables the motor's position, speed, and acceleration parameters to be monitored.
• High Power SAT: some critical components (i.e. isolators, circulators and RF windows) are validated stand
alone at high power before installation as a functional
failure during commissioning could damage high
power amplifiers or accelerating cavities.

Installation
The installation of the RFN is a delicate process that
needs to be carefully performed. It relies in detailed working instructions to ensure that the process meets the quality
required to not compromise the components once exposed
at high power. The installation of the RFN is done sequentially connecting component by component starting from
accelerating cavities and finishing on the amplifier side.
The process ensures that no stress is induced in the accelerating cavities, where the alignment to the beam line is
crucial. In the process, RFN supports are pre-installed and
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ready to hold the components to not introduce stress on the
assembly. Some components are pre-assembled in the lab
before being installed in the final position to ease or boost
the process depending on the needs of the installation site.
It is important to ensure the cleanliness of the main flanges
before the connection, their alignment and to apply the
proper torque to not compromise the electrical continuity.
The torque of the fasteners is performed by following gradual star sequence to remove stress on the connection. All
the installation is performed using clinical gloves to not
contaminate the waveguides and the installation of every
component is tracked in a report for future reference.

High Power Validation and Nominal Use
After the RF network is installed and before it is approved for final use, it must be validated to ensure it complies with the requirements. The tests include the following:
• Pressure, vacuum, and cooling tests of the integrated
assembly when applicable;
• High power ramp up to nominal power, with careful
monitoring of the signals to detect potential failures or
arcs. For SF6 pressurized networks, a quality analysis
of the SF6 is performed periodically. The detection of
SO2 by-product in the SF6 analysis is a clear indication of arcing inside the RFN, usually due to a bad
electrical contact between two components;
• Phase shifter and sliding short calibration, performed
to find the matching points for each accelerating cavity and the working ranges for the phase shifter and
attenuator when applicable.

CONCLUSION
The LIGHT accelerator relies on the RFN to transport,
manipulate and monitor the high-power RF used by the accelerating cavities. The RFN has been designed to meet all
the AVO requirements and is tailored to each installation
site. In this paper we have dissected the main points we
have found important to consider after our experience with
the design, installation, and commissioning of the first
LIGHT system.
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LOW LEVEL RF SYSTEM OF THE LIGHT PROTON THERAPY LINAC
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Abstract
The LIGHT (Linac for Image-Guided Hadron Therapy) project was initiated to develop a modular proton accelerator delivering beam with energies up to 230 MeV for
cancer therapy. The machine consists of three different
kinds of accelerating structures: RFQ (Radio-Frequency
Quadrupole), SCDTL (Side Coupled Drift Tube Linac) and
CCL (Coupled Cavity Linac). These accelerating structures operate at 750 MHz (RFQ) and 3 GHz (SCDTL,
CCL). The accelerator RF signals are generated, distributed, and controlled by a Low-Level RF (LLRF) system.
The LIGHT LLRF system is based on a commercially
available solution from Instrumentation Technologies with
project specific customization. This LLRF system features
high amplitude and phase stability, monitoring of the RF
signals from the RF network and the accelerating structures
at 200 Hz, RF pulse shaping over real-time interface integrated, RF breakdown detection, and thermal resonance
frequency correction feedback. The LLRF system control
is integrated in a Front-End Controller (FEC) which connects it to the LIGHT control system. In this contribution
we present the main features of the AVO LLRF system, its
operation and performance.

INTRODUCTION
AVO-ADAM designed and is currently commissioning
the LIGHT (Linac for Image Guided Hadron Therapy) proton cancer therapy LINAC [1], which is a modular normal
conducting RF accelerator fed by 4 Inductive Output
Tubes (IOTs) and 13 klystrons grouped in 14 power stations. At each power station the RF power can be modulated independently every pulse. The pulse repetition rate
is 200 Hz allowing accurate dose delivery within tumour
volume and longitudinal layer switching on a pulse-topulse basis, given the low emittance of the proton beam.
These features of the LIGHT LINAC are key to have image-guided adaptative radiation therapy with protons [1].
The modular structure of the LIGHT system consists of:
• A proton source injecting 40 keV protons with currents up to 300 uA and pulses up to 20 us at 200 Hz
repetition rate.
• An RFQ (Radio Frequency Quadrupole) with a resonant frequency of 749.48 MHz accelerating the protons up to 5 MeV. This is the fourth sub-harmonic of
the 2997.92 MHz LINAC frequency. The RFQ is fed
by an IOT powering system driven by the first LLRF
unit. Several signals are monitored in the LLRF from
the RFQ system: 4 probe signals from the RFQ cavity
and 4 pairs of directional couplers (forward and reflected power) in the RF network.
___________________________________________

• Four SCDTL (Side Coupled Drift Tube LINAC)
structures powered by two klystrons at the main
LIGHT frequency of 2997.92 MHz. Passing through
the four SCDTL cavities, the beam will accelerate to
37.5 MeV. A SCDTL RF unit consists of a LLRF
driving power to a Modulator Klystron System
(MKS) that amplifies the 5 microseconds duration RF
pulses to MW levels. From each SCDTL RF unit, the
associated LLRF receives 4 probe signals (2 per cavity) and 3 pairs of directional couplers (forward and
reflected) signals in the RF network. The power is
split from main line and there is a coupler on each
branch before the SCDTL cavities.
• Fifteen CCL (Coupled Cavity LINAC) structures
powered by eleven klystrons at 2997.92 MHz, bringing the beam energy up to 230 MeV. Four CCL RF
units split power between two CCL cavities and the
other six are fed directly from the MKS. In the first
case, the associated LLRF receives 4 probe signals (2
per cavity) and 3 pairs of directional couplers (forward and reflected) signals in the RF network (as in
the SCDTL case); and in the latter case only 2 probe
signals from the cavity and 2 pairs of directional couplers are received.
Figure 1 shows a schematic view of the LIGHT LINAC
design. The three types of RF accelerating cavities are
highlighted with the final energy at each section. The RF
peak power required for the RFQ, SCDTL and CCL units
is 400 kW, 8 MW and 45 MW respectively [2].

Figure 1: LIGHT system schematic with expected beam
energy reached after each type of RF accelerating cavity
section.
The LIGHT beam production system is currently being commissioned at AVO-ADAM Daresbury integration
site (DIS) in UK.

LLRF SYSTEM DESCRIPTION
Each high-power RF unit is fed by a LLRF device, which
makes a total of 14 LLRF units for the whole LIGHT
LINAC. The LLRF system has been built and delivered by
Instrumentation Technologies [2] and on top of the LLRF
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device units, it’s composed of a Reference Master Oscillator (RMO) at 2997.92 MHz and its distribution box (to amplify signal or use a sub harmonic frequency), and an interlock unit box. The interlock unit box receives the accelerator control system interlock signals and sends them to each
LLRF box.
A 3 GHz LLRF device has a front-end unit and a digital
processor unit. The former is responsible of acquiring RF
signals and passing them at the intermediate frequency (IF)
to the digital processor, where they are checked and sent to
the accelerator control system. The digital processor also
shapes the pulse in phase and amplitude (as requested for
each treatment energy) and sends this information back to
the front-end where the RF output signal is delivered. More
information can be found in Ref. [2].

Acquisition and Feedback Loop
An RF probe signal is used in a feedback loop to maintain amplitude and phase at values set by operators. Amplitude and phase feedback loops have independent PI controllers. An example of the feedback loop behaviour from
the RFQ commissioning tests is shown in Figure 4. Before
the loop was enabled (blue), the water temperature (green)
was oscillating and so was the RFQ amplitude (red). Once
enabled, around 18:05, the RFQ amplitude became much
more stable for each setpoint, not affected by water temperature oscillations.

LLRF SYSTEM FEATURES
The function of the LLRF system in the LIGHT LINAC
is two-fold: produce RF signal that will be amplified and
transported to the RF cavities and acquire RF signals from
the different probes and directional couplers.

RF Stability
Small energy spread in the beam requires stringent
pulse-to-pulse stability of the LLRF RF output in amplitude and phase. In Figure 2 and 3 an example of a 500pulse run is shown for both amplitude and phase sampled
at the pulse flattop. The RMS deviation in amplitude is
0.013% and in phase 0.011 deg.

Figure 4. LLRF amplitude feedback loop, set on at 18:05
(blue), and its effect on RFQ amplitude (red). Also shown
RFQ water temperature (green) oscillations causing drifts
in amplitude.

Pulse Shaping

Figure 2. LLRF output amplitude (red) measured for 500
pulses with a moving average (solid black) and standard
deviation (dotted).

Figure 3. LLRF output phase (cyan) measured for 500
pulses with a moving average (solid black) and standard
deviation (dotted).
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The LLRF can shape the output pulse in amplitude and
phase defining the I and Q components through a series of
second order splines. This allows having a LLRF output
pulse that compensates for any flatness deviation coming
from the high voltage pulse of the high-power amplification stations, for example. An RF output pulse with linear
slopes is shown in Figure 5. Up to 25 sections can be defined, providing great flexibility to compensate for any
non-flatness.

Figure 5. LLRF output pulse shape with 3 linear sections
defined.

Proton and Ion Accelerators and Applications
Industrial and medical accelerators

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-MOPOGE08

Breakdown Detection and Resonance Frequency
Feedback
During first stages of RF conditioning and while ramping up RF power, breakdown inside the RF cavities can develop and cause damage to the inner surfaces. Therefore,
the LIGHT LLRF system was equipped with a breakdown
detection functionality capable of performing a check on
every pulse to ensure the ratio between forward and reflected signals (from directional couplers) is below an expert defined ratio. If the ratio exceeds this threshold, an
event is counted and after a user-defined number of events
per unit time, the LLRF will stop sending RF and notify the
control system of its failure state. Breakdowns occurrence
is high during RF conditioning and automation of the process has been proven to be effective in preventing the cavities from experiencing uncontrolled level of breakdowns
or breakdown clusters [3].
In addition to this feature, LLRF was required to provide
a frequency error based on the analysis of the probe signal.
The frequency error is sent to cooling control system to adjust the temperature of cooling water for that cavity to minimize the error.

Front-end Controller
A front-end controller (FEC) was put in place by AVOADAM to control and interact with the LLRF devices. The
FEC hosts several interfaces:
• Data streaming interface: a unidirectional channel to
receive pulse-related measurements.
• Real-time interface: a bidirectional deterministic request-response interface to configure each pulse according to the required treatment energy and receive
the measured signals before the next pulse (within 5
milliseconds).
• Slow control interface: a bidirectional channel to control, configure each LLRF device and collect acquisition data every 100 milliseconds.
• Trigger interface: a unidirectional channel to control
the trigger signal delivery. Each LLRF device has two
trigger inputs: one for treatment/beam operation and
another for only RF operation, with independent amplitude, phase, and pulse shape configurations.
In addition, the FEC performs a pulse shape analysis on
all digitized waveforms provided by the LLRF device and
makes both the digitized and the calculated data available
to the upper-tier control system for live monitoring and for
further processing.

INSTALLATION DESCRIPTION AND
STATUS
All LLRF units are mounted and distributed in four
42U racks on the klystron gallery at DIS. Currently all the
14 LLRF units have been installed and have passed their
Site Acceptance Test (SAT). The Instrumentation Technologies LLRF platform allows to automatize a large part of
the SAT process to facilitate and speed up the work of the
engineers onsite. After the SAT is completed the LLRF unit
Proton and Ion Accelerators and Applications
Industrial and medical accelerators

is used for the high-power stations’ RF SAT (standalone
test to check their RF requirements), and for the calibration/integration tests aiming to have it configured correctly
for the next beam commissioning phase.

LLRF Calibration
To provide accurate readings of the RF power from the
accelerating cavities and RF network directional couplers,
the LLRF input signals must be calibrated. The calibration
consists in finding a linear coefficient to convert the number of counts read by the LLRF Analog to Digital Converters (ADC) into a real RF voltage/power. This is accomplished by considering RF line (cables, adaptors, rack
patch panels) losses from the probe, and the coupling of the
latter (same for the directional couplers). Once known, a
controlled and calibrated RF source is fed to each LLRF
ADC port to measure the response in ADC counts for each
power level within the dynamic range (up to 20 dBm). An
automated procedure collects the data and calculates the
calibration coefficients for each port with expected errors
from the instrument’s uncertainty.
From our experience, the most difficult aspect of the
calibration is the reliability of the measurements done in
low power due to potential changes in the high-power part
of the RF signal chain (thermal effects). However, for beam
acceleration purposes it’s not critical since the beam energy
is the final observable.

CONCLUSION
The LIGHT LLRF system was produced and delivered
by Instrumentation Technologies to AVO-ADAM, and it
has been fully SAT tested in Geneva and Daresbury for the
LIGHT proton therapy LINAC commissioning. The performance was found within the specifications of the
LIGHT requirements. The system was successfully deployed for high RF power station SATs, cavity conditioning, and beam commissioning.
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Abstract
An accelerator-based boron neutron capture therapy
(BNCT) has been studied intensively in recent years as one
of the new cancer therapies after many clinical research
with nuclear reactors. In the iBNCT project, the accelerator
configuration consists of an RFQ and a DTL which have
proven achievements in J-PARC. Meanwhile, a high duty
factor is required to have a sufficient thermal neutron flux
needed by BNCT treatments. After a failure of the klystron
power supply occurred in Feb. 2019, beam operation was
resumed in May 2020. To date, an average current of about
2 mA with the beam repetition rate of 75 Hz has been
achieved with stable operation. Irradiation tests with cells
and mice are ongoing together with characteristic measurements of the neutron beam. In parallel with that, we have
been gradually improving the accelerator cooling-water
system for further stability. In this contribution, the present
status and prospects of the iBNCT accelerator are reported.

INTRODUCTION
Boron Neutron Capture Therapy (BNCT) has been attracting attention recently as a new type of cancer therapy.
It has been originally studied with thermal neutrons generated in a nuclear reactor, but recently many activities have
started with accelerator-based neutron generation methods
to get rid of many regulations against nuclear reactors. The
iBNCT (Ibaraki BNCT) project, which started in 2010, is
an industry-academia-government collaborative project organized by High Energy Accelerator Research Organization (KEK), Tsukuba University, and private companies together with support from Ibaraki prefecture in Japan [1].
In the iBNCT project, the linear accelerator consists of
an RFQ and Alvarez-type DTL which is the same configuration as the J-PARC linac. The RFQ is the same type as JPARC RFQ II, and the length of the DTL is reduced to 3 m
to have optimized proton kinetic energy. Detailed parameters are found in Ref. [2]. Primary 50-keV protons extracted from a multi-cusp ECR ion source are accelerated
by RFQ and DTL up to 3 MeV and 8 MeV, respectively.
The proton beam is bombarded onto a three-layer neutrongeneration beryllium target [3] to generate neutrons by the
9
Be(p, n) reaction. In this reaction, generated neutrons
mainly have a kinetic energy of a few MeV, so a moderator
is installed after the target to reduce neutron kinetic energy
___________________________________________
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to the epi-thermal region suit for BNCT treatment. In
BNCT, a desired epi-thermal neutron flux is formulated by
IAEA-TECDOC to be greater than 1×109 n/cm2/sec [4]. To
achieve this value with the iBNCT accelerator configuration, averaged proton current must be more than 1 mA. Assuming the peak current of around 30 mA which is presently obtained in the iBNCT ion source, a high duty factor
is required compared with J-PARC linac.
Presently, the iBNCT accelerator is operated with a
beam width of 920 s under the repetition of 75 Hz. The
resulting averaged beam current is about 2 mA which is
sufficient to enable the iBNCT project to proceed with nonclinical studies. In Nov. 2021, non-clinical studies have
started and we aim to complete them in the fiscal year 2022.
Presently, the iBNCT project is preparing to take safety reviews to start clinical studies in the fiscal year 2023.

FACILITY STATUS
Failure of Klystron High-Voltage Power Supply
In Feb. 2019, a failure of the high-voltage power supply
of the klystron occurred during the cavity RF conditioning.
High-voltage pulses were not delivered to the klystron due
to a breakdown of the high-voltage switching device
(HVS) in the power supply. In HVS, gate voltage to the
IGBT was not generated due to a failure of the control
board of HVS. Since HVS was manufactured by a Korean
company, HVS together with its insulation-oil tank was
shipped to Korea for repair. Unfortunately, there was no
backup of HVS, the beam operation was completely suspended during the period. After repair, HVS was reinstalled at the end of Nov. 2019, however, at the beginning
of resuming operation, we could not increase the high-voltage to the rated voltage due to the over-current protection
of the power supply. As a result of investigations, we found
that the insulation of a high-voltage supply cable between
HVS and the klystron was broken. It may be valid that the
cable and HVS failure occurred at the same time, though
the relationship between them has not been understood yet.
Another problem was a malfunction of the RF interlock
triggered by the switching noise of HVS. After some
measures to the noise, cavity RF conditioning resumed
from Feb. 2020 with the repetition of 75 Hz.

Replacement of the Neutron-Generation Target
After a long shutdown for the repair of the klystron
power supply, the neutron-generation beryllium target was
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replaced in May 2020. It had been used from the beginning
of the iBNCT project, and the total amount of the irradiated
charge onto the target was about 3000 Coulomb [5],
whereas no significant reduction of the neutron flux was
observed between Nov. 2017 and Feb. 2019 both in measurements by gamma-rays from activated gold wires and an
Eu-doped LiCaAlF6 (Eu:LICAF) scintillation counter. After the replacement of the target, leakage of vacuum occurred several times. Those were not caused by the target
itself but by an aluminum flange just upstream of the target
connection flange. Here, we omit the detail due to the limitation of the pages, but after several trials and errors, the
leakage seems to be solved and has not recurred since Sep.
2021.

Reinforcement of Accelerator Cooling Water
System
In the original concept of the iBNCT project, a cooling
water system for the accelerator cavities was designed to
be as minimal as possible in terms of construction costs and
installation spaces. However, a small amount of the cooling water causes instabilities of the RFQ especially at the
RF interlock since the resonance frequency of RFQ is controlled by cooling-water temperature. When RF is suspended by an RF interlock, cavity temperature immediately decreases and the resonance frequency largely deviates. This situation can be improved by increasing of cooling-water flow. Thus, after the improvement reported in
Ref. [6], we have been reinforcing the accelerator coolingwater system focusing mainly on increasing the amount of
the cooling-water flow for RFQ by taking various
measures. We performed enlarging the cooling-water pipe
diameter, changing the flow path inside RFQ and replacing
the cooling-water circulation pump with higher output
power, and so on. As a result of such measures, the cooling-water flow rate of RFQ was drastically improved from
220 L/min [6] to 770 L/min at present. Then, the resulting
input and output temperature differences were reduced
from 1.0 ˚C at RF repetition with 50 Hz to 0.35 ˚C at 75
Hz.

COMMISSIONING STATUS
Beam Operation
After recovery of the beam operation in May 2020, the
iBNCT accelerator has been operated with a fixed parameter of the repetition of 75 Hz and the beam width of 920
s which results in the averaged beam current of ~2 mA
before the target.

Irradiations for Non-clinical Studies
In the iBNCT project, non-clinical studies have started
in Nov. 2021 after many preliminary irradiation studies
with cells and mice. In the non-clinical studies, beam irradiations onto a total number of 48 mice were performed in
4 days in Dec. 2021, and 48 mice in 3 days in Feb. 2022.
Figure 1 shows a daily trend of averaged beam current at
the ion source (blue) and at before the target (green), respectively. The values in the figure represent the scheduled
Proton and Ion Accelerators and Applications
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integrated charges in the unit of Coulomb which were obtained online by integration of CT waveform. There are
4 irradiations in the day. The first one is for accelerator
check, and the second and fourth ones are irradiations to
gold wires to confirm the neutron flux. The third one was
onto 12 mice, half with boron drug and the other half without boron drug. All irradiation for non-clinical studies was
finished successfully. In this fiscal year, additional nonclinical studies are presently ongoing from Aug. 2022 and
aiming to complete by the end of this fiscal year. The
iBNCT project is currently preparing to proceed to firstphase clinical studies in the fiscal year 2023.
In Fig. 1, momentary current decreases in third and
fourth irradiations were due to a beam stop by a trip of RFQ
followed by RF interlock. In the RF quick-recovery function in the LLRF system, the RF pulse is recovered after
one or two pulse duration, and the beam operation is resumed within 2 or 3 seconds. This function is based on that
in J-PARC linac, but its recovery time is much shortened
due to the cavity temperature variation as mentioned before. From the operation results in the beam time in the fiscal year 2021, an averaged RFQ trip rate is about 1.6 times
per hour (334 times in a 208-hour beam operation). The trip
rate seems to be decreasing year by year. Further statistical
investigation will be done in the future.

Figure 1: A daily trend of averaged beam current in nonclinical studies held in Feb. 2022. The blue and green lines
show the trends at the ion source and the target, respectively.

Improvement of Beam Recovery after RF Stop
In the RF quick-recovery function, there is a limit to the
number of attempts to recover for the protection of cavities.
If recovery fails, RF is turned off and restarts from low amplitude. Originally, RF restart-up process took nearly 30
minutes to reach rated amplitude because it was necessary
to change water temperature slowly according to an increase of the RF amplitude to keep resonance frequency.
Meanwhile, since there is a limit to total BNCT treatment
time due to drug concentration in cancer cells, the time for
beam resume is desired to be shortened as possible. After
reinforcement of the cooling-water system, recent trends of
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the inlet/outlet of RFQ cooling-water temperature, the cavity tank level, and the detuned frequency during RF restart
up are shown in Fig. 2. The inlet/output temperature difference both for vane and tank were reduced and inlet temperatures are not needed to change during RF restart up. Inlet
temperature fluctuation is controlled within 0.1 ˚C as
shown in the figure. Furthermore, RF ramp-up time is reduced roughly to 3 minutes, and after stabilization of detuned frequency, we can resume beam operation with
~8 minutes, which is much improved than before. During
the beam operation inlet temperatures are very stable and
fluctuation is within ±0.03 ˚C.

Beam Operation History
Figure 3 shows a history of the integrated charges after
the replacement of the beryllium target. Blue and green
lines represent the total integrated charges at the ion source
and before the target, respectively. The integrated charge
on the second beryllium target is more than 3400 Coulomb
as of the end of Jul. 2022, which is already above that in
the first beryllium target. We continue to confirm the
soundness of the beryllium target by periodic measurements of the thermal neutron flux.
Bar graphs in the same figure represent monthly beam
operation time in total (grey) and for irradiation tests (magenta), respectively. Not only the non-clinical studies but
many irradiation tests for cells and mice have also been
performed together with characteristic measurements of
the neutron beam.

SUMMARY
In the iBNCT project, stable operation with the averaged
beam current of ~ 2 mA has been achieved with the beam
width of 920 s under a repetition of 75 Hz, with gradual
improvements to the accelerator cooling-water system. The
iBNCT project started non-clinical studies in Nov. 2021
and will be completed in the fiscal year 2022. The firstphase clinical study will be started in the fiscal year 2023.
Figure 2: A trend of the RFQ inlet/outlet water temperature
together with the cavity tank level and the detuned frequency at RF restart up after stopping by an RF interlock.
Beam operation was resumed after 8-minute later from the
RF interlock.
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Abstract
Proton Therapy (PT) was first proposed in the 1940s.
Application of this knowledge was largely led over the next
fifty years by accelerator laboratories, but now also by
commercial companies. Availability of PT is increasing but
is limited by three factors: facility size, prompt/induced radiation, and treatment cost. Compact cyclotrons/synchrocyclotrons for single-room facilities have reduced space requirements. Linacs can avoid high radiation levels. Yet
treatment costs have remained stubbornly high, driven
largely by maintenance and staffing costs over the typical
20-30 year facility lifetime. Current technology cannot
simultaneously reduce these three factors. By using a long
Linac, the Alceli approach sacrifices size limitations, to
gain massive improvements in treatment cost and radiation
levels. Quadrupling the length of a Linac results in a sixteen-fold reduction in RF power per cavity. Along with
other innovations in our design, this leads to a modular
warm Linac with distributed solid-state RF amplification,
easy and cheap to manufacture and maintain, requiring no
water cooling, and a treatment cost of 1/10th of current facilities, making PT much more affordable.

WHAT IS PROTON THERAPY?
Traditional radiotherapy uses X-rays, a form of high energy electromagnetic radiation, to kill cancer cells. The Xrays pass through the body, depositing energy as they do
so, and this energy kills both cancer and normal cells on
the way. The beam is quite large, but by rotating the beam
around the patient, and always pointing at the tumour, the
tumour receives the maximum dose, and other tissue receives a lower, although non negligible, dose. Proton Therapy (PT) is an advanced form of radiotherapy that can treat
tumours with minimal damage to the surrounding tissue. It
uses protons instead of X-rays to destroy the cancer cells.
The advantage of using protons is that instead of destroying
cells all the way as they pass through the body most of the
energy is deposited, and therefore damage occurs, at a specific depth known as the Bragg Peak. The depth of the
Bragg Peak is dependent on the kinetic energy of the proton, and therefore can be controlled.

HISTORY OF PROTON THERAPY
The idea of using this effect for treating cancer was already proposed in the 1940's by Wilson [1], and first experiments treating patients were made in the 1950's at the
Lawrence Berkeley Laboratory in California using their
cyclotron [2] However, the high cost of the accelerators
needed to accelerate protons to the necessary energy meant
that for many years Proton Beam Therapy was restricted to
Proton and Ion Accelerators and Applications
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accelerator laboratories treating small numbers of patients.
The first dedicated accelerator to treat patients was a synchrotron designed and built by Fermi lab National Laboratory in the USA and installed at the Loma Linda Hospital
in California in the 1970s [3].
Commercial companies only became involved in Proton
Beam Therapy in the 1990’s. The first commercial accelerator for PT was ordered by the Massachusetts General Hospital in the USA [4]. They were already making use of the
Harvard Cyclotron to deliver PT and wanted their own dedicated machine. The contract to supply the machine was
won by IBA, a Belgian company that already produced
small cyclotrons used for science and other medical purposes. This one order has led to PT now being IBA's main
business, and they have become the world leader in producing PT systems. Soon after, the Paul Scherrer Institute
(PSI) in Switzerland which already had a very successful
PT program treating patients using protons from its large
cyclotron used primarily for high energy physics, ordered
a superconducting cyclotron from Accel AG [5], a German
Accelerator company. Having a dedicated accelerator for
PT meant patients could be treated all year around rather
than relying on the availability of the physics machine. Accel gained enough knowledge of PT from this project to
offer machines to other sites, and Accel was eventually sold
to Varian and has become a major supplier of PT systems
including two NHS facilities in UCLH London, and the
Christie in Manchester. So, from these two commercial
contracts the PT industry was born. It is interesting to note
that the prevalence of cyclotrons (and the related synchrocyclotrons) as accelerators for PT came as a result of these
two contracts from centres already using cyclotrons for
other purposes.

LIMITATIONS TO THE WIDE
AVAILABILITY OF PT
Three factors have held back the wide adoption of PT
world-wide.

Cost
The cost of treatment using PT is partly due to the high
capital cost of building the facilities (circa £100M for the
Christie in Manchester, significantly more for UCLH in
London). But as that capital cost can be amortised over a
long lifetime of the facility, even more important is the reoccurring cost of operation and maintenance of the facility
(circa £20M per year for the Christie and UCLH).

MOPOGE10
167

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-MOPOGE10

Radiation Produced
The cyclotrons typically currently used for PT generate
high prompt and induced radiation. This is due to the unavoidable high losses at extraction (often >15%) and the fact
that these losses are at the maximum energy (typically
230 MeV to 250 MeV) as the cyclotron is a fixed energy
machine. These losses cause the unavoidable radio-activation of the cyclotron over time. Also, the degrader needed
to reduce the proton energy to the level required for treatment generates high radiation. These high levels of prompt
and induced radiation require large amount of concrete
shielding, and more importantly potentially very high costs
of disposal at end of life.

Footprint
Compared to traditional radiotherapy using a compact
electron Linac to produce X-rays, proton therapy facilities
have at least an order of magnitude larger footprint. Typical
facilities comprising a cyclotron, RF sources, amplifiers,
transmission lines, power supplies, beam lines, gantries,
and shielding, require thousands of square meters of floor
space. Some 'compact' single room solutions, often using
synchro-cyclotron technology go some way to reducing
this space requirement - but still require a specialised
multi-story building.

An Ideal Accelerator for Proton Therapy
Despite the radiation produced, cost, and size of existing
facilities - they are very powerful tools that can have a very
important role in treating specialised hard to treat cancers,
for patients who have very limited options. Examples of
this are the treatment of certain brain cancers which otherwise have a very low survival rate, and paediatric cancers
as children are more susceptible to long term damage from
radiation. Although currently expensive, PT can be very
cost effective in these cases.

IS THIS THE RIGHT APPROACH?
The ideal accelerator for PT would have:
 Low cost to build, operate and maintain.
 Low radiation produced.
 Small size.
Unfortunately, this is not possible. Remember "The perfect is the enemy of the good". Attempts to make a 'perfect'
accelerator for proton therapy will fail. Linacs can have
very low losses and therefore low radiation. But attempts
to make them shorter means much higher RF power is
needed, vastly increasing cost and complexity. Also attempting very high operating frequency leads to problems
and cost in production to achieve the very high tolerances
of cavities and alignment necessary. Currently, approaches
such as Dielectric Wall Acceleration, have not succeeded
in this domain due to enormous power needed and very
complex technology.

OUR SOLUTION
As we can't achieve all three design goals simultaneously, the question is which one do you drop? Our
MOPOGE10
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approach is not to worry about size as we consider the two
most important features are a very large reduction in radiation and large reduction in cost per treatment. We have
chosen a Linac as the best way to achieve very low losses
and therefore radiation. But what length of Linac? A typical
Linac to accelerate protons to 200 MeV would be about
50 m long, but if we were to halve that length we would
need to double the acceleration (field) per unit length,
which would mean with the same shunt impedance four
times the RF power needed. But we choose not to halve the
length, but to double it (1/4 RF power per cavity), then double it again (1/16th RF power per cavity). In this way although cavity costs increase linearly with length, RF costs
reduce with the square of the length.

Our Cavities
Our patented design consists of thousands of very simple
cavities with loop couplers, that are extremely cheap to
mass produce. Each cavity needs only 600 W peak RF
power to produce the necessary field of approximately
1 MV/m and has its own semiconductor RF requiring only
a single chip power amplifier costing £100. Each cavity
also needs individual phase control to enable operation at
variable proton energy. This distributed RF scheme eliminates the need for Klystrons and waveguide distribution,
lowering costs and increasing reliability. As we operate at
1% duty cycle, average power per cavity is just 6 W - eliminating the need for water cooling, which improves reliability, simplifies maintenance, and reduces cost. Our cavity
design was achieved initially using the simulation tool Superfish for 2D design, using the Finite Element based Comsol and Finite Integration based CST for 3D design which
included loop coupler design and time dependent simulation of EM fields, and transient heating.

Operating Frequency
We have chosen 800 Mhz as an operating frequency,
with a cavity diameter just under 30 cm as a compromise
between smaller diameter cavities at higher frequency and
engineering problems and cost of RF amplification if frequency is higher.

Our Lattice
Most of our cavities are 4cm wide, with ten cavities making up the most common cavity module designed to be
quickly replaced if necessary. Each of these modules has a
10cm gap between them for either quadrupoles, vacuum
connection, or diagnostics. Our FODO lattice is stable between 6 MeV injection up to between 80 MeV and
200 MeV maximum energy, and the system uses permanent magnet quadrupoles rather than electromagnets, so reducing construction and operating costs significantly,
whilst offering increased reliability.

Modelling
We developed our own modelling/simulation code based
on scientific Python that we named SIMULINAC. This
code comprises of two Python3 modules to simulate a proton beam in a Linac. simu.py calculates beam envelopes in
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linear approximation according to Courant/Snyder theory
as shown in Fig. 1.

accelerator building length is approximately 160 m, but
only 2 m wide, therefore overall, very little land is needed.
We will produce and commission the Linac in 13 shipping
containers in a factory, ready to ship and install quickly on
site which requires only a simple concrete base and power
connection.

Production

Figure 1: Lattice.
Tracker.py is a module that tracks a bunch of particles
through the same lattice using linear approximations for
the focussing elements but using different non-linear mappings for the traversal of accelerating RF-cavities. The
emittance ε is a conserved quantity in linear theory and is
a measure of the area of the ellipse in phase space. From
the emittance of the beam and the twiss parameters at the
entrance of the lattice the transverse beam envelopes
E(s)x.y are calculated, see Fig. 2, along the lattice taking
into account the relativistic increase of the impulse of the
accelerated protons.

Our cavity and overall design prioritises low construction and operating costs over maximising performance.
This makes it very suitable for producing an accelerator
from 6 MeV to 200 MeV at a low cost, in quantities of
more than ten a year, but more importantly at very low operating and maintenance cost. Along with the Ion source,
RFQ, and treatment delivery, our systems are capable of
treating up to 1000 patients a year (if 20 fractions per patient) at a cost which is up to an order of magnitude less
than current PT technology.

CONCLUSION
We have designed and produced prototype cavities and
RF amplifiers of a variable energy proton Linac able to significantly reduce the cost of proton therapy delivery, and
so make it more available world-wide, without the problem
of dealing with handling of radio-active components at end
of life.
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UPDATE ON THE FIRST 3D PRINTED IH-TYPE LINAC STRUCTURE PROOF-OF-CONCEPT FOR ADDITIVE MANUFACTURING
OF LINAC RF CAVITIES∗
H. Hähnel† , A. Ateş, U. Ratzinger
Institute of Applied Physics, Goethe University, Frankfurt a. M., Germany
Abstract
Additive manufacturing ("AM" or "3D printing") has become a powerful tool for rapid prototyping and manufacturing of complex geometries. A 433 MHz IH-DTL cavity has
been constructed to act as a proof of concept for additive
manufacturing of linac components. In this case, the internal
drift tube structure has been produced from 1.4404 stainless
steel using AM. We present the concept of the cavity as well
as Ąrst results of vacuum testing, materials testing and low
level rf measurements. Vacuum levels suicient for linac
operation have been reached with the AM linac structure.

the girder-drift tube structures and end-drift tubes. While
the end-drift tubes are mounted in vacuum, the girders have
a vacuum sealing surface at the bottom. Two half shells are
mounted on the top and bottom of the center frame. The
cavity is equipped with four CF40-Flanges for vacuum, rfcoupler and tuner, as well as metal sealed KF40 Ćanges for
the beamline and smaller ports for diagnostics. Rf simulations show that the bulk of the rf losses during the operation
of this cavity is concentrated on the drift tube structure and
the cavity frame. Therefore, water channels are included in
the girders up to the drift tubes and also in the center frame.
A 3D CAD view of the full construction is shown in Fig. 1b.

INTRODUCTION
Additive manufacturing (AM) of metal parts may provide
an interesting new way to manufacture accelerator components. As technology is evolving, the quality and accuracy
of parts manufactured this way is improving. Recently, a
number of studies on the topic of AM for linear accelerator components have been published [1Ű5]. Based on these
promising results, we aim to evaluate the suitability of AM
parts for direct manufacturing of normal conducting linac
structures. To that end, a reproduction of the beam pipe
vacuum tests in [2, 3] was performed [6, 7]. Motivated by
these successful preliminary experiments, a prototype cavity
with a fully printed drift tube structure was constructed. The
cavity is designed to be UHV capable and includes cooling
channels reaching into the stems of the drift tube structure
for power testing with a pulsed 30 kW rf ampliĄer.

(a)

(b)

Figure 1: Overview of the cavity geometry and printed parts.
(a) 3D printed girder drift tube structure. (b) Cross section
of the assembled cavity model.

Prototype Design and Concept

RF Simulations

The prototype cavity was designed for a resonance frequency of 433.632 MHz, which is a harmonic of the GSI
UNILAC operation frequency [8]. In combination with a
targeted proton beam energy of 1.4 MeV this scenario allows
for a compact accelerator at the limits of feasibility and is
therefore a good benchmark for the new approach. The internal drift tube structure is fully 3D printed from stainless
steel (1.4404), see Fig. 1a. Due to the lower complexity of
the cavity frame and lids, they are manufactured by CNC
milling of bulk stainless steel. Printing those parts would
not be cost eicient.
The cavity is just 22 cm wide and 26 cm high (outer walls),
with a length of 20 cm on the beamline (Ćange to Ćange). A
center frame acts as the foundation for the cavity. This 7 cm
high center frame provides the precision mount points for

The cavity design was optimized for a frequency of
433.632 MHz. To minimize the need for support structures during the manufacturing process, the shape of the
girder-drift tube structure was optimized to reduce overhang. Simulations of electromagnetic Ąelds in the cavity
were performed with the CST Microwave Studio eigenmode solver. From the idealized design model, the simulated dissipated power for the efective acceleration voltage
of �� � � = 1 MV is ����� = 24.82 kW. With an inner wall
length of 146 mm, this corresponds to an efective shunt
impedance of � � � � = 287.13 MΩ/m1 , showing the high efĄciency of such an IH-type structure.

∗
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EXPERIMENTS
Since the Ąrst construction of the cavity in late 2020/early
2021, several experiments have been conducted to evaluate
1

The stated value in [6] was much too low, due to a typo.
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certain aspects of the cavity suitability for linac operation.
The following sections will explore the diferent experiments.
Additional information on water Ćow measurements, preliminary vacuum tests and printed material properties can be
found in [6, 7].

the cavity was disassembled and some revisions to sealing
surfaces, as well as additional provisions for a dedicated
pre-vacuum system were made.

Printed Material Properties
To assess the material properties, a printed stainless steel
pipe with KF40 Ćanges was sent to a materials testing
lab. Surface roughness was found to be in the order of
� � = 16.05 − 37.52 µm dependent on location and orientation of the measurement. Material porosity was determined
to be 0.04 % by optical analysis of material cross-sections
(see e.g., Fig. 2a,c).

Figure 3: Top view of the cavity during Ąrst assembly with
installed drift tube structure.

(a) untreated cut

(b) etched cut

(c) untreated cut

(d) etched cut

New Vacuum measurements were performed in early 2022
and a pressure of 1.4×10−7 mbar was reached. This demonstrates, that even direct vacuum sealing surfaces can be manufactured with 3D printing. Of course, the surface has to
be milled Ćat after printing, as the surface roughness of a
raw printed part would not suice. At this vacuum level,
high power rf experiments are possible. Further improvements of the vacuum are expected from heat treatment to
speed up outgassing. This pump-down curve from the latest
measurement is shown in Fig. 4.

Figure 2: Prepared cross sections of printed KF40 pipe
wall material (bright areas = steel). The top images show a
cross-section of the pipe wall, the bottom images show the
region around the KF 40 Ćange. Courtesy of GSI Darmstadt,
pLinac project.
Larger cavities in the material were found on the outside
of the Ćange, especially in the areas, where the Ćange extends outward from the pipe. The pipe was printed standing
upright and therefore this area was not supported by bulk
material during the printing process. Within the bulk material of the pipe, no large cavities were found. The melt-pool
structure of the bulk material, which is caused by the manufacturing process, can be seen in the etched cross-sections
in Fig. 2b,d.

Figure 4: Pumpdown curve of the fully assembled cavity
after revision and reassembly in 2022. Peak at 20 h corresponds to opening of the dedicated pre-vacuum valve.

Full Cavity Vacuum Tests
The cavity was fully assembled in early May 2021 (see
Fig. 3). For Ąrst vacuum tests, the cavity was attached to
a turbo-molecular pump (Pfeifer HiPace80) via one of the
top CF40 Ćanges. A vacuum gauge (Pfeifer PKR261) was
used to measure and log the cavity vacuum. The cavity lids,
as well as the girder drift tube structures were sealed using
1.5 mm aluminum wire. Following the publication of [6],
where a chamber pressure of 1.19×10−6 mbar was reached,
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Polishing and Copper Plating
The initial batch of AM IH-structures has been polished in
a slide grinding machine. The results are promising, however
for the current geometry there are some areas that cannot
be reached by the granule particles as well as the Ćat sides.
Consequently, a new geometry is currently being designed
to mitigate these issues. Following the surface polishing,
the structures have been copper plated with an approximate
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Figure 5: First iteration of AM stainless-steel IH-structures after polishing and galvanic copper-plating.
layer thickness of 50 µm. Optical inspection shows a very
clean result of the copper plating (see Fig. 5). Vacuum and
rf tests with the copper plated components are planned to
assess the quality of the copper layer.

Low-Level RF Tests
Table 1: Comparison of RF Simulation and Measurement
Parameter
�� ��
� 0 (steel)
� 0 (copper)
� � � � (copper)

Simulation

Measurement

433.445 MHz
1321
8715
241.2 MΩ/m

433.524 MHz
1132
-

Low-level rf measurements were performed with a network analyzer to conĄrm the frequency and Q-factor of
the cavity without any copper plating. For comparison,
CST simulations were performed with the Ąnal design CAD
geometry of the components, to get as close to the manufactured cavity as possible. Simulations were performed
with an electrical conductivity of ��� = 5.8 × 107 S/m and
�1.4404 = 1.3 × 106 S/m for copper and stainless steel respectively.
Table 1 compares the simulation results with the performed measurements. At critical coupling, the measured
resonance frequency is only 79 kHz higher than simulated. The measured unloaded quality factor of the cavity
� 0 = 1132 is also reasonably close to the simulated value of
� 0 = 1321 for stainless steel. Calculating the quality factor
for stainless steel relies on the actual conductivity value of
the steel used during manufacturing an can therefore only
be approximated based on spec-sheets.

NEXT STEPS
Next up are low-level rf measurements with the printed
copper plated IH-structures. After these measurements, the
cavity lids and center frames will also be copper plated soon.
Finally, the structure will be tested at full power with a 30 kW
pulsed rf ampliĄer.
MOPOGE11
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Girder Design Improvements
A Ąrst design improvement was done in late 2021 by
the inclusion of a dedicated pre-vacuum system. Currently,
the overall shape of the girder-drift tube structures is being
improved to achieve several goals:
• improved printing performance,
• improved polishing results,
• rf performance improvements.
A Ąrst draft of this improved geometry is shown in Fig. 6.
The smooth transitions improve the polishing performance,
as well as reduce peak Ąelds during copper plating and operation. A set of the improved structures will be printed
soon.

Figure 6: Improved geometry for the AM IH-structure.

CONCLUSION
Most recent vacuum tests showed, that a cavity pressure
of 1.4×10−7 mbar could be reached without issue. First lowlevel rf measurements conĄrmed the operating frequency
and also showed good agreement for the stainless-steel Qfactor of the cavity. Overall, the current results show promise
for the reality of 3D printed linacs in the near future. The
project aims to further investigate the pros and cons of this
technology.
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CAVITY R&D FOR HBS ACCELERATOR
N. F. Petry∗ , K. Kümpel, M. Schwarz, S. Lamprecht, O. Meusel, H. Podlech1
IAP, Goethe University Frankfurt, Frankfurt am Main, Germany
1 also at Helmholtz Research Academy Hesse for FAIR, Frankfurt am Main, Germany
Abstract
The demand for neutrons of various types for research
is growing day by day worldwide. To meet the growing
demand the Jülich High Brilliance Neutron Source (HBS)
is in development. It is based on a high power linear proton
accelerator with an end energy of 70 MeV and a proton beam
current of 100 mA. The main part of the accelerator consists
of about 45 CH-type cavities. As the current beam dynamic
layout is still work in progress the number of cavities can
change for the final design. For this beam dynamic layout the
design of the CH-type cavities was optimized to handle the
high accelerating gradient. The results of the performance
of the CH-type cavities will be presented in this paper.

HBS
The High Brilliance Neutron Source (HBS) was first presented and published as a project in 2015/2016 [1,2]. Having
a source at hand which relies on a proton linear accelerator
with a high current to achieve the level of currently existing
medium to high flux neutron sources in terms of neutron
brilliance and flux is the goal. To reach that goal, the following specification, summarized in Table 1, need to be fulfilled
by the linear accelerator.
Table 1: HBS Top-Level Requirements [3]
Parameter
Final energy
Peak beam current
Particle type
Peak beam power
Average beam power
Beam duty factor
RF duty factor
Pulse length
Repetition rate

Specifications
70 MeV
100 mA
Protons
7 MW
952 kW
13.6 %
15.3 %
208/833/2000 µs
96/24/48 Hz

Figure 1: Side view of cross section of the used design for
the HBS CH-type cavities.
have a low R&D effort. To meet those requirements with
normal conducting accelerating cavities CH-type cavities
will be used for the linac. The proposed design is shown in
Fig. 1. The expected thermal load for the cavities will reach
a maximum value of 25 kW/m. Therefore a cooling design
was initially developed for the CH cavities and has been improved to handle the high acceleration gradient. The cooling
design consists of one cooling channels for each stem, one
for each tuning device, one for the power coupler, two for the
lids and 24 for the tank. A view of the front of the cooling
design is shown in Fig. 2. The highest thermal load and
thus the most cooling effort will be on and around the stems,
since those are the regions with the highest current inside the
cavity. Hot spots are also in the middle section of the tank
possible due to the mode used for acceleration, which is the
TE211 -Mode. To account for the high acceleration gradient
changes to the cooling design of the stems were made. The
results of a thermal simulation and thus the operation of the
enhanced cooling design is shown in Fig. 3. For a better
comparison between the new design and the old design the
enhanced design was applied only on the stem in the middle

The initial approximated design consisted of 36 cavities.
Due to the high proton current the first cavities need a lower
acceleration gradient in order to keep the emittance of the
beam as low as possible and the acceptance of the linear
accelerator as high as possible. Furthermore additional CHtype cavities are needed as rebuncher cavities to assure a
sufficient beam quality.

CH-TYPE CAVITIES
The 176.1 MHz linac should be as efficient as possible
while being easy to maintain, as modular as possible and
∗
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Figure 2: Front view of the enhanced cooling design from
the CH-type cavities.
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Figure 3: Results of thermal simulation of the enhanced cooling design for the stem in the middle in comparison to the old
cooling design of one CH cavity. Low temperatures are displayed in blue and the highest temperatures are displayed in red.
The hot spots around the stems have disappeared and the highest temperature inside the cavity has dropped by around 20 ◦ C.
of the cavity. The optimization of the cooling design lead to
an additional water volume inside the tank at the beginning
and the end of each stem, which can be seen in the view of
the side of the cavity, shown in Fig. 4. Due to the enhanced
design the hot spot around the stems disappeared and the
highest temperature reached inside the cavity has dropped
by around 20 ◦ C.

PROGRAM FOR DESIGN ITERATION
A python program is in development to handle the design of approximate 45 CH cavities. The idea behind the
program is the process shown in Fig. 5. After designing a
first version of the beam dynamic simulation one will get an
ideal gap voltage distribution as a result. This gap voltage
distribution acts as input file for the program. In this case
the program LORASR [4], a multi-particle tracking code
for beam dynamic designs, is used. For the output files of
LORASR the python program can automatically create an
input file from which one can generate the designs for the ap-

Figure 4: Side view of the enhanced cooling design from
the CH-type cavities.
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proximate 45 CH cavities required. The CH cavity designs
are created as CST Studio Suite [5] files, from which the
program will start first the RF simulations and afterwards
the thermal simulations. As a result one will get the real gap
voltage distribution of the CH cavities which then can be
used to correct and modify the beam dynamic simulation.
This iterative process will converge at some point and one
will get the final design for manufacturing. Besides the real
gap voltage distribution the program will calculate several
other key parameters which are important for the design
process for the CH-type cavities.

Figure 5: Concept of iterations process for the HBS main
linac.
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CURRENT RF RESULTS
With the assistance of the python program under development the 45 CH cavities of the WIP beam dynamic design
from mid 2022 could be created, simulated and evaluated.
As stated before, the RF and thermal simulations are done
with CST Studio Suite. Several relevant RF properties of
the cavities will be calculated and exported from the program after the RF simulations have finished, for example the
shunt impedance 𝑍eff , shown in Eq. (1). Furthermore the
Kilpatrick factor and the frequency gap between the fundamental mode and the next higher mode are calculated. To
include imperfections from manufacturing the values of 𝑍eff
used in this proceeding are 90 % values. The subsequent
thermal simulations are calculated with an additional power
safety margin of 20 % and a duty cycle of 20 %. Due to this
safety margin in terms of power the hottest spot in the hottest
cavity reached around 63 ◦ C.
2
𝑈eff
(1)
𝑍eff =
𝑃loss 𝐿
The shunt impedance of the 45 cavities along with the
corresponding temperature of the hottest spot inside the
cavity is plotted in Fig. 6. Due to the design of the cavities
the length in Eq. (1) is not the total length but the sum of
the 𝛽𝜆/2 lengths, which represents the length on the beam
axis. The total length was used for the thermal load. The
results of the simulations are summarized in Table 2 along
other key parameters.

CONCLUSION
With the high acceleration gradient needed for the final
beam energy of 70 MeV the temperature around the stems
of the CH-type cavity reached uncritical, but high values.
To compensate those hot areas a new cooling design was
introduced. The temperature around the stems could be significantly reduced with the new enhanced cooling design.
The WIP design from mid 2022 needs 45 CH-type cavities
to reach 70 MeV, of which 3 cavities are rebuncher cavities. This design is not the final design since the particle
Table 2: Simulated Parameters of the 45 CH Cavities
Parameter
Frequency
Input energy of first cavity
Output energy of last cavity
Shunt impedance
Aperture diameter
Voltage
Gradient
Amplifier power
Total power per cavity
Thermal load
No of cavities
RF Structure

MOPOGE12
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Specifications
176.1 MHz
2.5 MeV
70 MeV
19 − 51 MΩ/m
35 mm
0.5 − 2.4 MV
1.5 − 2.4 MV/m
100 − 500 kW
70 − 405 kW
8 − 25 kW/m
≈ 45
CH-DTL

Figure 6: Results of the WIP mid 2022 design with 45 CHtype cavities.
distribution and therefore the beam dynamic design is still
undergoing optimization [6].

REFERENCES
[1] U. Rücker, T. Cronert, J. Voigt, J. P. Dabruck, P. -E. Doege,
J. Ulrich et al., “The Jülich high-brilliance neutron source
project”, Eur. Phys. J. Plus, vol. 131, p.19, 2016.
doi:10.1140/epjp/i2016-16019-5
[2] J. P. Dabruck, T. Cronert, U. Rücker , Y. Bessler, M. Klaus,
C. Lange et al., “Development of a moderator system for the
High Brilliance Neutron Source project”, UCANS-V, 2015.
doi:10.1393/ncc/i2015-15192-0
[3] M. Schwarz et al., “Proton Linac Design for the High Brilliance
Neutron Source HBS”, in Proc. IPAC’22, Bangkok, Thailand,
Jun. 2022, pp. 90–93.
doi:10.18429/JACoW-IPAC2022-MOPOST016
[4] R. Tiede, G. Clemente, S. Minaev, H. Podlech, U. Ratzinger,
and A. C. Sauer, “LORASR Code Development”, in Proc.
EPAC’06, Edinburgh, UK, Jun. 2006, paper WEPCH118,
pp. 2194–2196.
[5] CST Studio Suite,
https://www.3ds.com/products-services/simulia/
products/cst-studio-suite/
[6] S. Lamprecht et al., “Beam Dynamic Simulations for the
DTL of the High Brilliance Neutron Source”, presented at
the LINAC’22, Liverpool, UK, Aug.-Sep. 2022, paper TUPORI05, this conference.

Proton and Ion Accelerators and Applications
Room temperature structures

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-MOPOGE13

ACCELERATION EFFICIENCY OF TE-MODE STRUCTURES
FOR PROTON LINACS
J. Tamura∗ , Y. Kondo, T. Morishita, JAEA/J-PARC, Ibaraki, Japan
F. Naito, M. Otani, KEK/J-PARC, Ibaraki, Japan
Abstract
High-energy proton linacs generally consist of various
types of cavity structures because the acceleration efficiency
of a cavity depends on the velocity of the beam particle.
Alvarez drift-tube linacs (DTLs) and transverse-electric
(TE)-mode accelerating structures such as interdigital Hmode (IH) DTL and crossbar H-mode (CH) DTL are widely
used in the low-energy section of the proton linacs. In this
study, shunt impedances of these cavity structures, including
higher-order TE31 and TE41 DTLs, are simulated by applying a very simple structural configuration. This study shows
that TE𝑚1 DTLs with smaller angular index 𝑚 have higher
shunt impedances whereas the axisymmetry of the electric
field improves as 𝑚 increases, and that the shunt impedances
of TE11 and TE21 DTLs are higher than those of Alvarez
DTLs especially in the low energy region immediately after
a radiofrequency quadrupole (RFQ).

velocity as 𝛽𝜆/2 for TE-mode DTLs and as 𝛽𝜆 for Alvarez
DTLs, where 𝛽 is the beam velocity relative to the speed
of light and 𝜆 is the wavelength. For a given proton energy,
the cell length of 162 MHz TE-mode DTLs is always the
same as that of 324 MHz Alvarez DTLs.1 Giving a priority
to the structural simplicity, all cell lengths within a cavity
were kept the same. Figure 1 shows the applied DT geometry. Wheareas the ratio of gap length (𝑔) to cell length was
set to 𝑔/(𝛽𝜆/2) = 0.50 for TE-mode DTLs, two ratios of
𝑔/𝛽𝜆 = 0.50 and 0.25 were applied for Alvarez DTLs. Figures 2-6 show examples of the simulation models for TE𝑚1
DTLs (𝑚 = 1, 2, 3, 4) and Alvarez DTL (𝑔/𝛽𝜆 = 0.50),
which cell lengths and cavity diameters are adjusted for a
10 MeV proton beam. Each electric field distribution of the
corresponding pillbox cavity is shown on the left side.

INTRODUCTION
Various types of cavity structures are generally used in
high-energy proton linacs. This is, particularly in normalconducting structures, because cavity’s acceleration efficiency varies with the velocity of the beam particle. For
low-energy proton beam acceleration, while Alvarez DTLs
are the most prevalent, TE-mode structures, which could
also be called H-mode structures, are also widely used. At
present, the typical TE-mode accelerating structures are IHDTL and CH-DTL [1–3], which are based on TE11 -mode
and TE21 -mode pillbox cavities, respectively. Because the
optimal cavity structure for proton linacs may be a subject
of frequent argument [4], we investigated the acceleration efficiency of Alavarez DTLs and TE-mode accelerating structures including higher-order TE31 and TE41 DTLs. In this
study, the shunt impedances of these cavity structures for
proton energies of 2-100 MeV were simulated by using the
CST Studio Suite.

SIMULATION MODEL
In this simulation study, 162 MHz TE-mode DTLs and
324 MHz Alvarez DTLs were examined by applying the
following very simple structural configuration. Each cavity
has four drift tubes (DTs) supported by stems and two endcell half-DTs attached to the entry and exit lids, respectively.
Therefore, Each cavity has five acceleratring gaps. The
stems were all rod-shaped with a fixed diameter of 20 mm
for simplicity. The cell length, which is defined by the distance between adjacent gap centers, changes with the beam
∗
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Figure 1: DT geometry applied to the simulation.

FIGURES OF MERIT
In each simulation model, only the cavity’s transverse diameter was adjusted so that the resonant frequency becomes
162 MHz and 324 MHz for TE-mode DTLs and Alvarez
DTLs, respectively. Obtained cavity diameters are shown
in Fig. 7. The TE𝑚1 -mode DTL has a smaller transverse
diameter with smaller angular index 𝑚.
The longitudinal electric field distribution along the beam
axis is essential for evaluating the cavity’s acceleration efficiency. Figure 8 shows the obtained field distribution for the
cavities accelerating a 10 MeV proton beam. In this figure,
each field amplitude is normalized so that the stored energy
is 1 Joule. Whereas the flat field distributions are produced in
the Alvarez DTLs, the electric fields of the TE-mode DTLs
decrease toward the end of the cavity because the TE field
cannot exist paralled to the end walls of a conducting cavity.
As shown in Fig. 8, the TE𝑚1 DTL with smaller 𝑚 provides
higher gap voltage with respect to the unit stored energy, in
other words, the so-called 𝑟/𝑄 is larger in the lower-order
1

For example, the cell lengths corresponding to the proton energies of 2,
10, 20, and 100 MeV are 60.3, 134.0, 188.1, and 396.2 mm with 𝛽’s of
0.065, 0.145, 0.203, and 0.428, respectively.
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Figure 2: [left] Electric field of TE11 -mode pillbox cavity.
[right] Simulation model of TE11 DTL (IH-DTL).

Figure 7: Cavity diameters.

Figure 3: [left] Electric field of TE21 -mode pillbox cavity.
[right] Simulation model of TE21 DTL (CH-DTL).

Figure 4: [left] Electric field of TE31 -mode pillbox cavity.
[right] Simulation model of TE31 DTL.

Figure 8: Longitudinal (absolute) electric field distribution
along the beam axis of the simulated cavities accelerating a
10 MeV proton beam.

DTs. Because the TE-mode DTLs have a gap-to-gap phase
difference of 𝜋 radians whereas the Alvarez DTLs have zero,
the TTFs of TE-mode DTLs can be as high as 0.8 or more,
even with such a large gap length relative to cell length.
Figure 5: [left] Electric field of TE41 -mode pillbox cavity.
[right] Simulation model of TE41 DTL.

Figure 6: [left] Electric field of TM010 -mode pillbox cavity.
[right] Simulation model of Alvarez DTL.
Figure 9: Transit-time factors.
TE𝑚1 DTLs. Furthermore, it can be seen that the TE-mode
DTLs have higher axial voltage than Alvarez DTLs in this
low energy accelerating section. Figure 9 shows the transittime factors (TTFs) calculated from the longitudinal field
distribution. The TTFs of the Alvarez DTLs decrese at the
low energy side due to the entry of an electric field inside
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The cavity’s acceleration efficiency is assessed in terms of
power efficiency. Figure 10 shows the simulated 𝑄 0 values
obtained by setting the copper conductivity of 𝜎 = 5.8 ×
107 S/m. The 𝑄 0 values of the TE-mode DTLs are less
sensitive to the cell length and are much smaller than those
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deflected by the dipole field with reversed polarity each time
it passes through the gap. Similarly, TE21 , TE31 , and TE41
DTLs generate quadrupole, sextupole, and octapole electric
field, respectively. Figure 12 shows the ratios of multi-pole
field amplitude to longitudinal field strength. Except for

Figure 10: Unloaded 𝑄 values.

Figure 12: Multi-pole field amplitude relative to the longitudinal field strength for TE-mode DTLs accelerating a
10 MeV proton beam.

TE11 DTL, the multi-pole field decreases toward the cavity’s
radial center. For the TE𝑚1 DTLs, the axial symmetry of
the electric field improves as 𝑚 increases.

SUMMARY
Figure 11: Effective shunt impedances per unit length.

of Alvarez DTLs. Figure 11 shows the obtained effective
shunt impedances per unit length. The TE𝑚1 DTLs with
smaller 𝑚 have higher shunt impedances. In the low energy
accelerating region such as immediately after an RFQ, the
shunt impedances of TE-mode DTLs, especially TE11 and
TE21 DTLs, are higher than those of Alvarez DTLs. These
are contributed by the higher 𝑟/𝑄 of lower-order TE𝑚1 DTLs.
Table 1 shows the simulated RF losses distribution. It is clear
that most of the RF losses in the TE-mode DTLs occur at
the stems, unlike in the Alvarez cavity.
Table 1: RF Losses distribution in %. These cavities are for
accelerating a 10 MeV proton beam.
Cavity

PTank

PLids

PStems

PDTs

Alvarez (𝑔/𝛽𝜆 = 0.50)
Alvarez (𝑔/𝛽𝜆 = 0.25)
TE11
TE21
TE31
TE41

59.9
54.0
18.3
14.7
13.3
12.1

32.5
31.2
2.0
1.4
0.9
0.6

6.2
7.1
76.1
83.5
85.7
87.2

1.4
7.7
3.6
0.5
0.2
0.1

The axisymmetric property of the electric field was evaluated for the TE-mode DTLs. As is generally known, a
dipole electric field remains in an IH-DTL, and the beam is
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This simulation study shows that TE𝑚1 DTLs with smaller
𝑚 have higher shunt impedances, and especially in the
low energy accelerating region like immediately after an
RFQ, the lower-order TE𝑚1 DTLs have have larger shunt
impedances than Alvarez DTLs. Concering the axial symmetric property of the generated electric field, less multipole field remains in higher order TE𝑚1 DTLs. It should
be added here that the choices of cavity structure should be
considered not only in terms of acceleration efficiency, but
also in terms of practical cavity size, efficient cavity cooling,
transverse beam convergence elements, surface peak electric
field, etc.
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CURRENT STATUS OF THE SPOKE CAVITY PROTOTYPING
FOR THE JAEA-ADS LINAC
J. Tamura∗ , Y. Kondo, B. Yee-Rendon, S. Meigo, F. Maekawa, JAEA/J-PARC, Ibaraki, Japan
E. Kako, K. Umemori, H. Sakai, T. Dohmae, KEK/iCASA, Ibaraki, Japan
Abstract
The Japan Atomic Energy Agency (JAEA) has proposed
an accelerator-driven system (ADS) to efficiently reduce
high-level radioactive waste generated at nuclear power
plants. As a first step toward the full-scale design of the
CW proton linac for the JAEA-ADS, we are now prototyping a low-𝛽 (around 0.2) single spoke cavity. In 2021, we
have started welding the cavity parts together. By preliminarily investigating the optimum welding conditions, each
cavity part was joined with a smooth welding bead. Consequently, we have succeeded to fabricate the body section of
the prototype spoke cavity.

feasibility of the JAEA-ADS linac. In this paper, the current
status of the spoke cavity prototyping is presented.

DESIGNED CAVITY
The prototype spoke cavity with an operating frequency of
324 MHz was designed by electromagnetic simulation [5–7].
Figure 2 shows the cross-sectional views of the designed
cavity. The cavity’s design parameters are listed in Table 1.
The multipactor analysis for the designed cavity without the
coupler ports is presented in Ref. [6].

INTRODUCTION
JAEA has proposed an ADS as a future project to efficiently reduce high-level radioactive waste generated at
nuclear power plants. In the ADS, long-lived nuclides are
transmuted to short-lived or stable ones. One of the challenging R&D aspects of the ADS is the reliability of the
accelerator [1,2]. In the JAEA-ADS, a high-power (30 MW)
proton beam with a final beam energy of 1.5 GeV is required
with high reliability. Because the accelerator needs to be
operated in CW mode to be compatible with the reactor operation, a super-conducting (SC) linac would be a suitable
solution. The latest design of the JAEA-ADS linac is reported in Refs. [3, 4]. As shown in Fig. 1, the proposed linac
consists of a normal-conducting radio-frequency quadruple (RFQ), half-wave resonator (HWR), low-𝛽 and high-𝛽
single-spoke resonators (SSR1 and SSR2, respectively), and
low-𝛽 and high-𝛽 elliptical cavities (ELL1 and ELL2, respectively).

Figure 1: Accelerating structure proposed for the JAEAADS linac.

In preparation for the full-scale design of the JAEA-ADS
linac, we have decided to prototype a low-𝛽 single-spoke
cavity and conduct a high-field performance test of the prototyped cavity at liquid helium temperature. This prototyping
will provide us with various insights on the development of
SC cavities with 𝜆/2-mode resonance. Furthermore, through
the high-field cavity testing, we will acquire valuable information such as how much accelerating gradient would be
achievable with reasonable stability. Therefore, both prototyping and performance testing are essential to ensure the
∗
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Figure 2: Cross-sectional views of the designed cavity.

Table 1: Design parameters of the prototype spoke cavity.
Parameter
𝑓0
𝛽g
𝛽opt
Beam aperture
Cavity diameter
Cavity length
𝐿 eff = 𝛽opt 𝜆
𝐺 = 𝑄 0 𝑅s
𝑇 (𝛽opt ) = 𝑉acc /𝑉0
2 /𝜔𝑊
𝑟/𝑄 = 𝑉acc
𝐸 peak /𝐸 acc
𝐵peak /𝐸 acc

Value
324 MHz
0.188
0.24
40 mm
≈ 500 mm
300 mm
222 mm
90 Ω
0.81
240 Ω
4.1
7.1 mT/(MV/m)

CAVITY FABRICATION
The fabrication process for the prototype spoke cavity was
reviewed in fiscal year 2019, and the actual cavity fabrication
started in 2020. The prototype spoke cavity is made of pure
niobium (Nb) except for the niobium-titanium alloy (Nb-Ti)
flanges for the RF ports and beam ports. These materials
were provided by Tokyo Denkai Co., Ltd. Most of the cavity
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parts were shaped in fiscal year 2020 by press-forming and
machining. Major parts were press-formed from Nb sheets
with a thickness of 3.5 mm. The end drift-tubes (nose-shaped
electrodes) and the port flanges were machined from Nb and
Nb-Ti cylindrical blocks, respectively. The shaped cavity
parts are shown in Figs. 9-11 of Ref. [7].
We have started welding the cavity parts together in 2021.
All the shaped cavity parts are joined together by electron
beam welding (EBW). Before welding the actual cavity parts,
the EBW beam parameters for each welding condition were
investigated using mock-up Nb test pieces. All welding
grooves were acid cleaned (chemically polished) to remove
impurities prior to each EBW. By preliminarily examining
the optimal EBW conditions, each cavity part was welded
together with a smooth welding bead. The EBW lines for
fabricating the spoke part and the cavity-side parts are shown
in Figs. 3 and 4, respectively. Figure 5 shows the EBW lines
for joining the spoke part and the cavity-side parts together.
So far, no obvious welding defects such as unpenetrated
welds and welding holes have been found. In order to ensure
the smoothness of the cavity’s inner surface, any notable
edges, including the welding-bead undercut, were removed
by machine polishing. Figure 6 shows the fabricated cavity’s
body section1 .
Figure 4: EBW lines for piping the RF port (top), for joining the RF-port pipe (Nb) and the RF-port flange (Nb-Ti)
together (middle), and for joining the RF port and the cavityside part together (bottom).

Figure 3: Sloped EBW lines for joining the two half spokes
together (left). Elliptical EBW lines for joining the spoke
and the spoke-roots together (right).

FREQUENCY MEASUREMENT
We performed the frequency measurement for the cavity’s
body section to make sure there are no critical issues in the
fabrication geometry. The body section itself is not a cavity
structure because it has not yet been lidded by the end-plate
parts (Fig. 9 of Ref. [7]). Therefore, we temporarily placed
the body section between two aluminum (Al) plates for the
frequency measurement as shown in Fig. 7. To ensure the
electrical contact between the body section and the Al plates,
we attached shield fingers [8] to the Al plates in a circular
1

The drift tube electrode is to be machined from Nb block and welded to
the spoke center in a future fabrication phase.
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Figure 5: EBW lines for joining the spoke part and the cavityside parts together.

pattern with the same diameter as the cavity. Accordingly,
the open faces of the body section were short-circuited with
conducting surfaces at a cavity length of 227 mm, which
is the distance between the inner faces of the two Al plates.
As shown in the upper picture of Fig. 7, the small holes
(≈ 𝜙10 mm) drilled in the spoke center, which were used for
holding the spoke during extra-length cutting, were sealed
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Figure 8: Simulated cavity-length dependence of the 𝜆/2resonance mode frequency.
Figure 6: Fabricated cavity’s body section.

Figure 9: Simulated surface electric (upper) and magnetic
(lower) field distribution.

adjustment in the final fabrication phase by shortening the
length of the cavity’s body section.
Figure 7: Setup for the frequency measurement.

with Al tapes. A straight antenna was inserted into each of
the two RF ports (RF input and RF pickup, respectively) for
the frequency measurement using a vector network analyzer.
Measured frequency under atmospheric condition was
377.83 MHz, which was converted to 377.96 MHz in a
vacuum, taking into account the humidity effect [9]. On
the other hand, the frequency obtained by simulation (CST
Studio Suite [10]) was 379.15 MHz with the same cavity
length of 227 mm (Fig. 8). The simulated 𝜆/2-mode field
distribution for the cavity’s body section is shown in Fig. 9.
The measured frequency is not too far from that obtained by
simulation. Although the cause of the difference between
the measurement and the simulation has not yet been identified, this difference is well within the range of frequency
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SUMMARY
We have started welding the cavity parts together in 2021.
Before welding the actual cavity parts, we investigated the
optimum EBW beam parameters for each welding condition
by using mock-up Nb test pieces. As a result, each cavity
part was joined with a smooth welding bead. We have successfully fabricated the body section of the prototype spoke
cavity.
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Abstract
The Fermi National Accelerator Laboratory (FNAL)
Linac has been in operation for 52 years. In approximately
four years, it will be replaced by a new 800 MeV superconducting machine, the PIP-II SRF Linac. In the current configuration, the Linac delivers H− ions at 400 MeV and injects
protons by charge exchange into the Booster synchrotron.
Despite its age, the Linac is the most stable accelerator in the
FNAL complex, reliably sending 22 mA in daily operations.
We will discuss the status of the operation, beam studies,
and plans.

priority, the Linac has been providing 22 mA consistently
with 96 % machine up-time for the last 5 years.

Beam Current and Efficiency
The beam current in the LEBT, upstream of the Linac,
and end of the Linac at 400 MeV are shown in Fig. 1. The
transmission efficiency in RIL has been 40 % and Linac
92 %. In 2017, a collimator with an aperture size of 9.9 mm
× 14.5 mm was installed in front of the Linac in order to
minimize beam loss in the Booster. The average RMS beam
sizes are ±2.7 mm horizontal and ±3.5 mm vertical.

INTRODUCTION
FNAL is leading the intensity frontier by providing high
intensity proton beams to high energy experiments. The
Linac delivers H− ions at 400 MeV to inject protons by
charge exchange into the Booster, a 15 Hz rapid cycling
booster synchrotron.
H− beam is supplied to the Linac by an RFQ injection line
(RIL) which consists of a magnetron ion source, a low energy
beam transport (LEBT), a radio frequency quadrupole (RFQ)
with acceleration from 35 to 750 keV and a medium energy
beam transport (MEBT) with a buncher cavity [1]. The
Linac is divided into two sections: (1) a 201.25 MHz Drift
Tube Linac (DTL) where the H− beam is accelerated to
116 MeV [2] and (2) a 805 MHz Side Coupled Linac (SCL)
which further accelerates the beam to 400 MeV [3].
The Linac has been in operation for 52 years and reliably
sends 22 mA in daily operations. Our present goals are:
• Minimizing machine downtime and providing stable
beam to users.
• Increasing the output current to more than 30 mA.
• Using Machine Learning (ML) to optimize RF parameters and automate machine tuning.
In this paper, we present the history and status of the beam
operation and machine studies for the last 5 years.

STATUS OF OPERATION
The Proton Improvement Plan (PIP) aimed to run
4.3E12 protons per pulse in the Booster at 15 Hz and successfully accomplished its goal in 2017 [4]. As a part of PIP,
modulators for the DTL RF system were upgraded for more
reliable operations [5]. With 24/7 user support as our first
∗
†
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Figure 1: Linac beam current over last 5 years.
Two major machine failures occurred in the last 5 years
(Fig. 2). A water leak damaged a quadrupole magnet in a
drift tube (DT) in Tank 5 and caused an intermittent short
on the wire around the quadrupole magnet. Replacing the
exposed wires on the tank and isolating the quadrupole magnet from the ground took 72 hrs. An end plate on Tank 4
was missing one push screw, which was supposed to push
the plate to the flange for a good RF contact, thus creating
a gap which caused a spark in the cavity. A comparison
between the three gradient detector signals at low, mid, and
high energies in the tank indicated that the spark occurred at
lower energy. Finding the source and completing the repair
took 112 hrs.

Drift Tube Replacement and Alignment
Rebuilding DT The DTL has 207 DTs in Tank 1 - Tank
5. Each DT was built with oxygen free high conductivity
copper and contains a quadrupole magnet that isolates it
from a vacuum. The length varies from 48 mm to 409 mm
throughout the Linac, and the bore size varies in different
tanks. Twelve DT failures have been recorded since 1986
and four DTs were replaced in the last 4 years in Tank 2 –
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Figure 3: Quadrupole temperature with cooling.

Figure 2: Monthly downtime over last 5 years.
5 due to sparking, vacuum leak, or either a short or open
magnet circuit. Some spare DT bodies without end caps
were built before 1970 and one of them was used for the DT
in Tank 3 by adjusting the length with extension rings and
end caps which were welded with an electron beam. Since
there were no suitable spares for the drift tubes for Tank 2
and Tank 4, two long and short drift tubes which had been in
a showcase at the Linac gallery were used by cutting off their
end caps. The drift tube for Tank 5 was built from scratch
by brazing a stem to a cylinder. All drift tubes were built
within 0.1 mm accuracy in their length.
Quadrupole magnets are water cooled indirectly by contact with the drift tube body. The gap between the drift tube
body and magnet was minimized to less than 0.2 mm with
0.1 mm on average for heat transfer. The magnet temperature was measured at four different cooling conditions where
the LCW temperature was 35 ◦ C (with flow rates of 1.4 and
0.2 gpm), 18.3 ◦ C, and air cooling. The magnet temperature
reached equilibrium at 30 ◦ C above the LCW temperature
for the three cases with water cooling. The heat flow rate
𝑄 is given by Eq. 1 where 𝑘 is the thermal conductivity of
the air, 𝐿 and 𝑟 are the magnet’s length and radius, Δ𝑇 is the
temperature difference, and Δ𝑟 is the air gap length between
the quadrupole magnet and the DT body.
𝑄 = 2𝜋𝑘 𝐿 (Δ𝑇)/ln ((𝑟 + Δ𝑟)/𝑟) = 287 W

(1)

The heat flow rate is nearly equal to the input power of 258 W
calculated from the current on a pulse power supply which
sends a 250 A, 272 Hz sinusoidal current at 15 Hz.
All DT quadrupoles were tested with 250 A at 15 Hz for
2 months before installation (Fig. 3).
DT alignment Four drift tubes were replaced during the
summer shutdowns in 2018 – 2021. A survey was conducted
before and after the replacement by placing an alignment
fixture with a ball-mounted hollow reflector for a laser tracker
upstream and downstream of each DT. The accuracy of the
position was measured to within 0.13 mm. The drift tubes
were aligned within 0.25 mm accuracy on the best fit line
from upstream to downstream of the DTs. A survey was
conducted for all DTs in Tank 2 – Tank 5 over the last four
years and is shown in Fig. 4. The figure also shows the
positions of the tank centers estimated from control points
outside of each tank. The vertical position of the drift tubes
has a maximum offset of 3.5 mm. There is a 2 mm jump at
the beginning of the SCL.
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Figure 4: Survey for DTs in Tank 2 - 5 and Module 0 - 2.

BEAM LOSS IN THE RFQ INJECTOR LINE
The transmission efficiency has to be improved in the
RIL to achieve 30 mA output from the linac. All elements
except the LEBT trim dipoles in the RIL were realigned to
the original reference line (the Tank 1-Brass Line Frame)
in 2019, and realigned to the line that followed the control
points in Tank 1 (Fig. 5) by tilting it by 0.25 mrad vertically
in 2020. However there were no significant improvement in
the transmission efficiency with this work.
An additional diagnostic which included a toroid, BPM
and halo monitor was temporary installed between the
MEBT and RFQ for two weeks of beam studies in the 2021
summer shutdown and found that 60 % of the beam was lost
upstream of the MEBT. Measurements in a test stand indicated that the emittances are too large compared to the RFQ
acceptance and significant loss occurred in the LEBT [6].

IMPLEMENTING MACHINE LEARNING
INTO OPERATION
The compact nature of the Linac drift-tube structure does
not provide sufficient space to accommodate extensive beam
diagnostics. As a consequence, machine tuning has to rely
on combining a limited set of diagnostics with simulations
and is unlikely to be optimal. External factors such as ambient temperature and humidity variations are known to affect
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Figure 6: Drift of longitudinal positions in the Linac.

Daily Linac Tuning
Operators typically tune the Linac twice a day by changing
three RF phases to minimize total beam loss and maximize
the output current. Fig. 6 shows the drift of the longitudinal
position measured on BPM phase signal for 10 hrs without
any parameter changes. The phase drifts are known to depend on the Linac gallery temperature or extracted beam
energy from the ion source, etc., however the details are not
well understood.
Assuming a 2 degree phase offset from the synchronous
particle at the beginning of the Tank 1, phase oscillation
of the synchrotron motion was calculated in Fig. 7 with a
simple acceleration model (a single kick for each gap) using
the design structure of the 2𝜋 mode DTL and 𝜋/2 mode
SCL. There are not enough diagnostics to measure the ∼10
synchrotron oscillations along the Linac.

RF Parameter Optimization With Machine Learning
We are exploring ML applications for RF parameter optimization [7]. Our approach has been to train a Deep Neural
Network (DNN) to identify underlying correlations between
observed diagnostic data and Linac RF parameters. The plan
is to use the network predictions as part of a control scheme
that adjusts phase set points to restore the Linac back to a
desired state (as defined by diagnostic readings). The choice
of DNN among all available ML algorithms was driven by
the fact that in principle a network with enough nodes can
approximate almost any analytical relation, without the need
to resort to exact information about underlying correlations
between observables. As a first attempt, we trained a net-
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resonant frequencies. In addition, for a variety of complex
causes, the energy and phase space distribution of particles
emerging from the ion source are subject to fluctuations.
Recent developments suggest that global and dynamic techniques based on machine learning should make it possible
to overcome these obstacles.

Synchrotron oscillation along the linac
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Figure 5: RIL alignment in 2019 and 2020.
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Figure 7: Simulated synchrotron oscillations in the Linac.
work to predict changes in RF phase set points for 3 cavities
(RFQ, MEBT Buncher and Tank 5) given BPM data. Fig. 8
shows network predictions compared to true settings. Initial results were very promising; performance on par with
human operator tuning had been demonstrated in specific
instances.
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Figure 8: DNN predicted RF phase change vs. truth.

SUMMARY
The Linac has been delivering 22 mA H− beam to the
Booster with 96 % uptime for the past 5 years. Two major
machine failures have occurred which took more than 50
hrs to fix. Four DTs were replaced in the low energy tanks.
To improve beam transmission, alignment, beam studies,
beam simulation, and instrumentation upgrade have been
conducted in the RIL and Linac. RF optimization using ML
has been studied and appears promising. All efforts will be
continued to achieve the Linac performance goals.
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DEVELOPMENT OF HIGH-GRADIENT ACCELERATING STRUCTURES
FOR PROTON RADIOGRAPHY BOOSTER AT LANSCE
S. S. Kurennoy, Y. K. Batygin, and E. R. Olivas, LANL, Los Alamos, NM 87545, USA
Abstract
Increasing energy of proton beam at LANSCE from 800
MeV to 3 GeV improves radiography resolution ~10 times.
We propose accomplishing this energy boost with a compact cost-effective linac based on normal conducting highgradient (HG) RF accelerating structures. Such an unusual
proton linac is feasible for proton radiography (pRad),
which operates with very short beam (and RF) pulses. For
a compact pRad booster at LANSCE, we have developed a
multi-stage design: a short L-band section to capture and
compress the 800-MeV proton beam from the existing
linac followed by the main HG linac based on S- and Cband cavities, and finally, by an L-band de-buncher. Here
we present details of development, including EM and thermal-stress analysis, of proton HG structures with distributed RF coupling for the pRad booster. A short test structure is designed specifically for measurements at the LANL
C-band RF Test Stand.

INTRODUCTION
Proton radiography employs high-energy proton beams
to image material behavior under extreme conditions. It
was invented and developed at LANL. The pRad program
at the Los Alamos Neutron Science Center (LANSCE) has
performed hundreds of successful experiments, both static
and dynamic. While the LANSCE 800-MeV linac accelerates both protons and H- ions, the pRad uses H- beam,
which is presently the only beam species that can be
chopped in the front end and directed to the pRad facility.
For dynamic experiments, pRad uses multiple pulses from
the linac, which produce movies up to a few tens of frames.
Each short pRad beam pulse consists of several successive
bunches from the linac, which follow at the linac DTL repetition rate of 201.25 MHz, to multiply the pulse total intensity. This is because the H- bunch current at 800 MeV is
limited to ~10 mA, mainly by the ion source, but also by
losses in the linac. On the other hand, the pRad pulses are
restricted to 80 ns in length, i.e., contain no more than
16 linac bunches, to prevent image blur.
Increasing the beam energy for pRad at LANSCE from
present 800 MeV to 3 GeV would provide significant improvements: for thin objects, the radiography resolution
would increase about 10 times, and much thicker objects
could be also imaged [1]. A superconducting (SC) option
for a pRad booster to 3 GeV was considered in [1]. With a
real-estate gradient of 15 MV/m, it leads to a rather long
booster, more than 150 m only in accelerating structures.
This option is also expensive because it requires a new cryogenic plant and significant tunnel modifications. We proposed a shorter and cheaper pRad booster based on normalconducting RF accelerating structures with higher gradients operating at low duty factors [2].
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HIGH-GRADIENT PRAD BOOSTER
Requirements for pRad Booster Cavities
HG structures with phase velocity β = 1 were developed
for acceleration of electrons [3]. Accelerating gradients up
to 150 MV/m have been demonstrated in X-band copper
cavities at room temperature. When such cavities are operated at cryogenic temperatures (cryo-cooled), gradients up
to 250 MV/m were achieved. HG C-band cavities at room
temperature provide gradients 50-60 MV/m, but at liquidnitrogen (LN2) temperature one can expect gradients two
times higher. 800-MeV protons at the exit of the LANSCE
linac have velocity β = v/c = 0.84, and at 3 GeV β = 0.97.
Therefore, HG cavities must be modified for protons to
cover this velocity range.
Operating the HG pRad booster at liquid-nitrogen temperatures makes structures more efficient and reduces the
required RF power by a factor of 2-3. Such operation of
pRad booster seems practical: the pRad needs only 1-20
beam pulses per event spread by about 1 µs; no more than
a few events per day. Even if some nitrogen evaporates due
to heating caused by RF losses in cavity walls during one
event, it can be easily refilled before the next one.
There are additional requirements for HG structures for
pRad booster. First, they must accept the large proton
bunches out of the existing linac both longitudinally – this
limits RF frequency from above – and transversely, which
limits the cavity aperture from below. Second, high accelerating gradients lead to beam defocusing by RF fields, so
a strong focusing is required. There are also important requirements to the output beam: energy stability pulse-topulse, pulse timing, and low energy spread. For better quality of radiographs, it is desirable to reduce the relative momentum spread, dp/p = 10-3 at the exit of our 800-MeV
linac, as 1/p, i.e., to 3.3·10-4 at 3 GeV.
Further considerations are related to the LANSCE layout
and operations. The facility delivers five different beam
types [4] to multiple users, and it is important to preserve
this capability. The closest point where a new booster can
start is about 38 m away from the 800-Mev linac exit, after
the existing switchyard. The exiting beam spreads in this
drift, so we need to lower RF frequency in the first cavities
to capture it longitudinally. All the above requirements led
to a multi-stage compact booster design [5].

pRad Booster Design
The booster starts with an L-band buncher operating at
1408.75 MHz, the 7th harmonic of the linac bunch frequency 201.25 MHz, to capture 800-MeV linac bunches.
The booster includes S-band structures at 2817.5 MHz to
the energy of 1.6 GeV and continues with C-band struc-
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tures at 5635 MHz. An L-band de-buncher at 3 GeV reduces the momentum spread to the required value. The
transition energy is defined by beam focusing requirements
and cavity apertures [5]. The total length of the HG pRad
booster is 92.5 m, but the C-band structure gradient E =
E0T = 100 MV/m is rather high. This leads to high required
total peak RF power: 1.9 GW in C-band and 0.42 GW in
S-band. Reducing gradients makes the booster longer but
also reduces the required peak RF power.
Therefore, we developed another design, with moderate
gradients, E = 25 MV/m in S-band and 40 MV/m in C-band
[6]. It makes the booster longer, 156.3 m, see Fig. 1, and
will require bends to fit in the existing buildings [6]. The
estimated total peak RF power is noticeably reduced:
0.75 GW in C-band and 0.3 GW in S-band.

Figure 1: Layout of 3-GeV pRad booster.
Beam focusing will have a FODO scheme with magnetic
quadrupoles of the focusing strength GL gradually increasing from 6.3 T at the initial energy of 800 MeV to 18.4 T
at the final energy of 3 GeV [6]. Such fields can be realized
with either electromagnetic (EMQ) or permanent-magnet
quadrupoles (PMQ). EMQs allow more flexibility with
tuning while PMQs are simpler and more compact. The
most attractive option is to use mainly PMQs, with some
EMQs near the ends of different linac sections. It can reduce the packing factor – the ratio of accelerating structure
length to the length of the focusing period – which we now
assume to be 0.8 for estimates, see in [6].

High-Gradient RF Cavities for pRad Booster
The RF structures for HG pRad booster are planned to
be standing wave (SW) π-mode structures with distributed
RF coupling [7]. The shape of individual RF cavities will
be re-entrant and optimized to maximize the structure
shunt impedance and reduce the required peak RF power.
A bare S-band cavity at 2817.5 MHz for β = 0.84, without
RF couplers and waveguides, is illustrated in Fig. 2.

The parameters of the cavities in L-, S-, and C-band with
the required beam apertures are summarized in Table 1.
Here f indicates the RF frequency: L=1408.75 MHz, S=
2817.5 MHz, and C=5635 MHz; a is the aperture radius; Zʹ
is the structure shunt impedance. RF power per unit length
Pʹ at the room temperature is given for the reference gradient E; the power values scale with gradient as E2. These
values were used for estimates of the total peak RF power.
Table 1: Booster Cavity Parameters
f

β

a,
mm

E,
MV/m

Emax/
E

Zʹ,
MΩ/m

Pʹ,
MW/m

L

0.84

8

12

4.3

68.6

2.1

S

0.84

8

25

4.23

69.9

8.9

S

0.93

6.5

25

4.1

83.4

7.5

C

0.93

6.5

40

3.63

76.9

20.8

C

0.97

5

40

3.63

96.9

16.5

L

0.97

5

12

4.6

77

1.9

One should note that the booster cavities will work in an
unusual regime defined by pRad operation, at very low
duty. The RF system can provide just a single RF pulse of
variable length, 1-50 µs. This allows all required pRad
beam patterns ranging from a single 80-ns beam pulse,
which consists of 16 LANSCE linac bunches spaced by
5 ns, to a sequence of 20 such pulses separated by intervals
that vary from 0.2 to 2 µs, depending on the pRad experiment; see [6]. The cavity fill times are on the order of 1 µs.
A preliminary thermal-stress analysis was performed for
a few cavities in Table 1. The CST-calculated surface loss
power density was imported into ANSYS as heat load. For
S-band cavities at β = 0.84 (row 2 in Table 1) with gradient
36 MV/m, one 50-µs RF pulse increases the surface temperature by maximum ΔT = 20 K at the pulse end, and the
largest surface deformation is only 0.22 µm. Even for a
100-µs RF pulse, ΔT is only 28 K. For C-band cavities at
β = 0.97 (row 5 in Table 1) at 80 MV/m, a single 50-µs RF
pulse causes ΔT = 101 K, which may be acceptable but
large. At 50 MV/m in this cavity, ΔT = 40 K and maximum
deformation becomes 1.2 µm.
With LN2 cryo-cooled operation, the structure RF power
is reduced 2-3 times. We estimate the fraction of LN2 evaporated after one pRad event using a single 50-µs pulse to
be 10-3 or less, depending on the cooling design.
Unlike widely used traveling-wave cavities, accelerating
structures with distributed coupling have not yet been implemented in operation, only tested as insertions in electron
linacs. They offer some advantages, such as enforcing the
π-mode in the structure and simple fabrication. An important step for the pRad booster project is to develop and
test such a structure with distributed coupling for protons.

C-band Test Cavity with Distributed Coupling
Figure 2: S-band structure for β=0.84 (left to right): 5-cell
structure section; electric field within a cell; current distribution on the cell inner surface.
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A simple two-cell test cavity with distributed coupling
was designed for the frequency of 5.712 GHz, to be tested
at the existing LANL C-band RF test stand [8]. The test
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stand is equipped with a 5.712-GHz klystron having max
peak power 50 MW, pulse length <1 µs, and repetition rate
up to 200 Hz. The RF power is delivered to test cavities via
a standard WR187 waveguide (WG). The klystron frequency is close to our design frequency of 5.635 GHz.
The test cavity includes a custom RF-feed WG, which
contains two T-junctions and RF couplers, and provides a
transition to a port for connecting to the WR187 WG at the
test stand, see in Fig. 3. The feed WG is shorted on the
other end by an added quarter-wave section. For scale, the
length of each of the two accelerating cells is 2.44 cm, their
inner radius is 2.19 cm.

CONCLUSION
We continue to develop HG pRad booster at LANSCE.
It is designed to capture and compress the 800-MeV proton
(H-) beam from the existing LANSCE linac with an L-band
buncher. The captured beam is then accelerated to 3 GeV
in a high-gradient linac consisting of S- and C-band structures. An L-band de-buncher is used to reduce the relative
beam momentum spread of the 3-GeV beam 3 times below
its value at the exit of 800-MeV linac. However, the debuncher with drift adds about 46 m of length, see Fig. 1.
The modified booster design [6] significantly reduces
the required peak RF power. A short C-band test cavity
with two accelerating cells for protons at 1.6 GeV and distributed RF coupling was designed. It is being manufactured and will be tested at LANL later this year.
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T

Emax/
E

Z0Hmax/
E

Zʹ,
MΩ/m

Pʹ,
MW/m

O
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2.10

78.6

81.5

M
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2.27

73.2

87.4
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CST MODELING OF THE LANSCE COUPLED-CAVITY LINAC
S. S. Kurennoy and Y. K. Batygin, LANL, Los Alamos, NM 87545, USA
Abstract
The 800-MeV proton linac at LANSCE consists of a
drift-tube linac, which brings the beam to 100 MeV, followed by 44 modules of a coupled-cavity linac (CCL).
Each CCL module contains multiple tanks, and it is fed by
a single 805-MHz klystron. CCL tanks are multi-cell
blocks of identical re-entrant side-coupled cavities, which
are followed by drifts with magnetic quadrupole doublets.
Bridge couplers – special cavities displaced from the beam
axis – electromagnetically couple CCL tanks over such
drifts within a module. We have developed 3D CST models
of CCL tanks. The models are used to calculate electromagnetic fields in the tanks. Beam dynamics is modeled in
CST for bunch trains with realistic beam distributions using the calculated RF fields and quadrupole magnetic
fields. Beam dynamics results are crosschecked with other
multi-particle codes and applied to evaluate effects of CCL
misalignments.

INTRODUCTION
Realistic 3D models of accelerator structures proved to
be useful for studying various EM effects, mechanical tolerances, and beam dynamics. One example is CST models
of LANSCE drift-tube linac (DTL) tanks [1]. On various
occasions, they were used to calculate details of DTL element heating, tuning sensitivities, fine features of beam dynamics and particle losses. Another example is CST modeling of the FNAL 4-rod RFQ. We received a CAD model
of this RFQ from its manufacturer, Kress GmbH, to help
us evaluate a 4-rod RFQ option for LANL. The CAD
model was imported into CST [2] and simplified for EM
analysis. Our EM calculations revealed unexpected longitudinal fields in the end gaps, which are purely 3D effects
and were not (and could not be) taken into account in the
RFQ designed with standard codes. The beam dynamics
study with CST Particle Studio showed that the end-gap
field reduced the beam output energy. This incidental discovery helped our FNAL colleagues to understand the reason for the incorrect RFQ output energy, which puzzled
them for over a year before that, and showed how to correct
it [3]. Fortunately, the fix was easy: just removing an endwall plug in the RFQ outer box.
Here we apply a similar approach to the LANSCE coupled cavity linac (CCL). As a first step, we build a simplified CST model of the first CCL tank (T1) in the module 5
(M5T1). The model is fully parametrized and applicable
for all tanks in the CCL modules. More details and pictures
can be found in the report [4]. All geometrical and design
electromagnetic parameters of CCL cavities are summarized in the original 1968 document [5].
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CST MODELING OF CCL
EM Model of Module 5 Tank 1 (M5T1)
The first module of CCL, module 5 (M5; the count includes four preceding DTL modules), starts at beam energy
of 100 MeV and consists of four tanks. Each tank in M5
contains 36 identical re-entrant accelerating cavities (cells,
AC), which are side coupled by 35 coupling cavities (CC).
The coupling cavities are located off axis (side-coupled
structure) and alternate their transverse positions on both
sides of the beam path. Drifts after each tank contain a doublet of two EM quadrupole magnets. For M5T1, the AC
length is 8.0274 cm and inner radius 12.827 cm. The tank
total length is 289 cm, and the drift after T1 is 72.3 cm.
The CST model of the AC cavity starts with creating a
parametrized profile curve for a quarter of the cavity vacuum volume, making a figure of rotation, and its mirroring.
The CC vacuum volume is then added to the AC, and the
edges of the coupling slot formed by the AC-CC intersection are rounded. After that, the cavity frequency is tuned
to the operating mode frequency, 805 MHz, by adjusting
the AC gap. In practice, some additional metal was left on
the drift-tube noses of manufactured half-cavities, and it
was scraped by a special tool to adjust the frequency before
cavity brazing. We follow a similar procedure in our CST
model by adjusting the AC gap width, using an optimizer
in the CST eigensolver. To find all the tank modes, we need
to consider bridge couplers. The end cells are tuned such
that the field amplitudes there for operating mode are the
same as in inner cells, so it is sufficient to calculate fields
in one structure period, shown in Fig. 1.
(a)

(b)

Figure 1: Electric field (a) and surface-current magnitude
on the cavity inner surface (b) in one period of M5T1. Red
color indicates higher values, blue – lower ones.
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Table 1: Calculated EM Parameters of M5T1
Parameter

Value

Quality factor Q

17630

Transit-time factor T (β = 0.4311)

0.862

Energy gain per AC

0.110

MeV

3.398

MΩ

Effective impedance Zeff = RshT /L

31.45

MΩ/m

Averaged power dissipation per AC

4.79

kW

Maximum peak electric field

8.3

MV/m

Max peak surface magnetic field

27.4

kA/m

Cavity shunt impedance Rsh
2

Units

magnetic fields of the quadrupole doublet after T1 are generated in Matlab in the hard-edge approximation. These
quadrupole fields, as well as the properly scaled calculated
RF fields, are imported into PS, see [4] for details.
For Particle Studio (PS) runs the simulation volume was
cut transversely in both x and y to [–3 cm, 3 cm], somewhat
larger than the cavity aperture radius of 1.5875 cm, to reduce the required hexahedral mesh size. The cut volume
for PS simulations and imported fields are shown in Fig. 2.

Calculated parameters of this CCL tank are summarized
in Table 1. The field and power (100% duty) values in Table 1 are scaled to the nominal accelerating gradient of
E0T = 1.37 MV/m and assume ideal copper surface with
conductivity σ = 5.8∙107 Sm/m.

PIC Modeling of M5T1 with Particle Studio
Using the calculated RF fields, we model beam dynamics in M5T1 with CST Particle Studio (PS) Particle-in-Cell
(PIC) solver. The RF fields are extracted from eigensolver
in the beam region, scaled to the T1 nominal gradient, and
imported into PS. Since the operating mode fields are periodic, we could use the results for one period and repeat
such an import 18 times with proper shifts along the beam
line. It is more convenient to calculate and extract RF fields
for a longer section of T1. We take a section with 12 AC,
one-third of M5T1, for field computations. Because of the
structure vertical symmetry and the operating mode symmetry in the longitudinal direction, one can restrict the
computational domain to one-quarter of the section. Adaptive mesh iterations in the eigensolver increase the mesh
density in regions with higher field energy density. The resulting mesh after three adaptive iterations contains 2.7M
tetrahedra for one-quarter of the considered section (1/3)
of T1. The solution takes about 45 minutes total on a PC
with 40 cores but requires 140 GB of RAM.
The initial macro-particle distribution for Particle Studio
(PS) Particle-in-Cell (PIC) runs consists of one bunch of
50K particles with the average energy of 100 MeV. It is
matched to M5T1 and corresponds to 10-mA proton beam
current; it was generated by Beampath [6]. The total bunch
charge is 49.7 pC. The bunches in the CCL follow with the
repetition frequency 201.25 MHz provided by the DTL, so
that only one out of every four RF buckets at 805 MHz
contains a bunch. This distribution was reformatted with
Matlab for PS input and imported into CST. All particles
are injected into the structure in the transverse plane located at z = –1 cm (z = 0 is the tank entrance) at different
times corresponding to their positions along the bunch and
move in the positive z-direction. The bunch injection time
is adjusted to ensure that the bunch center reaches the middle of the first AC cavity at the correct RF phase, –36°. The
MOPOGE17
192

Figure 2: Calculation volume for PS runs. Insets show imported RF electric field (part; bottom) and magnetic field
of the quadrupole doublet (top left). Thin blue and green
arrow lines indicate locations of imported fields.
PIC simulations were performed on hexahedral meshes
~20M points with steps 0.066 cm in x, y, and 0.05 cm in
the longitudinal (z) direction. The PS run with 5 bunches
of 50K macro-particles takes 36 minutes on a PC with
GV100 GPU; see Fig. 3. The simulated time in this case is
50 ns; it takes ~28 ns for a bunch to pass through M5T1.

Figure 3: Snapshot of 5 bunches of 50K particles in M5T1
at t = 24 ns. Color indicates particle energy; the scale is on
the right. Particles move from top right to bottom left.
Our PIC simulations show no particle losses. This is because the initial distribution is well matched to the tank and
contains only 50K macro-particles. It is somewhat idealized compared to realistic beams coming to M5T1 from the
DTL-CCL transition region. Moreover, the simulated
structure is short, less than 4 m out of the 700-m CCL. The
input and output beam parameters are summarized in Table
2. It lists transverse normalized rms and longitudinal rms
emittances, in π mm∙mrad. The column “Out/In” lists ratios
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of final to initial parameters without misalignments; column “Out1/In” gives these ratios with misalignments included in PS simulations as described below.
Table 2: M5T1 Beam Parameters from PIC Simulations
Parameter

to the emittance increase. The added emittance growth is
small except that in y-direction: 2.1% increase instead of
0.9% without misalignments.
The misalignment effects in the LANSCE CCL have already been studied with Beampath [7]. The Beampath results for this tank, M5T1, are in a very good agreement
with the CST results presented in Table 2.

In

Out/In

Out1/In

50,000

1

1

Average energy, MeV

100

1.0342

1.0341

CONCLUSION

Tr. emittance εx, π µm

0.3687

1.0081

1.0098

Tr. emittance εy, π µm

0.3589

1.0093

1.0213

Long. emitt. εz, π µm

1.7464

1.0033

1.0036

rms bunch length, deg

6.460

1.153

1.144

rms energy spread, MeV

0.2455

0.920

0.926

We developed simplified 3D CST models of CCL tanks
of the LANSCE linac. The CST model for Tank 1 of Module 5 (M5T1), the first tank in the CCL linac, is presented.
The 3D RF fields of the operating mode in M5T1 are calculated with CST MicroWave Studio. Beam dynamics is
modeled with the PIC solver in CST Particle Studio for
bunch trains with a matched initial beam distribution. The
PIC simulations of M5T1 use imported CST calculated RF
fields and quadrupole magnetic fields. The output beam parameters agree with results from other beam dynamics
codes. The beam emittance growth in M5T1 is rather small,
cf. Table 2, which can be expected since the structure is
relatively short, the initial particle distribution was well
matched and contained only 50k particles. The measured
misalignments were added to our CST model. They contribute to the emittance growth, see in Table 2. Our results
for M5T1 are in good agreement with the results of Beampath simulations [7], both with and without misalignments.

Particles

An important observation is that the exit beam parameters are independent of the number of bunches. They are
the same for all bunches and coincide with those from PIC
runs with a single bunch. This means that there is no influence of one bunch on the others, which is not surprising
considering that the bunches are separated by four 805MHz RF periods. The results in Table 2 agree well with
those obtained using code Beampath [6] with the same initial beam distribution.
A few more PS runs with different initial macro-particle
distributions were performed to evaluate dependence on
beam current and effects of beam mismatch. For example,
we used the above initial macro-particle distribution: one
bunch of 50k macro-particles with the average energy of
100 MeV, matched for 10 mA, but changed the beam current to 15 mA. There were no particle losses, but the transverse emittance increases at the exit of M5T1 were higher:
1.1-1.3% instead of 0.8-0.9% for the matched case of
10 mA in Table 2. The longitudinal emittance increase remained practically the same as in Table 2, about 0.33%.
More examples and details can be found in [4].

Including Measured Misalignments of M5T1
Misalignments of LANSCE linac elements were measured a few years ago, see references in [7]. For CCL modules, the measured misalignments are transverse shifts at
the tank entrance and exit points and transverse shifts of
the quad boxes. For M5T1, these values are: (x, y) = (0.261,
0.178) cm at the entrance and (-0.071, 0.223) cm at the exit;
(-0.046, -0.019) cm for quads. It translates into the tank tilt
angles of -1.138 and 0.154 mrad in x and y, respectively.
The tank tilts are very small, so the RF fields can be obtained by simple linear transformations of the RF fields calculated in CCL tanks without misalignments, see in [7].
The quad displacements are added by shifting quadrupole
magnetic fields.
The results of M5T1 PS modeling with misalignments
are summarized in Table 2, last column. Comparing to the
previous column, one can see that the misalignments add
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DESIGN OF IH-DTL TO ACCELERATE INTENSE LITHIUM-ION BEAM
FOR COMPACT NEUTRON SOURCE
S. Ikeda, T. Kanesue, and M. Okamura
Collider-Accelerator Department, Brookhaven National Laboratory, Upton, NY, USA
Abstract
We are studying feasibility of a compact neutron source
with a lithium-ion beam driver. The neutron source comprises a laser ion source, an RFQ linac, and an IH-DTL.
Recently, we demonstrated 35-mA 7Li3+ ion beam acceleration by an RFQ linac with a laser ion source. Based on the
result, we performed beam dynamic design of an IH-DTL
to accelerate the lithium-ion beam to the energy required
for the neutron production, 14 MeV. To obtain a realistic
field distribution, we made a rough model of the IH-DTL
cavity with Microwave studio. It was confirmed with GPT
3D beam simulation that 1.7-m and 200-kW IH-DTL with
two triplets can accelerate 30-mA 7Li3+ beam.

INTRODUCTION
Accelerator-driven compact neutron sources have attracted great attention because of the wide range of the applications, such as non-destructive inspection for defects of
buildings and explosive material in cargo[1]. They are
composed of an MeV-class accelerator and a neutron conversion target. The availability coming from the compactness and the relatively low cost is also desirable for industrial and educational users. Recently, even portable neutron
source has been developed for the purpose of inspection of
infrastructures. They are also interested as alternative for
small neutron reactors.
For the moderate range of neutron flux, proton accelerators with lithium or beryllium targets are used. Especially
for lithium target, the neutrons are generated by the nuclear
reaction.
7Li + p → 7Be + n - 1.64 MeV
(1)
The proton energy is slightly higher than the threshold
value, typically 2.4 MeV. Because this reaction is endothermic, the energy distribution of the neutrons is narrow.
Meanwhile, the neutrons are produced in all direction due
to the small velocity of the center of mass. Only the part in
the forward direction is used for the applications. In contrast to the conventional neutron sources, we are proposing
a lithium-ion beam driver with a laser ion source[2]. It is
composed of a laser ion source, an RFQ linac, and an IHDTL. The features of the use of the laser ion source are
lithium projectile 1) and a pulsed beam with high peak current and short width 2). The type of ion is 7Li3+. The peak
current, the pulse width, the repetition rate will be 30 mA,
0.1 to 10 µs, and 1 to 1 kHz, respectively. With a lithium
projectile, the velocity of the center of mass is larger than
with a proton projectile. This leads to a narrow angular distribution of the neutrons. This effect is called kinematic focusing demonstrated with simulation and experiments[3].
The generated neutrons are in forward direction and can be
MOPOGE18
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used at downstream. The enhancement factor compared
with proton injection can be factor of ten[3]. Furthermore,
the background neutrons are less and the shielding can be
lighter, which leads to lower cost and better portability. Regarding the pulse and peak current, laser ion sources are
known with the ability to produce intense pulsed beam.
The beam current is several orders of magnitudes higher
than conventional heavy ion sources. The pulse width can
be adjusted to 1 µs or shorter. The beam with the high peak
current and short width is advantageous for pulsed neutron
beam applications since the short pulse neutron beam will
enable users to separate the background neutrons from the
probe beam, resulting in a good signal-to-noise ratio.
The advantage of the lithium projection is obvious, but
it was not practical because the beam current of conventional heavy ion machines is low. Meanwhile, it was
proved that a combination of a laser ion source and an RFQ
linac can produce large beam current by using Direct
Plasma Injection Scheme[4]. By applying this scheme, the
intense lithium driver will be able to be used to neutron
sources.
In previous study, we recently succeeded to accelerate
35 mA of 7Li3+ ion beam by an RFQ linac[5]. As a next
step, we designed an IH-DTL to accelerate the beam to the
nuclear reaction threshold, 14 MeV[3]. We are considering
IH-DTL as the second accelerator after the RFQ linac because of the high efficiency for the energy range. We
checked the feasibility and the specification of the IH-DTL
for the intense beam. The design was mainly about the
beam dynamics. An RF simulation with a rough model was
done with CST studio to obtain the electric field distribution for particle tracking. More practical cavity design will
be next step.

IH-DTL DESIGN
The parameters of the input beams were from the beam
parameters from the existing RFQ linac. The input energy
is 1.43 Me, the transverse and longitudinal 90 % normalized emittances are 3 pi mm mrad and 0.54 MeV-deg, respectively. The beam current was set to 40 mA to have
some margin to accelerate the 35 mA from the RFQ linac.
The longitudinal emittance was the calculated value by
Parmteq in design. To estimate the transverse emittance,
trace3D simulation was performed for the analyzing line in
the previous study to compare with the experimental result.
The simulation revealed that the maximum emittance to
propagate the dipole is 3 pi mm mrad containing 90 % of
ions. In other word, with larger emittance than 3, the transmission was worse than the previous experiments. So, 3 pi
mm mrad was selected as the input parameter for the IHDTL.
Proton and Ion Accelerators and Applications
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It was assumed that the ratio of the gap voltage and the
gap width of the drift tubes (Vgap / wgap) is smaller than 450
kV / 30 mm = 15 MV/m. In the upstream section, wgap was
set to the half of the cell length. The voltage was determined to have 15 MV/m. wgap was fixed to 30 mm after the
central section. Vgap was assumed to be the half when the
gap was next to the cavity wall or triplet housings. The inner diameter of the drift tubes was assumed to be 20 mm
because of the short cell length in the upstream section. The
resonant frequency was 100 MHz, which is the same as for
the RFQ linac. Quadrupoles were used inside of the cavity.
This method was established by researchers[6]. Namely,
the quadruples are packed in a housing at ground potential,
and the adjacent drift tubes have opposite polarity of voltage. This requires the length of the housing is about N beta
lambda. Based on the conditions, the cell lengths were calculated by formula for drift and thin gap model. The transit
time factor was estimated based on the analytical expression of Einzel lens field[7]. Then the envelope was checked
with Trace3D. The twiss parameters were optimized for
maximum transmission. In addition, the longitudinal dynamics was checked with a 1D simulation. The electric
field distribution was calculated using the Einzel lens formula and the space charge force was calculated with the
formula for a uniform ellipsoid. After some iterations, the
design was determined. It was found that the total length is
1.67 m, the number of gaps should be 17, and two triplets
are needed to transport the beam. The lengths of the outer
and the inner quads of the triplets are 70 mm and 140 mm,
respectively. The synchronized ion gained energy as illustrated in Fig. 1.

Figure 1: Designed ion energy at each gap.
To check the validity of the design, the electric field distribution was calculated by making a rough 3D model of
the cavity with CST studio. Figure 2 is the cross-sectional
view of the IH-DTL model. The undercuts were adjusted
to have the similar field peak at each gap. The unloaded Q
was calculated to be 20000.
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Figure 2: CST model of IH-DTL
The field distribution on the beam axis and the calculated
voltage distribution are shown in Figs. 3 and 4.

Figure 3: Distribution of longitudinal component of electric field, Ez, on beam axis.

Figure 4: Voltage distribution at each gap.
The field distribution was imported into a particle simulation code, General Particle Tracer (GPT). 10000 macro
particles were generated as 6-D waterbag with Twiss parameters optimized in the design process. Figure 5 shows
the distributions. The quadrupole fields were generated
with the function prepared in GPT in which the fringe field
is described by Enge function[8]. The space charge effect
was calculated by solving Poisson equation with Particle in
Cell method. The optimization was done about the multiplication factor for electric field, the initial RF phase, the
quadrupole strengths, and the converging angle of the initial beam. The optimized trajectories are shown in Fig. 6.
The significant effect of the dipole components was not observed.
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impedance is lower than other IH DTL machines. The use
of two triplets is one of the reason due to the high current.
Even though, the impedance is still larger than the other
structures. So, IH-DTL is still the best choice. If one wants
to improve the specification, one way may be to increase
the beam energy at the RFQ exit and reduce the number of
the triplets. Next step will be more practical design of the
IH cavity and the triplets.
Figure 5: Phase space plot at entrance (a, b, c) and exit
(e, f, g) of IH-DTL.

CONCLUSION
For a compact neutron source with a lithium-ion beam
driver, an IH-DTL was designed especially in terms of the
beam dynamics. It was found that 1.7-m and 200 kW IHDTL can accelerate 30 mA of 7Li3+ beam to 14 MeV. The
input beam parameters are determined from the existing
RFQ linac which required two strong triplets to transport
the low energy and high current beam. It is believed that
the design is not far from the typical IH-DTL machines,
and the feasibility was shown.
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PRELIMINARY STUDY ON THE CRYOGENIC CONTROL SYSTEM
WITHIN RF SUPERCONDUCTIVE LINAC PROJECTS
H. Sibileau, M. Beniken, T. Junquera, Accelerators and Cryogenic Systems, Orsay, France
D. Masson, Isii-Tech, Saint-Étienne-du-Rouvray, France
Abstract
Several RF Superconductive LINAC projects are
underway in different laboratories around the world, with
various objectives such as research in physics, irradiation
tests, production of radioisotopes for medical purposes.
Superconducting operation of the accelerating cavities
requires them to be maintained at cryogenic temperatures
(2K - 4K) by the use of cryogenic fluids. This requires a
complete cryogenic control system, including sensors,
actuators, local controllers and PLCs. We describe the
process by which the preliminary design of the cryogenic
control system for the accelerator's cryomodules and valve
boxes may be built. It starts with the functional and
performance requirements of the system, followed by the
definition of use cases and the study of the necessary
cryogenic instrumentation. This leads to a preliminary
design of the architecture of the cryogenic control system
using Siemens hardware, as well as cryogenic sequences
describing standard phases of operation of the LINAC. We
also discuss how to take advantage of the modularity of
cryomodules for control system implementation and some
recent developments in PLC simulation.

INTRODUCTION
In general, the cryogenic infrastructure installed on a SC
Linac includes 3 major layers (Fig. 1):

All the 3 layers are controlled, for cryogenic operation, by
industrial PLC systems. A standard solution adopted in
many facilities is to install a PLC for the control of each
pair {Cryomodule + Valve Box}. This is a major
requirement in order to adapt to the different accelerating
gradients and associated dynamic losses.
In this paper we focus on the control system (PLC) of the
pair {Cryomodule + Valve Box}. For the prototyping
phase, a close development is to control only a pair
(CM+VB). In this case the CM + VB are installed in a test
room, connected to different cryogenic supply systems
(LHe dewars, He pumping systems, …) but using most of
the sensors and actuators that will be installed in the final
SC Linac.

PHYSICAL EQUIPMENT, SENSORS,
ACTUATORS, INTERFACES
Safe operation and stability of the SC Linac Cryogenic
systems (Cryomodules and Valve Boxes) are two major
requirements for all the operation phases. The associated
control system based on PLC must assume this
responsibility. Other important requirements are the
connection of these “local” PLC to the overall Linac
security systems (machine protection system MPS,
personnel protection system PPS) and to the facility
infrastructures (electrical distribution, cooling, HVAC,
vacuum systems, etc.)
All the operation process are based on dedicated sensors
and actuators installed within the SC Linac Cryogenic
systems, connected through special interfaces to the PLC.
On the other side, using supervisory tools and networks,
the PLC must be interfaced to the high-level control
process (databases, MPS, PPS, infrastructures etc.) using
adapted IOC (Input/Output Controllers) operating under
EPICS [1] software environment.

Figure 1: SC Linac, main cryogenic components.




Refrigerator, helium recovering and storage systems
Cryogenic distribution: multi lines connecting the
refrigerator to the SC Linac.
SC Linac components (Cryomodules, Valve Boxes)
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Sensors within the Cryomodules and the Valve Boxes,
are difficult to be replaced in short delays, and need to be
redundant. Other redundancy that may be considered are
the process controllers (complete PLC or partial critical
hardware as CPU and I/O systems), data networks and
associated power supplies.
In parallel with the major control role and safety aspects,
the Cryogenics Instrumentation will deliver interesting
measurements for the SC Cavities and RF Couplers
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operation, in particular using the following sensors:
cryogenic temperatures, Liquid Helium levels, Helium gas
mass flow, pressures … All these measurements will help
analysing the static and dynamic losses, the sensitivity to
pressure perturbations, and in general the anomalous
behaviour of SC cavities, and associated components.
Another important aspect is the high radiation levels
within the SC Linac Tunnel where all Cryomodules and
Valve Boxes are installed. This high radiation levels are
originated by beam losses and anomalous operation of SC
cavities (field emission). Some facilities have entered in
long term operation phases (i.e. CEBAF,SNS,LHC, …)
and have observed these critical consequences, with
increased number of machine trips or adoption of lower
operational accelerator gradients in the SC cavities.
Presently, for new facilities, important installation
improvements have been adopted:




Battery supply installed in the PLC crates
PLCs and controllers installed in radiation-free areas
Instrument interfaces can be installed in the tunnel or
close to the instruments if radiation-tolerant
electronics cards are available.
Use of radiation tolerant interface cards for: Vacuum
gauges, Pt thermometers, low voltage power supplies.
Other possibility of installation of these interfaces, in
smaller interconnecting tunnels (shafts) between
Linac tunnel and technical equipment gallery




FROM GENERAL REQUIREMENTS TO
CRYOGENIC AND CONTROL SYSTEM
DESIGN
In this section, we describe a method to define a local
control architecture and operating sequences starting from
global requirements on the cryogenic control system
(related to the considered accelerator and its performance,
safety and reliability objectives).

Step 1 : General Requirements
At a first level, all the different functions desired for the
system must be listed see Fig. 2. They are classified into
the following six categories:


pre-start
checks;
measurements;
interfaces with auxiliary systems;
maintenance and exceptional cases.

regulations;
monitoring;

In the table below, we list some main functional
requirements for each category. At this level, we do not yet
introduce quantified performance targets.
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Figure 2: Stakeholder requirements generic table.

Step 2 : Use Cases Definition
The second step is to divide and group the previously
defined requirements into functional use cases. At this
stage, we distinguish three categories of use cases:
1- Use cases related to the operational sequences of the
cryomodule (contains for example Preliminary tests,
Conditioning, Cooldown and Warmup sequences,
Maintenance) ; 2- Measurements and Regulations (e.g.
Bath pressure, Bath level, Temperature) ; 3- Recording,
Storing, Displaying data

Step 3 : Hardware Definition
The next step is to define the hardware (see Fig. 3) that
must be used to meet the use cases listed above. Thus, it is
classified according to the same use cases. In general,
except for some particular cases, each sensor or actuator is
associated with a signal conditioner. For each type of
measurement, we treat in a global way the acquisition
chain: sensor, conditioners, cables, communication
protocol with the PLC. We indicate for each acquisition
chain the following characteristics:
1- Communication protocol between the signal conditioner
and the PLC (or directly from the sensor in the case of
platinum temperature sensors ; 2- The typical
performances of the hardware regarding the following
parameters : response time, accuracy, sensitivity,
calibration issues, hardness to radiations and magnetic
fields ; 3- The number of sensors needed for the desired
application.
We detail here the example of the use case “Temperature
measurement below 20 K”. We define the acquisition chain
necessary for its realization, giving information on the
sensors and signal conditioners required, the
communication protocols to be used, and the performance
of this hardware in the environment considered (for
example the effect of ionizing radiation or magnetic field
on the quality of measurements).

Proton and Ion Accelerators and Applications
Superconducting structures

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-MOPOGE19

NEW PERSPECTIVES FOR PLC
DEVELOPMENT AND SIMULATION
State of the Art

Figure 3: Example of hardware requirements for
measuring sub-20K temperatures.

Step 4 : Architecture of the Cryo Control System
All this preparatory work allows us to produce a
fundamental document : a system architecture proposal,
see Fig. 4.

Figure 4: Generic system architecture for the cryogenic
control system at field level.

IMPLEMENTING CRYOGENIC
SEQUENCES IN MULTIPLE SIMILAR
PLCS
In this section, we use the Siemens’ framework [2] to
describe a programmation method for implementing the
previously described architecture. All cryomodules
controlled by a PLC are integrated in a single TIA Portal
project. Thus, we have access to a common library for all
similar cryomodules’ PLCs.
The first step is to create a project template in the “Master
copies” directory, in which the entire PLC program for a
single cryomodule can be found. This will allow to
duplicate the project for each cryomodule from a PLC
project template. Then, each program component (FC, FB)
is placed in the library, under the “Types” directory. This
main library is unique to all the projects. The programmer
has therefore the possibility to update simultaneously all
the PLC projects (cryomodules 1 to N) from the main
library.
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Some existing, or under construction, facilities (in
particular CERN [3], ESS, XFEL in Europe) have made
important improvements on the field of reliability and
performance of Control Systems for Cryogenic equipment.
Currently, the cryogenic control system follows the
standard automation pyramidal structure of the
International Electrotechnical Commission (IEC-62264)
and is based on industrial components deployed in all
control layers : 1- Instrumentation layer ; 2- Control layer
; 3- Supervision layer ; 4- Maintenance & Operation
Management System layer.
CERN has developed a special Platform: UCPC
(UNICOS Continuous Process Control). It helps to identify
the origin of a failure, predict what could happen in the near
future, etc. UCPC is an open-source platform providing
objects libraries and including Siemens [2] PLCs libraries
in the control layer, and WinCC flexible libraries in the
supervision layer. An interesting tool “Generator” was
developed using a step-wise methodology. Today the LHC
cryogenic tunnel applications are automatically generated,
while the non LHC cryogenic systems and the LHC
refrigerators are manually developed.
Presently, in recent performance analysis, the availability
for the LHC cryogenic control system is estimated to be
more than 99.8%. At the European Spallation Source ERIC
(ESS) in Lund Sweden, the PLC Factory was developed to
automate programming of all repetitive tasks of the facility.

Recent Developments
Two recent developments can help the development of
future projects :




Development of Process Modelling, and integration of
the components’ Models into the regulation loops of
Cryogenic Systems controlled by PLC. An interesting
example has been recently tested at the Spiral 2 Linear
Accelerator [4]. The models were developed with
MATLAB/SIMSCAPE tools, and introduced into the
PLC programs for regulation of the Helium level of
each SC cavity. Heat load estimator were also
developed..
Machine Learning Platforms. Recently CERN Control
Group has developed a platform based on the recent
advances of machine learning techniques adapted to
complex systems and improve their evolution. Model
algorithms could be introduced into the PLC programs
to develop prediction tasks parameters, that could play
a major role on optimization of operation and
improvement of the systems reliability and
availability [5].
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Abstract
A new superconducting (SC) continuous wave (CW) linac,
providing high efficient heavy ion acceleration above the
coulomb barrier, is going to be built at GSI to fulfill the upcoming demands in the research field of super heavy element
(SHE) synthesis. The so-called HELIAC (HElmholtz LInear ACcelerator) delivers ion beams in the energy range of
3.5 MeV/u and 7.3 MeV/u with a mass to charge ratio (A/z)
of up to 6. Superconducting multi-gap crossbar-H-mode
(CH) cavities with a resonance frequency of 217 MHz are
used for beam acceleration. In addition, SC single spoke
buncher cavities should ensure longitudinal beam matching
to the following CH sections. Therefore, the first 217 MHz
single spoke cavity with 𝛽 = 0.07 has been developed at
HIM/GSI. In this paper the design of the cavity and first RF
measurements during manufacturing are presented.

CH

S

B

CH

CH

S

766 mm

370 mm

D

D
416 mm

4800 mm

Figure 1: Layout of cryomodule CM1 containing three CH
cavities, a single spoke buncher (B) and two solenoids (S).

INTRODUCTION
After the reliable operability of SC CH cavities [1, 2]
with beam at 4 K was successfully shown within the demonstrator project [3–7], the next step on the way realizing the
proposed HELIAC [8–10] is the construction, commissioning and operation of the so called ’Advanced Demonstrator’
CM1 cryomodule [11]. In future, the Advanced Demonstrator is foreseen to be used as the first of a series of up to four
cryomodules (CM1–CM4) of the entire HELIAC accelerator. The new CM1 will be fully equipped with three SC
CH cavities, a SC single spoke resonator (SSR) and two SC
solenoids (see Fig. 1). In 2021, cryomodule CM1 has been
successfully tested within SAT at HIM/GSI under 4 K conditions. Meanwhile, all mentioned components have been
built and delivered to GSI. Currently, cold string assembly
of CM1 is taking place in the ISO4 cleanroom at HIM [12].

BUNCHER CAVITY LAYOUT
The first layout of a SC 217 MHz SSR with a particle
velocity of 𝛽 = 0.07 for CM1 has been presented in [13, 14].
Based on this early design, the cavity has been optimized
regarding compactness, electrical and magnetic peak fields,
the appearance of multipacting and its pressure sensitivity.
∗
†
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f.dziuba@gsi.de
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Figure 2: 3D-model of the SC 217 MHz SSR.
The optimized cavity (see Fig. 2) is 416 mm long and has an
equidistant gap length of 13 mm. A dynamic bellow tuner
inside the cavity allows slow and fast frequency adjustment
during operation at 4 K. Furthermore, a helium jacket made
from titanium provides a closed helium circulation around
the cavity. Two additional flanges at each end cap of the cavity allow adequate surface processing. The main parameters
of the cavity are summarized in Table 1. Due to its compact geometry within the mentioned velocity and frequency
domain the resonance frequency of the cavity is extremely
sensitive to external influences. This makes the design, the
construction and operation of such a type of cavity to be extremly challenging tasks. Nevertheless, as described in [15]
stable cavity beam operation is quite possible.

RF MEASUREMENTS
The manufacturing of the SSR started in 2020. Several
RF measurements during the production process have been
performed in order to achieve the target frequency. All important steps were carried out on the basis of detailed RF and
structural-mechanical simulations. Initially, the resonance
frequency was designed to be higher than the target fre-
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Table 1: Main Parameters of the SC 217 MHz SSR
MHz
mm
mm
mm
mm
mm
MV/m
mT/(MV/m)

0.07
216.816
97
13
416
565
30
140
5.5
6.1
8.9

quency and lowered successively during production. Other
frequency-influencing effects caused by evacuation, cool
down and surface processing for instance have been determined and considered as well. The following measurements
were performed after the spoke had been finally welded into
the cylindrical cavity tank.

Sequential Assembly of Bare Cavity
At the beginning of the measuring campaign both end caps
were oversized by 19 mm and were temporarily attached to
the bare cavity tank (see Fig. 3). As previous simulations
show, reducing the oversize of a single cap should lower the
frequency by 1.5 MHz/mm. Both caps were trimmed by
9 mm in order to validate this value. In this condition the
frequency was measured as 247.641 MHz, which is 613 kHz
(0.25 %) higher than expected confirming the simulations
very well. In a next step, the oversize of cap 1 had been completely removed while 2 mm were left at cap 2. Thereupon
the tuner was welded into the tank. Subsequently, cap 1 was
welded to the cavity, which caused a frequency mismatch
of +2.1 MHz. The reason for this large frequency deviation
was an insufficiently calculated welding shrinkage, which
has been carefully corrected for the following welding procedures. Compensating this mismatch, two virtual welds
were placed outside the cavity on cap 1, which corrected the
frequency to within 0.04 %. According to the recalculated
shrinkage, cap 2 was trimmed and welded as well completing the bare cavity. In Fig. 4 the electric field distribution
along the beam axis of the cavity is shown. The expected
behaviour of the field corresponds to the measurements perfectly. With the dynamic bellow tuner a design tuning range
of ±60 kHz at a maximum displacement of Δ𝑥 = ±1 mm
could be performed. Figure 5 shows the measured frequency
shift Δ 𝑓 of the tuner at room temperature for a displacement
of ±0.5 mm, the simulation is depicted as a blue line. A
displacement of more than ±0.6 mm is not possible without
damaging the bellow due to the yield stress of niobium at
room temperature. As one can see, the frequency shift is
roughly 25 kHz (67 %) higher than simulated, which also
shows the high frequency sensitivity of the cavity. A total tuning range of ±110 kHz/mm is expected during cavity
operation under cold conditions.
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Figure 3: Open SSR (a) before attachment of trimmed end
cap (b). Temporarily assembled cavity for RF tuning (c).
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Figure 4: Measured electric field distribution along the beam
axis after finalization of bare cavtiy.
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Figure 5: Measured frequency shift of the dynamic tuner.

Evacuation & Cool Down of Bare Cavity
In order to study the frequency change of the bare cavity
caused by evacuation, coupled structural - radio frequency
electromagnetic simulations have been performed. For the
analysis model the inner drift surface of the spoke and the
tuner were chosen as a fixed support while a pressure of
1 bar on the surface of the cavity walls was adopted as ap-
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Figure 6: Deformation of the cavity due to the evacuation.
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215
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plied load. To minimize the frequency sensitivity, the cavity
is equipped with ten stiffener ribs on each end cap. While
the spoke and the cylindrical tank have a wall thickness of
4 mm, the end caps are implemented in a thickness of up to
5 mm. In addition, the outer disc of the helium jacket has a
thickness of 6 mm. The resulting maximum deformations
of 0.37 µm appears mainly at the end caps of the cavity (see
Fig. 6). This leads to an decrease of the resonance frequency
and yields to a pressure sensitivity of −112 Hz/mbar. Additionally, the relative permittivity 𝜖𝑟 is decreasing during the
evacuation process which in turn will lead to an increase of
the frequency by +64 kHz. The related frequency shift was
measured under evacuation at room temperature in order
to verify the simulation results. The pressure sensitivity
of −155 Hz/mbar is measured 38 % higher than expected.
A total shift of −91 kHz has been compensated during end
cap tuning and surface processing with Buffered Chemical
Polishing (BCP). By cooling down to 4 K the cavity shrinks
asymmetrically. While the cavity remains almost unchanged
along the spoke in y-plane, it shrinks transversely and longitudinally in x,z-plane (see Fig. 6 for axes orientation). The
thermal shrinkage and the related frequency shift has been
determined by the total linear contraction. Based on this the
cavity shrinkage after cooling down to 4 K is about 0.6 mm
in longitudinal and transverse direction (x,z-plane) which increases the resonance frequency by 42 kHz. Validating this
assumption the cavity has been cooled down with 𝐿𝑁2 while
the frequency change was observed. A total shift of 38 kHz
has been measured and compensated by BCP whereas the
corresponding estimated value is 27 kHz.

Surface Preparation & Cavity Finalization
In December 2021, the bare cavity was ready for surface
preparation, which included seven BCP treatments with a
total removal of 230 µm, a 650 ◦ C baking for 24 hours, and
High Pressure Rinsing (HPR) with ultrapure water. Any
BCP leads to a significant increase in resonance frequency
of 12 kHz/µm. This effect has been used for final cavity
tuning as well. The first six treatments were performed successively up to a removal of 210 µm. After main etching was
done, the cavity has been baked for 24 h at 650 ◦ C avoiding
𝑄-disease and hydrogen contamination. Subsequently, the
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Figure 7: Measured resonance frequency of the cavity during
different steps of manufacturing.
cavity was integrated to the helium jacket followed by a last
smooth BCP of 20 µm. Finally, the cavity has been high
pressure rinsed from both sides along the beam axis as well
as off-axis through the preparation ports for almost 15 h. Afterwards, the cavity has been assembled, leak checked and
evacuated for shipment. Finally, in April 2022, the buncher
cavity arrived at HIM. The frequency (in vacuum) at room
temperature was measured to be 216.715 MHz, which is
59 kHz below the target frequency under this condition, but
within the dynamic tuner range. Thus, one of the most important milestones in the manufacturing process, namely
achieving the resonance frequency of the cavity within the
area of the tuner, has been confirmed. Figure 7 shows the
frequency development of the cavity during the production
process for selected milestones.

SUMMARY & OUTLOOK
The production of the SC 217 MHz SSR started in 2020.
All frequency-influencing effects during the manufacturing
process, have been successfully verified with corresponding
simulations and measurements. After final surface preparation the target frequency has been successfully reached
within the dynamic tuner range. In April 2022, the cavity
was delivered to HIM. A full performance test of the cavity
with low-level RF power at 4 K is planned for the 4th quarter
of 2022.
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CONSERVATION OF QUALITY FACTOR FOR SUPERCONDUCTING
CAVITY AND HEARTBEAT UNDER RELATIVISTIC MOTION
Heetae Kim
Rare Isotope Science Project, Institute for Basic Science, Daejeon, Republic of Korea
Abstract
The conservation of quality factor under relativistic
motion is applied to the superconducting cavity as well as
the heartbeat of mammal. The quality factor of the
superconducting cavity is conserved under relativistic
motion. The frequency of the cavity decreases and the
decay time increases as the velocity and acceleration are
increased. The quality factor of the superconducting cavity
is comparable with the total heartbeat of the mammal. The
quality factor for the heartbeat of the mammal representing
the total number of heartbeat is also conserved under
relativistic motion. Therefore, the heart rate is inversely
proportional to the life expectancy under relativistic
motion.

INTRODUCTION
Superconducting niobium cavity was developed well
and was shown to have very high quality factor.
Thermionic emission, field emission, and generalized
electron emission were studied [1-5]. The superconducting
cavities of the quarter-wave resonator (QWR) and the halfwave resonator (HWR) for RAON accelerator were
developed [6-9]. Generalized Doppler effect was
investigated for arbitrary velocity and acceleration [10].
The heart rate and life expectancy of mammal were studied
[11, 12]. In this research we show the quality factor
conservation for the superconducting cavity and the
heartbeat of the mammal. The frequency-energy relation,
Doppler effect, and energy conservation are presented. The
frequency and the decay time of the superconducting
cavity in reference frame is shown as a function of velocity
and acceleration. The heart rate and lifespan of the
mammal in reference frame are also calculated as a
function of velocity and acceleration.

FREQUENCY-ENERGY RELATION
We postulate the conservation of frequency-energy
relation. The product of frequency and energy for a particle
is always conserved as
E ( i ) f ( i )  co n sta n t ,

(1)

where E is the energy and f is the frequency. The
frequency-energy relation can also be expressed as
____________________
* This work was supported by the Rare Isotope Science Project of
Institute for Basic Science funded by the Ministry of Science and the
National Research Foundation (NRF) of the Republic of Korea under
Contract 2013M7A1A1075764.
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E ( x ) f ( x )  E (v ) f (v )  E ( a ) f ( a ) ,

(2)

where x is the position, v is the velocity, and a is the
acceleration.

DOPPLER EFFECT
Frequency shift for constant velocity and acceleration
can be calculated from Doppler effect.
The frequency for constant velocity in reference frame is
shifted to
f (v )  fo 1  (v / c ) 2 ,

(3)

where c is the speed of light.
The frequency for constant acceleration in reference frame
is shifted to

f ( a )  f o 1  (2 ax / c 2 ) .

(4)

The frequency decreases as the velocity and acceleration
are increased.

ENERGY FOR MOTION
From the frequency-energy relation and Doppler effect,
the energy of a body can be calculated. The frequencyenergy relation for constant velocity is
E ( v )  E (0 )

f (0) .
f (v )

(5)

The energy for constant velocity can be expressed as
E (v ) 

moc 2

,

(6)

1  (v / c )2

where mo is the rest mass of the body.
The frequency-energy relation for constant acceleration
becomes
E ( a )  E (0 )

f (0 ) .
f (a )

(7)

The energy for constant acceleration can be expressed as
E (a ) 

.
moc2
2ax
1 2
c

(8)

The energy for constant velocity is the same as that of
special relativity. The energy of the body increases as the
velocity and acceleration are increased.
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ENERGY CONSERVATION
The frequency-energy relation proves the energy
conservation. Let us think that the body is located at the
height of h and it falls down to the ground under
gravitational acceleration. From the frequency-energy
relation and energy expressions we can get
m0c 2

v 2
1 ( )
c

,
m0c 2
2 gh
1 2
c

(9)

QUALITY FACTOR FOR
SUPERCONDUCTING CAVITY
The quality factor conservation for the cavity is proved
in this section. The quality factor conservation for
heartbeat is proved in this section. The quality factor of the
superconducting cavity can be achieved even higher than
3  109 . The quality factor of the superconducting cavity
decreases as the accelerating electric field is increased.The
intensity of the radio frequency for the superconducting
cavity decreases as follows


2  ft
Q

.

(11)

where I o is the initial intensity and t is the time.
The quality factor for the superconducting cavity is
measured as follows
2  f  3 .0 1 d B .
Q 
ln 2

(12)

The quality factor for the cavity is usually measured when
the intensity reduces to the half of the initial intensity.
The quality factor is expressed as follows
E .
Q (0 ) 
E

(13)

where E is the energy and E is the width of the energy.

E 1  (v / c )2 .
 E 1  (v / c )2

(14)

The quality factor for constant acceleration becomes
Q (a ) 

E 1  (2ax / c 2 ) .
E 1  (2ax / c 2 )

(15)

The frequency for constant velocity in reference frame is
v
f ( v )  f (0 ) 1  ( ) 2 .
c
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f ( a )  f (0 ) 1 

1

2ax .
c2

(18)

(16)

2ax
c2

For the same quality factor of the superconducting cavity,
the decay time increases as the resonance frequency is
decreased. The resonance frequency for the cavity is
inversely proportional to the decay time for the constant
velocity and acceleration. The quality factor for the cavity
is always conserved for the constant velocity and
acceleration.

QUALITY FACTOR FOR HEARTBEAT
The quality factor conservation for the heartbeat of
mammal is proved in this section. The total number of the
heartbeat for the mammal is about constant and is closed
to 3  109 , which can be achieved by the superconducting
cavity.
The quality factor of the mammal showing the total
number of heartbeat can be simplified as

f h ea rt (0 ) t life (0 )  3  1 0 9 .

(20)

The heart rate for constant velocity is
f h ea rt ( v )  f h ea rt ( 0 ) 1  ( v / c ) 2 .

(21)

The life expectancy for constant velocity is
t life ( v ) 

t life (0 )
1  (v / c )

.

(22)

2

The heart rate for constant acceleration is
f h ea rt ( a )  f h ea rt (0 ) 1  ( 2 a x / c ) 2 .

(23)

The life expectancy for constant acceleration is
t life ( a ) 

The quality factor for constant velocity becomes
Q (v ) 

The frequency for constant acceleration in reference frame
is

(10)

Eq. (10) shows that the energy is conserved while the
potential energy is changed to the kinetic energy.

I  Ioe

v
1  ( )2
c

The decay time for constant acceleration in reference frame
is
(19)
 (0 ) .
 (a ) 

where g is the gravitational acceleration.
From Eq. (9) the velocity can be expressed as

v 2  2 gh .

The decay time for constant velocity in reference frame is
.
(17)
 (0 )
 (v ) 

t life (0 )

.

(24)

1  (2ax / c)2

The total number of the heartbeat is not changed by
motion. The total number of the heartbeat is the same in
rest, constant velocity, and constant acceleration.
Therefore, the quality factor of the heartbeat is always
conserved, which shows the total number of the heart beat
is conserved for the rest, the constant velocity, and the
constant acceleration.
Figure 1 shows the light mirror. (a), (b), and (c) show the
light path in one-dimensional motion for stationary motion,
constant velocity, and constant acceleration, respectively.
(d), (e), and (f) show the light paths and light clocks for
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two-dimensional motion. (d) shows the circular mirror for
stationary motion, (e) shows the elliptical mirror for
constant velocity, and (f) shows the egg curve mirror for
constant acceleration. (g), (h), and (i) show the light clock
for three-dimensional motion. (g) shows the spherical
mirror for stationary motion, (h) shows the ellipsoidal
mirror for constant velocity, and (i) shows the egg shape
mirror for constant acceleration. From the light clock, the
Doppler shift can be derived for constant velocity and
acceleration by knowing that the speed of light is
constant [10].
Figure 2: Frequency for the superconducting cavity and
heartbeat as a function of velocity. The frequencies for 0.1,
1, and 10 Hz correspond to 6, 60, and 600 beats/min,
respectively. The other two frequencies correspond to the
resonance frequency, 81.25 MHz, for the quarter-wave
resonator (QWR) and the frequency, 162.5 MHz, for the
half-wave resonator (HWR), respectively [6, 13]. The
quality factors for the cavity and the heartbeat of the
mammal are almost the same. The frequency for the
superconducting cavity and the heartbeat of mammal
decreases as the velocity is increased.

Figure 1: Light mirror. (a), (b), and (c) show the light path
in one-dimensional motion for stationary motion, constant
velocity, and constant acceleration, respectively. (d), (e),
and (f) show the light paths and light clocks for twodimensional motion. (d) shows the circular mirror for
stationary motion, (e) shows the elliptical mirror for
constant velocity, and (f) shows the egg curve mirror for
constant acceleration. (g), (h), and (i) show the light clock
for three-dimensional motion. (g) shows the spherical
mirror for stationary motion, (h) shows the ellipsoidal
mirror for constant velocity, and (i) shows the egg shape
mirror for constant acceleration.
The frequency for the superconducting cavity and the
heartbeat of the mammal are shown as a function of
velocity in Fig. 2. The quality factors for the cavity and the
heartbeat of the mammal are almost the same. The
resonance frequency for the cavity and the heartbeat of the
mammal decreases as the relative velocity is increased.
Because of the quality factor conservation, the decay time
of the cavity is inversely proportional to the resonance
frequency and the life expectancy of the mammal is also
inversely proportional to the heart rate.
Figure 3 shows the frequency for the superconducting
cavity and the heartbeat of the mammal as a function of
acceleration. The resonance frequencies for the cavity and
the heartbeat of the mammal decrease as the acceleration
is increased. Because of the quality factor conservation, the
decay time of the cavity is inversely proportional to the
resonance frequency and the life expectancy of the
mammal is also inversely proportional to the heart rate.
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Figure 3: Frequency for the superconducting cavity and
heartbeat as a function of acceleration. The resonance
frequency for the cavity and the heartbeat of the mammal
decreases as the acceleration is increased. Because of the
quality factor conservation, the decay time of the cavity is
inversely proportional to the resonance frequency and the
life expectancy of the mammal is also inversely
proportional to the heart rate.

SUMMARY
We have shown the conservation of the quality factor for
the superconducting cavity and the heartbeat of the
mammal under relativistic motion. The frequency-energy
relation shows the Doppler effect and energy conservation.
The frequency and the decay time of the superconducting
cavity are derived as a function of velocity and acceleration.
The heart rate and the lifespan of the mammal are also
derived as a function of velocity and acceleration. Because
of the conservation of the quality factor, the resonance
frequency of the superconducting cavity is inversely
proportional to the decay time and the heart rate of the
mammal is also inversely proportional to the life
expectancy under relativistic motion.
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UNDERSTANDING Q SLOPE OF SUPERCONDUCTING CAVITY
WITH MAGNETIC DEFECT AND FIELD EMISSION
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Abstract
RF test for quarter-wave resonator (QWR) and halfwave resonator (HWR) superconducting cavities is performed at low temperature. The quality factors of the superconducting cavities are measured as a function of accelerating field. The magnetic heating effect for the quarterwave resonator (QWR) is studied. For the half-wave resonator (HWR), the Q slope degradation is investigated with
x-ray radiation and field emission.

INTRODUCTION
Development of superconducting cavities is very important to construct a heavy ion accelerator. Vertical test
facility to test the performance of the superconducting cavities was designed and constructed [1, 2]. Field emission
and thermionic emission were studied in terms of dimensions [3-5] and the unified theory for the field emission and
thermionic emission was also investigated [6, 7]. The field
emission of a superconducting niobium cavity was investigated [8]. The quarter-wave resonator (QWR) and the
half-wave resonator (HWR) cavity of RAON accelerator
at Rare Isotope Science Project (RISP) were developed [912], and the cryomodule and cavity for the HWR were
tested at 2 K [13, 14]. In this research we show the Q slopes
for the quarter-wave resonators (QWRs) and the half-wave
resonators (HWRs). The Q slope degradation for the QWR
cavities is studied with magnetic defects while the Q slope
degradation for the HWR cavities is investigated with xray radiation and the field emission.

MAGNETIC HEATING AND
FIELD EMISSION
The quality factor of a superconducting cavity is degraded by magnetic heating, field emission, and x-ray radiation. The quality factor of the cavity is denoted as

=

Sur

,

(1)

where G is the geometric factor and Sur is the surface resistance.The surface resistance can be represented as
Sur

=

Res

+

BCS ,

where Res is the residual resistance and
resistance.

(2)
BCS

is the BCS
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Dissipated power on the cavity surface is
dis

| ( )|

=

,

(3)

where H is the magnetic field strength.
The BCS resistance is expressed as
BCS

=

(−

),

(4)

where is the band gap and is the constant.
The band gap is expressed as [15]
− MBpeak ,

=

(5)

where M is the magnetic moment and
magnetic field strength.

peak

is the peak

From Eq. (2), Eq. (4), and Eq. (5) the surface resistance
can be denoted as
Sur

=

(−

+

MBpeak

)+

Res .

(6)

The current density of field emission is denoted as
.

=

)

ℎ(

/

,

(7)

where F is the electric field, is the Fermi energy, and
is the work function. The field emission current is generated by the particles and surface curvatures from the superconducting cavity.
The average current from the field emission for AC current is [14]

⟨ ⟩=

.

ℎ√ (

.

)

.
.

/

,

(8)

where is the field enhancement factor and is the proportional constant. The field emission site is heated with
Joule heating and the electrons generated from the field
emission are accelerated and generate x-ray. The x- ray
generation increases with increasing pressure of gases such
as hydrogen and oxygen. The counting rate of the x-ray radiation from the superconducting cavity is

=

+

.

.

(

)

.

.

/

,

(9)

where
is the field enhancement factor of the x-ray and
is the proportional constant.
MOPOGE24
209

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-MOPOGE24

VERTICAL TEST
RF test is performed for the quarter-wave resonators
(QWRs) at 4.2 K and the half-wave resonators (HWRs) at
2 K.
Figure 1 shows the Q slope measurement for the QWR
cavities at 4.2 K. This data shows the failed and passed
QWRs. The failed QWR cavities are retested after cavity
treatment which includes the Buffered Chemical Polishing
(BCP) and the High Pressure Rinsing (HPR). The total
number of the QWR cavity is 22 and all of them are finally
passed for RAON accelerator construction. The Q factor
for the QWR should be higher than = 2.4 × 10 at
= 6.1 MV/m.

Figure 3 shows the Q slope measurement for the QWR
cavities. The Q slope data in Fig. 3 comes from Fig. 1. The
Q factor decreases as the accelerating field is increased.

Figure 3: Q slope measurement for the QWR cavities.

Figure 1: Q slope measurement for the QWR cavities at
4.2 K. This data shows the failed and passed QWRs. The
number of the QWRs is 22 and all of them are passed.

The magnetic heating effect of the surface resistances
for the QWR cavities is shown in Fig. 4. The magnetic
heating causes the decreased quality factor of the QWRs.
The surface resistances for the QWR cavities are fitted
with the magnetic heating of Eq. (6). Magnetic moments
for the QWR 1, 2, 3, 4, 5, and 6 are 3.3×10-21, 3.4×10-21,
4.4×10-21, 4.3×10-21, 2.5×10-21, and 2.3×10-21 [J/T], respectively. Here we consider only magnetic defects. The field
emission effect should be considered in the range of x-ray
generation in future research.

The Q slope measurement of the HWR cavities at 2 K is
shown as a function of accelerating field in Fig. 2. Figure
2 shows the failed and passed HWRs. The number of the
HWRs is 106 and all of them are passed. The Q factor for
the HWRs at 2 K should be higher than = 2.3 ×
10 at
= 6.6 MV/m.

Figure 4: Magnetic heating effect of the surface resistances
for the QWR cavities.

Figure 2: Q slope measurement for the HWR cavities at
2 K.
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The quality factors are represented as a function of accelerating field for the HWR cavities in Fig. 5. The quality
factors are not changed in the range of the low accelerating
field and decreases with the x ray radiation in the range of
the high accelerating field.
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Figure 5: Quality factor vs accelerating field for the HWR
cavities [14].
Figure 6 shows the x-ray data and the x-ray fitting of
Eq. (9) in terms of the accelerating field for the half-wave
resonators (HWR). The field emission known as FowlerNordheim tunneling increases with the accelerating electric field. The x-ray coming from bremsstrahlung radiation
is generated when the electrons and ionized gases are accelerated. The counting rate of the x-ray radiation in terms
of accelerating field is fitted with Eq. (9) having the x-ray
field enhancement factor of 646 and the background radiation of 0.1 μSv/h. The x-ray increases with the accelerating field.

Figure 7: Quality factor vs x-ray field enhancement factor
for the half-wave resonators (HWRs) [14].

SUMMARY
We have tested the QWR and HWR cavities and shown
that the Q slopes of the QWR decrease due to magnetic
heating effect and the Q slopes of the HWR decrease due
to the x-ray radiation coming from field emission. The
magnetic heating and the field emission are introduced.
Vertical test is performed for the superconducting cavities.
The magnetic heating effect for the QWR is measured with
magnetic moments. The field emission effect for the HWR
is studied and the Q slope of the HWR decreases linearly
with the x-ray field enhancement factor.
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UKRI-STFC DARESBURY LABORATORY AND DESY
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Abstract
The Accelerator Science and Technology Centre
(ASTeC) is responsible for delivering 88 High Beta (HB)
cavities as part of the European Spallation Source (ESS)
facility in Sweden. The bulk Niobium Superconducting
Radio Frequency (SRF) cavities operate at 704 MHz. They
have been fabricated in industry and are currently being
tested at Daresbury Laboratory and Deutsches
Elektronen-Synchrotron (DESY). They will then be
delivered to Commissariat à l’Energie Atomique et aux
Energies Alternatives (CEA) Saclay, France for
integration into cryomodules. To date 50 cavities have
been conditioned and evaluated and 36 cavities have
been delivered to CEA. This paper discusses the
experiences and testing of the cavities performed to
date at both sites.

INTRODUCTION
As part of the UK In-Kind-Contribution (IKC) to the European Spallation Source (ESS) facility in Sweden, STFC
are providing 88 704 MHz high-beta superconducting RF
cavities. These cavities are to be delivered to CEA-Saclay,
France for integration into 21 cryomodules which will then
be delivered to ESS. The cavities are required to have a
quality factor (Qo) of 5 x 109 at an accelerating gradient of
19.9 MV/m.
The test system used at STFC is quite different to most
others used around the world. Cavities were tested horizontally, and cooled only by filling the LHe tanks [1] whereas
most other systems use complete bath immersion. The
other significant difference was that the radiation detectors
at each end of the cavity were much closer. At STFC the
detectors at each end were typically 25 to 30 cm from the
ends of the cavities. This results in detection of radiation
onset much earlier in the STFC system. A schematic of the
STFC setup is presented in Fig. 1. The detectors are at each
end of each cavity, immediately outside the cryostat, but
are not shown in the diagram.

Figure 1: Schematic of STFC test system. Showing 3 cavities inside the cryostat.
Most other systems place the detectors 2 or 3m from the
ends. A schematic of the test system at DESY [2] is shown
in Fig. 2. Thus, the detectors at STFC are approximately
10 x closer. It was therefore expected, that the dose rate
reading would be about 100x higher, from the simple 1/r2
effect. At STFC there is also significantly less shielding
material between the ends of the cavity and the detectors.
Overall these two effects resulted in a dose rate reading at
STFC that was approximately 300x larger than that measured at DESY.
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Figure 3: X Ray results H001 - H004 dressed cavity testing
at DESY

Figure 2: Schematic of DESY test system.
The ESS HB cavities have been fabricated by RI Research Instruments GmbH in Germany. All 88 cavities have
been fabricated and delivered for testing.

CAVITY TESTING
Testing of the production cavities has been performed at
both DESY and at STFC. However, the qualification of the
pre-series cavities was conducted at DESY as it was not
possible to test bare cavities at STFC. H001 to H004 were
initially tested bare to verify the buffer chemical polishing
(BCP) and high- pressure rinse (HPR) processes and were
then retested again after the jackets had been added as
shown in Fig. 3. It was noted that H003 had an issue with
a stain on the beam pipe which appeared to cause the radiation seen from an accelerating gradient of 16 MV/m. To
verify the testing system at STFC H004 jacketed was tested
at STFC. Results in Fig. 4 show an excellent correlation
between the results obtained at DESY and STFC. Typically
errors in E and Q, from run to run, are about 20% and 10%
respectively [2]. The agreement between the results for
H004, measured at both sites was well within this, and provides an excellent validation of the STFC measurement
system. The repeatability of the results for H004, were also
examined at STFC. This was done by making repeated
measurements in the top, middle and bottom cradle positions. All of which showed good agreement within expected experimental error. The radiation values for H001,
H002 and H004 were at the noise floor for the DESY detectors. Consequently, only those for H003 are shown in
the figure below.

MOPOGE25
214

Figure 4: H004 cavity test results at DESY and STFC.
Having established the procedure for the processing of
the cavities at RI, manufacture of production cavities could
commence. However, the testing of cavities highlighted an
issue with field emission (see Fig. 5). A pass rate of only
28% was achieved for the first 18 cavities tested. The processes at RI were reviewed and several improvements were
made, the main refinements were to double the final HPR
from 12-hours to 24-hours and to include the installation of
a Teflon disk on the bottom beampipe during coupler assembly so as to prevent the ingress of particulates. The pass
rate of cavities increased to 67%. The test results for a sample number of cavities are shown in Fig. 6. Due to the fact
that the production rate from RI was higher than initially
could be tested at STFC, there were a number of cavities
that had been delivered which had only received a 12-hour
HPR. Thus, a decision was made to return these to RI for
an additional 24-hour HPR process without testing. The
first batch of these cavities has been received at STFC and
are under-going testing. Initial results for these cavities
tested to date at STFC have seen a reduction in the pass
rate and this is currently under review.
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Figure 5: Production testing of cavities at DESY with a 12hour HPR.

Figure 7: Radiation comparison of H048 at STFC and
DESY.

SUMMARY AND FUTURE WORK
Testing of the cavities is currently well under way at
DESY and STFC. To date 36 cavities have been delivered
to CEA for integration into cryomodules, of which 2 have
already been fabricated. Issues have been encountered with
field emission from cavities during testing. Improvements
to the processing of the cavities within industry have
yielded a much-improved first-time pass rate, however
later cavities delivered have seen a dip in the yield. Further
investigations are under way to look for improvements to
the first-time pass rate.

ACKNOWLEDGEMENTS
Figure 6: Production testing of cavities at DESY with a 24hour HPR.
Additionally, as H004 did not show signs of field emission, a cavity, H048, with field emission was tested at both
STFC and DESY, so as to provide a comparison of radiation measured at both facilities. The results shown in Fig. 7
highlight the fact that the STFC system has the ability to
detect the onset of radiation at a much earlier stage and
shows that at the operating gradient of 19.9 MV/m that
there is a factor of approximately 300 difference between
the measurements. Onset of radiation was detected at approximately 12 and 17 MV/m at STFC and DESY respectively.
As part of the requirements for operation of the cavities
at ESS the higher order modes (HOMs) are required to be
more than ±5 MHz multiples of the machine line,
352.2 MHz. To date all cavities have successfully passed
this requirement apart from H068, which had a 4th harmonic which was at 4.3 MHz from 1408.8MHz. Other authors have suggested that the HOM can be much closer
than this to the 4th harmonic of the machine line, without
causing any significant problems [3]. Their work suggests
that it can be as close as 5 kHz before it causes significant
problems to the operation of the accelerator.

Proton and Ion Accelerators and Applications
Superconducting structures

The authors would like to thank collaborators from ESS,
DESY, CEA, and INFN, as well as industrial partners. They
also would like to thank T. Powers for his help in designing
the test system as well as the use of the LabVIEW software
from JLab. A. Matheisen for sharing technical knowledge
for the design and commissioning of the SuRF Lab infrastructure. For administrative organisation, thanks to Mrs
Soerne Moeller at DESY and Mr J Diakun at STFC.

REFERENCES
[1] A J May et al, “Commissioning and cryogenic
performance of the UKRI-STFC Daresbury Vertical
Test Facility for Jacketed SRF cavities,” in IOP Conf.
Ser.: Mater. Sci. Eng., vol. 1240, p. 012079, 2022.
[2] D. Reschke, “Performance in the vertical test of the
832 nine-cell 1.3 GHz cavities for the European X-ray
Free Electron Laser,” Phys. Rev. Accel. Beams, vol.
20, no. 4, pp. 042004-1 to 042004-30, 2017.
[3] A. Farricker, R. M. Jones, N. Y. Joshi, and S. Molloy,
“Implications of Resonantly Driven Higher Order
Modes on the ESS Beam”, in Proc. IPAC'16, Busan,
Korea, May 2016, pp. 683-685.
doi:10.18429/JACoW-IPAC2016-MOPOR038

MOPOGE25
215

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-MOPORI01

A MULTI-CAMERA SYSTEM FOR TOMOGRAPHIC BEAM DIAGNOSTICS
A. Ateş∗, G. Blank, H. Hähnel and U. Ratzinger
Institute of Applied Physics, Goethe University, Frankfurt, Germany
Abstract
A prototype of a beam-induced residual gas fluorescence
monitor (BIF) has been developed and successfully tested at
the Institute of Applied Physics (IAP) at the Goethe University Frankfurt. This BIF is based on ten single-board cameras inserted into the vacuum and directed onto the beam
axis. The overall goal is to study the beam with tomography
algorithms at a low energy beam transport section. Recently,
we tested the detector with a 60 keV, 33 mA hydrogen beam
at 20 Hz and 1 ms puls length. In this paper we present the
ongoing investigations on image processing and application
of the algebraic reconstruction technique (ART).

INTRODUCTION
Beam-induced fluorescence (BIF) monitors are standard
detectors at accelerator facilities [1]. For ultrahigh vacuum
beam diagnostics, scientific cameras are commonly used in
combination with MCP photon amplifiers to determine the
beam position and profile. New BIF monitors have been successfully tested at the low-energy beamline of the Frankfurt
Neutron Source at the Stern Gerlach Center [2]. These developments lead to new ways to study the beam. One idea is
to view the beam from multiple angles. This allows the use
of tomography algorithms to reconstruct the intensity distribution of the transverse beam profile. Beam tomography
has previously been studied using a camera and a rotating
vacuum chamber to rotate the camera and obtain any number
of views. Another approach is to view the beam through
viewing windows.
Our goal is to maximize the number of viewing angles
and develop a fast tomographic detector with minimal size
to be as flexible as possible. Our approach is to use nonscientific single-board cameras with single-board computers
and integrate the system into the vacuum. Figure 1 shows a
photo of the cameras mounted on the holder. It is designed
to fit into a vacuum chamber with a diameter of 200 mm and
a length of 300 mm.
The detector is built for low energy beam transport sections in high vacuum regions of about 10−7 mbar. To amplify
the emitted light, a buffer gas can be introduced during image
acquisition. We introduced argon gas and tested the cameras
at a residual gas pressure of up to 1 × 10−4 mbar. Figure 2
shows the position of the tomography detector. This position
is of particular interest since the RFQ will be placed at this
location.
There were several challenges to overcome in developing
such a detector. One challenge was to have all the cameras
work in parallel and transmit all the data from the vacuum.
Another challenge was to align all cameras so that the center
∗
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Figure 1: The picture shows a photo of the tomography
detector with the Raspberry Pi Zero and its camera modules
attached to a stainless steel pipe.
of their field of view matched. For more information about
calibration and alignment, see [3].

HARDWARE SET UP
Raspberry Pi Zero and its Camera
The cameras you see in Fig. 1 are single-board cameras
with so-called Raspberry Pi Zero single-board computers.
The Raspberry Pi Zero is the one with the smallest dimensions among the Raspberry Pi computer models. The computer and especially its camera are gaining more and more
attention not only in the Maker scene, but also in the scientific community [4]. Due to its compact dimensions and low
power consumption of about 15 mW, they are predestined for
projects like drones, robots or any mobile devices. The camera consists of a 5 MP high resolution Omnivision OV5647
CMOS image sensor. The sensor size is 3.76 mm × 2.74 mm
and has a pixel size of 1.4 𝜇m × 1.4 𝜇m. It has a focal length
(3.6 mm) with a single aperture (F2.9). The sensor sensitivity can be varied between ISO values from 100 to 800, and
it is possible to vary the analogue gain of the ADC for the
blue and red color pixels, i.e. to change the white balance
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the ART algorithm was used to evaluate detector calibration
for an initial test.

EXPERIMENTAL RESULTS
The proof of the detector concept was tested on a hydrogen
beam with 60 keV, 33 mA at 20 Hz and 1 ms pulse length.
There is no momentum filter at the beamline, so all three
types of hydrogen beams (𝑝, 𝐻2+ , 𝐻3+ ) were transported. Figure 3 shows a false-color profile of the beam recorded by
camera 8.

Figure 2: The tomography detector is located in the vacuum
chamber behind the last solenoid of the LEBT section. Immediately after the detector is a slit grid emittance detector
and a beam dump.
manually. The camera has been tested in high vacuum up to
1 × 10−7 mbar and in strong magnetic field (up to 0.6 T) [5].

Powering and Communication with the Cameras
A wireless connection was used to control the cameras.
A Raspberry Pi with an external WIFI antenna was installed
as an access point. All ten cameras connect wirelessly as
devices to the access point. The controller sends the command to capture the image, and the devices send the image
back to the controller. At this point, initial image processing
can be performed before all images are sent to the main laboratory computer for further processing and application of
tomographic reconstruction algorithms. The main controller
is not located inside the vacuum, only the external antenna.
Therefore, only two pins for the power supply and five pins
for the USB port were needed to control the tomography
detector. For beam operation, an electromagnetically compatible circuit (EMC) is required to transmit the data from
the vacuum and to protect the devices from flashovers.

TOMOGRAPHIC RECONSTRUCTION
The development of tomographic reconstruction algorithms, especially in accelerator facilities, is a current scientific topic [6]. Time and resource efficient software has been
developed in different laboratories. Here we use the pythonbased software toolbox Tomopy [7]. Most of the commonly
used tomographic reconstruction algorithms such as Algebraic Reconstruction Tomography (ART) or Filtered Back
Projection (FBP) are implemented here. Unlike the usual
detectors with an X-ray source rotating over the object and
creating as many profiles as necessary, here we have limited viewing angles. The ART algorithm was developed for
iterative reconstruction of objects examined at a particular
viewing angle [8]. In contrast, the filtered back projection is
better suited for unlimited viewing angles. For this reason,
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Figure 3: False color image of the beam profile.
After performing the tomopy algorithm, the reconstructed
section of the beam is obtained, as shown in Fig. 4. Here
one can see that the beam is not radially symmetric. This
asymmetry is due to the limited number of profiles. After
fitting the image with a Gaussian function, the beam center
is obtained at 41.7 mm in the x-direction and 41.4 mm in the
y-direction and a beam diameter of 3.6 mm.
An advantage of the tomography detector is the possibility
to examine an asymmetric beam or even two beams. Since
the hydrogen beam consists of three species, a magnetic
steerer was used to shift the beam. The three species are
then shifted depending on their momentum. Figure 5 shows
such a situation, where two of the three species are shifted
against each other and transported in parallel.
This can also be seen in the reconstructed slice. While
the study of two parallel beams from the x and y directions
would be difficult, the position and diameter could be studied
in a tomographic system. Figure 6 shows the reconstructed
intensity distribution. And Fig. 7 after fitting the intensity
distribution with two Gaussian functions.

CONCLUSION
In this paper, a tomographic BIF detector for ion beam
investigations is presented. This BIF is based on ten singleboard cameras on a tube concentric to the beam axis and
held by the outer vacuum tube. After securing the data
transmission by an EMC circuit and camera calibration for
real scaling, the detector was ready for the first beam test.
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Figure 4: A tomographic slice of the beam profile. The
asymmetry of the intensity distribution follows from the
limited number of profiles [9].

Figure 6: Tomographic reconstrucion of the two beam scenario [9].

Figure 5: Two species of the hydrogen beam are shifted
dependent on their momentum by a magnetic dipol steerer.
A hydrogen beam with its three species (𝑝, 𝐻2+ , 𝐻3+ ) was
successfully investigated with the detector. The tomographic
reconstruction algorithm ART could be applied to the data
set using the Tomopy software. The intensity distribution
of the reconstructed beam shows asymmetric artifacts. The
reason for the artifacts is the limited number of profiles.
Despite these difficulties, it was possible to investigate a
two-beam scenario where two types of the hydrogen beam
could be shifted against each other.
Studies are currently underway to improve image preprocessing and the choice of the right tomography algorithm.
The tomography software even provides options to remove
the characteristic stripes that lead to an asymmetric intensity
distribution. This feature and different ways to filter the
images to improve the reconstruction process are current
topics of this project.
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Figure 7: 2D contour plot of the two-beam distribution fitted
by two Gaussian functions [9] .
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IMPLEMENTATION OF AN ADVANCED M icroTCA.4-BASED
DIGITIZER FOR MONITORING COMB-LIKE BEAM
AT THE J-PARC LINAC
E. Cicek∗ , K. Futatsukawa, T. Miyao, S. Mizobata, KEK, Tsukuba, Ibaraki 305-0801, Japan
N. Hayashi, A. Miura, K. Moriya, JAEA/J-PARC, Tokai, Ibaraki 319-1195, Japan
Abstract
The Japan Proton Accelerator Research Complex (JPARC) linac beam pulse, generated by a beam chopper system placed at the MEBT, comprises a series of intermediate
pulses with a comb-like structure synchronized with the radio frequency of the rapid cycling synchrotron (RCS). The
sequentially measuring and monitoring the comb-like beam
pulse ensures the beam stability with less beam loss at the
current operation and higher beam intensity scenarios at the
J-PARC. However, signal processing as a function of the
pulse structure is challenging using a general-purpose digitizer, and monitoring the entire macro pulse during the beam
operation is unavailable. To this end, an advanced beam
monitor digitizer complying with the MicroTCA.4 (Micro
Telecommunications Computing Architecture.4) standard,
including digital signal processing functions, has been developed. This paper reports the implementation, performance
evaluation, and the first results of this unique beam monitor
digitizer.

INTRODUCTION
The Japan Proton Accelerator Research Complex (JPARC) linac front-end comprises a negative hydrogen � −
ion source (IS), low-energy beam transport line (LEBT),
3 MeV radiofrequency quadrupole linac (RFQ), mediumenergy beam transport line (MEBT1), housing two buncher
cavities and RF choppers, 50 MeV drift-tube linac (DTL),
190.8 MeV separated type DTL (SDTL), and 400 MeV annular ring coupled structure ACS [1], see Fig. 2. A 50 mA � −
beam is injected into the rapid cycling synchrotron (RCS)
through an L3BT (linac-to-3-GeV RCS beam transport) line.
The linac also has an additional line, called medium-energy
beam transport line 2 (MEBT2), which is equipped with two
buncher cavities (B1 and B2).
Figure 1 shows the time structure of the beam from the
linac. The IS generates macro-pulses of widths ranging
from 50 to 500 �s (� ��_ � ). The beam pulse is formed by
an RF chopper system [2] placed at MEBT1 and consists of
a series of intermediate pulses with a comb-like structure,
synchronized with RF frequency ( �� � ) of the RCS ring. The
beam is modulated by an RCS chop signal from the RCS
low-level RF (LLRF) system [3]. It has different patterns in
chopped-beam operations to achieve the comb-like structure.
Thus, relying on this signal, the linac provides various pulse
structures with different intermediate pulse widths (����_ � ),
thinning rates (TRs), and 1-bunch operation for the Material
∗
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and Life Science Experimental Facility (MLF) and main
ring (MR) in J-PARC [4].

Figure 1: (a) Time structure of the linac beam; macro-pulses
(upper), intermediate pulses (lower), (b) intermediate pulses
with different thinning rates. 0xFFFFFFFF denotes the existence of all intermediate pulses in a macro-pulse, while
dashed orange color blocks represent thinned-out pulses.
Numerous beam monitors are employed in J-PARC linac,
such as the beam current monitor (slow current transformer, SCT), beam phase monitor (fast current transformer,
FCT), and beam position monitor (BPM) [5, 6]. The extant WE7000 measurement station [7], has proven reliable over the past 15 years. However, obsolescence and
the desire to monitor the entire macro-pulse necessitate
the development of a new monitoring system. Monitoring
the entire macro-pulse while performing signal processing
in a field-programmable gate array (FPGA) during beam
operation with a general-purpose digitizer is challenging.
Consequently, we developed a new beam monitor digitizer
(henceforth called "BMONDIG"), which complies with MicroTCA.4 (Micro Telecommunications Computing Architecture.4) standards and includes a digital signal processing (DSP) function. It sequentially measures the comb-like
beam together with the duty cycle and averaging calculation
processes, enabling the monitoring of the linac beam pulse
structure. The aim is to achieve stable beam operation with
lower beam loss for all intensities at J-PARC. This paper introduces the new monitor digitizer, its installation procedure,
and the test results of beam pulse measurements.

HARDWARE
The BMONDIG architecture, as shown in Fig. 3, was
implemented by the Mitsubishi Electric TOKKI Systems
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Figure 2: J-PARC linac configuration; turquoise color blocks represent new digitizers installed at corresponding stations.
Corporation (MELOS). The new MTCA.4-based digitizer
was evaluated using an A/D•D/A signal processing board [8],
consisting of an advanced mezzanine card (AMC) and a rear
transition module (µRTM). The board includes eight analogto-digital converters (ADCs) operating at 370 MSPS (max.)
with 16 bits of resolution and 800 MHz bandwidth, and
two digital-to-analog converters (DACs). The DC-coupled
ADCs measure FCT and SCT signals, whereas 324 MHz
RF signals from the BPMs are acquired using AC-coupled
ADCs. The µRTM module has a small form factor pluggable (SFP) module for optical communication, a digital
input/output (DIO), and an RJ-45 connector. The AMC and
µRTM were connected through a ZD connector (Zone3).

The design also enables point data and waveform monitoring
of the beam pulses. A 144 MHz clock for each block is generated by an on-board phase-locked loop (PLL). The ADCs
sample a comb-like beam when the beam gate is ON, that is,
the beam starts. Once the RCS chop signal is realized on the
digitizer, the average amplitude of each intermediate pulse
is calculated. The processor runs the embedded Linux OS
and integrates the experimental physics and industrial control system (EPICS) input/output controller (IOC) for data
communication. A control system studio (CSS)-based ergonomic and straightforward graphical user interface (GUI)
enables the operator to monitor beam signals and set calculation parameters.
DC inputs: CH1~CH4
(0~140MHz)
0~10V@50Ω for SCT
0~7V@50Ω for FCT
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Figure 3: (Color online) Photograph of BMONDIG; (top)
A/D•D/A board and µRTM, (bottom) front view of chassis.
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Figure 4: Simplified block diagram of firmware; signal processing scheme for only FCT and SCT signals is presented.

FIRMWARE AND SOFTWARE
The firmware design was installed on a Zynq XC7Z0451FFG900C FPGA on the A/D•D/A board. The firmware
implements fast real-time functions for beam monitor signals, including raw data acquisition, duty, averaging of intermediate pulse amplitude, beam position and transmission
calculations, and interlock protection, as illustrated in Fig. 4.
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TEST RESULTS
Six new monitor digitizers were installed at MEBT1,
DTL03, SDTL09, MEBT2B1, ACS10, and L3BT RF stations, as depicted in Fig. 2. After the installation, we measured the beam pulses from the FCT and SCT monitors using
the new digitizers under different beam conditions.
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lustrates pulses with different widths at a thinning rate of
0xFFFFFFFF. The monitored values are averaged for each
intermediate pulse within the range of the start and stop
points (p1 and p2) by determining the timing of the RCS
chop signal. Thus, a two-dimensional array corresponding to the intermediate pulse number can be displayed on
the horizontal axis (Fig. 6(e) and (f)), and the vertical axis
represents the average amplitude of all intermediate pulses.
The � ��_ � macro-pulse width was 100 �s for both studies, and data from the FCT monitors were acquired using
the SDTL09 digitizer. Meanwhile, the intermediate pulses
with a ����_ � width of 440 ns from the SCT monitors were
measured using several new digitizers, as shown in Fig. 7.

Figure 5: Intermediate pulses with different thinning rates
(TRs); (a) and (b) pulses with TR of 0xFFFFFFFF, (c) and
(d) pulses with TR of 0x55555555, (e) and (f) pulses with
TR of 0x11111111. The graphics on the right column are the
zoomed-in view of the left column graphics, respectively.

Figure 7: D3, 04, A10, and A11 SCT signals measured
on the digitizers installed at DTL3, MEBT2B1 and ACS10,
respectively (left column) and zoomed-in view of the intermediate pulses (right column).

CONCLUSIONS AND FUTURE WORK

Figure 6: Intermediate pulses with different widths (����_ � );
(a) and (b) pulses with a width of 340 ns, (c) and (d) pulses
with a width of 240 ns, (e) and (f) average amplitude waveforms for intermediate pulses with widths of 340 ns and
240 ns, respectively.

The intermediate pulses, of width 440 ns, in a macropulse with different TRs are shown in Fig. 5. Figure 6 il-
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A unique beam monitor digitizer complying with MicroTCA.4 standards was developed to measure and monitor linac comb-like beam structures. Six new digitizers
were installed at six RF stations in the linac klystron gallery.
The new digitizers successfully measured and monitored
the linac beam pulses under different operating conditions.
Meanwhile, BPM measurements, calculations, and FPGA
design development are underway.
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DEVELOPMENT OF QUANTUM GAS JET BEAM PROFILE MONITOR
FOR sub-mm BEAMS
N. Kumar*, O. Stringer, J. Wolfenden, H. D. Zhang, C. P. Welsch
University of Liverpool and Cockcroft Institute, Warrington, UK
I. Maltusch, FH Aachen, University of Applied Science, Jülich, Germany
Abstract
The development work of a high-resolution quantum gas
jet beam profile monitor for highly energetic sub-mm particle beams is in progress at the Cockcroft Institute (CI),
UK. This device is designed on the principle of detecting
the secondary ions from the ionisation induced in the interaction between the quantum gas jet and charged particle
beams. This monitor aims to generate an intense gas jet
with a diameter of less than 100 µm, which can ultimately
lead to superior position resolution and high signal intensity resulting from a strongly focused quantum gas jet. This
is done by exploiting the quantum wave feature of the neutral gas atoms to generate an interference pattern with a
single maximum acting as an ultra-thin gas jet using an
'atom sieve' which is similar to the light focusing with a
Fresnel zone plate. This device will be minimally interceptive and will work analogously to a mechanical wire scanner. This contribution gives a general overview of the design, working principle of the monitor and experimental results obtained from the electron beam profile measurements carried out at the Cockcroft Institute.

INTRODUCTION
Beam diagnostics are essential for the operation, optimization and protection of accelerators and their subsystems.
The requisite of non-invasive high resolution beam diagnostics has been increasing with the growing demand for
high intensity and high power accelerators worldwide.
Wire scanners are the currently existing invasive monitors
for high power accelerators such as the Spallation Neutron
Source (SNS) or Accelerator Driven System, having the
limitation of handling the huge beam peak power and
hence, will be used at low beam duty cycle [1, 2]. Noninvasive monitors such as residual gas ionization profile
monitors (IPM) suffer from distortions due to the non-uniformity of the extraction field, space charge effects of the
primary beam and the initial momentum spread of the ionization products [3]. These concerns have triggered a demand for the development of a new generation of non-invasive beam profile monitors with high resolution and the
least distorted beam profiles. Development work for a
quantum gas jet scanner based beam profile monitor is in
progress at the Cockcroft Institute (CI), Daresbury. This
monitor is based on the previous development work on the
supersonic gas jet based IPM carried out by the QUASAR
group at CI for high intensity beams such as the CLIC
Drive beam and the European Spallation Source [4-6].

A focused gas jet with a diameter less than a few 10 μm
named as Quantum gas jet will be used to generate the
beam profile in this profile monitor instead of a gas jet curtain. In order to generate the complete beam profile of the
primary beam, this quantum gas jet will be scanned over
the beam, analogous to a wire scanner. The quantum gas
jet can be used in several other applications i.e. for generating a confined plasma source [7], as a probe for microscopy [8], etc. Initial design calculations for this monitor
were carried out using the fundamental physics principles
and results obtained from the CST simulations [9, 10]. In
this work, the general overview of the design and working
principle of the quantum gas jet monitor are presented
along with the beam profile measurement results obtained
for a 3.7keV electron beam at CI.

OVERVIEW AND WORKING PRINCIPLE
OF THE MONITOR
The schematic of the whole setup is shown in Fig. 1. In
this setup, supersonic gas jet curtain is created using a nozzle-skimmers assembly with differential pumping stages.
Details of the gas jet curtain generation can be found in our
previous work [4].
In this development work, the pinhole shown in Fig. 1
will be replaced by an atom sieve designed on the principle
of Fresnel zone plate (FZP) for x-rays to generate quantum
jet. The design details of atom sieve can be found in previous work done by our group [9]. A FZP designed for xrays is usually made up of concentric metallic rings embedded in an x-ray transparent substrate. However for an atom
sieve, holes are required to provide passage for the gas
molecules. Figure 2 shows the design of the atom sieve to
be used for this work. The atom sieve is fabricated on a
2 μm thick silicon nitride membrane grown on a silicon
wafer of diameter 150 mm. The circular holes in the pattern
are within 60 μm diameter.
The interaction chamber is coupled with an electron gun
that can generate a beam of energy up to 10 keV which
propagates perpendicular to the direction of the flow of the
quantum gas jet. The interaction between the electron beam
and the supersonic gas leads to ionization of the gas molecules and these ions will be extracted using an external
electrostatic field generated by a series of hollow metallic
electrodes. The ion signal is amplified using a Micro-channel plate (MCP) which is converted into scintillating light
using phosphor screen stacked after the MCP. This light is
then viewed by a CMOS camera.
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Figure 1: Schematic (left) and actual picture (right) of the gas jet curtain based quantum gas jet beam profile monitor.

10μm

Figure 2: Design of the atom sieve on Si wafer (dia. 150
mm).
In order to scan the quantum gas jet over the primary
beam, the atom sieve will be mounted on a vacuum compatible xyz manipulator. The vacuum compatible xyz manipulator will provide the flexibility in the movement in x
and y direction and helps in scanning the primary beam.
The movement in the z direction will assist in focusing the
quantum gas jet at desired location with respect to the nozzle as well as the extraction system for imaging the beam.
The experimental work was initiated with installing pinholes of various sizes ranging from 1mm to 50µm. Pinholes acted as an additional aperture and provided the circular supersonic gas jet to interact with the electron beam.
The advantage of atom sieve over the pinholes is that it
acts as an optical thin lens whose focal length depends on
the design of the atom sieve and the wavelength of the gas
molecules. This optical thin lens could be used for generating the high density quantum jet. The wavelength of the
gas molecules is determined using De-Broglie equation for
the dual nature of matter. The key factors which determine
the wavelength of the gas molecules are the longitudinal
velocity and velocity spread. The velocity dictates the location of the focal spot and the velocity spread expands the
focal spot size in a finite range. The velocity of gas molecules in this differential pumping system can vary because
of several factors i.e. injection gas pressure, background
pressure of the chambers, the temperature of the gas, etc.
In order to compensate for the factor contributing to the
change in velocity of the gas molecules and eventually the
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location of the focal spot, z motion for atom sieve is already
considered for future experiments.
By using a quantum gas jet, the position resolution can
be significantly improved and at the same time issues related to space charge can be mitigated. The jet can be
scanned slowly across the beam or, to avoid problems with
loss of alignment, the beam can be steered to produce a
scan through the jet. The profile resolution depends only
on the jet thickness and a diameter of less than 100μm
would be sufficient for most applications. This is very challenging to achieve due to the mechanical constraints of typical nozzle/skimmer systems. The measurement of the
beam intensity at each jet position is done by collecting the
ions or electrons.

BEAM PROFILE MEASURMENT
RESULTS OF ELECTRON BEAM
USING PINHOLES
The beam profile measurements were performed for a
3.7 keV electron beam with a filament current of 2.6A, using different pinholes having a diameter varying from
500µm to 50µm. Figure 3 shows the various images obtained for the beam profile measurements with different
pinholes. With reduction in the pinhole size, the number of
gas molecules at the interaction point decreases. To compensate for this, the integration time has been increased
with each reduction in pinhole size as shown in Fig. 3.

Figure 3: Beam profile images obtained for various pinholes diameters: (a) 500µm, (b) 200µm, (c) 100µm and (d)
50µm. The integration time for each image is 6, 9, 30 and
300 seconds respectively.
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Figures 4 and 5 show the respective x and y profiles of
the beam after interacting with different sizes of the supersonic gas jet. The x-profile contains the information about
the part of electron beam which is interacting with the gas
jet. The y-profile provides information about the dimensions of the gas jet interacting with the electron beam.

Figure 4: X beam profile obtained for various pinholes diameters: (a) 500µm, (b) 200µm, (c) 100µm and (d) 50µm.

obtain the focused quantum gas jet for the beam profile
measurements.

Figure 6: Beam profile images obtained for 50µm pinhole
along with X and Y profiles for the same electron beam at
two different locations for gas jet separated by a distance
of 200µm.

CONCLUSION

Figure 5: Y beam profile obtained for various pinholes diameters: (a) 500µm, (b) 200µm, (c) 100µm and (d) 50µm.
In Fig. 4, the measured sigma σ, derived by a Gaussian
fit to the profile, depends on the size and part of the beam
interacting with the gas jet so the σ is different for each
measurement. On the other hand, in Fig. 5, the σ depends
on the size of the gas jet originated from different pinholes,
hence the σ decreases until 100µm and for 50µm is somewhat higher than for 100µm pinhole which can be due to
very low signal strength and large background noise.
In Fig. 6, the beam profile image, x profile and y profile for the same electron beam are shown for gas jet generated using the 50µm pinhole separated by a distance of
200µm from each other. The signal strength was very low
for these measurements, but it was still possible to detect
the slight variations in both the profiles measured at two
different location w.r.t. to the vertical axis of the beam. The
next step is to mount the atom sieve instead of pinholes and
perform the length optimization for the whole system to
MOPORI03
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In this contribution, the progress on the ongoing development of a quantum gas jet based profile monitor has been
presented. The beam profile measurements demonstrated
that this device can be used as a viable profile monitor that
utilises the beam induced ionization in the gas jet for high
power and high-intensity accelerators. The work on improving the gas jet density using the atom sieve and optimizing the design of the monitor in order to ease the integration into the complex accelerator structure is currently
in progress. This new design of the quantum gas jet scanner
will make it useful for an even wider range of accelerators.
The applications of the quantum gas jet in other relevant
research areas such as microscopy, plasma physics, etc.
will aid in its development.
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A GAS JET BEAM HALO MONITOR FOR LINACS
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Abstract
The gas jet beam profile monitor is a non-invasive beam
monitor that is currently being commissioned at the
Cockcroft Institute. It utilises a supersonic gas curtain
which traverses the beam perpendicular to its propagation
and measures beam-induced ionisation interactions of the
gas. A 2D transverse beam profile image is created by orientating the gas jet 45 degrees to obtain both X and Y distributions of the beam. This paper builds upon previously
used single-slit skimmers and improves their ability to
form the gas jet into a desired distribution for imaging
beam halo. A skimmer device removes off-momentum gas
particles and forms the jet into a dense thin curtain, suitable
for transverse imaging of the beam. The use of a novel double-slit skimmer is shown to provide a mask-like void of
gas over the beam core, increasing the relative intensity of
the halo interactions for measurement. Such a non-invasive
monitor would be beneficial to linacs by providing real
time beam characteristic measurements without affecting
the beam. More specifically, beam halo behaviour is a key
characteristic associated with beam losses within linacs.

INTRODUCTION
Beam halo is typically regarded as a region of particles
outside the beam core but the distinction of the boundary
between beam profile and beam halo is highly dependent
on the application. A geometric perspective could be chosen, describing it as density distributions beyond n sigma
or from a formation perspective, as a function of the space
charge or parametric resonance [1]. In linar accelerators,

beam halo froms due to factors such as dark current in the
cathode, emittance mismatch or skewness. In this paper,
beam halo shall be defined simply by a low-density region
surrounding the higher density central beam core. Further
clarification of this definition is not required due to the
proof of concept demonstration in this contribution. A low
energy, 5 keV electron beam is used to demonstrate the
available imaging region intended on capturing the halo,
however it is unable to produce a measurable halo itself.
Typical diagnostics methods for beam halo include wire
scanners, scrapers and screens [1]. These are all inherently
destructive in nature to the beam. As such, non-invasive
techniques are preferred for halo monitoring, such as coronagraphing synchrotron radiation with optical masks [2, 3].
However, this method also has drawbacks due to the energy
requirements of generating synchrotron radiation suitable
for imaging. The Beam Gas Curtain (BGC) aims to provide an alternative method of non-invasive beam diagnostics that may be more suited to specific beamlines.
The BGC diagnostics tool utilises a thin, supersonic gas
curtain, inclined at a 45-degree angle which produces ionisation and fluorescent interactions between the working
gas and beam [4-6]. The setup used in this contribution was
configured as an Ionisation Profile Monitor (IPM). The gas
ions created are collected upon a Micro Plate Channel
(MCP) and imaged on a phosphor screen above the interaction point. This provides a real-time recreated 2D image
of the beam at the location of interaction.

Figure 1: The layout of the Beam Gas Curtain setup configurated as an Ionization Profile Monitor for halo monitoring.
____________________________________________________
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The gas used is accelerated to a supersonic speed in the
continuum flow regime and propagates through three skimmers to form a curtain of the desired shape and density. The
skimmers separate the vacuum system into isolated pumping stages and remove off-momentum particles from the
jet. This causes the jet to be highly directional and does not
compromise the background vacuum pressure in the interaction chamber.

are shown in Table 1, note that the width dimension refers
to the thickness visible in Fig. 3.

EXPERIMENTAL SETUP
Figure 1 shows a schematic for the BGC setup configurated as an IPM, which is used for the experiments described. The electron beam propagates perpendicular to the
direction of gas jet flow such that in Fig. 1 it is propagating
out of the page in the positive Z direction.
The setup uses a 30 µm diameter nozzle, a 400 µm diameter conical first skimmer, a 2 mm diameter pinhole second skimmer. The third skimmer includes two 0.4×10 mm2
rectangular slits, both offset 2 mm from the centre point as
shown in Fig. 2 (a). This double slit skimmer will shape the
gas into two small curtains offset from the central masked
region, as shown in Fig. 2 (b). During measurement, these
two curtains will interact with the beam halo displaying the
one-dimension ionisation distribution.
For ease of visualisation of the gas jet and proof of principle purpose, the 3rd skimmer was orientated such that the
generated curtain is parallel to the beam propagation, as
seen in Fig. 2 (b). This was intended to provide full gas
curtain ionisation from the beam to demonstrate the curtain
size, conventional measurements would be performed at a
45-degree orientation. The results presented in this contribution use an N2 gas jet, pressured to 5 bar at the inlet.

Figure 2: (a) Double slit third skimmer used to shape the
gas distribution; (b) Gas curtain propagation representation.

Z

Figure 3: Simulated jet distribution in 2D at interaction
point.
Table 1: Simulated Dimensions of the Jet
Dimension

Upper Slit

Height
Width

15.36 mm
0.808 mm

Mask
6.92 mm
0.808 mm

Lower Slit
15.36 mm
0.808 mm

EXPERIMENTAL RESULTS
As the low-energy (5 keV) electron beam passes through
the system, it is subject to the electric field generated by
the ion extraction system for imaging. This causes the
beam to be deflected. As such, the entire curtain cannot be
ionised with a single measurement as is idealised in
Fig. 2 (b).
Instead, a composition of multiple measurements with
different deflection angles of the electron beam gives a representation of the entire jet curtain as shown in Fig. 4 (a).
The edges of the gas jet seen in this figure have clear cutoffs, which describe a large density gradient between the
jet and the surrounding background gas. However, the lowest edge of the jet does not possess a sharp edge and instead
has a visually noticeable density gradient. It is anticipated
that the incomplete curtain was caused by a misaligned
skimmer. The centres of the skimmer plate and gas jet are
misaligned such that one of the slits overlaps the edge of
the jet. This causes the Gaussian edge of the jet to pass
through the skimmer and to be present in the interaction
chamber, rather than producing the idealised flat-top distribution. The alignment of the skimmers will be adjusted to
correct this in later experiments.

GAS JET FORMATION SIMULATION
A custom simulation code was created to model the gas
jet density and distribution in the BGC system, using analytical predictions for the continuum flow regime and
Monte-Carlo particle tracking for the molecular flow regime [7].
Figure 3 depicts a 2D image of the gas jet at the interaction point in the Y-Z plane. A large density gradient is observed around the jet, visualised by a sharp density drop at
the edges of the jet. The simulation removes particles outside each skimmer orifice, therefore background pressure
is not simulated. The simulated dimensions of the gas jet
Technology
Beam diagnostics

Figure 4: Gas-Beam interaction captured on the phosphor
screen. (a) Full gas jet ionisation, a composition of multiple
measurements to highlight the full jet, and (b) Central mask
image to represent a beam halo measurement.
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Figure 4 (b) demonstrates a case where majority of the
electron beam is passing through the masked area of the jet.
The one-dimensional tails are captured by the two small
gas curtains. Note that the region labelled as residual is the
interactions between the beam propagating along the z direction and the residual background gas present within the
chamber, at 2.0x10-8 mbar pressure. The jet ions are created
with an initial momentum due to the supersonic jet which
is depicted in Fig. 4. The jet is transversely displaced in the
negative x direction, relative to the near-zero momentum
residual gas.
Table 2 provides the measured values of the jet from the
imaging system of the IPM. The pixel resolution is calibrated to provide a measured jet size in mm. As a result of
the MCP-phosphor screen stack being located a non-zero
distance away from the interaction point, the ions that create the image are subject to drift. The extraction electric
field will also have focus or defocus component which
causes distortion of the image. A result of this is an image
profile that is distorted from the jet distribution profile at
the point of interaction.
Table 2: Measured Dimensions of the Jet
Dimension Upper Slit
Mask
Lower Slit
Height
Width

13.59 mm
1.53 mm

5.46 mm
1.44 mm

13.59 mm
1.48 mm

Table 2 shows the width of the electron beam, rather than
the width of the jet as in Table 1. The width of the jet is
effectively infinite as this is the direction of jet propagation. The variation in width occurs as a result of beam deflection caused by the electrical field generated by the ion
extraction system.

ELECTRIC FIELDS SIMULATIONS
As previously discussed, the discrepancy in curtain
height and width between Tables 1 & 2 is a result of the
electromagnetic fields and pre-existing momentum. This
results in a focusing effect applied to the ions being collected to form the image. This ion collection process in the
external electrical field was simulated using WARP code
[8], with the initial and final extraction profiles shown in
Fig. 5.

beam is simulated as a Gaussian distribution with an RMS
radius 0.5 mm. Each ion possesses location and velocity
parameters extracted from the output of the jet formation
simulation. As shown in Fig. 5 and 6, there is a clear focusing effect on the height of the jet ions as a result of the external extraction field. This can be corrected by tuning the
external field. The separation of the gas jet ions and residual gas ions is a result of the gas jet velocity in the direction
of its propagation. The residual gas has a temperature of
approximately 300K, thereby possessing a significantly
higher temperature than the jet which results in a greater
broadening effect from thermal velocities.

Figure 6: Simulation of ion collecting process under the
external field for ions from the gas jet and the residual gas.

CONCLUSIONS
In this contribution, a beam halo monitor using a masked
supersonic gas jet curtain generated by a novel double slit
skimmer has been proposed and presented. Simulation suggests that a masked gas jet curtain can be created. The experimental results prove the generation of such gas jet curtain is obtainable and match the expected result of the external fields focusing effects.
Future work that could be considered includes using a
movable pressure gauge situated at the Cockcroft Institute
to create a 2D density map of the gas curtain. This would
replicate the density distribution in Fig. 3 and further validate the simulation as an accurate representation of the true
jet. Further steps will also be taken to realign the system
and ensure the skimmer devices are positioned such that
the flat-top density profile is provided at the interaction
point.
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Abstract
Successful user experiments at particle beam facilities
are dependent upon the awareness of beam characteristics
at the interaction point. Often, properties are measured beforehand for fixed operation modes; users then rely on the
long-term stability of the beam. Otherwise, diagnostics must
be integrated into a user experiment, costing resources and
limiting space in the user area. This contribution proposes
the application of machine learning to develop a suite of
virtual diagnostic systems. Virtual diagnostics take data
at easy to access locations, and infer beam properties at
locations where a measurement has not been taken, and often cannot be taken. Here the focus is the user area at the
planned Full Energy Beam Exploitation (FEBE) upgrade to
the CLARA facility (UK). Presented is a simulation-based
proof-of-concept for a variety of virtual diagnostics. Transverse and longitudinal properties are measured upstream
of the user area, coupled with the beam optics parameters
leading to the user area, and input into a neural network, to
predict the same parameters within the user area. Potential
instrumentation for FEBE CLARA virtual diagnostics will
also be discussed.

INTRODUCTION
The interaction point (IP) in a particle accelerator is the
focal point at which the attention of users and operators converge. At this point users require certain beam parameters
in order to achieve their desired output, whilst operators
monitor this location and tune the machine settings accordingly. The balance of these two sets of goals is key to any
successful exploitation plan. If the user blocks the operators
diagnostic efforts then they cannot be certain of the beam
parameters their instrumentation receives; likewise if operator diagnostics interfere with the users ability to receive
the beam in a manner suited to their needs, their output is
affected. A utilitarian approach is therefore required to proceed. Standard practise is therefore to operate in nominal
"user modes". These are machine settings which provide a
stable beam with known parameters. These parameters are
measured in great invasive detail ahead of user operation,
and the machine stability utilised to reliably reproduce these
parameters once invasive high resolution diagnostics are
removed. In general, this approach works well. Other lower
resolution non-invasive measures can be used to monitor the
beam away from the IP, and machine jitter can be quantified
and converted into an uncertainty for users, which can then
∗
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be baked directly into their output. However, issues can arise
when users require non-standard beam parameters or when
the facility is using a novel acceleration scheme, such as
plasma wakefield acceleration [1, 2]. The former requires
operators to tune the machine settings on-the-fly, meaning
either the beam is tuned with less resolution due to a lack
of diagnostics, or the user loses beam time as the required
diagnostics are inserted and then removed from the IP. The
latter suffers, at this time, from a fundamental shot-to-shot
instability, which means a much larger error is introduced
when relying upon machine stability with certain machine
parameters. An obvious solution one might suggest is the
implementation of several novel non-invasive diagnostics
that have been developed in recent years [3–6]. Unfortunately these methods would still fall foul of the user-operator
balance described above as the instrumentation would need
to be placed close to the IP, and hence user instrumentation.
It is here that the concept of a virtual diagnostic (VD) can be
deployed. A VD is a technique based upon machine learning which uses beam measurements from one location on a
beamline to infer, with high accuracy, beam parameters at
another location. This practise could therefore be used to
move high resolution IP diagnostics away from the IP, freeing the space for users, whilst still providing shot-to-shot
beam measurements, even in exotic operational modes.
Presented in this contribution is a case study into the application of such VDs in the framework of the full energy
beam exploitation (FEBE) CLARA (STFC, UK) [7] user
area IP. This simple example focuses solely on transverse
beam size measurements from particle tracking simulations
(Elegant [8]), but other beam parameters will be discussed.
The goal is to maintain an alignment with experimental plans
for the facility, providing actionable VD implementations.
Two VD options will be discussed, along with the accompanying diagnostic instrumentation.

SIMULATION
As with any application of machine learning, a significant quantity of quality input and output data is required
in order to facilitate model training. To produce this data,
the particle tracking code Elegant was used. A lattice file
for a nominal FEBE CLARA operational mode was chosen.
This lattice had been tuned to maximise the beam current at
the IP; however, the actual absolute values of the machine
settings are unimportant at this stage. In order to produce
a random sampling of the transverse beam parameters at
the IP, the K1 values of several quadrupole magnets in the
beamline were chosen, presented in Fig. 1, and randomly
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Figure 1: A latter section of the FEBE CLARA beamline. Quadrupoles varied and screens used in simulations are indicated.
varied within a range of ±20 % around the nominal value.
These quadrupoles were chosen as they produced the largest
change in transverse beam parameters at the IP, whilst maintaining beam transport. This was specific to this beam setup
and other operational modes may require different element
variations to achieve the same effect. The 6D phase parameters of the ensuing macro-particles were then captured at
planned diagnostic stations; again, keeping a practical focus on long-term implementation. These 6D measurements
could then be used to produce a variety of inputs and outputs
for the machine learning model. In this test case, a simple
scenario of 2D beam profile was chosen.
Two implementation methods were targeted in this study.
The first was a "Pre-IP" method, placing a non-invasive beam
profile diagnostic upstream of the IP to produce beam profile
measurements at the IP. For this model, a screen at the end
of the FEBE transfer line was chosen as an input, with the IP
as an output, indicated in Fig. 1. The second implementation
was a "Post-IP" method, placing an invasive beam profile
diagnostic downstream of the IP close to the beam dump,
to produce upstream beam profile images of the IP. This
instance required the beam dump screen as an input, with
the IP as an output once again, shown in Fig. 1. Simulations
were used to generate two databases of 10,000 pairs of beam
profile images, with their associated machine settings (i.e.
quadrupole K1 values).

CONVOLUTIONAL NEURAL NETWORK
The machine learning model chosen in this instance was
based upon a convolutional neural network (CNN) archi-

tecture [9]. The model takes the images described in the
above section (48 px × 48 px) and the machine settings (varied quadrupole K1 values in this instance) as inputs and
produces beam profile images at the IP as an output. The
model was initially trained roughly by hand before conducting hyperband tuning [10]. Hyperband tuning produces
a large array of models instances with stochastically varied hyperparameters. These models are trained for several
epochs, the accuracy produced is then evaluated, and the
worst performing models are dropped. This process then repeats for the remaining models until only one optimal model
remains. This process was conducted separately for each
of the two test cases. The model structure, with associated
tunable hyperparameters, is presented in Fig. 2. The first
CNN sub-structure is comprised of several convolution and
maxpooling layers, the second CNN sub-structure is comprised of several convolution and upsampling layers. The
fully connected (FC) dense layers at the centre join the two
sub-structures together and provide an input for the machine
settings.

RESULTS
The models produced by the tuning process were then
passed example input images and machine settings to evaluate the IP images produced. Example images of the Pre-IP
(top) and Post-IP (bottom) methods are presented in Fig. 3.
The left images are the input images, the centre images are
the simulated images from Elegant, and the right images are
the model prediction. It is clear from Fig. 3 that the beam
profile can be reproduced to extremely fine detail, with even

Figure 2: The model structure of the full tunable CNN. Tuned parameters are in red, model components in blue. CNN =
Convolutional Neural Network; FC = Fully Connected.
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Figure 3: Example inputs, simulated outputs, and predicted
outputs for the two models. Top: Pre-IP method. Input 2D
beam profile from FEBE CLARA transfer arc, output 2D
beam profile at IP. Bottom: Post-IP method. Input 2D beam
profile from FEBE CLARA beam dump, output 2D beam
profile at IP.

small charge density fluctuations within the profile being
predicted correctly. The RMS error generated by the training
and tuning process on these predicted images in comparison
to the simulated ground truth is on average ∼ 0.01 %.
There are negligible differences in performance between
the Pre-IP and Post-IP methods. This implies that the reconstruction process is reversible, despite the model missing
several parameters which would traditionally be viewed as
critical to a particle tracking code. Therefore, which of the
two methods to implement would be dependent upon the
practical scenario in question, and would not be reliant on,
or suffer from, variations in accuracy or resolution.

CONCLUSIONS
This contribution has demonstrated a test case for the utilisation of VD techniques to predict IP beam profiles using
measurements away from the IP. The high accuracy of these
results could be linked to the simplicity of these test cases;
from Fig. 1, which is the latter section of FEBE CLARA,
it is clear that the number of optical elements which have
been varied is a small quantity of the possible options. The
link to longitudinal profile variations has also not been included. Therefore, further studies are required to increase
the complexity of the variations within the training data
and to include longitudinal effects. This framework has
been constructed with this in mind, and will serve as a solid
foundation for these works. The simulations and CNN architecture are in no way linked or dependent upon the specifics
of the test cases studied here, and would function equally
well for other measurable quantities beyond beam profile;
although it is likely that the accuracy would vary from that
found here.
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An secondary outcome of this work has also been the
predictive capability of the CNN model. In the Pre-IP case,
for a given input image, the final focusing quadrupoles can
be varied offline, and the IP beam profile predicted ahead of
time. This could serve as a operational tuning tool during
user beam periods, where non-standard operational modes
have been requested.
This study has been driven by a goal of simple implementation. Beam profiles are measured using an array of standardised instrumentation, both invasive and non-invasive,
meaning the experimental measurements required to drive
the work presented here would be simple to put into practise.
Future work looking at other beam parameters must take
this into account. Including experimental and hardware limitations into these models in often a simple, yet overlooked,
task. This will often ease the transition from training and
prediction with simulated results, to practical measurables.
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INTERFEROMETRY THEORY

Abstract
For supersonic gas jet based beam profile monitors such
as that developed for the High Luminosity Large Hadron
Collider (HL-LHC) upgrade, density profile is a key characteristic. Due to this, non-invasive diagnostics to study the
jet’s behaviour have been designed. A Nomarski interferometer was constructed to image jets 30 µm to 1 mm in diameter
and study changes in their density. A microscope lens has
been integrated into the original interferometer system to
capture phase changes on a much smaller scale than previous
experiments have achieved. This contribution presents the
optimisation and results gained from this interferometer.

Interferometry relies on the interference of coherent light
sources creating fringes which can be imaged. From these
images, or interferograms, properties of the media the light
has propagated through can be found through studying
changes in phase shift. In this interferometry system, a
Wollaston prism was used to create the interferograms. The
prism is made of birefringent material, in this case magnesium fluoride. Two triangular prisms are fit together with
orthogonal optical axes, creating a polarising beam splitter with a fixed opening angle between the resulting rays
[11]. A linearly polarised laser which is passed through the
prism will diverge into an ordinary and extraordinary ray as
it crosses the centre axes, as shown in Fig. 1.

INTRODUCTION
The use of supersonic gas jets is becoming more common
within accelerator facilities, meaning it is important that
suitable diagnostics are developed to properly characterise
them. An example of this is the beam gas curtain (BGC)
currently under development by the Cockcroft Institute (CI),
CERN, and GSI. The BGC is a non-invasive beam profile
monitor being developed for installation on the HL-LHC
[1], and is designed for use on both the proton beam and
hollow electron lens (HEL) [2, 3]. There are two working
principles for the BGC, beam induced fluorescence (BIF)
[4], and ionisation profile monitoring (IPM) [5]. In both operating modes, results are proportional to the density profile
of the gas jet, making this an important property which must
be properly understood to allow for accurate measurements.
Whilst density distributions of the jet have been simulated
[5], measured values for comparison and validation are still
needed. Therefore, a diagnostic setup has been designed and
tested at CI for this purpose. A modified Nomarski interferometer [6] was chosen to provide non-invasive imaging from
which the density profile could be attained. Utilising a single
optical path and compact design, this style of interferometry
was chosen due to its benefits over other systems [7, 8]. An
example of one such benefit is that the single path length
allows for reductions in the alignment requirements and susceptibility to instability shown by split path interferometers,
such as the Mach Zender system [9]. This paper presents
updates to the system previously developed at CI [10], including the integrated microscope, new measurements, and
possible improvements to be made.
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Figure 1: Diagram of Wollaston prism showing how light is
split as it crosses the optical axis.
A focusing lens is used to focus the two rays into an interferogram, from which the phase shift they have undergone
can be observed. These changes in phase shift can be directly linked to density gradients the laser has experienced
via the Lorentz-Lorenz equation (Eq. 1). For gases with a
density of less than 1019 cm−3 , it can be assumed that the
refractive index (𝜂) is close to 1. Therefore, Eq. (1) gives
an approximation for the density [12]
𝜌 ≈ (𝜂 − 1)

2 𝑁𝐴
3 𝐴

(1)

where density is given in m−3 , 𝑁 𝐴 is Avogadro’s constant
(6.022 × 1023 mol−1 ), and A is the molar refractivity (for
nitrogen, used in this study, A = 4.46 m3 mol−1 [13]). This
equation can then be used to form a relationship between
density and phase shift, as given in Eq. (2) [12]
Δ𝜙 = 𝑙

3𝜋 𝐴
𝜌
𝜆 𝑁𝐴

(2)

where 𝑙 is the laser path length through the media and 𝜆 is
the laser wavelength. In this study 𝑙 was taken as being equal
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to the diameter of the gas jet nozzle throat, although due to
free jet expansion, realistically it would be larger [14]. By
using these two equations, a density profile of the gas jet
could be constructed from an interferogram.

EXPERIMENTAL SET UP
A 532 nm laser was propagated through a polariser and
beam expander, then into the vacuum chamber where gas
jets were produced. The beam expander was added to the
system as it allowed for the reduction of irregularities that
were introduced to interferograms by the Gaussian beam
profile. These optics upstream of the experimental chamber
are shown in Fig. 2.

and lens (𝑎) or prism and imaging plane (𝑏) can be changed
until the fringe spacing and number of visible fringes is
suitable for imaging.
The vacuum chamber housing the gas jet nozzle sustained
a pressure of 10−6 mbar, allowing for a high pressure gradient between the background and gas jet pressure of 0.5−2 bar.
The nozzle used in this system had a 30 µm throat. The nozzle holder was mounted on an XYZ translation stage which
could be operated from outside the chamber. This meant that
the nozzle could be moved and aligned without breaking
the vacuum. As with the previous experiments, nitrogen
gas was used. This was both due to its usage in the BGC
project which this interferometer is being designed for, but
also to allow for straightforward comparison between both
interferometer designs. A solenoid valve was used to control
the gas jet, and run times varied between 0.1 and 1.5 s. Although longer period gas jets would likely have improved the
results gained, the small size of the vacuum system meant
that time and pressure constraints were in place to protect
the turbomolecular pump.

RESULTS AND DISCUSSION
Figure 2: Upstream optical components: 532 nm laser, polariser, beam expander.
The previous experiment [10] encountered issues in imaging gas jets on the micrometre scale. Therefore, the updated system was designed to include a microscope for
highly increased magnification. The downstream optics were
changed, as shown in Fig. 3. The focusing lens was reduced
to a 40 mm focal length, and a microscope objective lens and
tube lens have been introduced after the Wollaston prism.
With the microscope in place, the system had a magnification
factor of 40.

Figure 4 shows a comparison between an interferogram
from the initial system (Fig. 4a) and the updated system (Fig.
4b). The interferogram from the previous version covers a
region of 7 mm from the nozzle, and has a fringe spacing of
55.2 µm. The interferogram from the current system with the
integrated microscope covers a region of only 200 µm from
the nozzle, and has a fringe spacing of ∼ 25 µm. Given that
simulations of the phase shift for the gas jets used (Fig. 5)
show the phase would only be visible within the first 30 µm,
the reduced region of interest of the updated system is not
an issue. Its ability to image a smaller area with smaller
fringes allows for the resulting interferograms to image in
much greater detail.
Figure 5 shows how the phase shift of the gas jet changes
across a distance of 2 mm from the nozzle. It was calculated
using Eq. (4) [12] to gain a density profile across this region,
and then Eq. (2) to find the corresponding phase shift

𝜌 ≈ 0.15𝜌0

Figure 3: Downstream optical components: focusing lens
(f = 40 mm), Wollaston prism, microscope objective and
tube lens, polariser, CMOS.
The Wollaston prism was adjustable across a range of
50 mm, which was used to vary the fringe spacing (𝛿 𝑓 ) via
Eq. (3).
𝛿𝑓 =

𝜆𝑏
𝜖𝑎

(3)

Whilst the laser wavelength (𝜆) and separation angle of the
Wollaston prism (𝜖) are fixed, the distance between the prism
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0.74𝑑
𝑥 tan 𝜃

2

(4)

where density (𝜌) is given in m−3 , 𝜌0 is the density at a point
before the gas jet nozzle, 𝑑 is the nozzle diameter (30 µm),
𝜃 is the half angle of the nozzle (45°), and 𝑥 is the lateral
distance from the nozzle throat. For these calculations, 𝑥
was varied from 0 to 2000 µm.
The minimum phase shift of 12.8 mrad [10] is shown
in red, and only sections of the plot above this would be
visible to the system. This phase shift (Δ𝜙 𝑚𝑖𝑛 ) is calculated
via Eq. (5), utilising the pixel size of the CMOS camera
(Δ = 3.45 µm) and setting the maximum fringe width (𝛿 𝑓 )
needed to gain 5 fringes across the interferogram. This
means that for a 5 bar jet, the phase shift would only be
visible within the first 30 µm.
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lution (Δ𝜙 𝐼 ) is given by the magnification and number of
fringes. The aim of integrating the microscope in this interferometer was to reduce the phase resolution to be as
close to the system resolution as possible. The resolution
of interferograms gained from the initial system (Δ𝜙 𝐼1 ) was
calculated using Eq. (5). The fringe spacing was specified
by the calculated phase shift being above Δ𝜙 𝑆 for the first
30 µm after the nozzle across 5 fringes, giving 𝛿 𝑓 as 6 µm.
From Eq. (5), Δ𝜙 𝐼1 was found to be 3613 mrad.
For the updated system, the phase resolution of the interferograms is given by Eq. (6), where M is the system
magnification.
Δ𝜙 𝐼1
= 90.325 mrad
(6)
𝑀
As both systems had interferogram resolutions much
larger than the system resolution, it was not possible to
image the phase shift which was occurring. In order to
create interferograms with a resolution equal to 12.8 mrad,
a magnification of 282.3 would be needed. This amount of
magnification would be unrealistic to add to an interferometer for several reasons, mainly the issues it would cause with
aligning and focusing the optical system. With the current
set up having a magnification of 40, alignment was already
a challenging procedure due to the field of view being in the
order of micrometres.
Δ𝜙 𝐼2 =

(a)

CONCLUSIONS
(b)

Figure 4: Interferograms from the initial (4a) and updated
(4b) interferometer systems.

Figure 5: Calculated phase shift for 𝑁2 jets at pressures 1−
5 bar for a distance of 2000 µm from the nozzle. System
phase resolution shown in red.

This contribution described the updated design of a Nomarski style interferometer with integrated microscope and
its applications in measuring density profiles of supersonic
gas jets. Interferograms resulting from this updated system
have been compared to the previous system, showing the
field of view has reduced from 7 mm to around 200 µm, allowing for a much higher level of detail to be captured. The
phase resolution of the resulting interferograms has been
reduced from 3613 mrad to 90.325 mrad, although the theoretical system resolution of 12.8 mrad has still not been
achieved. The next work for this project will involve increasing the phase shift and density of the gas jets in order to
acquire measurements that can be processed at the current
interferogram phase resolution. This will be done by increasing the gas pressure and nozzle size used. Whilst this
contribution did not present interferograms which could be
utilised to gain density profiles, it has placed lower bounds
on the applicable parameter space of interferometery within
gas jet instrumentation.
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While the system has a theoretical phase resolution of
12.8 mrad, the interferograms produced have a different resolution. The system resolution (Δ𝜙 𝑆 ) is given by the limits
of the optical components, whilst the interferogram reso-
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BEAM MAPPING LINEARITY IMPROVEMENT
IN MULTI-DIMENSIONAL BUNCH SHAPE MONITOR*
A.C. Araujo Martinez, R. Agustsson, S.V. Kutsaev†, A. Moro, A.Y. Smirnov, K.V. Taletski
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Abstract
RadiaBeam is developing a Bunch Shape Monitor
(BSM) with improved performance that incorporates three
major innovations. First, the collection efficiency is improved by adding a focusing field between the wire and the
entrance slit. Second, a new design of an RF deflector improves beam linearity. Finally, the design is augmented
with both a movable wire and a microwave deflecting cavity to add functionality and enable measuring the transverse profile as a wire scanner. In this paper, we present the
design of the BSM and its sub-systems.

INTRODUCTION

Figure 1: BSM operation principle.

Direct measurement of the full multi-dimensional
phase space is crucial for the operation and development of
linear accelerators. Obtaining an accurate initial distribution of the beam entering the linac system is required for
realistic simulations of the beam dynamics [1]. The Bunch
Shape Monitor (BSM) is a device used to measure the longitudinal bunch distribution in hadron linacs, originally developed by A. Feschenko at the Institute for Nuclear Research (INR) in Moscow [2].
The principle of operation of the BSM is shown in Fig. 1.
The primary ion beam with a longitudinal structure passes
through a tungsten wire biased at high voltage (- 10 kV)
and generates a low-energy secondary electron beam with
an equivalent temporal profile. The electron beam is accelerated towards the input slit (anode) and is focused with an
electrostatic lens (focusing system). Then, an RF deflector
with a superimposed electric potential is used to focus,
steer, and deflect the electrons. Hence, the temporal distribution is converted into a spatial distribution via an RF deflecting field. Finally, the electrons are measured by a multichannel plate detector (MCP) and a phosphor screen.
Modern hadron linacs require several BSMs to suite their
beam diagnostics [3]. For example, the Spallation Neuron
Source (SNS) at Oak Ridge National Laboratory (ORNL)
has seven BSM systems originally delivered by INR [4].
Although these systems have been operational for several
years, they have technical limitations such as poor electron
collection efficiency, beam mapping non-linearity, and are
limited to one-dimensional measurement of the phase coordinate [5]. An improved design of the BSM is needed to
solve these issues and could potentially be used to perform
more advanced beam dynamics experiments using the sixdimensional phase space scan technique developed at
SNS [1].

RadiaBeam is developing an improved multi-dimensional BSM to be used at SNS. The specifications for this
system are the following: 402.5 MHz operating frequency,
2.5 MeV ion energy, and phase resolutions smaller than 1°.
The design includes three major innovations: focusing system to improve collection efficiency, new RF deflector to
improve beam linearity, and a moving mechanism to enable measurement of the transverse profile [6]. Recently, we
have developed and fabricated the focusing system to improve the electron collection efficiency and beam linearity
for the current BSM at the SNS Beam Test Facility. This
focusing system prototype was tested at SNS and demonstrated excellent vertical focusing properties, improved
electron collection efficiency by a factor of 2.9, and improvement in the measured signal-to-noise ratio.
In this paper, we report further progress, which includes
the following innovations: a new RF deflector cavity that
allows improved vertical beam focusing and provides a linear horizontal beam mapping from wire to the screen, and
a movable wire system that allows proton beam scan in the
transverse dimension.

___________________________________________
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RF DEFLECTOR
One of the major improvements of the BSM design is the
addition of a new RF deflector cavity. This deflector allows
a symmetric geometry to reduce distortions in the vertical
focusing, which was an issue with the original BSM. Its
design also facilitates moving the wire and deflector together for transverse beam measurements.
The new RF deflector was designed by ORNL [7] and
provided to RadiaBeam for RF testing. This deflector consists of an RF cavity with input and output slits, and two
electrode plates that are attached to two pairs of support
rods for a symmetric geometry as displayed in Fig. 2. The
target operational frequency for the cavity is 402.5 MHz.
However, ORNL manufactured the cavity with longer
Technology
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support rods to allow tuning, hence, a frequency shift with
respect to the target frequency was expected. We received
the model of the manufactured RF cavity and simulated it
using CST Microwave Studio. Initial results showed a
~20 MHz frequency shift.

Figure 2: ORNL design of new RF cavity.
The cavity was designed with two RF couplers: coupler
1 to provide power, and coupler 2 for field probing. The
requirements for these couplers were: coupling of ~1 for
coupler 1, and attenuation of -40 dB or lower between both
couplers. However, to satisfy the latter requirement we designed new couplers for the cavity (Fig. 3) and tuned the
frequency by reducing the length of the support rods. Figure 4 shows the S-parameters of the tuned model that indicate coupling of 1.1 and attenuation of -42 dB. A summary
of the main RF parameters of the tuned model is shown in
Table 1.

Figure 5: RF test setup of the new deflecting cavity.
Table 1. RF parameters of the new RF deflecting cavity.
Parameter

Simulation
(tuned)

Measurement
(as received)

Frequency, MHz
Q-factor
Coupling (coupler 1)
Attenuation, dB

402.5
2668
1.1
-42

377.6
1582
1.7
-41

BEAM MAPPING LINEARIZATION

Figure 3: RF couplers of the new deflector.

Beam mapping linearity is important to have a good correlation of the position and energy of the primary beam at
the wire and the secondary electron beam at the screen detector. We have performed beam tracking simulations to
improve beam mapping in the new BSM system. In this
system, the position of the wire with respect to the RF cavity is fixed by using a wire support system composed of
ceramic standoffs and metallic clamps as shown in Fig. 6.
We considered electron emission from the wire with initial
energy of 2 eV and zero energy spread, and electrostatic
potentials at the wire (-10 kV) and the deflector electrode
plates (~-5 kV). RF fields were not included in this study.

Figure 4: S-parameters of the tuned RF cavity model.
The new couplers were built and installed in the cavity
to perform RF tests. The experimental setup is shown in
Fig. 5. The measured resonant frequency of the cavity as
received from ORNL is 377.6 MHz, which is within the
range of the initial estimations from the model and confirms that tuning of the cavity is required. The main RF
results from this measurement are presented in Table 1. The
lower Q-factor from the measurement is most likely caused
by losses in the SMA cables and the connection of the couplers to the cable. We do not consider this a significant issue given that the cavity will operate at low power (up to
10 W) with a duty factor of ~0.02, which makes the average dissipated power on the order of milliwatts. The good
agreement of the resonant frequency from the model and
measurement will be helpful in the next steps, where we
will modify the cavity to tune the frequency to 402.5 MHz.

Technology
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Figure 6: Wire support system of the improved BSM.
In the initial design, the horizontal beam trajectories
showed strong beam overfocusing. This was the result of
distortion of the electrostatic potential lines caused by the
four support rods and the metallic components of the wire
support system. To solve this issue, we added two electrostatic screens, which consist of two parallel plates located
between the wire and the input slit, and between the deflector plates and the output slit. as shown in Fig. 7.
We optimized the design of the electrostatic screens to
adjust the horizontal focusing of the beam (Fig. 8) and improve the point-to-point mapping. To characterize the beam
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mapping linearity, we plotted the horizontal position of the
electrons at the wire and the detector (Fig. 9). Then, we
performed a polynomial fit of these traces. The first order
term in the initial design was -0.63, and in the optimized
design 0.98. By comparing these results, we can demonstrate a 40% improvement in the beam linearity achieved
with the addition of the electrostatic screens. Additionally,
we adjusted the electrostatic potential of the deflector
to -5.2 kV to vertically focus the beam. A vertical resolution of ~0.5 mm at the detector was achieved with the improved design (Fig. 10).

Figure 7: Electrostatic screens in the BSM cavity.

MOVABLE WIRE SYSTEM
We have also designed a system that will allow moving
the wire across the ion beam (i.e. beam profile scanning)
while keeping the distance between the wire and RF cavity
fixed. Given that the electron beam transport depends on
the distance from the wire to the deflector, a constant distance between them preserves the optics and thus the linearity of the system. This improvement adds the capability
of beam scanning in the directions perpendicular to the
wire, allowing 2D geometric scans of the bunch, and consequently 3D scans, since the temporal profile of the secondary electron beam is related to the longitudinal profile
of the primary proton beam.
The conceptual engineering design of the moving system
is shown in Fig. 11. In order to move the wire relative to
the primary beamline, a set of bellows is incorporated into
the main chamber between the ridged mounting points of
the target assembly and the beamline port. Motion is
achieved via a linear actuator and is further controlled by a
follower linear bearing assembly mounted 180 degrees opposite to the linear actuator. The range of motion is currently limited by the throw of the bellows, which is +/19mm.

Figure 8: Horizontal electron beam trajectories of the initial (top) and optimized (bottom) design of the BSM.
Figure 11: Simplified engineering model of the movable
wire system.

Figure 9: Point-to-point wire-to-detector map of the electrons in the initial (left) and optimized (right) designs of the
BSM.

Under vacuum, with a single set of bellows, the linear
actuator sees a large compressive force, which puts strain
on the actuator and linear bearing mounting locations. In
order to rectify this, a second set of bellows is mounted below the main chamber, and the two sets of bellows are rigidly coupled by a set of standoffs. In this way, the standoffs
see all vacuum forces and the actuator only needs to overcome the weight of the top half of the assembly and spring
forces of the bellows.

SUMMARY

Figure 10: Electron beam position at the detector in the initial (left) and optimized (right) designs.
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We have designed the improved multi-dimensional BSM
with a new RF deflector cavity that allows superior vertical
beam focusing and horizontal beam mapping. We have improved the beam linearity by 40% by implementing an optimized optics system. The new design will also allow
transverse 2D scanning of the proton beam thanks to a
movable wire/resonator assembly. The prototype is currently being fabricated.
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Abstract
Emerging evidence indicates that the therapeutic
window of radiotherapy can be significantly increased
using ultra-high dose rate dose delivery (FLASH), by
which the normal tissue injury is reduced without
compromising tumor cell killing. The dose rate required for
FLASH is 40 Gy/s or higher, 2-3 orders of magnitude
greater than conventional radiotherapy. Among the major
technical challenges in achieving the FLASH dose rate
with X-rays is a linear accelerator that is capable of
producing such a high dose rate. We will discuss the design
of a high dose rate 18 MeV linac capable of delivering
100 Gy/s of collimated X-rays at 20 cm. This linac is being
developed by a RadiaBeam/UCLA collaboration for a
preclinical system as a demonstration of the FLASH effect
in small animals.

INTRODUCTION
Ultra-fast radiation delivery, also known as FLASH radiotherapy, may become a breakthrough technology for oncology treatment. Compared to conventional radiotherapy
with dose rate ~ 0.1 Gy/s, FLASH radiotherapy markedly
reduced the normal tissue toxicity without compromising
tumor response [1]. The FLASH effects have been consistently observed across different animal species, using different modalities including electrons, X-rays, and protons.
Moreover, the FLASH effect was recently demonstrated in
a human study for treating skin lesions [2].
It is believed that with a sufficiently high dose rate, depleted oxygen cannot be replenished via diffusion before
the full radiation dose is given, reducing the cell damage
and leading to the hypothesized FLASH effect [3]. Other
mechanisms, including inflammatory response, were also
indicated [4]. Regardless of the FLASH-therapy mechanism, the promising initial results warrant further investigation and human clinical trial studies.
One possibility for delivering FLASH would be an Xray system [5]. However, there are significant technical
challenges to achieving the ~500× greater dose rate for
FLASH in human patients. Unfortunately, the physical process for generating X-rays is not very efficient, therefore a
high-power accelerator is needed. Conventional 6 MV
medical linacs produce a flattening filter free dose rate of
around 0.2 Gy/s at one meter from the X-ray target –3 orders of magnitude too low – however they are on the low
end of the spectrum of linac powers [6]. A typical medical
____________________________________________
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linac has a beam power on the order of 1 kW, while industrial accelerators for sterilization of food and medical products can achieve beam powers of several hundred kW.
Another factor that allows for improvement in dose rate
is increasing the beam energy. The conversion efficiency
from electron beam power to X-ray power scales approximately with E3, so a small increase in energy can make a
large difference in X-ray intensity. The increased X-ray energy also allows greater penetration.
RadiaBeam and UCLA are working on a clinical solution for X-ray FLASH therapy that takes advantage of a
single linac based on already-demonstrated technology and
an innovative, yet straightforward, method for intensity
modulation [7, 8]. This linac will be capable of producing
18 MV X-ray radiation with 100 Gy/s collimated dose rate
in the tumor, located at 80 cm from the source. Such dose
will be achieved by accelerating a >300 mA beam with
2.5% duty factor. Since the complexity of this linac is extensive, the expected timeline for its completion is estimated to be several years. Therefore, in parallel to a clinical system, we are developing a scaled linac that can be
used for demonstration of the FLASH effects in small animals. The linac will benefit from using the infrastructure
of a 9 MeV NDT linac (FLEX) [9] available at RadiaBeam,
and therefore can be developed and fabricated in a much
shorter time scale by only replacing the accelerating structure.

LINAC CONCEPT
The goal of this project is to design and build an inexpensive linac for demonstration of gamma FLASH therapy.
The following considerations are taken into account. The
designed accelerator must be able to provide at least
100 Gy/s dose, collimated, at 20 cm from the target. This
corresponds to 16.5 cGy/s uncollimated dose at 1 m from
the target. Second, the accelerator must be able to utilize
the existing FLEX linac RF power system, available at RadiaBeam, based on 5 MW peak power klystron, operating
at 2.856 GHz frequency with 0.4% duty factor.
The other consideration is to maximize the X-ray dose
conversion from the accelerated electron beam. In order to
do this, we pursued two approaches. First, the dose yield
scaled linearly with the beam current I and cubically with
the energy W as:
𝐷 𝑘∙𝐼∙𝑊 . .
Where k is a yield factor that depends on the particular
X-ray conversion target design. For example, we know that
for 6 MeV linacs produced at RadiaBeam,
k=10.6 cGy/min/μA [10] and k~30 cGy/min/μA for a Varian 9 MeV Linatron.
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At the same time, for the available RF power, a linear
accelerator can roughly produce a beam with the current
and energy that scales as
𝑊
𝑃
𝐼∙𝑊
𝑅∙𝐿
Here R is the shunt impedance of the structure that depends on the geometry of the accelerating structure and the
conductivity of the material. Therefore, it is obvious that
for a given amount of RF power, P=5 MW, it is possible to
find an optimum between beam energy and current that
produces a maximum dose yield.

ACCELERATING STRUCTURE
First, we had to choose the accelerating structure for the
linac. We considered several types of the RF structures that
are typically used in industrial accelerators, each of which
have their pros and cons [11].
The side-coupled linac (SCL) is a standing wave (SW)
structure that is used in all medical accelerators produced
at RadiaBeam. It has smallest longitudinal footprint because the coupling cells are located off the axis of the structure. At the same time, larger transverse dimensions complicate the possibility of using a focusing solenoid, which
could be very important to avoid beam losses (and therefore, minimize power waste). The on-axis coupled structure (OCL) has slightly lower shunt impedance, because
the coupling cells with zero accelerating fields are located
on axis. At the same time, it is easier to put a solenoid because of smaller transverse dimensions.
The disk-loaded structure (DLS) is a travelling wave
(TW) structure that is used in high-current accelerators. In
the case of ~10 MeV it has lower shunt impedance compared to SW structures, but it is very simple and robust.
The problems with DLS could be solved by using a magnetic-coupled DLS, also known as backward TW (BTW)
structure [12, 13]. Thanks to the coupling via magnetic
field, its beam iris could be made very small, and the shunt
impedance high. However, in this structure the power propagates (and dissipates) from the end of the structure towards its beginning, which makes the bunching (front-end)
section, and therefore the beam parameters, very sensitive
to the operational conditions.

BTW) are worth considering. SCL was dismissed because
of the solenoid placement infeasibility, and DLS provides
much lower dose rate compared to the other options. We
consider OCL a safer choice.
We see that longer structures (1.5-2 m or more) can provide higher doses. This is an expected result, because the
dissipated power scales with the gradient. It should be
noted that for 1.5 m or longer length, the SW structures
need to be split in two sections to avoid overlap of neighboring resonances [15]. The BTW structure seems to be
more efficient but has more challenging beam dynamics
due to the strong sensitivity of bunching cells to beam loading. Both structures will need solenoid.
Another observation is the existence of an optimal energy for each structure, due to the above-mentioned tradeoff between energy and current. This optimum is located
between 16 and 20 MeV, depending on the structure.
Therefore, we decided to design a linac with 18 MeV energy. According to these preliminary simulations, we can
expect ~375 Gy/sec at 0.2 m.

BEAM DYNAMICS
We decided to proceed with the OCL option with 2 mm
aperture. Beam dynamics simulations were performed in
Parmela for 18 MeV average energy. We used a 30 kV electron gun identical to the one used in the FLEX linac
(Fig. 2). The initial buncher geometry is very similar to
cargo inspection OCL linacs [16] and consists of 3 cells
with the reduced phase velocities.

Figure 2: Geometry and beam profile of the 30 kV electron
gun.

Figure 1: Dependence of maximum dose rate yield (at
1 meter) achievable in different structures as a function of
beam energy and linac length.
The comparison of the performance of different structures is provided in Fig. 1. These results were obtained using analytical expressions for the energy gain in TW and
SW structures [14]. We see that only 2 structures (OCL and
Electron Accelerators and Applications
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Figure 3: Dose yield as a function of number of cells.
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Beam dynamics simulations were performed for different numbers of accelerating cells (i.e. the total length of the
structures) from 40 to 60 and the results are shown in Fig.3.
According to these results, the optimal number of cells is
around ~50-55. However, keeping in mind the modes separation problem for SW structures, which are typically limited to ~20 cells per section, we decided to proceed with 48
cells (2 sections of 24 cells, fed by a 3 dB splitter [17]).
As space charge and small aperture can affect higher current beams, we also decided to use a solenoid. The required
solenoid field strength was found by performing beam dynamics simulations in a 2m OCL structure with an external
magnetic field applied. These studies demonstrated that the
beam transmission is maximized if >1000 Gs solenoidal
field is applied. It is important to mention that the cathode
must be demagnetized to avoid emittance growth.
Finally, the buncher was optimized in order to maximize
beam transmission and minimize energy spread [18]. The
following parameters were considered during the optimization: phase velocities of cells #1-3 and field amplitudes
in these cells. Two criteria were used for the optimization
quality: beam transmission should be maximized, and
beam spectrum width should be minimized. The best configurations of the bunchers and corresponding beam parameters are summarized in Fig. 4. The same plot demonstrates the simulated energy spectrum of the accelerated
beam, the quality of which is very good (narrow beam head
and thin low-energy tail).

Figure 5: Rendering of the clinical 18 MeV X-ray FLASH
therapy linac.
In order to realize this, we plan to design a linac (Fig.5)
that will consist of a 1.3 A, 140 kV electron gun, prebuncher, tapered velocity buncher and 2 TW constant gradient sections, powered by a commercially available 10
MW L-band klystron with 170 μs pulses at 150 Hz, to bring
an 8.14 mA average current electron beam to 18 MeV. Assuming a dose conversion factor of 2,000 Gy/min/mA at 18
MeV, such a linac will be able to provide an uncollimated
dose rate of 271 Gy/s at 1 m, which is equivalent to ~100
Gy/s collimated dose at 80 cm, assuming ~25% dose delivery efficiency. The beam is transported through a rotary
vacuum joint into a rotating magnetic gantry that brings the
beam to a rotating X-ray target directed at the patient
[2], [7], [8].
Table 1: Beam Parameters of the Designed Linac
Linac

FLEX

Demo

Clinical

TW CI

SW OCL

TW CG

Frequency, MHz

2856

2856

1300

Length, m

0.85

2.6

4.5

Structure

#

Beam energy, MeV

9

18

10 MW
@ 2.5%
18

Beam current, mA

100

130

325

X-ray dose rate,
Gy/sec at 1 m

4.4

17.5 ± 2.0

271

5 MW @ 0.4% duty

RF power

Figure 4: Optimal configuration of accelerating field in the
bunching section.
The parameters of the optimized linac simulated in Parmela are presented in Table 1. These numbers demonstrate
that we were able to increase the beam current by ~50%
thanks to the deep redesign of the buncher, application of
solenoid, and due to the decision to operate with longer
sections (almost 2.4 m). The expected dose meets the requirements for FLASH therapy.

CLINICAL VERSION
As mentioned in the Introduction, the clinical version of
the linac must provide the same dose, being located 4 times
further away, and therefore the dose at the X-ray converter
must be 16 times higher. To solve this problem, we plan to
increase the accelerated current by almost a factor 3: to 325
mA, and the duty factor by a factor of 6, to 2.5%.
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SUMMARY
We have designed an 18 MeV S-band linac consisting of
2 sections of 24 cells of on-axis coupled accelerating structure, powered from the 5 MW klystron, and capable of delivering the 100 Gy/sec collimated X-ray dose into the tumor at 20 cm distance to the irradiated patient. The linac is
currently being fabricated and will be used for the demonstration of FLASH effect in small animals. The clinical version is also being designed and anticipated to be available
several years after the demonstration one.

___________________________________________

#

CI – constant impedance, CG – constant gradient
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FIRST STUDIES OF 5D PHASE-SPACE TOMOGRAPHY OF
ELECTRON BEAMS AT ARES
S. Jaster-Merz∗1 , R. W. Assmann2 , R. Brinkmann, F. Burkart, T. Vinatier
Deutsches Elektronen-Synchrotron DESY, Germany
1 also at Department of Physics Universität Hamburg, Germany
2 also at Laboratori Nazionali di Frascati, Italy
Abstract
A new beam diagnostics method to reconstruct the full
5-dimensional phase space (𝑥, 𝑥 ′ , 𝑦, 𝑦 ′ , 𝑡) of bunches has recently been proposed. This method combines a quadrupolebased transverse phase-space tomography with the variable
streaking angle of a polarizable X-band transverse deflecting structure (PolariX TDS). Two of these novel structures
have recently been installed at the ARES beamline at DESY,
which is a linear accelerator dedicated to accelerator research
and development, including advanced diagnostics methods
and novel accelerating techniques. In this paper, realistic
simulation studies in preparation for planned experimental
measurements are presented using the beamline setup at
ARES. The reconstruction quality of the method for three
beam distributions is studied and discussed, and it is shown
how this method will allow the visualization of detailed
features in the phase-space distribution.

Figure 1: Sketch of the ARES beamline layout used for the
5D phase-space tomography simulation studies.

perform detailed simulation studies. The method and its
working principle were first presented in [21]. Here, simulation studies in preparation for experimental measurements
using the beamline setup at ARES are presented. These studies investigate the accuracy of the method for three different
beam distributions.

WORKING PRINCIPLE
INTRODUCTION
The ARES linear accelerator [1–4] at DESY is designed
to deliver stable and well-characterized electron bunches at
a repetition rate up to 50 Hz with energies up to 155 MeV
and charges from 0.05 pC to 200 pC. Its research program
focuses on performing advanced accelerator research and
development. This includes the production and measurement of bunches with down to sub-fs durations [5–9] for the
study of novel dielectric-based acceleration techniques [10–
13] and medical applications; the application of machine
learning to accelerator operation [14, 15]; and the development of diagnostic devices and methods [16–21]. As part of
these activities, a tomographic method is being developed
that would allow for the reconstruction of the 5-dimensional
(5D) phase space of electron bunches. The method takes
advantage of the polarizable X-band transverse deflecting
structure (PolariX TDS) that has recently been developed
in a collaboration between CERN, DESY, and PSI [22–24].
Two of these structures are installed at ARES and will be operational in 2023. The variable streaking angle has already
enabled the reconstruction of the 3D charge density (𝑥, 𝑦, 𝑡)
at other beamlines [8, 9, 23, 25]. In the technique presented
here, it is used to perform a slice-wise 4D transverse phasespace tomography [26–29], effectively reconstructing the
5D (𝑥, 𝑥 ′ , 𝑦, 𝑦 ′ , 𝑡) phase space of the bunches. This information is useful to optimize and improve the beam quality,
detect correlations and other features in the distribution, or
∗
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The method is based on performing a longitudinally sliced
transverse phase-space tomography. In order to perform a
transverse tomography, the transverse phase space needs to
be rotated. This rotation is performed in normalized phase
space, where the phase advance 𝜇 𝑥,𝑦 is equivalent to the rotation angles 𝜃 𝑥,𝑦 [30]. The conversions from real phase-space
coordinates 𝑥, 𝑦 and 𝑥 ′ , 𝑦 ′ to normalized phase-space coordi√︁
nates 𝑥 𝑁 , 𝑦 𝑁 and 𝑥 ′𝑁 , 𝑦 ′𝑁 are given by 𝑥 𝑁 , 𝑦 𝑁 = 𝑥, 𝑦/ 𝛽 𝑥,𝑦
√︁
√︁
and 𝑥 ′𝑁 , 𝑦 ′𝑁 = 𝑥, 𝑦(𝛼 𝑥,𝑦 / 𝛽 𝑥,𝑦 ) + 𝑥 ′ , 𝑦 ′ 𝛽 𝑥,𝑦 , where 𝛽 𝑥,𝑦
and 𝛼 𝑥,𝑦 are the Courant-Snyder parameters [31]. The longitudinal information of the bunch is obtained by streaking
the bunch with the PolariX TDS at various transverse angles.
By using a tomographic reconstruction algorithm such as the
SART (Simultaneous Algebraic Reconstruction Technique)
[32], this allows the reconstruction of the 3D charge density
(𝑥, 𝑦, 𝑡) [8, 9, 23, 25] for each (𝜃 𝑥 , 𝜃 𝑦 ) combination. Then,
with the same algorithm, the 4D distribution (𝑥, 𝑥 ′ , 𝑦, 𝑡) is reconstructed by using all the 3D reconstructions for a fixed 𝜃 𝑦 .
Finally, by combining the 4D reconstructions of all scanned
𝜃 𝑦 , the 5D distribution (𝑥, 𝑥 ′ , 𝑦, 𝑦 ′ , 𝑡) is obtained.

ACCURACY OF
5D PHASE-SPACE TOMOGRAPHY
The accuracy of the tomographic reconstructions is affected by several factors. Firstly, a larger number of transverse rotations and streaking angles is in general beneficial,
especially when the distribution has detailed features. Secondly, chromatic effects due to a finite energy spread result
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Table 1: Beam Parameters of the Original and Reconstructed Distributions
Distribution 1

Distribution 2

Distribution 3

Parameter

Unit

Original

Recon.

Original

Recon.

Original

Recon.

𝐸
𝜎𝐸
𝑄
𝜎𝜏
𝜖𝑥
𝜖𝑦
𝜖 𝑥𝑛
𝜖 𝑦𝑛
𝛼𝑥
𝛼𝑦
𝛽𝑥
𝛽𝑦

MeV
%
pC
fs
m rad
m rad
µm
µm

155
0.1
1
200.02
3.30 × 10−9
3.32 × 10−9
1.00
1.01
0.00
0.00
5.00
5.00

200.97
3.29 × 10−9
3.36 × 10−9
1.00
1.02
0.00
0.00
4.99
4.95

155
0.1
1
200.00
3.30 × 10−9
3.31 × 10−9
1.00
1.01
0.00
0.00
5.00
5.00

200.96
3.37 × 10−9
3.48 × 10−9
1.02
1.06
0.00
0.00
4.89
4.84

155
0.1
1
199.99
7.25 × 10−9
6.24 × 10−9
2.20
1.89
0.00
0.00
5.01
5.01

202.80
11.62 × 10−9
11.00 × 10−9
3.52
3.34
0.00
0.00
4.92
5.04

m
m

in a spread of the phase advance within the distribution. This
leads to variations in the transverse rotation angles, impacting the quality of the transverse reconstruction, as well as
in the final spot size at the screen, impacting the longitudinal resolution. This is of particular relevance, because
the TDS itself can be a source of energy spread due to the
transverse variation of the longitudinal field as a result of
the Panofsky-Wenzel theorem [33]. Finally, the resolution
of the screen needs to be fine enough to resolve all features
of the distribution.
In the present study, the capabilities of the method to
reconstruct phase-space densities with correlations and complex features are investigated. This is done by studying three
different distributions. Distribution 1 is a purely Gaussian
distribution without correlations. Distribution 2 is a Gaussian distribution with imprinted correlations in the (𝑥 ′ –𝑧),
(𝑦 ′ –𝑧) and (𝑥 ′ –𝑦 ′ ) planes. Distribution 3 consists of three
superimposed Gaussian beams with transverse offsets with
respect to each other and longitudinal correlations in the
transverse momenta, resulting in a complex phase-space
structure. All distributions feature the same initial CourantSnyder parameters, which allows for the use of the same
quadrupole settings for the three distributions. Distributions
1 and 2 have the same transverse emittance while distribution 3 features a larger transverse emittance due to its multibunch structure. All the initial beam parameters are listed
in Table 1, where 𝐸 is the energy, 𝜎𝐸 the energy spread, 𝑄
𝑛 ) the
the charge, 𝜎𝑡 the RMS bunch duration, and 𝜖 𝑥,𝑦 (𝜖 𝑥,𝑦
geometric (normalized) RMS emittance.
5D reconstructions of all three distributions are performed
using the beamline shown in Fig. 1, aiming for a longitudinal
resolution of 20 fs for distribution 1 and 2 (40 fs for distribution 3 due to its larger RMS spot sizes at the screen). The
longitudinal resolution 𝑅 is defined as 𝑅 = 𝜎 𝑝𝑐/(2𝜋 𝑓 𝑒𝑉 𝐿)
[34], where 𝜎 is the maximum unstreaked transverse spot
size at the screen downstream of the TDS, 𝑝 is the average
momentum of the bunch, 𝑐 the speed of light, 𝑒 the elementary charge, 𝑓 the TDS frequency, 𝑉 the peak voltage, and 𝐿
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the drift length between the TDS center and the downstream
screen. Given the desired resolution, a TDS frequency of
11.99 GHz, 𝜎 = 244 µm, and 𝐿 = 7.21 m a peak voltage
of 3.6 MV is required. Since each of the available PolariX
TDSs will be able to streak the beam with up to 20 MV peak
voltage, only the first TDS in Fig. 1 is used in this study.
The streaking angle of this TDS is varied over a range of
180° in 50 steps. Five quadrupoles are used to scan the transverse phase advances over a range of 180° in 40 steps. The
projections of the distributions are recorded on the screen
station downstream of the TDS. The simulated screen has
a size of 2.02 x 2.02 cm to fit ±4 sigma of the RMS bunch
duration, and 1000 x 1000 pixels, which corresponds to a
resolution in the range of the ARES screen stations. The
reconstruction of the transverse distribution is performed
at the location of the screen station upstream of the first
displayed quadrupole.
All simulations are performed in ocelot [35, 36] using
distributions with 4 000 000 particles. Second-order transfer
maps are used for all elements except the TDS, where only
a first-order transfer map is available.
The final reconstruction has a size of 200 bins in all
transverse dimensions and 40 bins in the longitudinal
√ plane,
which, respectively, results in a resolution of 5 µm/ m and
40 fs.
All tomographic reconstructions are performed using a
python scikit-image [37] implementation of the SART algorithm [32]. Two iterations over this algorithm are performed
for each tomographic reconstruction. A condition is imposed
in the algorithm to ensure charge preservation and strictly
positive charge-density values.

RESULTS
The reconstructed Courant-Snyder parameters, emittances, and bunch lengths are listed in Table 1. When only
a limited number of rotation angles are used, tomographic
methods such as the SART tend to introduce spurious charge
density even far off-axis where no charge should be present
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Figure 2: Original (top) and reconstructed (middle) phase space for all distributions. For each distribution, the left plot
shows the (𝑥 ′ –𝑧) phase space, the right plot the (𝑥 ′ –𝑦) phase space for the central longitudinal slice ranging from −6.0 µm
to 6.0 µm. The bottom row shows the difference between the reconstructed and original distribution. All distributions are
normalized to the maximum value of the corresponding original distribution.

[23]. Therefore, to analyze the emittances and CourantSnyder parameters of the reconstructed distributions only
values within a ±3 sigma range from the bunch center are
considered. Excellent agreement with relative discrepancies
of ≲ 5 % is achieved for the beam parameters of distributions 1 and 2. The imprinted correlations in distribution 2
are analyzed in normalized phase space. For the original distribution, the slopes of the (𝑥 ′ –𝑦 ′ ), (𝑥 ′ –𝑧) and (𝑦 ′ –𝑧) correlations are, respectively, −1.18, 1.20 m−1/2 , and −1.42 m−1/2 .
The values obtained from the tomographic reconstructions
are −1.25 for (𝑥 ′ –𝑦 ′ ), 1.27 m−1/2 for (𝑥 ′ –𝑧), and −1.48 m−1/2
for (𝑦 ′ –𝑧) showing a relative discrepancy below 6 %. For
distribution 3, the reconstructed bunch duration and CourantSnyder parameters agree well with the original parameters
with discrepancies below 2 %. However, the reconstructed
emittances show large deviations. Possible reasons could
be an insufficient number of projection angles and screen
resolution to resolve the sharp features of the distribution.
Exemplarily, in Fig. 2 the reconstructed (𝑥 ′ –𝑧) phase
space and the central longitudinal slice of the (𝑥 ′ –𝑦) phase
space are plotted (second row) for all three distributions and
compared to the original distribution (top row). The charge
densities are normalized to the corresponding maximum
value of the original distribution. The bottom row shows
the difference between the reconstructed and original phase
spaces. Excellent agreement between the reconstructed and
original distribution can be seen for distribution 1 (left) and
distribution 2 (center). For distribution 3, the correct reconstruction of the distribution features can be appreciated. Despite the slight washing out of the features all sub-structures
of the bunch are visible.

visualization of the full transverse phase-space distribution
of all longitudinal slices of the bunch. For a Gaussian distribution and a distribution with a longitudinally correlated
transverse momentum offset, excellent agreement with the
original beam parameters (discrepancies ≲ 5 %) and correlations (discrepancies ≲ 6 %) is obtained. More noticeable
discrepancies appear when reconstructing a complex, multibeam distribution, although all relevant features are clearly
recovered. Potential sources for these discrepancies, which
will be studied in more detail in future work, include the
number of projection angles, the screen resolution, chromaticity in the quadrupoles, and an induced energy spread
by the TDS.
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SEISMIC ANALYSIS FOR SAFETY REQUIREMENTS OF
SPIRAL2 ACCELERATOR
C. Barthe-Dejean, F. Lutton, M. Michel, GANIl-SPIRAL2, Caen, France
M. Dubuisson, ADDL, Paris, France
Abstract
The SPIRAL2 Accelerator at GANIL is a superconducting ions continuous wave LINAC with two associated experimental areas. Mechanical engineers have been highly
involved in the design of SPIRAL2 equipment since the
beginning of the project in 2004. During the development
phase, Computer Aided Design and calculation codes have
been used throughout the complete process: from the ion
sources, the LINAC, the beam transport lines and the experimental halls equipped with detectors. SPIRAL2 has to
meet different safety requirements, among which seismic
hazard. This involves justifying that the integrity of the radiologic containment barrier is always maintained in case
of earthquake. This paper reports the improvement in design and calculation methods performed by GANIL engineers to meet the seismic safety requirements, specifically
the non-missility feature of the equipment. The modalspectral simulations, used to demonstrate the mechanical
strength of equipment in case of earthquakes, was an important part of this design activity in the past 10 years. New
methods have been used to calculate welds, fasteners and
the ground anchor of the structural supports of the heaviest
equipment.

INTRODUCTION
The non-missility criteria consists in preventing equipment weighing more than 500 kg at height 1.5 m to be projected on ground floor or walls of the building, which is
used as containment barrier. The mechanical supports and
frames have to withstand dynamic load corresponding to
earthquake S.M.S (Security Maximum Seism) [1]. Also,
fasteners and anchors to ground have to be analysed to
prove that they withstand such loads. For example, LINAC
supporting frame had to be reinforced for seismic load after
first installation (Fig. 1).

Figure 1: Additional supporting features LINAC A.
All calculation have been performed with the Finite Element Analysis Code ANSYS 2020 R1. The spectral load
in three directions X, Y and Z is provided by Civil Engineering (Fig. 2) and implemented in the Finite Element
Model and combined to gravity. First, a modal analysis is
performed to identify the Eigen modes of the structure.
Technology
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Then two load cases will be compared to identify the most
severe: gravity + seism or gravity - seism. The X, Y and Z
direction loads are also combined to each others: either by
quadratic combination, or by Newmark combination.

Figure 2: Spectral load based on S.M.S.in S3.

EXAMPLE 1 : NFS DETECTOR
NFS (Neutron for Science) is the first experimental area
linked to SPIRAL2 accelerator. NFS is composed of a
time-of-flight baseline and irradiation stations. A new detection system named FALSTAFF has been installed in the
Time-of-flight NFS area as shown. This detector fully
equipped weighs 592 kg, and hence is subject to
non-missility requirements, has been clamped to ground as
shown in Fig. 3.

Figure 3: FALSTAFF detection assembly drawing.
In this example, only the structural frame and the feet of
the vacuum chamber has to be calculated in order to prove
that the FALSTAFF detector will not be projected under
seismic load. We will focus on the fasteners and anchorage
analysis even if welds and stresses are also post-treated.
Figure 3 shows how the equipment is clamped to the
frame with metal plates and to the ground. The bonded anchors that have been calculated and selected according to
the method described in [2].
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Fasteners Analysis
All the fasteners are represented in the F.E. model as
beam elements (Fig.4).

Figure 4: F.E. model frame and beam for fasteners.
A program -code lines- has been developed to extract
shear and tension load on each fasteners. The analysis is
then made using the combined load criteria described in
Eurocode 3 [3] and in Eq. (1) below.
….
<1
(1)
In Eq. (1) Ft is tension load in bolt, Fs is shear load in
bolt, Ft,Rd is tension strength of stainless steel bolt, Fv,Rd
is shear strength of the bolts. The tension strength of the
stainless steel fasteners are previously determined. The results show that the fasteners M8 in stainless steel A4-70
fulfils the combined load criteria.

Figure 6: Exchanger structure and retention tray.
The water retention tray of the exchanger has to be waterproof and maintain its structural integrity in case of seismic event . The tray and the structure holding the exchanger components (valve, tubes, tanks..) are made of
stainless steel 316L.The tray has to contain the entire volume of water of the closed circuit in case of leakage because the water is potentially contaminated. The aim of the
calculation is to prove that no crack or damage will appear
on the tray and that the structure will hold the different
exchanger equipment under seismic load.

Bonded Anchors

Mechanical Stresses

The force and moment are extracted from the model and
the most loaded feet using an online code developed by anchors supplier HILTI (Fig. 5).

The results are post-treated in terms of Von Mises
Stresses for all mechanical parts (Fig.7).

Figure 5: Forces and moment at most loaded feet.
The wedge anchor selected for this equipment is HILTI
HL-M12 with an embedment in concrete of 80 mm. The
FALSTAFF Detection holding structure fulfil seismic requirements as shown in [4].

Figure 7: Max stress in the supporting beam.
Von Mises Stresses are compared to Yield Strength as
shown in Eq. (2) of the stainless steel with a safety factor
of λ=1,1.
1 0
(2)

,

,

,

EXAMPLE 2: WATER RETENTION S3
The cooling circuit of the beam-dump of the experimental area S3 is a closed circuit. The heat exchanger
(Fig. 6) of the cooling circuit is located in the S3 experimental area, which is 9.5 meters underground in the
SPIRAL2 accelerator building.
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Welds Analysis
The strength of welding joint are calculated with the
method described in Eurocode 3 – Part 1-8 [3]. The safety
coefficient for stainless steel structure is ϒM2=1.25 and applied in order to compensate the dispersion of the thresholds of materials. The mechanical strength criteria described in [3] are normally adapted to static load. The fact
that a modal-spectral calculation is performed leads to a
non-dynamic type of analysis and therefore allows to use
static mechanical strength law. Figure 8 shows a sketch
with stresses needed to calculated weld criteria
Technology
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Table 1 : Calculated Load Stresses on Weld

Figure 8: Sketch of normal and shear stress in a weld.
The main criteria to meet is based on equivalent stress as
described in Eq. (3) and (4):
𝜎
(3)
.
𝜎

(4)

The main difficulty was to find a way to extract the loads
and shell stress at the junction element from Finite Element
simulation. The transferred load will allow to calculate analytically the shear and tensile stress on the weld area
(Fig. 9). To achieve this, a specific computer program has
been developed by an external specialised company and
code lines inserted in the Finite Element model.

Figure 9: Elements corresponding to weld junction.
The code lines applied to the F. E. model generates automatically a table file with the transferred load at each node
and elements of the identified junction. The calculation is
then performed analytically in an Excel spreadsheet.

Load (N)
Unit
Fx from F.E. model
153
N
Fy from F.E. model
576
N
Fz from F.E. model
12
N
Weld length
125
mm
Weld size
2.5
mm
Shear stress τ //
49
MPa
σ equivalent
85
MPa
σ Criteria (st. steel)
385
MPa
The calculations show that all criteria are reached [5],
and consequently there is no risk of damage or leakage on
the tray and on the structure in case of earthquake.

CONCLUSION
The calculations and analysis described here shows the
difficulty to match theoretical Eurocode 3 criteria with
global F. E. Simulation. The code lines used to extract relevant values from model was one of the key to solve that
problem. The computer program was sub-contracted to an
external expert and is now adapted for each new calculation. Each SPIRAL2 heavy equipment is now in line with
seismic requirements. A method has been summarized for
all seismic calculation at GANIL-SPIRAL2 [6] and [7].
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DEVELOPMENT OF COMMERCIAL RFQ TOWARD CW APPLICATIONS
M. Masuoka†, H. Yamauchi, TIME Co., Mihara, Hiroshima, Japan
Abstract

THREE-LAYER STRUCTURE

TIME Co. developed a new 4-vane RFQ structure that
can be used for a very high-duty factor operation. We eliminated the tuners to flatten the field distribution. The tuners
increase RF contacts which may trigger unexpected local
heat spots and subsequent discharges. In addition, we hollowed out the entire vane to achieve large cooling water
channels. A high-power test showed that the commissioning was completed within one day. We could input a nominal RF power without experiencing almost any discharge.
The applied duty factor was 5 % at the 200 MHz resonant
frequency, and the measured frequency shift was not detected.

The three-layer structure has been employed by some
IH-Linacs in the past. This structure enables us to easily
access the inside of the cavity. This means that precisely
controlled machining can be applied directly to any interior
segment of the cavity. We employed this structure to a 4vane RFQ and provided several cavities to the market in
Japan. The structure is illustrated in Fig. 1.

INTRODUCTION
In recent years, linear accelerators have been becoming
superconducting, especially in the high energy range [1].
Also, applications that require high beam power, such as
neutron generation [2] including BNCT [3] and alpha emitter production, have been increasing. These trends have led
to strong worldwide demand for high-duty RFQ accelerators. However, the strategy for producing high-duty RFQs
is not well established.
Time co. has been supplying three-layered structure
RFQs [4] and IH-type linear accelerators, mainly for the
Japanese domestic market for more than 10 years. Based
on our accumulated technologies and experiences, we have
decided to develop a new 4-vane RFQ that can be operated
at a high duty factor. Although it is relatively not difficult
to achieve a high duty factor by employing a long and large
accelerating cavity with a low Kilpatrick limit and a low
frequency, this approach [5] is not suitable for industrial
use. We developed an RFQ that has a resonant frequency
of 200 MHz, a total length of 3.0 m, and an output beam
energy of 2.5 MeV. By eliminating stub tuners for voltage
distribution and frequency adjustment and significantly
strengthening the water channels for cooling passage, the
accelerator was able to operate very stably. The first production unit of the RFQ has now been delivered to the Hungarian Academy of Sciences (MTA) is waiting for beam
commissioning. The design parameters of the RFQ are
summarized in Table 1.
Table 1: Design Parameters of RFQ
Frequency
Q Value
Design species
Beam Current
Injection beam energy
Extraction beam energy
Length of Cavity
Weight of Cavity
___________________________________________

† masuoka@time-merit.co.jp
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200.3 MHz
14600 (Simulated)
13400 (Measured)
Proton
20 mA
35 keV
2.5 MeV
3060 mm
2.3 ton

Figure 1: Three-layer structure of TIME RFQs.
As seen in the figure, the 4-vane acceleration cavity is composed of three parts, which are called the upper minor vane,
major vane, and lower minor vane, respectively.
The upper minor vane has the vertical vane facing downwards, which is machined as a part of the upper vacuum
vessel. The structure of the lower minor vane is the same
as that of the upper minor vane but is arranged facing upward. The major vane, the centerpiece, consists of a rectangular frame with two horizontal vanes facing each other.
Each of these three pieces is machined from a single forged
oxygen-free copper block.

Figure 2: In process of assembling three-layer structure
RFQ.
The major vane has grooves in its flange part and an Oring and RF contact is installed. Although not visible in the
Fig. 2, the back side of the major vane has the same structure and vacuum tight and good RF contact conditions are
achieved. This structure allows the cavity to be disassembled and reassembled with a high degree of reproducibility.
Furthermore, the inside of the vane can be hollowed out
directly from the outside of the cavity. Thus, additional
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modifications of the cavity interior and large cooling channels can be machined while maintaining very high precision of electrode positions.

ELIMINATING TUNERS
The Disadvantage of Stub Tuner
Normally, some stub tuners are installed on the inner
wall of a cavity to adjust the frequency and electric field
distribution. However, stub tuners have a sharp effect on
the local electric field distribution. In addition, they concentrate on the surface current distribution in the cavity.
Furthermore, this current flows through the RF contacts,
which are circular around the stub but difficult to install
with perfect symmetry, inducing local heating. This is a
major cause of problems in long-term operation. Localized
heating leads to the release of gases, resulting in cavity discharges. This is very unfavorable for high-duty accelerators. The story applies not only to the movable tuners for
frequency tuning but also to the many fixed tuners that are
installed to adjust the electric field distribution.

Figure 3: Surface current distribution on the inner surface
of the cavity with a single stub tuner. To clarify the effect,
the simulation adopts a long insertion length which is 60
mm with a diameter of 65 mm.
The presence of a stub tuner is examined by RF simulation as seen in Fig. 3. A single stub tuner is placed against
a perfectly balanced 4 vane RFQ. The shape shown in the
figure is the density of current flowing over the surface of
the vacuum volume; the current in the RFQ flows in the
azimuthal direction relative to the beam axis, which is collected by the tuner cylinder. As a result, the surface current
near the tuner will pass through the RF contacts. Figure 4
shows the effect of the single stub tuner on electric field
distribution near the beam region. The dotted line shows
the tuner position, and a dip of the field is observed.
Smooth adjustment is not easy to apply.

Tuner-less Structure
To eliminate the vulnerability caused by tuners, we eliminated cylindrical structures in the interior of the cavity.
Movable tuners for tracking temperature changes can be
replaced by adjusting the RF frequency supplied by the amplifier. In addition, we can minimize the temperature
change of the cavity by having an efficient cooling structure, which will be discussed in the next section.
Technology
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Figure 4: Electric field distribution with a stub tuner (dotted line) and surface cut tuning (solid line). The stub tuner
creates a local dip in the distribution.
However, even when cavities are machined with high
precision, the final adjustments of the electric field distribution are unavoidable. Therefore, we established a strategy to adjust the electric field distribution by directly machining the inner wall of the cavity. The strategy was made
possible by adopting the three-layer structure in which the
cavity can be reassembled with very high reproducibility.
For this purpose, the cavity was initially fabricated with
a small cavity interior size to have a higher resonance frequency before adjustment. After the cavity was fabricated
and assembled, the distribution of the electric field was
measured using 'bead pull'. Next, we determined the machining amount of the inner wall according to the algorithm
we have developed, which assumes that the effect of the
cutting amount on the electric field distribution is linear. In
this cavity, the inner wall is divided axially into 6 sections,
and the cutting depth in each section, i.e., 24 sections, is
determined. The cavity was then disassembled, and additional machining was performed. After that, the cavity was
reassembled, and the electric field distribution was
checked again. The advantage is that additional wall machining can also be applied on the surface where the feed
loop and pickup loops exist.
In total, adjustment processing was performed three
times since it was the first test. The impact of the cutting
location is across the entire cavity, including the opposing
quadrant, and careful planning is essential.
The bead-pull results are shown in Fig. 5. As seen, it was
already balanced to some extent before the adjustment process. This proves that the initial machining accuracy is already high. The adjustment has achieved a uniformity of
less than 5 %. This is a sufficient balance considering the
measurement accuracy and effect on the acceleration performance. The frequency has been changed by the adjustment process from 201.634 MHz to 200.277 MHz.
When operating a 4-vane RFQ at high duty, the most severe heat dissipation occurs at the ends of the vanes facing
the end wall of the cavity. In our latest model, the cooling
water channels were shaped from the outside of the cavity.
Since no gun drilling is used, the channel with the variable
cross-sectional area can be made in any shape. The structure of the channel is shown in Fig 6. By applying liquid
flow simulation, as indicated in Fig. 7, any stagnating flow
spot was eliminated.
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CONCLUSION
We have established a method to build a high-duty RFQ.
Although CW operation has not been experimentally applied, 5 % duty operation showed very good performance
at high-power commissioning. The predelivery test was
performed at RIKEN at a 3 % duty factor. And 5 % duty
factor commissioning was done in Hungary. In both tests,
we were not required to have a training period and nominal
RF power was achieved within only one day. The observed
frequency shift was zero.
Now we are ready to supply high-duty RFQs to the market.
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Figure 5: Field distributions before (a) and after (b) adjustment machining processes.

COOLING CHANNELS
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Figure 6: Cut view of the cooling channel at the vane end.
At cavity commissioning, 20 ° C cooling water was supplied at 20 L/min and the recorded maximum temperature
increase was 1.3 ° C in the vane and 0.3 ° C in the RF input
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Figure 7: Simulated water flows in the cooling channel.
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ON THE UNILAC PULSED GAS STRIPPER AT GSI
P. Gerhard∗ , M. Maier
GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
Abstract
The UNILAC (UNIversal Linear ACcelerator) will serve
as injector linac for heavy ion beams for the future FAIR
(Facility for Antiproton and Ion Research), with the commissioning being anticipated in 2025. One of the crucial steps
in the course of acceleration along the UNILAC is the stripping of the ions by a gas stripper in front of the main linac.
Its efficiency is decisive in reaching the intensities required
and may be increased by more than 50% by introducing
hydrogen as stripping target, instead of the nitrogen used
so far. This requires the stripper to be operated in a pulsed
mode, since otherwise the pumping speed is not sufficient to
maintain suitable vacuum conditions. The proof of principle
was demonstrated in 2016. A dedicated project aims for a
setup suitable for routine operation. Main issues are safety,
reliability and automated operation. This project started
in 2016, the realisation coming within the next few years.
Recently, systematic measurements on the properties of the
valves and their impact on the properties of the stripping
target were carried out in order to specify proper operating
parameters.

extract from the vacuum system. Finally, a fully automated
setup suitable for regular operation has to be developed.
A modified gas stripper setup had been developed in the
course of the original investigations [1]. It exploits the low
duty factor of the UNILAC in order to reduce the gas load by
delivering only short pulses of high gas density synchronised
with the beam pulse. This was realised by using a fast injection valve. The gas is injected into a stripping cell, which
confines the highly volatile hydrogen. After the proof of
principle, a dedicated project was initiated to devise the regular operation of this pulsed gas stripper. An extensive risk
assessment had to be conducted and several risk mitigation
measures developed. A test stand was set up to investigate
the properties of the valves under worst case conditions. The
liquid fuel injection valve initially chosen proved unsuitable
for prolonged operation with gases [4]. Consequently, the
type of the valves had to be changed and the setup adapted
accordingly. The current pulsed gas stripper setup is shown
in Fig. 1.

INTRODUCTION
The GSI UNILAC (UNIversal Linear ACcelerator) together with the heavy ion synchrotron SIS18 will serve as
a high current, heavy ion injector for the future FAIR (Facility for Antiproton and Ion Research). The ions will be
provided by the high current injector HSI. A stripper, situated at the end of the HSI, is necessary to increase the (very)
low charge states of the heavy ions produced by the high
current sources in order to enable further acceleration in the
poststripper DTL (Drift Tube Linac) of Alvarez type. The
present stripper employs a continuous nitrogen gas jet as
stripping target. Out of the charge state spectrum resulting
from the stripping process, one charge state has to be separated for further acceleration. For heavy ions like uranium,
this results in the loss of up to 85% of the beam.
In order to increase the yield into the particular charge
state desired, the introduction of hydrogen as stripping target
was investigated from 2012–16. With H2 , in comparison to
N2 , the width of the charge state distribution is reduced for
heavy ions, thereby increasing the stripping efficiency e. g.
for 238 U by approximately 50%. Additionally, for all ions an
increase of the mean charge state can be achieved. This was
demonstrated successfully in 2016 [1–3].
Introducing H2 into regular operation poses several challenges. Main concern is safety, since hydrogen is highly
combustible. Apart from that, it is much more difficult to
∗

Figure 1: Sketch of the latest stripper setup accommodating
two fast valves for gaseous media. One valve is indicated as
cross section in red. Gas supply is from top via the tubes
(grey). After injection into the accelerator vacuum, the gas
is confined within the interaction zone in the yellow tube at
the bottom, which surrounds the beam axis.
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SYSTEM DESIGN
The test and development system used for the proof-ofprinciple has to be consolidated and considerably extended
in order to meet the safety requirements and enable reliable,
fully automated, 24/7, and remotely controlled operation by
the common accelerator staff. Extensions are specifically
necessary for the automation and autonomous safety monitoring part. An overview of the current overall system design
is given in Fig. 2.

• dedicated, explosion protected ventilation for gas bottle
and gas handling cabinets,
• explosion protected roots pump station,
• fast closing valves (FCV) and controller,
• cabling and piping.
The pulsed stripper system will make use of the following
GSI infrastructure facilities or monitor their proper operating
status:
• N2 (g) supply for stripper and purge gas,
• compressed air for valve actuators,
• accelerator vacuum system and its dedicated control
system,
• several ventilation systems and their I&C equipment,
• gas alarm system (GAS), and
• fire alarm system (FAS).

SAFETY ASPECTS AND MEASURES

Figure 2: Simplified schematic overview of the current gas
stripper system design. Green: specific parts of the gas
stripper system, red: safety devices, blue: common infrastructure, violet: accelerator control system, grey: UNILAC
accelerator tunnel building.
The further need for development is concentrated on the
control logic and specific safety solutions. For the test setup,
only minimal control logic was established, leaving most of
it to manual operation. The same is true for the safety monitoring, which merely consisted of an elementary interlock.
The components to be developed are in detail
• the stripper control: a PLC based control of all specific devices needed to operate the gas stripper and
an SCU based controller to enable remote control via
the accelerator control system, including an integrated
programmable timing receiver,
• the safety monitoring system: monitor the proper status
of all parameters and devices (stripper and infrastructure) needed for safe operation of the stripper, initiate
emergency measures in case of alarms (e. g. shutdown
hydrogen operation),
• the gas handling: adjust the operating pressure of stripper gases according to operational requirements and
provide all functionalities to ensure proper and safe gas
handling, and
• the H2 dilution: dilute the exhaust H2 with air to a safe
level before disposal via the common, non explosion
protected vacuum exhaust ventilation.
The following parts are required to be installed, but need
only little development efforts:
• H2 supply,
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The safety of the H2 -operation is generally based on the
fact, that the gas and vacuum system are closed during regular operation and contain only H2 (and N2 ), but no O2 or
other oxidising gases. Explosive mixtures can only occur
when H2 and air get in contact by failures. For the pressurised H2 supply up to the fast injection valves, this would
happen by H2 leaking from the gas devices to the outside,
which can be sufficiently excluded by standard technical
provisions. For the remaining part of the stripper facility
being under vacuum, an air leak in the vacuum system could
lead to an explosive mixture inside. This can be excluded
to a large extent for the stripper itself, but not completely
for the vicinity of the stripper. Therefore, additional safety
measures had to be devised. Primarily, the vacuum pressure
in the stripper is monitored. As long as the pressure is below
certain limits, no explosion can occur or any explosion can
be contained inside the vacuum vessel, posing no hazard
to the environment. For regular operation, both limits can
be maintained. A pressure rise beyond the limits would be
a clear indication of a failure, and H2 operation would be
shut down immediately. This is augmented by fast closing
valves or shutters, which will be installed at both ends of
the stripper section. If a vacuum leak occurs outside the
stripper, these valves will close before the pressure in the
stripper rises above the safety limits.
The measures mentioned can provide for safe operation in
the stripper, but this does not hold true for the roots pump station, where the exhaust gas from the stripper is compressed
up to atmospheric pressure. Therefore, this pump station
will be upgraded to an explosion protected station. From
here, the exhaust is handled by a dedicated vacuum exhaust
ventilation system, which incorporates very fine particle filters for radiation protection reasons. This ventilation is not
explosion protected. Therefore, the H2 has to be brought
into a hazard-free state before passing it into the ventilation
system. Several methods were investigated, and finally a
simple dilution with air was chosen. A suitable device is
still to be designed, but technically feasible.
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To enhance the safety inside the stripper further, possible
sources of ignition and their elimination were assessed. The
vacuum gauges of Pirani type will be exchanged by capacitive or explosion protected ones. Ignition by the ion beam
will be eliminated by connecting the fast beam chopper to
the vacuum monitoring, shutting down the beam within a
few ms after a pressure rise. This is assisted by the fast
closing valves, which will prevent the beam physically from
entering the stripper within 15 ms after the alarm. Finally,
the risk of overheating of the fast injection valves, which
get heated by the ohmic losses of the coil current, had to be
tackled. Under intended operating conditions, cooling of
the valves is provided by the gas flowing through the valve.
This cannot be relied upon, since the gas flow is governed by
the target density needed for proper stripping, which may be
much lower than the design gas flow of the valve. The heat
load had to be minimised not only because the valves would
otherwise pose a source of ignition, but they would also fail
to operate, as demonstrated at the test stand. Still, a backup
cooling employing thermal conduction had to be attached to
keep the valve temperature within acceptable limits under
all operational and worst case conditions.

VALVE PROPERTIES
With the pulsed operation of the stripper, time was introduced as a new parameter. The temporal properties of
the valves and the gas target have to be known in order to
operate the stripper safe, reliable, efficient and with minimal
gas load. A comprehensive test programme was carried out
at a dedicated test stand, as testing time at the accelerator is
scarce. These tests are limited to nitrogen operation due to
the situation at the test stand. All tests with hydrogen have to
be carried out at the accelerator. The test programme mainly
dealt with electric parameters and gas throughput for various operating scenarios, aiming to reduce the thermal load
on the valve coil and deriving data for the risk assessment.
The valves are operated by a specialised fast magnetic valve
controller applying a programmable voltage-current-profile.
This profile was optimised for minimal thermal load, which
is predominantly determined by the hold current applied
to keep the valve open during the beam pulse. For short
pulses, the much higher current during the short opening
phase comes into play.
The detailed temporal behavior of the valves, the gas flow
and the development of the gas target was the main topic of
several accelerator experiment beam times. Time resolved
data was acquired using the beam pulse to probe the gas target. However, with this approach only the integral properties
of the valve and the gas target are accessible. Both argon
and uranium beams were applied. Argon can be provided
easily with long, stable pulses. Uranium is available with
short pulses and less stability only, but is more sensible to
variations of the target. Figure 3 shows a typical result of a
measurement using a long argon beam pulse. The duration
of the gas pulse was adjusted such, that the resulting target
flattop just fits within the beam pulse and can be probed
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Figure 3: Oscilloscope screenshot showing the stripping of
Ar2+ ions with the pulsed gas stripper using H2 as stripping
target. Shown are the current of the incoming beam (red)
and the stripped Ar12+ beam (green), as well as the voltage
(yellow) and current (cyan) applied to the valve.
with a single shot. The delayed reaction of the gas target
with respect to the electrical actuation of the valve is clearly
visible for opening and even more pronounced for closing of
the valve. The build up of the gas target starts approximately
250 µs after voltage is applied to the valve. After 4 ms the
coil current is quickly purged by applying a high negative
voltage to the valve. After that, it takes about 600 µs for the
gas target to diminish. In between, the gas target shows a
stable flattop, indicating that the hold current and the gas
supply are sufficient.

STATUS AND OUTLOOK
The final risk assessment and verification of the conceptual technical design report is in progress and will be finished
end of the year. Basic infrastructure like a safety cabinet for
hydrogen gas bottles, an explosion safe cabinet ventilation,
gas pipes, cabling, nitrogen and compressed air supply has
already been procured and installed. The operating parameters and conditions for the pulsed stripper have been determined at the test stand, fixed and finally verified in a machine
beam time in May this year. The explosion protected roots
pump station has been ordered for delivery in spring next
year. Its installation and commissioning is scheduled to be
completed before start of the beam time in summer 2023.
A safety examination of the injection valves is planned for
autumn of this year. The specifications for the remaining
parts of the gas stripper system are prepared and will be
released after the final risk assessment. The procurement of
the hardware is foreseen to be concluded until end of 2024.
The in-house development of the front end and application
level software and the data supply hierarchy for the accelerator control system are to be accomplished accordingly.
Installation and commissioning of the whole gas stripper
facility is scheduled to be completed before the beam time
2025, which is planned to start in summer. Finally, the successful supervision by a notified body is a prerequisite for
the hydrogen operation of the gas stripper.
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UPDATE OF ADJUSTABLE PMQ LENS
Y. Iwashita, KURNS, Kyoto University, Kumatori, Osaka, Japan
T. Hosokai, D. O. Espinos, ISIR, Osaka University, Ibaraki, Osaka, Japan
Y. Fuwa, JAEA/J-PARC, Tokai, Ibaraki, Japan
Abstract
Gluckstern’s adjustable permanent magnet quadrupole
(PMQ) lens based on five rings is revisited to achieve a
compact focusing system for laser-accelerated beams. The
first prototype was fabricated for bore diameter of 50 mm.
The integrated gradient was up to 6.8 T. A new PMQ with
a bore diameter of 25 mm is under fabrication based on the
same geometry. While the first prototype unit was developed for the final focus magnet of the ILC, the second unit
is the first doublet element for laser-accelerated electron
beam focusing to be combined with this first unit. The current status of the development is reported.

INTRODUCTION
Adjustable Permanent Magnet Quadrupole lens based on
Gluckstern’s five-ring configuration has been studied [1].
While changing the intensity of the PMQs is not easy,
Gluckstern proposed a method to adjust the strength without skew rotating the five PMQs alternately in opposite directions around the beam axis. The rotation angle φ at even
positions of the PMQ ring is opposite in sign to the rotation
angle φ at odd positions (see Fig.1).
ø/2

ø/2

-ø/2

ø/2

-ø/2

4

5+ 1

5- 1

The off-diagonal sub matrices Mxy and Myx, can be negligible when the lengths of the rings satisfy a relation. It
should be noted that the distances d between rings are zero
(d=0) in above case. A similar problem was solved for a
case with d=1cm case where summed PMQ length
2L1+2L2+L3+4d is 26cm, keeping 2L1-2L2+L3=0. The
rotation matrix R should be substituted by R&D, where the
transfer matrix D denotes a 1cm drift space. The off-diagonal sub matrices are expanded in series up to 5th order for
a solution. The ratios are solved as L1:L2:L3 =
1.81046:5:6.37909. Actual lengths are rounded to 20 mm,
55 mm, and 70 mm, respectively. The first prototype developed for the ILC was built with a 50mm bore diameter
to get practical experience at ATF2 [2-7]. External dimensions are designed to fit into the beam tube of the detector
at the interaction point (see Fig. 2). The exit hole is located
56 mm from the incoming axis to allow the outgoing beam
to escape at a crossing angle of 14 milli-radians at 4 m from
the interaction point.

5+ 1

5- 1

Figure 1: Gluckstern's five ring singlet.
The transfer matrix of such a system is represented by a
4 x 4 matrix Mn to account for the x-y coupling and the
matrix of n-th PMQ is written as:
𝑀n
𝑀n =
𝟎

𝟎
𝑀n

Figure 2: Adjustable PMQ in a beam tube.
, ( n=1,2,3,4,5).

(1)

Since M5= M1 and M4= M2, the total transfer matrix M is
calculated as:
𝑀 = 𝑅 ∙ 𝑀1 ∙ 𝑅

∙ 𝑀2 ∙ 𝑅 ∙ 𝑀3 ∙ 𝑅

∙ 𝑀2 ∙ 𝑅 ∙ 𝑀1,

(2)

where R represents the rotation of a magnet. By rewriting
with 2 x 2 sub matrices, equ. (2) 4 x 4 matrix M can be
written as
𝑀=

𝑀
𝑀

𝑀
𝑀
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.

(3)

REVIEW OF THE FIRST UNIT
Figure 3 shows the fabricated magnet. The five rings are
rotated around an axis with three rollers holding the circumference of each ring, assuming that the circumference
of each ring is a regular circle. The positions of the three
rollers must be adjusted so that the axis of each ring is
aligned. Therefore, care must be taken to ensure roundness.
The odd-numbered rings were connected by a bridge and
rotated by a single motor, while the even-numbered rings
were rotated by individual motors. Thus, three motors
were used in all. Because the rings strongly repel and attract each other, a large force is required to rotate them
against each other, and a worm gear is used to rotate the
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Figure 3: Fabricated magnet.
gear fitted to the outer circumference of the rings. Because
the first unit was designed to be used in a strong magnetic
field, all motors were supersonic motors and required a rotary encoder to control the angles of rotations. The origin
of each angle is set by a limit switch using a photo interrupter.
The assembly process was from each magnet. Each ring
was assembled with rough shape adjustment, then rotated
with the outer frame of the magnet and the magnetic field
center was calculated with a fixed radial coil inserted in the
bore (see Fig. 4). One path of the radial coil passes through
the center of rotation and the other path is 10 mm away
from the center. This coil had four turns. A 16-turn halfsize coil was also installed to allow output correction that
cancels the quadrupole component and emphasizes the
smaller dipole component. The coil voltage is measured
with a 24-bit ADC board attached to a PC while rotating
the magnet at 1 RPS. Since four revolutions of data were
analyzed, only a quarter of the results are valid values, the
rest can be considered noise, and the noise level can be estimated (see Fig. 5). In this case, the signal-to-noise ratio
seems to be more than 5 orders of magnitude. The dipole
component corresponds the magnetic center displacement.
While the magnets are fixed by pushing screws from outside, the fine tuning of the magnetic centers were performed by adjusting the screws.

Figure 4: Magnetic center measurement against the holder.
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Figure 5: Typical measured data. Non-periodic spurious
components appear between integer points, which are considered noise.
The assembled unit was measured by a rotating coil system
at KEK. Figure 6 shows a typical data of the measured
integrated field gradient as a function of the rotation angle,
together with the tilt of quadrupole plane. The maximum
strength was 6.8 T and the strength went down to almost
zero as expected. Since the repulsive force is maximum at
the position of maximum strength, the sign of the rotational
force changes, resulting in poor stability of the tilt angle.
Since the intensity variation in this region is small, it can
be suppressed to less than 1 mrad by limiting the range of
rotation angles used and keeping the intensity variation to
about 90~20% of the total.
Figure 7 shows typical measured magnetic center excursions as functions of rotation angle. There are three sets of
measurement data, all of which showed a good reproducibility except for the first run. The magnetic center displacement is evaluated from the ratio of dipole and quadrupole components, and the quadrupole component is
smaller on the weak side, resulting in a relatively large
free-running rate on the weak side.
The excursions were attributed to the magnetic center
offset of the five rings, which was planned to be adjusted.
Unfortunately, this was not completed within the budget
period. Even with these excursions, a mover can compensate for the excursion if the excursions are known as functions of the rotation angle.

Figure 6: Integrated field gradient as a function of the rotation angle. The quadrupole plane tilt is also plotted.
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Figure 7: Magnetic center excursion as functions of the rotation angle. Three lines correspond to three runs of measurements.

Figure 9: Typical measured harmonic components.

THE SECOND UNIT
The second unit is requested as the first element of the
initial doublet for laser-accelerated electron beam focusing
and will be combined with the first prototype. A new PMQ
based on the same configuration with a bore diameter of 25
mm is under fabrication which is close to the original ILC
specification.
The ultrasonic motors in the first unit are replaced by
stepping motors for ease of operation. In addition, the number of motors is reduced by connecting an even number of
rings. (see Fig. 8). Since the lens is not in a strong magnetic
field environment, the outer shell of the magnet ring is
made of magnetic stainless steel (SUS430) to reduce the
stray magnetic field around the lens unit.

Figure 10: The five rings. They attract each other facing in
the direction of a 90-degree turn from their strongest state.

ACKNOWLEDGEMENT
The authors are grateful to Mr. Kawai for his help to measure and assemble the magnets.

REFERENCES
[1] R.L. Gluckstern and R.F. Holsinger: Adjustable Strength
REC Quadrupoles, IEEE Trans. Nucl. Sci., Vol. NS-30, NO.
4,
August
1983,
http://epaper.kek.jp/p83/
PDF/PAC1983_3326.PDF

Figure 8: Electromagnetic stepping motors are used.
The ten-year-old magnetic field measurement systems are
refurbished. A smaller coil was prepared for the smaller
diameter of the magnets in the rotating magnet system.
Since the coil voltage does not change much, the same amplifiers are used replacing the failed IC.
Since the PC was outdated, a digital oscilloscope with
11-bit ADC resolution was used for the ADC. As a result,
the signal-to-noise ratio was reduced but still at a usable
level (see Fig. 9). 2 rotations were made, so noise was generated at each rotation, which was larger than the previous
measurement.
To date, rough adjustments have been completed on all
five magnet rings (see Fig. 10). The assembly and finetuning is planned to be performed within the next few
weeks.
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THE ESS FAST BEAM INTERLOCK SYSTEM: FIRST EXPERIENCE OF
OPERATING WITH PROTON BEAM
S.Gabourin∗ , S. Pavinato, M. Carroll, S. Kövecses, A. Nordt, K. Rosquist
European Spallation Source, Lund, Sweden
Abstract

Signal Conversion Unit (SCU)

The European Spallation Source (ESS), Sweden, currently
in its early operation phase, aims to be the most powerful neutron source in the world. Proton beam pulses are accelerated
and sent to a rotating tungsten target, where neutrons are generated via the spallation effect. The damage potential of the
ESS proton beam is high and melting of copper or steel can
happen within less than 5 microseconds. Therefore, highly
reliable and fast machine protection (MP) systems have been
designed and deployed. The core system of ESS Machine
Protection is the Fast Beam Interlock System (FBIS), based
on FPGA technology. FBIS collects data from all relevant
accelerator and target systems through 300 direct inputs and
decides whether beam operation can start or must stop. The
architecture is based on two main building blocks: Decision
Logic Node (DLN), executing the protection logic and realizing interfaces to Higher-Level Safety, Timing System and
EPICS Control System. The second block, the Signal Condition Unit (SCU), implements the interface between FBIS
inputs/outputs and DLNs. This paper gives an overview
on FBIS and a summary on its performance during beam
commissioning phases since 2021.

The SCU, Fig. 1, is a concentrator for Sensor Systems
connections. It is based on a cPCI standard chassis with
custom electronic cards. An SCU hosts up to 12 Mezzanine
Cards (MC) on which Sensor Systems connect. Two more
cards, called Serializers, host a MPSoC Zynq Ultrascale+ to
manage the connection to the MC by the backplane, and the
communication with the DLN through serial links, redundant optical connections using the Xilinx Aurora 64b/66b
core IP.

INTRODUCTION
At ESS [1] the MP system has been designed in order to
have an optimum balance between appropriate protection
of equipment from damage and high beam availability [2].
Since the proton beam power of 125 MW per pulse (5 MW
average) will be unprecedented and its uncontrolled release
can cause serious damage of equipment within a few microseconds an FBIS is required to provide a minimum latency. The FBIS is responsible of collecting several types
of information from different kind of so-called Sensor Systems. As for example slow systems (Vacuum, magnets and
position of insertable devices) or fast systems (Radio Frequency Control Systems and Beam Instrumentation). These
are inputs for signal processing units that make the decision
on maintaining or not the beam production.

ARCHITECTURE OF FBIS

Figure 1: Signal Conversion Unit - SCU.
Several kind of MC were designed to interface with various types of Sensor Systems. One of them manages PLCbased Sensor Systems [3], and two others fast electronic
Sensor Systems, mainly FPGA-based. Twenty five SCUs
are foreseen along the Linac and in the Target building. The
two first SCUs, installed close to the Ion Source, host also
specific MC to interface with five hardware Actuators, acting
to stop the Beam Production upon DLNs request.

Decision Logic Node (DLN)
The DLN, Fig. 2, performs the protection logic implemented by the FBIS. It also realizes the interfaces to the
Higher-Level Safety, Control System and the ESS Timing
System. It is based on mTCA, using the 3U chassis to host
the redundant DLN carrier boards, heart of the FBIS functionality. It also contains the Timing System Event Receiver
EVR, and a Concurrent CPU to host the FBIS EPICS Control
System IOCs.

The FBIS architecture is fully redundant to ensure it can
reach the Protection Integrity Level requested by the Protection Functions. Hundreads of Sensor Systems connection are
foreseen along the 600m Linac, leading to a specific architecture with two component types: the “Signal Conversion
Unit” (SCU) and the “Decision Logic Node” (DLN).
∗
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Figure 2: Decision Logic Node - DLN.
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A DLN can connect up to 12 SCUs, but in real the maximum will be 5. The full deployment will be of 8 DLNs
connecting the 25 SCUs as shown on the schematic on Fig. 3.
To stop Beam Production, DLNs share a Global Beam Permit
(GBP) through a dedicated optical interface called Optical
Protection Loop (OPL). The communication of the GBP is
based on a Xilinx Aurora 8b/10b core IP. The SCUs hosting
Actuators MC read the OPL state to request a Beam Stop.

When the FBIS is BI and RBI status, it acts on Timing
System, Magnetron Power Supply, Fast Shutdown Unit and
LEBT Chopper. Furthermore RBI acts also on the MEBT
Chopper. When the FBIS is in EBI status it additionally
interlocks the 75 KV High Voltage extracting protons from
the Ion Source.

COMMISSIONING PHASES
Commissioning Activities

Figure 3: FBIS final deployment.

LOGICAL CHOICE
The FBIS makes decision on stopping beam mainly based
on the Beam Permit used by Sensor System to request a beam
stop and the Ready signal, information from the Sensor System that it is ready to operate. The FBIS stops or prevents
beam for devices or systems which are relevant for the Proton Beam Mode (PBM) or Proton Beam Destination (PBD)
provided by the Timing System. In parallel it cross-checks
the PBD and PBM configuration from some Sensor Systems
to ensure no relevant interlock is masked. An operator can
inhibit the beam production pressing a button in an Operator
Interface (OPI), acting as a software Sensor System for the
DLNs.
The FBIS acts on the Actuator Systems using different
strategies:
• Beam Inhibit (BI) function: if an input, e.g., a Ready
Signal, is configured to “No Latching’, the FBIS does
not latch the states of the input but the signal is processed as directly received. The Beam Inhibit is automatically removed when the input is valid again.
• Regular Beam Interlock (RBI) function: if an input,
e.g., a Beam Permit, is configured to “Latching states”
FBIS latches that input when not valid. An external
software reset (rearm button on Fig. 4) is required to
reset the latched state and hence remove the Regular
Beam Interlock.
• Emergency Beam Interlock (EBI) function: after a BI
or a RBI, FBIS checks if the Actuator Systems have
correctly reacted to FBIS Beam Switch-Off Requests .
If the check is invalid FBIS escalates to an EBI.
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While the basic functionalities of the DLN and SCU
firmware are identical to all DLNs and SCUs, there are
individual differences for each DLN and SCU. The individual differences are parameterized before generating the
firmware bitstream, they are hard-coded in the firmware and
not changeable during run-time. For each DLN and SCU
exists an explicit firmware bitstream. At each phase of the
commissioning the configurations for SCUs and DLNs can
change.
The FBIS is commissioned in phases based on the ESS
overall installation and commissioning plan. The testing of
the system is performed in the following steps:
• Factory Acceptance Testing (FAT): Verify functionality
of hardware components and assemblies of components
before installation.
• Site Acceptance Testing (SAT): Verify physical hardware installation of systems and connections.
• IO Verification: Verify the physical interfaces between
all systems and the FBIS.
• Site Integration Testing (SIT): Verify the logic of the
FBIS system while integrated to all the interfacing systems.
• Final Integration Testing (FIT): Verify some “full chain”
functionality and verification of protection functions
where beam may be required for verification.

Normal Operation Activities
All the control functions for the operational activities for
direct interaction with the FBIS such as resetting, monitoring input systems and actuator status are performed via the
EPICS control system infrastructure. The main OPI for the
operators is shown in Fig. 4. The MPSoS High level OPI has
been designed following a matrix approach composed by a
set of rows (corresponding to the inputs to FBIS represented
as round LEDs) and columns (corresponding to the outputs
from FBIS represented as square LEDs).
The FBIS hardware OPI for the NCL commissioning
phases shows the installed hardware and connections, Fig. 5,
and is used by MPS experts to monitor the FBIS state and
understand some beam stop chronological events through
an history buffer.
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Figure 4: MPSoS main OPI.

Results from Commissioning Phases
There have been four commissioning phases, each going
further as destination. Ion Source, LEBT Farady Cup (FC),
MEBT FC and DTL1 FC. When a new commissioing phase
occurs, new connections are added to the FBIS, and most
of the commissioning activities described above need to be
repeated.
So far the FBIS has contributed to guarantee the ESS machine protection in the commissioning phases up to MEBT
FC and DTL1 FC. Minor bugs in the logic, in the EPICS
IOCs controlling SCUs and DLNs and in the interfaces with
different systems have been found and promptly fixed during
the first commissioning phase. Reaction time measurements,
to see how fast is the FBIS to stop the beam, have been
carried out with different combinations of PBM and PBD.
The measurements have proved that FBIS can stop the beam
within the time that it has been designed for, which for the
NCL part is 5 µs from BCM request to Actuators triggering.

CONCLUSION AND OUTLOOK
From spring 2023, the next commissioning phase (DTL4
FC) will include three more DTL tanks and some Beam
Instrumentation equipment. Then there will be a big step by
connecting the full Linac, including the Target instruments,
for the protection of the machine in 2025. As FBIS was
designed to be modular and scalable, most of the efforts
are oriented towards functionality improvement and new
features more than following the accelerator installation.
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Figure 5: FBIS hardware status OPI.

REFERENCES
[1] R. Garoby et al., “The European Spallation Source Design”,
Phys. Scr., vol. 93, p. 014001, 2018.
doi:10.1088/1402-4896/aa9bff
[2] T. Friedrich, C. Hilbes, and A. Nordt, “Systems of systems
engineering for particle accelerator based research facilities: A
case study on engineering machine protection”, in Proc. 11th
Annual IEEE Int. Systems Conference (SysCon’17), Montreal,
QC, Canada, Apr. 2017, 8 pages.
doi:10.1109/SYSCON.2017.7934806
[3] S. Gabourin, A. Nordt, and S. Pavinato, “Implementation of a
VHDL application for interfacing Anybus CompactCom”, in
Proc. ICALEPCS’21, Shanghai, China, Oct. 2021, pp. 755-758.
doi:10.18429/JACoW-ICALEPCS2021-WEPV041

Technology
Other technology

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-MOPORI18

OVERVIEW OF STFC DARESBURY LABORATORY VACUUM
OPERATIONS FOR THE TESTING OF ESS HIGH BETA CAVITIES*
S. Wilde1,2, K. Middleman1,2, O, Poynton1,2, M. Pendleton3, D. Mason3, J. Mutch3, G. Miller3
1
ASTeC, STFC Daresbury Laboratory, Warrington, UK
2
Cockcroft Institute, STFC Daresbury Laboratory, Warrington, UK
3
Technical Department, STFC Daresbury Laboratory, Warrington, UK
Abstract
This paper describes the vacuum systems and operations
that are used at the STFC Daresbury Laboratory superconducting radio frequency (SuRF) lab during cold RF testing
of European Spallation Source (ESS) high beta superconducting radiofrequency (SRF) accelerating cavities. Dedicated slow pump slow vent (SPSV) systems are used to
perform vacuum acceptance testing of each cavity before,
during and after cold RF testing. Details of the vacuum systems, acceptance criteria and test results will be discussed
in detail.

(UHV) specification [2]. Each vacuum acceptance testing
step is performed at pre-defined junctures within the overall process of testing the ESS SRF cavities for SRF performance. An overview of the testing procedure, including the
vacuum acceptance testing schedule is described in Fig. 1.
A full and detailed description of the SRF testing and setup
is given in [3].

INTRODUCTION
The ESS will be the most powerful linear proton accelerator that has ever been built. The accelerated protons will
impact a helium cooled tungsten target wheel and produce
neutrons that can be used to analyse the nanostructure of
materials at the atomic level. STFC will supply 84 high
beta SRF accelerating cavities to ESS as part of the UK’s
in-kind contribution to the facility. The SuRF lab was purpose built to conduct acceptance testing of the ESS high
beta cavities once they have been built by industry partners. A range of acceptance testing is performed, including
mechanical, cleanroom, vacuum, and RF. However, this
paper will concentrate on the vacuum acceptance testing.

VACUUM ACCEPTANCE CRITERIA
Vacuum acceptance criteria have been developed so that
each SRF accelerating cavity can be expected to work at
optimal performance when installed into the ESS beamline. The acceptable helium leak rate is <1E-9 mbar l/s
within the cavity beamline vacuum space and <2E-10 mbar
l/s within the helium jacket vacuum space. The helium
jacket vacuum space was given a more stringent helium
leak rate acceptance criterion so that there is reduced risk
of a cold superfluid helium leak once the cavity is installed
within cryomodules. All helium leak rates are measured using a Leybold Phoenix Vario leak detector.
Cavities must be delivered to STFC with a total pressure
of <1 mbar within the cavity beamline vacuum space. Cavities are at risk of particulate contamination if they are delivered with total pressure of >1 mbar as this puts the vacuum characteristics within the molecular flow regime [1].
The cavity beamline vacuum space must be measured
using a residual gas analyser (RGA) and meet the specifications described in table 1. RGA measurements are performed using an MKS Microvision 2 and ensure that the
cavity beamline vacuum space is within ultra-high vacuum
Technology
Other technology

Figure 1: Simplification of the cavity testing process at
STFC.

VACUUM TESTING SYSTEMS
Purpose built slow pump slow vent (SPSV) vacuum systems have been designed and built to perform vacuum acceptance testing. Two SPSV systems, comprising three
separate pumping lines, are used during cold RF testing of
cavities. A schematic of the SPSV systems is shown in
Fig. 2. Each of these two systems is housed on a test insert
that can hold up to three cavities. The cavities are loaded
onto the test insert, located at a parking stand, and incoming vacuum acceptance testing is performed. The incoming
acceptance testing begins by making vacuum connections
to the right-angle valve (RAV) of the cavity within an ISO
4 glovebox and recording particulate counts. The SPSV
system is then slow pumped at a rate of 10 mbar / min and
a helium leak test of the cavity connection and RGA analysis of the SPSV system is performed. If the SPSV is accepted, then the cavity RAV is opened and leak testing and
RGA analysis of the cavity is performed. Valve V7, as described in Fig. 2, is closed when opening the cavity RAV,
and protects the SPSV system from overpressure. So long
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Table 1: Summary of RGA Acceptance Criteria. Calculation to be Performed at 10-7 mbar or Below.
Pressure
Region
HV –
UHV

General
Contaminants
(%)

Perfluoropolyphenylethers
(Sum of peak at 69 and 77 amu)
(%)

Chlorinated species
(Sum of peak at 69
and 77 amu) (%)

Comment

0.75

0.075

0.075

Assuming unbaked
system

Figure 2: Schematic of SPSV system.
as the cavity pressure is <1 mbar then testing can continue.
If Cavity pressure is ≥1 mbar, then cavity is slow pumped
and rejected.
If the cavity passes incoming vacuum acceptance, then
the test insert is moved to a bunker area for cold RF testing
to take place. The test insert is moved back to the parking
stand after cold RF testing is complete and the outgoing
vacuum acceptance testing is performed and cavity RAV
closed.

RGA ACCEPTANCE TESTING RESULTS
Sixty-six cavities have been tested so far using RGA
analysis and all have been within specification. A typical
outgoing RGA scan is shown in Fig 3.
Repeated RGA testing has shown that there is a process
bottleneck whilst waiting for RGA filaments to degas and
therefore meet the required acceptance criteria i.e. the cavity RAV is still closed but SPSV is awaiting acceptance.
This has meant that each SPSV system is to be upgraded
so that RGA’s can be isolated and kept under vacuum using
an ion pump. Thus, the RGA does not need to be vented
when changing cavities on the insert and the RGA filaments can always remain on (except during transfer from
parking stand to bunker). This change will save approximately one day per testing run.
MOPORI18
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Figure 3: Typical accepted RGA spectrum of ESS SRF cavity.

HELIUM LEAK RATE MEASREMENTS
Helium leak rates have been measured using two different techniques. Measurement of the cavity beam line has
been performed by spraying helium around flanged joints
and welds whilst measuring the leak rate using a leak detector. Cavity helium jackets have been measured whilst
pumping on the helium jacket vacuum space with a leak
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Table 2: Summary of Helium Jacket Leak Rates (*2E-12
after 24 hours).
Cavity Leak rate after 1 Leak rate 1 hour after
hour (mbar l/s)
hot purge (mbar l/s)
H051
7E-8
2E-10
H047
2E-10
H060
1E-9
4E-10*
H034
6E-10
9E-11
H074
7E-10
1E-12
H035
2E-10
1E-12
H064
3E-9
1E-12
H061
1E-12
H076
3E-10
1E-12
H067
1E-12
H074
1E-12
H077
9E-11
H080
1E-12
H085
9E-11
H083
9E-11
H014
4E-11
H017
4E-11
H088
1E-10
H018
1E-12
H035
2E-10
2E-12
H068
3E-11
H037
2E-11
detector and then enclosing the entire cavity with a helium
filled bag, the resulting leak rate is then measured. To date,
sixty-six cavities have been tested for the beam line leak
tightness and twenty-two have been tested for helium
jacket leak tightness, all met the leak rate requirements.
However, helium leak rate testing of the cavity helium
jacket has proved to be complicated in some instances
since the in-vacuum surfaces of the helium jacket will have
recently been exposed to liquid helium during cold RF testing. After leak rate testing of several different cavities, we
noticed that if the required leak rate was not reached within
one hour of initial pump down, then it would take several
days to reach the required rate of <2E-10 mbar l/s. Thus, a
solution to speed up the outgassing of the adsorbed helium
needed to be implemented so that the outgoing helium
jacket leak test could be performed within a reasonable operational timeline.
The solution to the problem came in the form of a nitrogen purge using heated nitrogen gas. An Omega AHP-3741
in-line gas heater was used to heat the nitrogen gas to approximately 80˚C at the inlet to the helium jacket. The helium jacket itself did not heat above 30˚C. A thermal imaging camera was used to measure the temperature of both
the helium jacket inlet and helium jacket, and the images
are shown in Fig. 4.
It should be noted that not all cavities required the hot
purge to reach the required helium leak rate. Thus, cavities
are pumped for one hour, if a leak rate of <2E-10 mbar l/s
is achieved in that time, then testing can continue. If the
required leak rate is not achieved, then the hot purge is implemented. Table 2 highlights that all but one tested cavity
requiring the hot purge subsequently reach the required
Technology
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leak rate within one hour of pumping after the purge, saving a potential of several days of operational time.

Figure 4: Thermal imaging of A, the helium jacket inlet,
and B, the cavity helium jacket.

INCOMING CAVITY PRESSURE
MEASUREMENTS
Incoming cavity pressure typically ranges between E-5
to E-3 mbar. However, two cavities have been received
with pressure of 1 mbar and were subsequently rejected as
out of specification and sent back to the vendor for repair.
Both instances of overpressure were a result of RAV which
leaked though the closing face of the valve. Since each
RAV was repurposed from XFEL cavity manufacture (but
with incomplete history i.e. unknown how many times
each RAV has been cooled to 2K), then it has been assumed
that RAV can become damaged by repeated thermal cycling. Further testing is required before conclusions can be
made as to whether there is a maximum number of times
each RAV can be thermally cycled before they are no
longer fit for purpose.

CONCLUSIONS
To date, all ESS high beta cavities have achieved the required helium leak rates and RGA characteristics. Two failures have occurred due to faulty RAV. All data will be compiled once cavity testing is complete and further information will be reported at that time.
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Abstract

Table 1: Important Parameters of the Deflecting Cavity

A transverse deflecting cavity is being developed for the
electron linac ELBE (Electron Linac for beams with high
Brilliance and low Emittance) to separate the bunches into
two or more beamlines so that multiple user experiments can
be carried out simultaneously. A normal conducting double
quarter-wave cavity has been designed to deliver a transverse kick of 300 kV when driven by an 800 W solid-state
amplifier at 273 MHz. The main challenges in fabrication
were machining the complex cavity parts with high precision, pre-tuning the cavity frequency, and the final vacuum
brazing within the tolerances, which are described in this
paper. The reason for a low intrinsic quality factor measured
during the low power test was investigated, and suitable steps
were taken to improve the quality factor. The cavity field
profiles obtained from the bead-pull measurement matched
the simulation results. Further, the cavity was driven up to
1 kW using a modified pick-up cup, and eventually, vacuum
conditioning of the cavity was accomplished. The cavity
fulfills the design requirements and is ready to be installed
in the beamline.

Parameter

Value

Cavity: width x height x length 275x181x500 mm
Cavity aperture
𝑉𝑎𝑝
30
mm
Resonance frequency
𝑓0
273
MHz
Frequency tuning range Δ𝑓0
-1.67 to 1.86 MHz
Shunt impedance
𝑅⊥ /𝑄
9.96
MΩ
Intrinsic Q-factor
𝑄0
11188
Geometry factor
𝐺
57.03
Ω
Deflecting voltage
𝑉⊥
300
kV
RF power loss
𝑃0
810
W
Peak electric field
𝐸𝑝𝑘
2.49
MV/m
Peak magnetic field
𝑆𝑝𝑘
1.21
W/cm2
cation. Additionally, we discuss the results of the frequency
pre-tuning, on-axis field measurement and RF conditioning
of the cavity.

Port C

Port B
Port A

INTRODUCTION
The linear electron accelerator, ELBE (Electron Linac for
beams with high Brilliance and low Emittance) at HelmholtzZentrum Dresden-Rossendorf (HZDR), Germany, is a versatile machine that drives six distinct secondary particle
and radiation sources used in a wide range of experiments
related to health, matter, transmutation, and accelerator development [1]. In the current beamline setup, the accelerated
high energy beam can only be transported to a single experimental station at any given time. This limits the utilization
of the accelerator to one user at a time. To overcome this
limitation, a new radio-frequency (RF) deflecting cavity was
proposed in [2], which can distribute the bunches from the
existing single beam into two or more beamlines. This cavity would enable the simultaneous operation of the multiple
downstream secondary sources, thus significantly enhancing
the accelerator’s capabilities. Furthermore, this deflecting
cavity is being actively considered as a beam separator for
the proposed future accelerator facility at HZDR [3]. The
complete geometry of the deflecting cavity is show in Fig. 1,
and its parameters are listed in Table 1. The design of the
cavity is discussed in [2], and this paper focuses on its fabri∗
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Unit

FPC

Pick-up

Port 1
Port E

Left tuner

Port 2
Port D

Right tunerVacuum port

Figure 1: The cavity geometry showing all the cavity ports
and the cavity components associated with the ports.

FABRICATION
Manufacturing a cavity out of a single solid copper block
is not viable, either technically or financially. The cavity
must therefore be divided into smaller parts so that these
parts can be machined with greater accuracy. However, the
tolerances achieved during machining may be impacted by
brazing since the number of brazing joints increases with
the number of cavity parts. Therefore, the cavity should be
divided into fewer parts to reduce the number of brazing
joints while maintaining the required tolerances. The cavity
Technology
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Part B

Part C
Part A

Part B

Part C

a) Method I

a) Part A
d) Steel base as a template

Part A
b) Method II

Figure 2: The cavity is divided into three parts in the two
different methods considered for fabricating the cavity.

FREQUENCY PRE-TUNING
Despite the fact that the cavity parts were machined with
great accuracy, fabrication errors cannot be totally eliminated. Fabrication errors intrinsically change the cavity
geometry and affect the cavity’s resonance frequency. This
Technology
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b) Part B

Channel for brazing alloy
Screw holes for tightening
Alignment holes
e) Part C zoomed

c) Part C

Figure 3: Three parts of the copper cavity were machined
separately, and the stainless steel base was used as a template
for machining the parts.
frequency shift should be measured and corrected before the
final brazing of the cavity parts. The Part C of the cavity
had an excess height of 5 mm, and this increased the cavity
aperture (𝑣𝑎𝑝 ) to 35 mm, which also increased the frequency
by 12 MHz. The cavity’s resonance frequency for different
cavity apertures obtained through simulation is shown in
Fig. 4, and the data points are fitted to a quadratic function.
The trimming of the excess height of Part C decreases
both the cavity aperture and the resonance frequency. Subsequently, three data points were considered sufficient for
extrapolating a quadratic curve, and three machining steps
were chosen. Before every machining step, the cavity sections were stacked, lined up with the aid of the alignment
holes and bolted to achieve leak-tight joints (Fig. 3 e). Then
the distance between the stems (cavity aperture) and the
cavity’s resonance frequency was measured. Importantly,

Resonance frequency, 𝑓0 [MHz]

was divided into three parts taking these constraints into
account. Primarily, the deflecting cavity can be divided into
two ways for fabrication (Fig. 2).
In the first method, the stems are machined to the exact
dimensions using a single block to form Part B, whereas
parts A and C are machined separately with excess height
where they join with Part B (Fig. 2 a). This method is similar
to the fabrication methodology followed in machining the
superconducting deflecting cavity discussed in [4]. The
excess material from parts A and C can be trimmed for the
frequency pre-tuning of the cavity, and this excess height
has a frequency sensitivity of −93.51 kHz/mm in the present
cavity. In the second method, parts A and B are machined
separately from different copper blocks with higher precision.
On the other hand, Part C may have extra height where it
meets parts A and B. In the present deflecting cavity, the
trimming of additional height has a frequency sensitivity
of 2.76 MHz/mm.
A lower sensitivity value for the trimming region allows
for precise tuning of the cavity frequency. In this context,
Method I is preferable, but this demands long milling tools
to reach the center of Part B. A longer tool tends to flex,
causing shudder and overloading of the milling spindle. A
tool with larger diameter will avoid shuddering, but this
degrades the surface quality. Even though Method II requires
precise trimming and a superior brazing quality, the most
sensitive parts of the cavity, the stems, can be machined to
higher precision. Method II was eventually chosen, with an
accuracy of 40 µm defined for trimming the excess height
from Part C.
The three cavity parts were machined from a copper block
(Fig. 3). An additional stainless steel fixture functioned as
a template for aligning the cavity parts during machining
(Fig. 3 d). This helped reach the specified dimensional tolerances. The dimensions of the machined parts were measured
and verified against the design values. In addition, the root
mean square surface roughness was measured at different
points on the cavity’s inner surface. The measured values
ranged from 0.3 µm to 2 µm, which was significantly lower
than the specified value of 3 µm.

287
285
283
281
279
277
275
273
271
269
267

Resonance frequency: simulation
Quadratic fit : simulation values
Resonance frequency: measured
Extrapolated curve: measured values

(𝑣𝑎𝑝,0 , 𝑓0,0 )

(𝑣𝑎𝑝,1 , 𝑓0,1 )
Target frequency

(𝑣𝑎𝑝,2 , 𝑓0,2 )

𝑡3

(𝑣𝑎𝑝,3 , 𝑓0,3 )

28

30

𝑡2

𝑡1

32

34

Cavity aperture, 𝑣𝑎𝑝 [mm]

Figure 4: The cavity’s resonance frequency for different
apertures obtained from the simulation is plotted along with
the values measured during the frequency pre-tuning process.
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Table 2: Measurement Values Obtained During the Frequency Pre-tuning of the Cavity
Step

Trim

Aperture vap [mm] Frequency f0 [MHz]

t [mm] Expected Measured Expected Measured

0th
–
1st 2.00
2nd 2.00
3rd 0.98
After brazing

35.08
33.08
31.16
30.18
30.16

35.08
33.16
31.16
30.16
30.20

285.237
280.830
275.966
273.000
273.056

285.002
280.407
275.554
273.056
273.122

all the cavity components were installed to ensure that the
pre-tuning process would also compensate for errors arising
from these components. A trim height (𝑡) of 2 mm was fixed
for the first two machining steps to ensure that there was
sufficient excess material left for the final machining step.
The results of the frequency pre-tuning are given in Table 2
and Fig. 4, and the cavity resonance frequency was offset
only by +56 kHz. After that, vacuum brazing of the cavity
was carried out, and this increased the frequency error by
62 kHz. This frequency shift can be compensated easily
with the available frequency tuners.
The intrinsic quality factor of the cavity (𝑄0 ) after brazing was measured to be 6500, which was 60 % of the design
value. A decrease in 𝑄0 by half doubles the RF power required to achieve a required kick voltage. Therefore, it was
important to investigate the degradation of the quality factor
in the present case.

INVESTIGATION OF LOW 𝑄0
The intrinsic quality factor of the cavity not only depends
on the power loss on the plain cavity surface but also on the
frequency tuners, the fundamental power coupler (FPC), the
pick-up probe and the RF filter at the vacuum port. Thus,
each of these losses must be measured independently to determine the element that lowers the 𝑄0 . The Q-factor of
the individual components is measured one at a time using
the two loosely coupled antennae placed at the Port 1 and
Port 2, i.e, at the beam entrance and exit of the cavity. The
Q-factor of the cavity components obtained during measurement is compared with the simulation in Table 3. Besides the
RF filter, the measured Q-factor agrees with the simulated
results.
In the pre-buncher cavity at ELBE, a rectangular steel
mesh securely fastened to a steel cup was used to prevent
a leak in the RF field via Port A. A similar concept was
emulated in the present cavity. The low conductivity steel
mesh and improper electrical contact increased the surface
resistance, resulting in a higher Q-factor. Originally, the RF
filter was provided to prevent field leakage to the vacuum
pump. As the operating frequency is an order lower than
the cut-off frequency of Port A (2.791 GHz), the field will
significantly decay before it reaches the other end of the port.
As a result, the RF filter was not used, and a 𝑄0 of 10250
was measured.
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Table 3: The Q-factor of the individual cavity components
obtained from the measurement is compared with the simulation.
Port

Component

–
A
B
C
D
E

Cavity
RF filter
Pick-up
FPC
Tuner 1
Tuner 2

Q-factor from
measurement

simulation

10 465
19 506
5.98 × 105
5.88 × 105
6.24 × 105
6.24 × 105

10 741
6.27 × 105
6.93 × 105
2.26 × 106
8.25 × 105
7.96 × 105

FIELD MEASUREMENT
The perturbation of a cavity by a small bead shifts the
resonance frequency, and the change in resonance frequency
is proportional to the field at the perturbing object [5]. A
bead-pull measurement setup was built similar to the one
discussed in [6]. The dielectric and metallic spherical beads
of 5 mm diameter were used for measurements. As the bead
travels along the cavity axis, it perturbs the field, and the
input signal’s phase shift at the resonance frequency was
recorded. The phase shift Δ𝜙 is converted to the frequency
shift Δ𝜔 using the expression:
Δ𝜔
1
=
tan Δ𝜙.
𝜔
𝑄0

(1)

Figure 5 shows the results of the bead-pull measurement.
Here, the frequency shift obtained with the dielectric sphere
directly corresponds to 𝐸𝑦 . In contrast, the influence of 𝐻𝑥
has to be extracted from the values measured with the metallic bead [6]. Therefore, the dielectric field result was scaled
such that the values obtained at the cavity center (𝑧 = 0)
were identical to those of the metallic sphere. Subsequently,
the difference between the metallic and scaled dielectric values renders |𝐻|2 . This procedure is justified, since in the
center of the cavity at 𝑧 = 0 only an electric field exists
and thus both a dielectric and a metallic bead must give the
same result. Qualitatively, the field profiles obtained from
the bead pull measurement agree with the simulation results.

RF TEST SETUP
After the field measurement, the cavity was cleaned to
ISO 5 cleanroom standards. An experimental setup was built
to conduct the warm RF testing of the cavity (Fig. 6). A
signal generator drives the RF amplifier, and the power is
delivered to the cavity via a circulator, which protects the
amplifier from the reflected power. Power meters are used to
measure the input power, the reflected power and the power
sampled by the pick-up probe. A temperature-controlled
chiller provides cooling water required for the cavity, FPC,
amplifier and circulator.
The cavity was evacuated, and a base pressure of
6 × 10−9 mbar was reached. The input power to the cavity was increased in steps after ensuring a stable vacuum at
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Δ𝜔/𝜔0 ×10−6

2

Metallic sphere

Dielectric sphere

Scaled dielectric sphere

|𝐻|2 computed

0
-2
-6

a) Pick-up region during operation

Figure 7: A snapshot of the pick-up probe surface captured
through an infrared camera when 400 W of power was fed
to the cavity (a) and the silver coated pick-up cup (b).

-4
-8

−200

−100
0
100
Along the 𝑧-axis [mm]

200

Figure 5: The relative frequency change along the cavity
axis measured with the metallic and the dielectric spherical
bead. The graph represents the mean of 40 measurements,
and the difference between the values of the scaled dielectric
and those of the metallic sphere render |𝐻|2 .
each step. At 400 W of input power, the temperature on the
surface of the pick-up probe increased to 67 °C (Fig. 7 a).
The surface power loss on the pick-up is high due to the
low electrical conductivity of the steel. Furthermore, absence of cooling channels in this region resulted in poor heat
conduction which increased its surface temperature. The
input power to the cavity was not increased further to avoid
damaging the pick-up probe.
Installation of the coolant channels on the existing pick-up
was technically not possible. Therefore, the inner surface of
the pick-up cup was coated with silver (Fig. 7 b), which in-

RF cavity
Bi-directional
power coupler

𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
𝑃𝑟𝑒𝑓
𝑃𝑓 𝑤𝑑

Circulator
50 Ω load

𝑃𝑔
RF amplifier

𝑓𝑐 , 𝑃𝑠𝑔
Signal Generator

Figure 6: The cavity and the associated components arranged
for the warm RF test (left); the sketch shows the RF devices
and the power measurement points.
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b) Silver coated pick-up

creased the electrical conductivity, lowering the surface loss.
By this, the cavity was successfully vacuum conditioned at
1 kW with the modified pick-up probe. At this power level,
the temperature on the pick-up surface was around 45 °C.

SUMMARY
A copper prototype deflecting cavity required for the beam
separation at ELBE has been successfully fabricated. Degradation of the intrinsic quality factor was investigated, and
elimination of the RF filter improved the Q-factor. Furthermore, the field profile along the cavity axis was measured,
and the results agree with the simulation. An RF test setup
was built, and the cavity was vacuum conditioned with the
modified pick-up. The cavity meets the design requirements
and is ready to be tested with a beam.
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Abstract
We conducted a high-power test of a prototype cavity of a
324-MHz inter-digital H-mode drift tube linac (IH-DTL) for
the muon 𝑔-2/EDM experiment at J-PARC. This prototype
cavity (short-IH) was developed to verify the fabrication
methodology for the full-length IH cavity with a monolithic
DT structure. After 40 h of conditioning, the short-IH has
been stably operated with an RF power of 88 kW, which
corresponds to 10% higher accelerating field than the design
field (E0 ) of 3.0 MV/m. In addition, the thermal characteristics and frequency response were measured, verifying
that the experimental data was consistent with the threedimensional model. In this paper, the high-power tests of
this IH-DTL for muon acceleration are described.

INTRODUCTION
At the Japan Proton Accelerator Research Complex (JPARC), an experiment is planned to measure the anomalous magnetic moments of muons [1] and search for electric
dipole moments using accelerated muons by a muon linear
accelerator (linac) [2]. The muon linac consists of a radiofrequency quadrupole linac (RFQ), an inter-digital H-mode
drift-tube linac (IH-DTL), disk and washer coupled cavity
linacs (DAW-CCL), and disk-loaded accelerating structures
(DLS) [3, 4]. Muons are accelerated from an energy of
25 meV to 212 MeV (𝛽 = 0.95), avoiding significant emittance growth to satisfy the experimental requirement of a
transverse divergence angle of less than 10−5 .
The muons bunched and accelerated by the RFQ are accelerated from 0.34 MeV to 4.3 MeV (𝛽 = 0.08 − 0.28). The
Alvarez DTL is widely used for this 𝛽 region. However, reducing construction costs is critical for the realization of our
experiment. Therefore, we employed the alternating phase
focusing (APF) [5] method. The APF method utilizes the
transverse focusing force derived from the RF electric field
by appropriately selecting each gap’s positive and negative
synchronization phases. With this scheme, the structure
can be drastically simplified by omitting the complicated
focusing-element-containing drift tubes (DT). The APF is
∗
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usually used for heavy ion linacs having relatively low beam
currents [6–8]. For our muon linac, the beam current is very
low, so we considered it applicable. However, more careful
treatment of the RF transverse force was necessary in the
beam dynamics design [9] because of the much lighter mass
of the muon.
Moreover, for the APF IH-DTL cavity, a three-piece structure [10], which is also effective for cost reduction, can
be applied. A center plate and two semi-cylindrical side
shells made of oxygen-free copper (OFC) are bolted together
to form the cavity structure. On the center plate, all DTs
are monolithically machined. With this method, the timeconsuming DT alignment procedure is not required.
However, because this is the first case that the monolithic
DT structure is being applied to a 324 MHz IH-DTL cavity
for muon acceleration, we developed a short-length IH-DTL
(henceforth called “short-IH”) as a prototype. We already
confirmed that the field accuracy of less than ±2 %, which
is required by the beam dynamics design [11], was achieved
only by machining [12]. In this paper, the results of the high
power test of short-IH are described.

SHORT-IH
Figure 1 shows the short-IH structure, which corresponds
to the upstream one-third of the full-length IH-DTL (full-IH).
The short-IH has the same synchronous phase as the first

Tuner

RF contactor
O-ring

…

y
z

Figure 1: Mechanical structure of the short-IH. (A) Center
plate. (B) Cross-sectional view.
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Table 1: Comparison of the full-IH and short-IH
Parameters

Full-IH

Beam pulse width (ns)
Repetition rate (Hz)
RF pulse width (µs)
Resonant frequecy (MHz)
Number of the cells
Extraction energy (MeV)
Cavity length (m)
Averaged accelerating field (MV/m)
Maximum surface field (MV/m)
[𝐸 𝑘 : Kilpatrick limit [13]]
Unloaded Q factor Q0
Nominal peak power (kW) [100% Q0 ]

Short-IH
10
25
40
324

16
4.26
1.45
3.6
35.4
2.0 𝐸 𝑘
10910
310

324-MHz Klystron

Circulator
Waveguides - Coaxial lines
Pf
Power
meter

GUI

6
1.30
0.45
3.0
34.7
1.9 𝐸 𝑘
8600
65

six cells of the full-IH, which has 16 cells, and it can accelerate muons from 0.34 MeV to 1.30 MeV (𝛽 = 0.08 − 0.15).
Table 1 summarizes the design of the full-IH and short-IH.
The three-piece structure was adopted. Two side shells
and a center plate are bolted together, and on the center
plate, DTs are monolithically machined, as shown in Fig. 1.
Each of them is made of OFC class 1. A coil spring RF
contactor made of beryllium copper was installed in the
grooves on both sides of the center plate, and the vacuum
was sealed with viton O-rings. After the machining, no
surface treatments, such as baking, acid rinsing, chemical
polishing, or chromate treatment, were applied to reduce the
fabrication cost.
The short-IH cavity has three tuner ports, three RF pickup
ports, one RF coupler port, and a pumping port with slits [12].
To simplify the tuner structure, no RF contactors were used
even under high-power operation. A loop-type RF coupler
was used to supply the RF power [14]. The size and default
angle of the loop antenna were determined using a low-power
coupler [12]. The coupling coefficient of the coupler was set
to the critical coupling under high-power operation because
the muon beam current is so small that the beam loading is
assumed to be negligible.
After the fabrication of the short-IH, low-power tuning were conducted. the frequency was fine-tuned to be
324.00 MHz with the three tuners. The measured unloaded
Q factor (Q0 ) after the tuning was 7100, which corresponds
to 86% of the simulated Q0 . Considering the measured Q0 ,
the RF power required for the nominal voltage is 75 kW.

EPICS IOC

Directional
coupler

Pr

VSWR
meter

Pc

RF coupler
Pickup
loop

PLC
Thermocouple

Cavity

BA gauge

Figure 2: Block diagram of the high-power test system.
cavity temperature, and one thermocouple was placed 2 m
away from the cavity to measure the ambient temperature.
Figure 2 shows a block diagram of the high-power test
system. A directional coupler was inserted to measure the RF
power forward to and reflected from the cavity using power
meters [16]. The cavity pickup signal was also measured
with the power meter. The data from the power meters were
directly recorded by an input/output controller (IOC) of an
experimental physics and industrial control system (EPICS).
In addition, the RF powers were monitored using the voltage
standing wave ratio (VSWR) meters to turn off the RF power
in case of excessive reflections.
Conditioning Figure 3 shows the conditioning history.
The high-power test was operated only during the daytime,
and the horizontal axis of the plot shows the integrated RFon time. As described in the previous section, no surface

HIGH-POWER TEST
Experimental apparatus The high-power test was conducted at the J-PARC linac building. The RF power from a
324-MHz klystron (Canon E3740A [15]) was applied to the
cavity using waveguides (WR2300), coaxial lines (WX203D77D), and the RF coupler. The cavity was evacuated with
a 240-L/s turbo-molecular pump. The vacuum pressure in
the cavity was measured using a Bayard-Alpert (BA) gauge,
and an interlock was applied to turn off the RF power when
the pressure exceeded 1.0 × 10−3 Pa. Three thermocouples
were attached to the outer wall of the cavity to measure the
Technology
Room temperature RF

Figure 3: Conditioning history of the cavity power and pressure of the short-IH. Red arrows indicate the cavity trip
caused at the nominal duty factor.
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treatment process was applied, so a lot of gas emissions and
discharges occurred at the beginning of the conditioning.
Thus, the conditioning was started with a low duty factor
(repetition rate of 1 Hz and pulse width of 20 µs), and the
power and duty factor were gradually ramped up. As conditioning progressed, the outgases steadily decreased. It took
32 h from the start of the conditioning to achieve a nominal
duty factor of 0.1% (25 Hz, 40 µs) and the required peak
power of 75 kW, considering the measured Q0 .
After reaching the optimum nominal power and duty factor, holding tests with nominal and increased accelerating
field were conducted. The cavity trip occurred only twice
during the 7-h holding test with nominal power. During the 7h operation with 88 kW, which corresponds to 10% increased
voltage, there was no trip. From these results, even though
no surface treatment was applied and RF contactor-less movable tuners were used, it is confirmed that the short-IH can
be operated quite stably after following the appropriate conditioning process.
Thermal characteristics The thermal characteristics
of the short-IH were measured and compared to the results
of a three-dimensional finite element method (FEM) analysis. The temperature distribution and deformation due to
the power dissipation were analyzed using CST MICROWAVE
STUDIO and MPHYSICS STUDIO [17]. To simplify the calculation, detailed structures of components such as slug tuners
and RF contactors are omitted in this analysis.
First, the transient temperature distribution in the cavity was derived using the simulated power dissipation, as
shown in Fig. 4 (a). Here, the heat transfer coefficient at the
surface of the cavity outer wall is set to 8 W/m2 · K assuming natural convection to the atmosphere [18]. Then, using
the temperature distribution, the deformation and frequency
shift response were calculated.
Figure 4 (b) shows the measured and simulated transient
behavior of frequency shift (Δ 𝑓 ) from 324 MHz for an RF
power of 88 kW. The horizontal axis represents the time
after RF power is turned on. The measured and simulated
−1
−1
data were fitted with Δ 𝑓 ∝ (𝑒 𝜏1 + 𝑒 𝜏2 ). The measured frequency were consistent with the simulation results within
several tens of kHz. Moreover, the two measured time constants were also consistent with the simulation results. Figure 4 (c) represents the temperature drift of the cavity. The
temperatures of the three thermocouples attached to the outer
wall of the cavity were averaged, and their differences from
the ambient temperature were plotted. The measured temperature of the outer cavity wall was in good agreement with
the simulation result. In the simulation, the temperatures
of the DTs increase with quicker time constants than the
temperature of the outer wall during t = 0 ∼ 0.3 h because
the heat capacities of the DTs are smaller than that of the
cavity wall. This result indicates that the two time constant
are derived from the DT’s local deformation and the entire
cavity’s thermal expansion, respectively. These results prove
the validity of the simulations of the IH-DTL.
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Figure 4: (a) Simulated temperature distribution with the
RF power of 88 kW. (b) Frequency shift as functions of
time after the RF power of 88 kW was turned on. Solid lines
show the fitting results. (c) Temperature drift as functions
of time. The data indicates the difference between ambient
and cavity surface temperatures. The dotted lines show the
simulated temperatures of the first and third DTs and outer
wall.

SUMMARY
A high-power test of an APF IH-DTL (short-IH) for the
muon linac was successfully conducted. After 40 h of conditioning, the peak power reached 88 kW, corresponding to
a 10% higher accelerating field than the design field. We
demonstrated that even though no surface treatment was
applied, the short-IH could be operated very stably. Moreover, the transient behavior of temperatures and frequency
were measured and compared with the 3D FEM model. The
measured frequency shift was consistent with simulations to
within several percent. This study proves that the design and
fabrication methodology established by the short-IH can be
applied to the full-IH required for the realization of the new
muon 𝑔-2/EDM experiment.
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HIGH-POWER TESTING RESULTS OF X-BAND RF WINDOW
AND 45 DEGREES SPIRAL LOAD
M. Boronat†, N. Catalan-Lasheras, G. McMonagle, H. Bursali, A. Grudiev, I. Syratchev
CERN, Geneva, Switzerland
Abstract
The X-Band test facilities at CERN have been running
for some years now qualifying CLIC structure prototypes,
but also developing and testing high power general-purpose X-Band components, used in a wide range of applications. Driven by operational needs, several components
have been redesigned and tested aiming to optimize the reliability and the compactness of the full system and therefore enhancing the accessibility of this technology inside
and outside CERN. To this extent, a new high-power RFwindow has been designed and tested aiming to avoid unnecessary venting of high-power sections already conditioned, easing the interventions, and protecting the klystrons. A new spiral load prototype has also been designed,
built, and tested, optimizing the compactness, and improving the fabrication process. In these pages, the design and
manufacturing for each component will be shortly described, along with the last results on the high-power testing.

INTRODUCTION
High-power RF (HP-RF) windows are crucial components used to isolate different sections of a vacuum line.
When designing a RF window, the electric field on the surface of the ceramic window must be minimized, because
high electric fields on this region could result in an electrical breakdown (BD) and eventually in the destruction of
the ceramic itself. To be able to sustain high-power RF
pulses, mixed-mode RF windows are normally used [1,2].
Based on this principle and in order to meet the requirement of the high-power X-Band test stands at CERN, a new
design was proposed, optimized to sustain high peak power
and high repetition rate.
High-power RF loads are components needed in many
accelerator facilities, especially when using traveling wave
structures, absorbing the remaining power after de acceleration. In X-band, due to the small size of the structures and
the limited available space, new designs have been focused
in making them more compact. A new concept of a spiral
load has been developed at CERN, fabricated by additive
manufacturing techniques out of titanium (3D metal printing) [3]. First prototypes were successfully tested on the
high-power X-band test facilities (Xboxes) [4].
Recent designs are moving towards a more efficient fabrication procedure to overcome intrinsic limitations coming from the additive manufacturing process. Previous prototypes of spiral loads were printed at 45 degrees (Fig. 2

left) to avoid the horizontal segments and the associated
waste of printed titanium volumes and supports. To improve the procedure of manufacturing, a new spiral load
design was proposed [5] with an optimized cross-section
and a twisted input waveguide, which allows horizontal 3D
printing, with less support posts required and the possibility of stacking them vertically.
In these pages we will present the results obtained during
the high-power tests of both components. The high-power
tests were carried out at CERN, on the X-Band high-power
test stand 3 (Xbox3) which consist of a combination of two
5.5 MW klystrons, feeding two test benches, providing up
to 40 MW after pulse compression (50 ns pulse length),
with a maximum repetition rate up to 200 Hz per line [6].

X-BAND RF WINDOW
The X-Band HP-RF window was designed to sustain up
to 75 MW peak power. The design includes a mode converter from TE10 (rectangular) to TE01 (circular), which allows higher flexibility in terms of integration, taking advantage of the rotational symmetry of the circular mode.
The electric field on the ceramic window was designed to
be below 3.4 MV/m. To reduce the peak field, a ceramic
disc of 65 mm of diameter was chosen. The thickness of
the ceramic was defined as 2,43 mm and the transition,
from the circular waveguide diameter to the window diameter was done in two-stages to preserve the required TE01
mode purity.

High Power Test
The historic of peak power and average power put into
the window is shown in Fig. 1. The component was tested
at different pulse length and repetition rate combinations,
reaching up to 40 MW peak power at 150 Hz and 1.9 kW
average power (35 MW peak at 200 Hz). Table 1 shows a
summary of the main parameters measured during the processing. The RF window was tested up to the performance
limits of the facility, and no breakdowns were detected.
Table 1: Measured Parameters on the Flat Regions
Power [MW]
Average [kW]
Transmission [dB]
Pulse Length [ns]
Repetition Rate [Hz]

R1

R2

R3

R4

35
1.47
-0.19
50
150

35
1.9
0.18
50
200

35
1.6
-0.16
100
150

40
1.64
-0.15
50
150

___________________________________________
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Figure 4: Functional segments used for the spiral load design.
Figure 1: Historic of peak power and average power during
the processing of the RF window.

45 DEGREES SPIRAL LOAD
The working principle of the spiral load is based on the
“conduction losses” in which the power is absorbed when
traveling through a waveguide made with lossy material, in
this case titanium. First prototype (Fig. 2 left) was successfully tested on Xbox 3, reaching up to 35.5 MW peak
power and 2.1 kW average power [4].

High Power Test
The high-power processing of the spiral load was carried
out at Xbox3, aiming to measure its performance at high
power and its thermal behaviour. In order to do this, several
temperature sensors were place around the spiral load and
integrated on the DAQ system.
In the first stage of testing, overheating of the transition
waveguide was observed (Fig. 5) the temperature of this
region increased proportional to the average power, put
into the load. This version of the design didn’t include a
water jacket around the transition waveguide, which turned
out to be necessary. The temperature of the spiral load, embedded inside a water jacket, oscillated around 30 degrees.
To keep under control the excess of temperature, a cooling
block was installed on the transition region and the repetition rate was limited to 100 Hz. Although the high temperatures achieved of the centre of transition waveguide
(around 190 degrees at maximum average power) the spiral
load still operated normally.

Figure 2: 3D printer loads in titanium; left: spiral load prototype with rectangular cross-section (requires 45 degrees
printing); right: two spiral loads with hexagonal cross-section, manufactured in one single printing cycle.
In the new spiral load prototype, the cross-section of the
waveguide was redesigned to a hexagonal shape (Fig. 3)
and the RF input to the load (transition part in Fig. 4) was
elongated and twisted 45 degrees [5]. The new design
avoids horizontal segments and optimizes the 3D printing
process, allowing to print more than one load in a single
printing cycle. Figure 2 right shows the stack of two of
these loads after one 3D printing cycle [7].
Figure 5: Thermal image of the spiral load.

Figure 3: Comparison between the rectangular waveguide
(left) and the optimized hexagonal cross-section (right).
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Figure 6 shows the historic of peak power, average
power and pulse length. The testing procedure consisted in
raising the average power put into the load by increasing
the pulse length and the peak power in separate steps, in
order to determine the contribution of these parameters to
the conditioning limit.
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(increasing the pulse length or repetition rate) without requiring long stages of conditioning.

Figure 6: Peak power, average power, and pulse length during the processing of the spiral load. Green regions: pulse
compression operation mode
The high-power processing was separated in three stages
(Fig. 6). First, peak power was raised up to 15 MW with a
50 ns pulse. Then, with a maximum peak power of 8 MW,
the pulse length was enlarged, in steps, up to 1.3 us. Finally,
peak power was raised up the 30 MW with a pulse length
of 200 ns. In the last stage, long pulses were interleaved to
increase even more the average power, which didn’t affect
the number of BDs. In general, the spiral load operated up
to 1.3 kW average power and a maximum peak power of
30 MW. The maximum peak power was limited by the load
itself due to the occurrence of BD clusters.

Figure 7: Total BDs accumulated in region 2 (top) and region 3 (bottom), defined in figure 5.
Figure 7 shows the total number of BDs accumulated by
changing, independently, pulse length and peak power. The
maximum average power considered in both cases was
900W. It can be observed that the number of BDs tended to
stabilize when the pulse length is extended, but it kept
growing as the peak power is raised. This shows the limited
effect of the pulse length on the conditioning process which
is mostly dominated by the peak power. In consequence, if
the temperature of the load is controlled and after conditioning with peak power, the average power can be raised
MOPORI23
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The performance of the spiral load at different temperatures, measured at the centre of the load, was also studied.
To do this, the water cooling was stopped, and the operation was done at constant power and changing the repetition rate. Figure 8 shows that the reflected power ratio remained constant, independently of the temperature of the
load, in a range from 35 to 98 degrees. This means that the
spiral load can be operated at any of these temperatures
with the same performance. Considering the amount of
power that is absorbed on the spiral load, the possibility of
operating them at high temperature, makes this component
suitable to be part of a heat recovery system for a large accelerators facility [8,9], allowing to transfer the waste heat
to other places, with the corresponding reduction on general power consumption.

Figure 8: Spiral load performance at different temperatures.

CONCLUSION
Driven by operational needs of the X-band high-power
test stands, two key components have been redesigned,
manufactured and tested at CERN. The results on the RF
window high-power test have shown its capability to sustain high-power and high repetition rate pulses, reaching
up to 40 MW peak power at 150 Hz and 1.9 kW average
power. The spiral load design has been optimized to improve the additive production procedure. The high-power
conditioning has proven the stable operation up to 30 MW
peak power, although the high temperature achieved on the
transition waveguide. The studies performed have shown
the limited effect of the pulse length on the conditioning
process which is mostly dominated by the peak-power.
Moreover, the spiral load performance has been proven stable in a wide range of temperatures, making it suitable to
be part of a heat recovery system for a large accelerators
facility.
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MONTE CARLO MODEL OF HIGH-VOLTAGE
CONDITIONING AND OPERATION
W. L. Millar∗ , W. Wuensch, CERN, 1211 Geneva 23, Switzerland
G. Burt, Cockcroft Institute, Lancaster University, Lancaster LA1 4YW, UK
Abstract
To synthesise the experimental results and theory pertaining to high-field phenomena, a model has been developed
to simulate the conditioning and operation of high-field systems. By using a mesh-based method, the high-field conditioning of any arbitrary geometry and surface electric field
distribution may be simulated for both RF and DC devices.
Several phenomena observed in previous high-field tests
such as the probabilistic behaviour of vacuum arcs and the
inhomogeneous distribution of arc locations are described
by this approach.

INTRODUCTION
High-voltage conditioning is the progressive increase in
an electrode’s resistance to arcing which is developed during high-field operation. The process is a relevant topic for
any technology where breakdown limits performance and
numerous RF and DC test facilities have been established
in this context [1–7]. To better understand the results from
these facilities and offer insight into how current conditioning procedures could be improved, a new discretised model
has been developed.

THE MODEL
The model is based on the progressive modification of the
electrode surface and relies on several assumptions. Given
the often inhomogeneous field distribution in high-field
devices, the electrode geometry divided into individually
treated mesh elements. Each element is assigned a scaling
factor, 𝑘 𝑖 , to allow calculation of the local electric field relative to the maximum, 𝐸 𝑂 , for a given operating voltage. To
facilitate inhomogenuous meshing, the number of elements
and the area of each, 𝑎 𝑖 , is also user-definable. Devices may
then be simulated with any arbitrary spatial resolution.
Generally, in existing conditioning procedures the field is
increased gradually, as the rate at which devices condition
quickly decreases when operating at fixed voltages [8–11]. If
a constant breakdown rate is maintained during this ramping,
the increase in operating field is asymptotic, and this is
regularly observed in high-gradient RF cavity tests [8–10].
In one instance, a cavity tested at CERN showed no reduction
in the breakdown rate when operated under fixed conditions
in the later stages of testing [10]. Results from these, and
similar RF cavity tests elsewhere, have also shown that the
conditioning of similar devices is most comparable when
plotted against the cumulative number of pulses, as opposed
to cumulative number of breakdowns [8].
∗

Based on these characteristics, the model assumes a maximum attainable electric field, 𝐸 𝐿 , for a given reference
breakdown rate i.e. probability of arcing, 𝑃 𝑅𝑒 𝑓 . The level
of conditioning of each element is denoted 𝐸 𝑆,𝑖 . In a device
with a homogeneous field distribution, 𝐸 𝑆 then refers to the
surface electric field which can be established at the reference breakdown rate. To provide the conditioning effect the
model assumes that, in the absence of breakdowns, 𝐸 𝑆,𝑖 is
increased with each pulse as:


𝐸 𝑆,𝑖
𝐸𝑂 · 𝑘 𝑖
(1)
Δ𝐸 𝑆,𝑖 = 𝛾 ·
· 1−
𝐸 𝑆,𝑖
𝐸𝐿
where 𝛾 is a constant to allow fitting to existing data and has
units of V/m. The latter term in Eq. (1) then remains unitless
and is scalable for different materials, a characteristic which
aligns with existing test results in which different materials
were recorded as having conditioned at different rates and
to different field levels [12]. In RF cavities, the breakdown
rate has been shown to scale with the electric field as [13]:
(2)

𝐵𝐷 𝑅 ∝ 𝐸 30

However, as conditioning progresses the breakdown rate
for a given field level decreases. As such, it is assumed
that the probability of breakdown for a given mesh element
on each pulse, 𝑃 𝐵𝐷,𝑖 , scales with the ratio of the applied
electric field to its conditioned state as:

𝑃 𝐵𝐷,𝑖 ∝

𝐸𝑂 · 𝑘 𝑖
𝐸 𝑆,𝑖

 30

(3)

Experiments have also shown that it is common for several
breakdowns to occur in quick succession, followed by a quiescent period. This has led to the proposal that breakdowns
may be classified as primary events, which occur stochastically, and secondary events, which are a consequence of the
primary event [8, 9]. It is postulated then, that breakdowns
are capable of effectively diminishing the conditioned state
the surface. However, as devices are capable of reliably
establishing high fields after several breakdowns, improvement is also possible. This could correspond physically, for
instance, to the removal of field emission sites capable of nucleating future breakdowns. To capture this effect, a unitless
enhancement factor, 𝜓, is added to Eq. (3) as:


𝑃 𝐵𝐷,𝑖

𝐸𝑂 · 𝑘 𝑖
∝
𝐸 𝑆,𝑖 · 𝜓𝑖

 30

(4)
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𝑃 𝐵𝐷,𝑖

𝐸𝑂 · 𝑘 𝑖
= 𝑎𝑖 ·
𝐸 𝑆,𝑖 · 𝜓𝑖

 30 h
i
√︁
· 1 − 𝐺 1 − 𝑃 𝑅𝑒 𝑓

(5)

where 𝐺 accounts for the field distribution and meshing, and
is defined:
𝐺=

𝑛
∑︁

𝑎 𝑖 · 𝑘 𝑖30

operator-selected breakdown rate. Further details of the algorithm are reported elsewhere [1, 23]. In CERN’s test stands,
conditioning of the protoype CLIC structures generally commences at peak surface electric fields of ≈ 60 MV/m. As
such, 𝐸 𝑆 and 𝐸 𝑂 were initially set to 60 MV/m in simulation.
A breakdown rate setpoint of 3 × 10−5 bpp was selected and
the first 200 million pulses of the conditioning process were
simulated. The results are shown in Fig. 1.
10000
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Initially, all the elements’ 𝜓 values are assigned randomly
from an appropriately tailored Gaussian distribution, as has
been used previously to model the evolution of field emission
sites during conditioning [14]. If a breakdown is accrued,
the element in which it occurred is then assigned a new 𝜓
value. Finally, 𝑃 𝑅𝑒 𝑓 is added and the probability is scaled
as:
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where 𝑛 is the number of grid elements. In this way, if a
given device is fully conditioned and 𝐸 𝑂 is equal to 𝐸 𝐿 , the
probability of breakdown remains equal to 𝑃 𝑅𝑒 𝑓 , irrespective of the meshing and electric field distribution.

Probability Density

𝑖=1
T24 PSI1
T24 Open
Simulation

10-4
10-4
0

2000

4000

10-6

RESULTS
RF Cavity Conditioning
Given the availability of data, the model was first applied
to the 12 GHz cavities for the CLIC study for tuning and
benchmarking [15–17]. However, the framework can in
principle be adapted to devices with other operating frequencies and field profiles. Generally, the CLIC cavities
are comprised of 24 or 26 tapered accelerating cells and
two couplers [17–19]. For simplicity, 24 identical grid elements, each corresponding to a separate accelerating cell,
were employed in simulation. As each element is assigned
its own enhancement factor, 𝜓, this approach aligns with experimental data which shows that breakdowns which occur
in quick succession often occur spatially close together, or
in the same cell [8, 20].
Prototype X-band cavities at CERN and KEK regularly reach accelerating gradients of 100-120 MV/m, corresponding to peak surface electric fields in excess of
200 MV/m [10, 21, 22]. In 2018, a CERN cavity was tested
up to a peak surface field of approximately 240 MV/m.
While operating at this level, it was noted that the breakdown rate remained fixed at 5 × 10−5 bpp (breakdowns per
pulse) and did not decrease [10]. In light of these results,
values of 240 MV/m and 5 × 10−5 were selected for 𝐸 𝐿 and
𝑃 𝑅𝑒 𝑓 respectively in simulation. A value of 2 MV/m was
chosen for 𝛾 and the mean and standard deviation of the
Guassian distribution from which the 𝜓 values are selected
were set to 1 and 0.12 respectively.
To control the applied field in simulation, the conditioning
algorithm from CERN’s X-band test stands was imported.
In summary, the field level is adjusted to maintain a constant,
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Figure 1: The peak surface electric field (top left), breakdown accumulation (top right), and a probability distribution
of the number of pulses between breakdowns for all grid elements (bottom). The results of two prototype high-gradient
cavity tests are also shown for comparison.
The resulting conditioning curves resemble those of existing structures. Previously, the distribution of the number
of pulses between breakdowns has been described as the
sum of two exponential terms [8, 20] however in this case,
the probabilistic behaviour of breakdowns has been replicated using only a standard Gaussian distribution acting on
numerous, independent elements. Due to the high power
employed in Eq. (5), the probability of breakdown is sensitive to changes in the denominator. A consequence of this
approach is that the assigned 𝜓 values do not remain centered on the mean due to higher, more stable values being
favoured. The minimum and maximum final 𝜓 values were
1.12 and 1.4 respectively, while the average was 1.29.
In CERN’s test stands, pulsing is inhibited for several
seconds following a breakdown and the field is then automatically ramped back up to the previously achieved level.
The discrepancy present from 0-2000 pulses in the probability distribution in Fig. 1 can then be explained by changes in
the control system between tests i.e. how quickly the field
level was re-established following breakdowns.

Spatially Resolved Conditioning
A variation in the surface field distribution is typical in RF
cavities. Consequently, breakdown sites are often distributed
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inhomogenuously and visual inspections have shown that
they predominantly occur where the surface electric field is
highest [10, 24]. This effect was particularly prominent in
the test of the CLIC crab cavity, where the electric and magnetic fields are maximised at different angular positions [24].
Following the high-power test, the cavity was cut open via
wire electrical discharge machining and the breakdown sites
were counted [25]. The surface electric field and breakdown
distribution are shown for a single cell in Fig. 2.
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Figure 2: Electric field distribution of cell 2, iris 2 of the
CLIC crab cavity with the breakdown locations superimposed. An SEM image of the breakdown sites is also shown.
The clear spatial variation in the surface electric field and
breakdown distribution make this result well suited to benchmarking and investigative studies. A portion of a crab cavity
cell was meshed with a total of 1350 elements ranging in area
from 0.0793 mm2 on the peak field regions, to 0.3396 mm2
on the cell perimeter where little activity is expected. As the
simulated portion constitutes only one fortieth of the total
cavity, 𝑃 𝑅𝑒 𝑓 and the breakdown rate setpoint were reduced
to 1.25 × 10−6 and 7.5 × 10−7 bpp respectively. To provide
the correct probabilistic behaviour, the standard deviation
of the Gaussian distribution from which the 𝜓 values are
taken was set to 0.2. In simulation, the peak surface electric
field was ramped up to 220 MV/m and held constant for 50
million pulses. The results are shown in Fig. 3.
The regions where the electric field is highest accrue the
majority of the breakdowns, and the angular distribution
resembles that of the real cavity. Due to the variation in
surface field, different regions are conditioned to different
field levels and the model predicts that the ratio between
the operating field and the field level to which the surface is
conditioned is consistently higher in the peak field regions
during operation. Consequently, if the strong empirical scaling in Eq. (2) applies to a cavities global behaviour, it would
not be adhered to locally on the surface where there is a variation in the applied field. This result suggests that peak field
regions then limit the rate at which the voltage is increased
during conditioning, effectively regulating the process.

CONCLUSIONS
A discretised model has been developed and, while relying on several assumptions, offers potential explanations
for several experimentally observed phenomena. Notably,
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Figure 3: Simulation results for one quarter of a CLIC crab
cavity cell showing the elements’ final 𝐸 𝑂 to 𝐸 𝑆 ratios (top),
the number of breakdowns they accrued (centre), and the
number of breakdowns per 5° slice normalised to the maximum. Experimental data is plotted with the latter for comparison.

the model reproduces the probabilistic behaviour and inhomogenuous distribution of vacuum arcs well, using only a
standard Gaussian distribution acting on independent mesh
elements. The current model is defined in terms of the surface electric field, however the use of other quantities such
as the modified Poynting vector [13], the breakdown-loaded
electric field [26], or a combination thereof, can easily be
implemented. Similarly, the use of alternative probability
distributions is another aspect which can be investigated
with the framework.
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LIMITS ON STANDING WAVE CAVITY PERFORMANCE
DUE TO THERMAL EFFECTS∗
S. Smith† , G. Burt, Lancaster University, Lancaster, UK
Cockcroft Institute, Daresbury Lab, UK
Abstract
After an RF cavity has been designed, a thermal analysis is
typically performed to assess the effects of RF heating on the
operating frequency and field flatness. A multi-physics approach (coupled electromagnetic, thermal, and mechanical)
is normally employed, sometimes combined with computational fluid dynamics (CFD) simulations to incorporate flowing water, which is used for cooling in normal conducting
structures. Performing a CFD analysis can add significant
time to the design process because of the long and complex
simulations and instead, approximations of the heat transfer coefficients and inlet/outlet water temperature rises are
made and used directly in the multi-physics analysis. In this
work, we explore these approximations, through the use of
coupled electromagnetic-thermal-structural simulations and
a preliminary CFD analysis.

INTRODUCTION
Normal conducting RF cavities are typically cooled by
passing water through copper pipes around the structure,
with the temperature being changed to compensate for frequency shifts. These shifts are caused by the thermal expansion of the cavity which is in-turn caused by RF power
dissipation in the cavity walls. An analysis of these heating
effects in generally left until the end of a design, and approximations are normally made about the heat transfer coefficient
between the water and the copper walls and the temperature
rise of the water as it passes through the pipes [1]. A self
consistent approach that takes all the physics of the heating
problem into account can be used to identify when these
approximations are valid and eventually can be used to investigate the ultimate power limits on normal conducting
cavities.

ELECTROMAGNETIC DESIGN
The first step in the thermal analysis requires the RF losses
to be calculate on the cavity walls. The cavity used for this
study is a C-band (5.712 GHz) bi-periodic standing wave
structure that has been designed for industrial use. The
nominal average input power is 850 W and it produces a
2 MeV electron beam. The electromagnetic analysis was
performed in Ansys HFSS with the RF surface losses being
shown in Fig. 1 [2]. Once these losses have been calculated
they are scaled to the average input power of the linac and
exported for use in thermal simulations.
∗
†
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Figure 1: C-band linac showing RF surface losses.

BACKGROUND THEORY
The average temperature rise in the water used for cooling
the structure can be estimated using [3]:
Δ𝑇 =

𝑄¤
,
𝑐 𝑝 · 𝑚¤

(1)

where 𝑄¤ is the heat added to the system, 𝑐 𝑝 is the specific
heat of the fluid and 𝑚¤ is the mass flow rate of the fluid:
(2)

𝑚¤ = 𝜌𝑣 𝐴,

where 𝑣 is the fluid velocity and A is the pipe cross sectional
area. For an average input power of 850 W, and a mass
flow rate of 0.08 kg/s a water temperature rise of 2.53 ◦ 𝐶 is
obtained. The temperature difference between the water and
the walls of the copper pipes is given by:
Δ𝑇 =

𝑄¤
,
ℎ𝐿𝜋𝐷

(3)

where L is the length of the pipe system, D is the hydraulic
diameter and h is the heat transfer coefficient:
𝑁𝑢 · 𝜅
ℎ=
,
(4)
𝐷
where 𝑘 is the thermal conductivity of the fluid and 𝑁𝑢 is
the Nusselt number given by:
𝑁𝑢 =

( 8𝑓 ) (𝑅𝑒 − 1000)𝑃𝑟

(5)

.

1 + 12.7( 8𝑓 ) 1/2 (𝑃𝑟 2/3 )

𝑅𝑒 is the Reynold’s number which provides information
about whether the flow is turbulent or not. It is given by:
𝑅𝑒 =

𝜌𝑣𝐷 994.1 · 2.85 · 0.06
=
= 23608
𝜂
7.2𝑥10−4

(6)
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where 𝜌 is the density of water, 𝑣 is the fluid velocity and
𝜂 is the dynamic viscosity. For the case of 6 mm pipes,
a 0.08 kg/s mass flow rate and water at 35 ◦ C a Reynold’s
number of 23608 is obtained which is well over the threshold
for turbulent flow (≈ 4000). The Prandtl number describes
the ratio of viscous to thermal diffusion and is given by:
𝑃𝑟 =

𝜂 · 𝑐𝑝
.
𝜅

(7)

Finally, 𝑓 is the friction coefficient, which is given by:
(8)

𝑓 = [0.79𝑙𝑛(𝑅𝑒) − 1.64] −2 .

Figure 2: Steady state thermal simulation results.

The input parameters and calculated values are summarised
in Table 1.
Table 1: Input Parameters and Estimated Temperature Rises.
Parameter
Pipe diameter
Water density
Initial mass flow rate
Fluid velocity
Average input power
Dynamic viscosity
Prandtl number
Reynolds number
Friction coefficient
Nusselt number
Heat transfer coefficient
Water temperature rise
Boundary temperature rise

Value

Units

6
994.1
0.08
2.85
850
7.191×10−4
4.85
23608
0.0251
147.8
14083.6
2.53
5.4

mm
kg/m3
kg/s
m/s
W
Ns/m2
W/(m2 K)
◦C
◦C

Figure 3: Structural solver results showing up to 8 µm deformation on the cell walls.
The displaced mesh was simulated and a frequency shift of
1.5 MHz was found along with an induced error in the cavity
fields which are shown in in Fig. 4.

COUPLED SIMULATIONS
A coupled electromagnetic-thermal-mechanical simulation was set up to provide an initial estimate of the temperature rise in the linac. For the steady-state (SS) thermal
simulation, water pipes were placed around the linac as a
single circuit and a constant temperature of 35 ◦ C was applied to the water boundary. The losses from HFSS were
imported, scaled to an input power or 850 W and applied
to the faces of the structure that see the RF. The results are
shown in Fig. 3, where a 7.25 ◦ C temperature rise is seen between the iris and the fixed water and a ≈ 4.1◦ C rise between
the hottest iris and the equator.
This temperature map was then imported into the static
structural solver in order to investigate the deformation that
this temperature increase would cause throughout the linac.
Although in reality the linac would be secured in all directions causing strain in the copper, zero displacement boundaries were only set at either end of the linac in order to see
the effects of the deformation.

EFFECTS ON FIELDS AND FREQUENCY
The resulting displacement was then re-imported into
HFSS to look at the effects on the frequency and field flatness.

Technology
Room temperature RF

Figure 4: Electric field error on axis after mechanical deformation.
The largest errors are seen in the first second and last cells,
as expected as these cells undergo the most deformation
when the linac is fixed at either end. Large errors are also
seen at the transition regions as the point where the electric
field goes to zero shifts slightly as the cavity is deformed.

PRELIMINARY CFD SIMULATIONS
In order to get a more accurate estimate of the temperature
rise in the water, a CFD simulation was set up in Ansys CFX.
In this simulation the real water flow was included, with an
applied heat flux on the cavity walls representing the RF
surface losses. A pipe roughness of 20 µm was used and
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convection to air was included with a heat transfer coefficient
of 5 W/(m2 K) [4]. The temperature increase along the walls
of the pipes is shown in Fig. 5, with an average temperature
rise of 2.2 ◦ C seen in the water from the inlet to the outlet.
Table 2: Comparison of Results.
Quantity
Water ΔT
Boundary ΔT
Iris to equator ΔT

Analytical
◦C

2.5
5.4 ◦ C
-

SS

CFD

0
4.1 ◦ C

2.2 ◦ C
4.1 ◦ C
4.7 ◦ C

Figure 6: Ansys CFX results showing the temperature inside
the structure.

Figure 5: Ansys CFX results showing the wall adjacent
temperature along the length of the cooling pipes.
The temperature rise inside the copper is shown in Fig. 6,
with a maximum iris temperature of 49.05 ◦ C, and a 4.6 ◦ C
rise between the hottest iris and the equator. Finally, the
temperature rise across the pipe boundary layer is shown in
Fig. 7. The analytical prediction of the water temperature
rise agrees well with the CFD analysis, but there is a larger
discrepancy between the boundary layer values. This is most
likely due to the boundary layer not being fully resolved in
the CFD analysis.

CONCLUSIONS AND FUTURE WORK
An initial thermal study study on a C-band electron linac
has been performed as a starting point for the development
of a full self-consistent thermal modelling approach. Analytical estimates of the water temperature rise have been made
and compared with a CFD analysis with the same input parameters, giving good agreement. The effects of the cavity
deformation have been investigated using a coupled simulation approach, with estimates of the frequency shift and
introduced field errors given. In the future, improvements
will be made when modelling the fluid boundary layer, and
then this approach will be applied to a number of structures
to investigate how these effects scale with frequency and
cavity type.
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Figure 7: 2D slice through cooling pipe close to outlet showing the boundary temperature rise.
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Abstract
The development of simpler, compact Superconducting
RF (SRF) systems represents a new subject of research in
accelerator science. These compact accelerators rely on
advancements made to both Nb3 Sn SRF cavities and commercial cryocoolers, which together allow for the removal
of liquid cryogenics from the system. This approach to
SRF cavity operation, based on novel conduction cooling
schemes, has the potential to drastically extend the range
of application of SRF technology. By offering robust, nonexpert, turn-key operation, such systems enable the use of
SRF accelerators for industrial, medical, and small-scale
science applications. This paper provides an overview of
the significant progress being made at Cornell, Jefferson
Lab, and Fermilab (FNAL), including stable cavity operation at 10 MV/m. It also introduces the primary challenges
of this new field and their potential solutions, along with an
overview of the various applications which could benefit the
most from this technology.

INTRODUCTION
Various workshops and investigations have shown that
numerous applications exist for particle accelerators which
could further benefit from the use of SRF technology [1, 2].
These applications cover several fields of interest, including: energy and environment, such as wastewater or flue
gas treatment; medicine, such as device sterilization and
isotope production; security and defense, such as cargo inspection; industry, such as biofuel production. Many of
these applications fall within a similar range of beam parameters, requiring only moderate energies but high current and
average power; see Table 1 [1, 2].
Table 1: Typical Beam Parameters
Property
Energy
Current
Power

Value

Units

1 – 10
0.1 – 1
1 – 10

MeV
A
MW

These applications can benefit from the use of SRF technology, which offers significantly more efficient operation
compared to normal conducting cavities. However, the use
of SRF cavities has not been possible until the recent improvements made to both Nb3 Sn cavities and cryocoolers.
Together, these improvements allow compact accelerators
to operate at the energies required while not being reliant
∗
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on liquid helium for cooling. This shift to conduction-based
cooling greatly simplifies the system while also being much
cheaper than the extensive infrastructure required for operating with helium. Combined, these developments have
brought SRF technology within reach of important smallscale applications such as the ones discussed above.

KEY COMPONENTS
This section will briefly describe the improvements made
to both Nb3 Sn cavities and commercial cryocoolers which
are essential to the design of new compact accelerators.

Nb3 Sn Cavities
Nb3 Sn is an alternative material for SRF cavities which
has seen significant interest and growth over the last couple
decades. The main advantage offered by Nb3 Sn is that its
critical temperature is 18 K, almost twice that of pure Niobium [3]. This affects the BCS component of the surface
resistance, which means Nb3 Sn cavities can operate with
lower losses and/or at a higher temperature compared to
Niobium cavities.
Since 2013, Nb3 Sn cavities have been improved to the
point of operating at 4.2 K at 15 MV/m or higher while still
maintaining a high Q0 of 1 – 2 E10 [?, 3–7, 9]. These high
Q0 values correspond to a very small cavity heat load of less
than one watt for a single-cell 1.3 GHz cavity; see Fig. 1.
This means that we can now achieve highly efficient cavity
operation at field levels which are relevant to small-scale
operations. Since these achievements have been demonstrated at 4.2 K, these cavities are also capable of using a
new cooling scheme which does not require liquid helium.

Cryocoolers
The cryocooler concept was first introduced in the 1960’s,
but only in the last few years have they reached the cooling
capacity required for use with Nb3 Sn cavities. For example,
initial models of Cryomech’s 4.2 K pulse-tube type cryocoolers, which were released around 2000, could only remove
less than 1 W of heat from a system at 4.2 K [10]. By comparison, the most recent models are able to remove more
than 2 W [10], which means they are capable of being used
as the primary cooling source of current Nb3 Sn cavities operating at medium fields. Figure 1 shows this improvement
of cryocooler performance.

CONDUCTION COOLED CAVITIES
With the current state of Nb3 Sn cavities and commercial
cryocoolers, it is possible to design a system which uses
an entirely new cooling scheme compared to standard LHe
cooling; see Fig. 2. The first possibility is to use direct
conduction cooling, in which the cryocooler cold head and
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Figure 1: Progress in both Nb3 Sn cavity performance (red
stars) and pulse-tube cryocooler capacity at 4.2 K (blue
curve) [10].
Nb3 Sn cavity are directly connected by a thermal conduction
path, typically including metal foil or braided connections.
This choice offers the flexibility needed to accommodate
differential thermal contraction while maintaining the high
thermal conductivity needed to sufficiently extract the RF
heat load from the cavity during operation. Designing a cryomodule using direct conduction cooling offers a relatively
simple and low-cost cooling scheme.

Proof-of-principle demonstrations of the conduction cooling scheme have been successfully completed at Cornell [11],
Fermilab [12, 13] and Jefferson Lab [14]; similar work is
ongoing at KEK and IMP. At Cornell, our assembly used a
2.6 GHz cavity with copper beam clamps attached immediately outside of the iris on both sides of the cavity cell. This
design was used to get more even cooling across the cavity,
both during assembly cooldown and RF operation. Starting
with the second test of this assembly, resistive heaters were
also added to these beam clamps to offer even more precise
control of thermal gradients during cavity cooldown. Minimizing thermal gradients across the cavity as it transitions to
superconductivity is crucial for improving RF performance,
as these gradients generate thermal currents in the bi-metal
structure of Nb3 Sn. These currents in turn generate magnetic flux which can get trapped in the cavity, resulting in a
larger residual resistance and degrading performance [6].
With this cavity assembly, we demonstrated the world’s
first example of a conduction-cooled SRF cavity reaching
stable CW operation at 10 MV/m [11]. One key takeaway
from this study was the importance of utilizing more controlled cooldowns with cryocoolers. As shown in Fig. 3,
the breakthrough RF performance was only obtained after
a more controlled cooldown was used, in this case by completing a temperature cycle of the assembly.

The second possibility utilizing cryocoolers is to install
a closed helium tank around the Nb3 Sn cavity, where the
cryocooler cold head is installed in contact either with the
tank exterior or directly in contact with the helium volume.
While this option is not cryogen-free, the helium is contained within a closed system and thus does not need to be
replenished or cycled through a larger system. While this
option may benefit from the cooling capabilities of liquid or
gaseous helium, it does involve an added layer of complexity due to the additional vacuum sealed volume. Because
of this, most compact SRF cryomodule designs utilizing
cryocoolers involve the direct conduction cooling scheme.

Figure 2: Two new cooling schemes which are possible using
crycooolers. Most cryomodule designs proposed today use
the direct conduction cooling method.
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Figure 3: Example RF results from a proof-of-principle
demonstration of operating a conduction-cooled Nb3 Sn cavity at Cornell. The curve labeled “VT at 4.2 K” is from a
vertical test in a helium bath and represents the baseline
performance of this cavity, while the other two are from
tests using the conduction cooling assembly. Note that the
optimal performance was achieved after a more controlled
cooldown, in this case achieved via temperature cycling the
system.
Fermilab performed a similar demonstration study using
a 650 MHz cavity which had niobium rings welded near
the cavity equator to extract the primary cavity heat load.
This cavity was also able to reach stable CW operation at
10 MV/m after implementing a more controlled cooldown.
This shows again that including some capability of better
controlling the assembly cooldown is of utmost importance
for obtaining the best possible RF performance. Further
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information on this study can be found in Fermilab’s publication [12, 13].
Jefferson Lab performed their conduction cooling tests
using a 1.5 GHz cavity which had a 5 mm layer of copper
electroplated to the exterior. This was done to obtain better
thermal conduction around the cavity in order to apply more
uniform cooling across the entire surface. While this cavity
did reach moderate field levels, it saw degraded RF performance after the copper electroplating. It was suggested that
this poor performance may have been due to strain on the
Nb3 Sn layer due to the differences in thermal contraction between niobium and copper; more information can be found
in the publication on this study [14].
Information about the work ongoing at KEK and IMP
was provided by the contacts listed in the Acknowledgment
section.

COMPACT CRYOMODULES
After demonstrating that operating a Nb3 Sn cavity cooled
with a cryocooler is indeed possible, the next step is to begin
designing and constructing full cryomodules which use this
new cooling technology. These cryomodules are intended
to be dry cryostats, i.e. containing no liquid cryogenics. By
“compact,” we mean cryomodules which are only 1 - 2 m in
length. By using cryocoolers in place of liquid helium, these
designs offer turn-key, non-expertise operation of the cooling
system. As mentioned before, this is the main driving factor
which makes such cryomodules more accessible to smallscale operation.
At Cornell, we are designing a cryomodule which is primarily R&D focused, and is intended to be usable for a
variety of applications. A cross-sectional view of the cryomodule can be seen in Fig. 4, and the beam parameters
for the system are listed in Table 2. This system will utilize
one PT420 and one PT425 cryocooler from Cryomech, providing total cooling capacities of 4.1 W at 4.2 K and 110 W
at 45 K [10]. Beyond adapting the system to be used with
cryocoolers, one design focus for this project is to reduce
cost and complexity as much as possible.

Beam acceleration is done by a single-cell 1.3 GHz Nb3 Sn
cavity. This cavity has Nb rings welded both at the cavity
equator and the cavity irises. Similar to Fermilab’s design described previously, the rings at the equator are used to extract
the primary heat load from the cavity, while the additional
rings at the irises will enable very precise thermal gradient
control during cooldown via mounted resistive heaters. Thermal modeling of the cavity and full beamline was performed
in Ansys, resulting in total heat loads of 21.3 W at 45 K and
1.65 W at 4.2 K. The heat load at 45 K is entirely a static
heat load from the room temperature ends of the beam pipes,
while the heat load at 4.2 K is almost entirely dynamic loads
from RF dissipation in the cavity.
Table 2: Beam Parameters of Cornell’s Conduction-Cooled
Cryomodule.
Property
Energy
Current
Power

Value

Units

1
100
100

MeV
mA
kW

Creating a high-power coupler which can be sufficiently
cooled with a cryocooler poses a significant challenge in
designing a conduction-cooled cryomodule. At Cornell, the
primary goals for the design process were to re-optimize
the heat load distribution while also greatly simplifying the
coupler design. Some of the key choices to achieving the
design goals were using a warm RF window only, utilizing
an “RF shield” design inspired by Fermilab [15] to reduce
the RF heat load at 4.2 K, and inserting an optimized quarterwave transformer around the inner bellows to significantly
reduce reflections at the operational frequency of 1.3 GHz.
Each of these components, along with a few others, can
be seen in the design model in Fig. 5. Thermal modeling
has also been completed for the coupler assuming 50 kW
operation (two twin coaxial couplers for a total of 100 kW).
This resulted in heat loads of 0.16 W at 4.2 K and 17.5 W at
45 K (per coupler). Total heat loads in the system are listed
in Table 3.

Figure 5: CAD model of the high-power input coupler for
Cornell’s conduction-cooled cryomodule. Several key components are labeled on the figure.
Figure 4: 3D model of the current design iteration of Cornell’s conduction cooled cryomodule. Some components of
interest are labeled on the figure.
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Many other projects are ongoing at other labs and industry
partners, which will now be given a brief overview. More
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Table 3: Total Heat Loads in Cornell’s Conduction-Cooled Cryomodule
Source
Cavity + Beam Tubes
Coupler
G10 Support Rods

45 K Static/Dynamic/Total (W)

4.2 K Static/Dynamic/Total (W)

21.30 / 0.00 / 21.30
1.44 / 16.05 / 17.49
0.34 / N/A / 0.34

0.16 / 1.49 / 1.65
0.14 / 0.02 / 0.16
0.02 / N/A / 0.02

56.6
110

1.99
4.1

All sources (incl. 2x coupler)
Cryocooler Limits (PT420 + PT425)
details on the main examples given can be found in the cited
publications. The team at the Illinois Accelerator Research
Center (IARC) at Fermilab are designing a wastewater treatment system with beam parameters listed in Table 4. The full
system includes components for beam generation, acceleration, and delivery. Their compact accelerating cryomodule
uses a 5-cell 650 MHz Nb3 Sn cavity which has Nb rings
welded at the equators of each cell. This system requires 8
cryocoolers for a total heat capacity of about 17 W at 4.2 K.
The cryomodule is shown in Fig. 6. The final design goal
of this project is to eventually treat up to 12 million gallons of wastewater per day at a treatment facility outside of
Chicago [15].
Table 4: Beam Parameters of Fermilab’s Conduction-Cooled
Cryomodule [15]
Property
Energy
Current
Power

Value

Units

10
100
1

MeV
mA
MW

Two additional projects are being proposed by the IARC,
one intended for medical device sterilization and one for
impoved pavement processing. The former is designed for
a lower power of just 20 kW and uses a 1.5-cell 650 MHz
cavity, while the latter is designed for 200 kW using a 9-cell
1.3 GHz cavity. These projects are in early development,
and more information can be found by contacting the IARC
team (members can be found listed with Fermilab in the
Acknowledgment section).
Jefferson Lab is developing a system to be used for environmental remediation, such as flue gas or wastewater
treatment. The beam parameters can be found in Table 5.
The main cryomodule will contain a single-cell 750 MHz
Nb3 Sn cavity which will have a copper layer electroplated to
the cavity exterior. Four Gifford-McMahon type cryocoolers
will be used, offering a total cooling capacity of 6 W at 4.2 K.
This cryomodule is shown in Fig. 7. The full system design
also includes components required for beam generation and
delivery [16].
Finally, there are a few additional projects with significant
contributions from industry partners which will be briefly
described here. Euclid Labs is working on a cryomodule
containing a conduction-cooled SRF photogun to be used for
Ultrafast Electron Diffraction or Microscopy (UED/M). This
system uses a 1.5-cell 1.3 GHz cavity cooled by a single cry-
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Figure 6: CAD model of the accelerating cryomodule used
in Fermilab’s wastewater treatment design [15]. Some key
components include 8 total crycoolers (4 being visible), the 5cell 650 MHz cavity, and the 4.2 K conduction path (visible
above the cavity).
Table 5: Beam Parameters of Jefferson Lab’s ConductionCooled Cryomodule [16]
Property
Energy
Current
Power

Value

Units

1
1
1

MeV
A
MW

ocooler. The end goal is for this cryomodule to be installed
at a user facility at BNL [17, 18]. RadiaBeam has a couple ongoing projects collaborating with both Fermilab and
Argonne. One involves a compact, conduction-cooled cryomodule which is meant to be mobile and will contain a 4.5cell 650 MHz cavity cooled by four cryocoolers. The second
project is focused on using cryocoolers to cool Nb3 Sn-coated
quarter-wave resonators to be used in various upgrades at
ATLAS. More information about these projects can be found
by contacting the members from RadiaBeam and Argonne
listed in the Acknowledgment section.

CONCLUSION
Several labs and industry partners have proposed various
compact conduction-cooled cryomodule designs utilizing
cryocoolers as the sole cooling source. These designs address a wide range of unique applications, and represent a
remarkable start to this new topic of R&D. There is still more
room for significant growth in this field, as more labs begin
their own work on developing conduction-cooled systems
using cryocoolers. Looking forward, it is clear that this line
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[5] S. Posen, “Understanding and Overcoming Limitation Mechanisms in Nb3 Sn Superconducting RF Cavities”, Ph.D. dissertation, Phys. Dept., Cornell University, Ithaca, NY, USA,
2014.
[6] D. L. Hall, “New Insights into the Limitations on the Efficiency and Achievable Gradients in Nb3 Sn SRF Cavities”,
Ph.D. dissertation, Phys. Dept., Cornell University, Ithaca,
NY, USA, 2017.
[7] S. Posen, M. Liepe, and D. L. Hall, “Proof-of-principle
demonstration of Nb3 Sn superconducting radiofrequency cavities for high Q0 applications”, App. Phys. Lett., vol. 106, p.
082601, 2015. doi:10.1063/1.4913247
[8] S. Posen et al., “Advances in Nb3 Sn superconducting radiofrequency cavities towards first practical accelerator applications”, Superconductor Science and Technology, vol. 34,
no. 2, p. 025007, Jan. 2021.
doi:10.1088/1361-6668/abc7f7

Figure 7: CAD model of the accelerating cryomodule used
in Jefferson Lab’s environmental remediation design [16].
Some key components include 4 total crycoolers (3 being
visible), the single-cell 750 MHz cavity with an electroplated
exterior copper layer, and the 4.2 K conduction path (visible
above and below he cavity).
of work can play a critical role in bridging the gap between
SRF technology and the applications which can benefit from
it, as we have already seen several projects developed in the
short time since conduction-cooled Nb3 Sn cavities were first
possible.
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R&D TOWARDS HIGH GRADIENT CW CAVITIES
D. Bafia∗ , P. Berrutti, B. Giaccone, A. Grassellino,
D. Neuffer, S. Posen, A. Romanenko
Fermi National Accelerator Laboratory, 60510 Batavia, IL, USA
Abstract
We discuss Fermilab’s recent progress in the surface engineering of superconducting radio-frequency (SRF) cavities
geared toward producing simultaneously high quality factors
and high accelerating gradients in cryomodules. We investigate possible microscopic mechanisms that drive improved
performance by carrying out sequential RF tests on cavities
subjected to low temperature baking. We compare performance evolution to observations made with material science
techniques and find correlations with material parameters.
We also discuss other key advancements that enable high
gradient operation in cryomodules.

INTRODUCTION
Bulk Nb superconducting radio-frequency (SRF) cavities
remain as the primary accelerating technology for current
and future accelerators. While these resonant structures
are capable of sustaining high 𝑄 0 at high accelerating electric fields 𝐸 𝑎𝑐𝑐 in continuous wave (CW) operation, the
realization of the next generation of accelerators relies on
the further advancement of these metrics as this translates
into potentially dramatic reductions in associated cryogenic
and construction costs. To further improve these metrics,
fundamental R&D aimed at understanding the microscopic
mechanisms that drive RF losses in these structures is required. Moreover, other key technologies which improve
or preserve the gradient reach of cavities, such as the in
situ mitigation of field emission in a cryomodule, must be
explored.
In this contribution, we present recent efforts at Fermilab
that focus on extending the performance of bulk Nb SRF
cavities. First, we discuss new insights on the role of impurities in the performance of SRF cavities by studying the
evolution of cavity 𝑄 0 (𝐸 𝑎𝑐𝑐 ) as we gradually increase the
concentration of thermally diffused oxygen impurities within
the RF layer via sequential vacuum baking treatments. By
correlating cavity performance with observations made in
time-of-flight secondary ion mass spectrometry, we confirm
the positive role that diffused oxygen from the native niobium oxide has on cavity performance. We show evidence
that diffused oxygen captures hydrogen and prevents the precipitation of poorly superconducting niobium nano-hydrides.
In turn, this results in i) the elimination of high field Q-slope
up to quench after in situ vacuum baking and ii) the ability to
tune cavity quench field by simple thermal diffusion. Next,
we discuss two new technologies which enable a dramatic
improvement in cavity performance. First, as part of the ILC
cost reduction program, we demonstrate the new 2-step bak∗

dbafia@fnal.gov
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ing + cold electropolishing (EP) surface treatment, which
has been shown to consistently yield single-cell cavities
of ultra-high gradients (>49 MV/m) and nine-cell cavities
which routinely quench at high gradients. The second key
technology is plasma processing, which has been recently
fully validated for 1.3 GHz cryomodules, and has the potential to mitigate hydro-carbon related field emission and
multipacting in situ. Lastly, we briefly discuss the application of these recent advancements in SRF technology to a
new proposed accelerator, namely, in a linac to replace the
current booster at Fermilab which will enable 2.4 MW of
power on target for LBNF/DUNE.

EXTENDING MICROSCOPIC
UNDERSTANDING OF THE ROLE OF
IMPURITIES IN CAVITIES
One major performance determining factor of bulk Nb
SRF cavities is the impurity structure within the first 100 nm
from the inner RF surface. By combining various chemical and baking treatments, it is possible to tailor this impurity structure to redirect supercurrent flow and/or minimize
deleterious inclusions that ultimately limit RF performance.
Fig. 1 depicts four different cavities subjected to four such
surface treatments: N-doping [1], N-Infusion [2], 120 C
LTB [3], and electropolishing [3].
Cavities subjected to EP are clean from extrinsic impurities except for hydrogen. As shown in Fig. 1, cavities subjected to this surface treatment yield a dramatic decrease in
𝑄 0 above 25 MV/m, dubbed the high field Q-slope (HFQS).
It is now well known that this phenomenon is driven by the
breakdown of proximity coupled niobium nano-hydrides
which precipitate at cryogenic temperatures [4].
Nitrogen has been a key impurity in mitigating HFQS and
enabling excellent RF performance in SRF cavities. It has
been shown by Grassellino et al. that dilute and uniform
concentrations of nitrogen interstitial are capable of yielding
ultra-high 𝑄 0 at moderately high gradients in cavities [1].
On the other hand, nitrogen infusion shows that surfaces
which contain a sharp concentration gradient of N within
the RF layer produce very high gradients with moderately
high 𝑄 0 ’s [2].
Another key surface treatment is the 120 C in situ vacuum
bake, which has been shown to mitigate HFQS and yield cavities with high gradients at moderate 𝑄 0 , the so-called 120 C
bake effect. This surface treatment requires that a cavity be
fully assembled for testing and be evacuated prior to undergoing an in situ vacuum bake at 120 C in a low temperature
oven. It has only been recently found by Romanenko et al.
that oxygen diffused from the native niobium oxide is responTechnology
Superconducting RF
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Figure 1: 𝑄 0 vs 𝐸 𝑎𝑐𝑐 of 1.3 GHz bulk Nb SRF cavities at
2 K after various surface treatments.
sible for the 120 C bake effect as it captures free hydrogen
and prevents the precipitation of poorly superconducting niobium nano-hydrides, thus enabling higher gradients [5–7].
This surface treatment is somewhat analogous to the nitrogen infusion surface treatment, showing higher accelerating
gradients while exhibiting a sharp concentration gradient
within the RF surface. Recent work has highlighted that high
quality factors are also obtainable using dilute and uniform
concentrations of oxygen impurities [7, 8], again analogous
to the nitrogen treatment of nitrogen doping.
The similarities in cavity performance between treatments
which utilize either oxygen or nitrogen impurities suggests
that similar mechanisms are at play. Indeed, Ford et al. have
speculated that N and O are both capable of capturing H
and minimizing the volume fraction of proximity coupled
niobium nano-hydrides [9]. As a result, it is likely that observations made using one particular impurity are applicable
to those made using another impurity. However, there likely
remains some level of impurity dependence.
With the above considerations, we present here experimental data which delineates the precise role of impurities
in cavity performance. We choose to use thermally diffused
oxygen from the bulk niobium oxide as this method minimizes the probability of introducing other impurities.

Experimental
We used an ensemble of TESLA-shaped 1.3 GHz Nb
single cell SRF cavities that were initially treated with a
bulk removal via electropolishing from the inner RF surface
post initial fabrication and an 800 C degas step [3]. All
cavities were then subjected to a 40 µm removal of the inner
surface via standard EP. The cavities were then assembled
for testing and evacuated. Most cavities were tested at this
point to get a baseline, which will be referred to as “EP”.
Cavities were subjected to sequential rounds of in-situ low
temperature baking at various temperatures ranging from
90 C up to 200 C, diffusing oxygen from the native oxide
toward the bulk according to Fick’s law. After each step
Technology
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Figure 2: 𝑄 0 vs 𝐸 𝑎𝑐𝑐 of cavity TE1RI003 after sequential
rounds of in situ vacuum baking at 120 C. Inset shows the
calculated oxygen depth profile for each studied surface treatment.
of treatment, cavities were RF tested at a temperature of
2 K. Most tests were repeated at <1.5 K to enable a precise
measure of the onset of HFQS. All studied surface treatments
were designed to ensure that the native oxide remained intact
and served as a passivating layer against extrinsic impurities.
This ensured that only oxygen diffused from the native oxide
served as the primary diffusant of interest in these studies.
In total, we have performed over 60 surface treatments and
subsequent RF measurements.
To minimize the possibility of trapping of magnetic flux
through superconducting transition, we used Helmholtz coils
to provide a zero field environment and a fast cool down
protocol to produce a sufficient thermal gradient along the
length of the cavity [10]. Only tests that showed minimal
field emission are presented here.

Results
Role of Diffused Oxygen in Mitigating HFQS We first
investigated the role of thermally diffused oxygen from the
native oxide toward the bulk in mitigating HFQS. Fig. 2 plots
the RF results of TE1RI003 after sequential rounds of in situ
vacuum baking at 120 C. The baseline EP test showed the
expected onset of HFQS at 25 MV/m; the max gradient was
power limited. After baking at 120 C for 30 minutes, the
HFQS onset shifted up to 27 MV/m; max gradient was again
limited by available RF power. Following an additional
30 minute bake, for a net treatment of 120 C for 1 hour,
HFQS onset shifted further up to 29 MV/m and quench
occurred at 34.4 MV/m. Subsequent treatment and testing
showed that both the field of HFQS onset and quench field
increased with integrated bake duration.
To correlate cavity performance with the material evolution, we used the TOF-SIMS results presented by Romanenko et al. [5,6], which shows that oxygen diffuses from the
native niobium oxide toward the bulk according to a simple
TU1AA03
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Figure 3: High field Q-slope onset plotted against the calculated diffusion depth. Inset defines the so-called diffusion
depth (see text for more details).
Fick’s diffusion model. Using this model with a built-in
bulk concentration term to fit the TOF-SIMS data in those
works, we calculated the O concentration depth profile and
plotted the depth at which it achieved the bulk value (see
insets in Fig. 2 and Fig. 3) against the field of HFQS onset
at 𝑇 < 1.5 K for each studied RF test. The results are shown
in Fig. 3.
We find that the field of HFQS onset varies linearly with
the depth to which oxygen diffuses for all studied temperatures. This supports the role of oxygen in the mitigation of
HFQS in the 120 C baking effect as presented by Romanenko
et al. and suggests that as oxygen diffuses deeper, it captures free hydrogen and inhibits the formation of proximity
coupled nano-hydrides within the RF layer.
Role of Diffused Oxygen in Tuning Cavity Quench
Field We next investigated the role of thermally diffused
oxygen in tuning cavity performance. Here, we focus particularly on the evolution of quench field but a more in-depth
analysis of cavity performance evolution may be found in [7].
Fig. 4 presents RF data acquired on cavity TE1AES019 after
sequential rounds of in situ vacuum baking at temperatures
of 90 C and 200 C. We note that the cavity maintained vacuum throughout the entire study. The test post baking at 90 C
for 12 hours showed HFQS onset at 29 MV/m; the cavity
quenched at 36.2 MV/m at low temperature (not pictured).
The cavity then underwent a very long bake at 90 C for an
integrated duration of 384 hours which showed no HFQS
up to quench at 43 MV/m. We then baked the cavity further
at 200 C for 1 hour. The RF results in Fig. 4 showed that
the quench field reduced to 38 MV/m. Furthermore, the 𝑄 0
at all fields decreased and the curve shape showed a slight
rounding at mid-field. For the final treatment, the cavity
underwent another in situ bake at 200 C for an additional
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Figure 4: 𝑄 0 vs 𝐸 𝑎𝑐𝑐 of cavity TE1AES019 after sequential
rounds of in situ vacuum baking at either 90 C or 200 C.
Inset shows oxygen depth profile for each studied surface
treatment.
10 hrs. The resulting performance shows an improvement
in 𝑄 0 and the anti Q-slope behavior that is characteristic
of N-doped cavities [1]. We note again that oxygen is the
primary diffusant of interest in these studies. This further
reinforces the theory that diffused oxygen indeed performs
a similar role as nitrogen in the performance of Nb SRF
cavities.
Fig. 5 plots the highest measured quench field for every
RF test against the calculated diffusion depth. Data from
Posen et al. is also shown [11]. The quench field follows
a non-monotonic relationship with the calculated diffusion
depth, showing a peak near 60 nm. The initial increase in
quench may be understood by assuming the hydride model:
fewer hydrides in the RF layer results in less RF heating that
might otherwise drive thermo-magnetic quench.
While Fig. 5 suggests that bulk niobium SRF cavities
are capable of achieving a peak quench field of 45 MV/m,
we argue that this limitation is due to a non-ideal impurity
profile. The treatments studied in this work all consist of
single temperature diffusion steps. We will show in the
following section that considerably higher quench fields are
achievable by utilizing more complicated, 2-step baking
treatments and chemical treatments.

RECENT SRF R&D INNOVATIONS TO
INCREASE CAVITY PERFORMANCE
In addition to the above discussed fundamental material
insights, Fermilab has also recently established two technologies that further push the performance of production
level cavities: i) 2-step baking + cold EP and ii) plasma
processing.

2-Step Baking + Cold EP
The 2-step baking surface treatment is a slight variation
of the standard 120 C in situ LTB treatment that enables
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Figure 5: Highest achieved quench field for each RF test in
the present study plotted against the diffusion depth. Data
from Posen et al. comes from [11].
unprecedented accelerating gradients of over 50 MV/m in
TESLA-shaped Nb SRF cavities and routinely yields cavities with gradients above 45 MV/m [12]. First, a cavity
is electropolished at a low temperature. After the cavity is
fully assembled for testing and evacuated, it is placed in a
low temperature oven and baked first at 75 C for 4 hours
before the temperature is ramped up to 120 C and baked for
another 48 hrs [13].
Fig. 6 depicts a Fermilab cavity treated with the 2-step
baking + cold EP surface treatment at Fermilab. The cavity
exhibited a quench field of 50 MV/m, a world record for
this cavity shape. The cavity was then sent as-is and under
vacuum to different laboratories around the world, including
JLab in Newport News, USA, DESY in Harmburg, Germany,
and KEK in Tsukuba, Japan. The inter-lab measurements
confirm the ultra-high gradients. Moreover, these measurements confirm the bifurfaction phenomenon characteristic of
this treatment. For more on this study, please see [12,14,15].
As part of the ILC-cost reduction effort, Fermilab treated
8 nine-cells with the 2-step baking + cold EP surface treatment to be used in a high gradient demonstration ILC-style
cryomodule (CM). First results, to be reported elsewhere,
demonstrate excellent quench fields, and show that high
gradients are obtainable in production level cavities.

Plasma Processing
Fermilab has recently validated the plasma processing procedure for the in situ mitigation of hydrocarbon-related field
emission in 1.3 GHz cryomodules. The effort began with the
R&D phase based on individual nitrogen doped 9-cell cavities, which successfully demonstrated the in situ removal
of hydro-carbons while preserving RF performance [16].
The technique was then scaled up to be used on a full-scale
cryomodule. The candidate CM was the verification CM for
LCLS-II HE, which exhibits record-breaking performance
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Figure 6: 𝑄 0 vs 𝐸 𝑎𝑐𝑐 of FNAL cavity TE1AES022 subjected
to the 2-step bake and cold EP surface treatment at FNAL
and tested at different labs across the world.

and no field emission [17]. After in situ plasma processing
four out of the eight cavities, the cryomodule remained field
emission free and maintained performance. Moreover, those
cavities which were plasma processed no longer exhibited
multipacting induced quenches while those untreated were
still affected by it [18]. As a result, the plasma processing
technique is fully validated for 1.3 GHz CMs and can be
used in situ to address multi-pacting and field emission.

FERMILAB BOOSTER REPLACEMENT
LINAC
One potential application of the above discussed SRF technologies may be in the Fermilab booster replacement linac
aimed at delivering 2.4 MW of proton power on target for
the Long Baseline Neutrino Facility (LBNF)/Deep Underground Neutrino Experiment (DUNE) [19]. LBNF/DUNE
is Fermilab’s flagship project which shoots neutrinos from
the Fermilab Batavia site to Sanford, South Dakota to enable several key measurements. To obtain unambiguous,
high precision measurements, the number of neutrinos delivered to the detector in South Dakota must be dramatically
increased. To accomplish this, the proton power on target
must be doubled from 1.2 MW to 2.4 MW. This requires
proton injection into the recycler/main injector at 8 GeV.
Once the proton improvement plan II (PIP-II) accelerator
comes online, the current booster at Fermilab will serve as
a bottleneck for this upgrade and will require replacing.
One candidate for the booster replacement is a linac based
on well established SRF technology [19]. The bulk of the
linac will consist of LCLS-II style cryomodules housing
eight nine-cell 1.3 GHz cavities at 2 K operating in pulsed
mode. The current estimate for cavity performance specifications requires 𝑄 0 = 1E10 at gradients of 31.5 MV/m
for the baseline design and a stretch goal of 𝑄 0 = 2E10 and
𝐸 𝑎𝑐𝑐 = 33.7 MV/m.
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From Fig. 6, we see that the baseline cavity specifications
are far exceeded with the 2-step baking + cold EP surface
treatment. The stretch goal specifications are nearly within
reach, and current efforts to further improve these metrics are
ongoing. Moreover, plasma processing might serve as a key
technology in the in situ mitigation of field emission and/or
multipacting, which would be critical in the preservation of
linac performance.

CONCLUSIONS
In conclusion, we have discussed Fermilab’s recent advancements in bulk Nb SRF cavity technology. By coupling
material science observations with RF cavity measurements,
we delineated the role of oxygen in cavity performance. We
reported a direct correlation between the field of high field
Q-slope onset and the depth to which oxygen diffuses, solidifying the role of diffused oxygen in the minimization
of niobium nano-hydride precipitation. We showed that
cavity performance may be tuned via simple thermal diffusion, enabling either high gradients or high quality factors.
Moreover, we showed that the 2-step baking + cold EP surface treatment is capable of yielding record quench fields
in TESLA-shaped 1.3 GHz single-cell cavities. Plasma processing was also discussed and shown to be fully validated
for 1.3 GHz cryomodules. Lastly, we briefly discussed the
application of these technologies to the potential booster
replacement linac at Fermilab.
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Abstract
An innovative superconducting cavity topology has been
recently proposed at CERN. It integrates longitudinal waveguide slots crossing perpendicularly the RF surface to damp
transverse higher order modes. The RF current lines of the
fundamental mode run along the slots, inducing no perturbation of the accelerating mode. Thanks to this approach, the
cavity can be built by sectors, which is well appropriate to
precise manufacturing techniques. This configuration allows
direct access to the RF surface, thus facilitating the surface
preparation and thin film deposition process in the case of
cavities based on Nb/Cu technology. This paper covers the
latest development of a 600 MHz slotted elliptical cavity
called SWELL, which has been proposed as an alternative
option for the FCC-ee RF system as well as the prototyping
of a simplified SWELL version of a single cell 1.3 GHz
elliptical cavity. The development of a new type of 6 GHz
split resonator is also on-going at Lancaster University. This
cavity is made of two halves and is dedicated to superconducting thin film characterization. An overview of this new
development will be given.

INTRODUCTION
Elliptical radio frequency (RF) cavities operating on the
TM010 accelerating mode have RF current lines running longitudinally along the cavity surface. It is possible to divide
the cavity geometry into sectors with an arbitrary angle without perturbing the field pattern of the accelerating mode.
Each cavity sector becomes an open structure, which opens
new opportunities to fabricate highly performant superconducting RF (SRF) cavities. In such an approach, longitudinal
slots can even be added provided that the slot width is small
compared to the cavity outer diameter. The slots can act as
high frequency waveguides to extract and propagate transverse Higher Order Modes (HOM) outside the resonator in
order to efficiently damp them.
In the CLIC Test Facility CTF3 at CERN, the 3.5 A drive
beam electron accelerator was equipped with 3 GHz Slotted
Irises Constant Aperture (SICA) copper structures which
adopted this strategy [1]. The CLIC 12 GHz Power Extraction and Transfert Structure (PETS) was designed to
decelerate a more intense electron beam of 100 A and was
built of 8 copper sectors (octants) to allow extremely strong
HOM damping [2].
The slotted cavity concept was also explored in the superconducting domain for high current Energy Recovery Linac
(ERL) applications [3]. A 3-cell 1.3 GHz cavity was built
∗

franck.peauger@cern.ch

Technology
Superconducting RF

in bulk niobium and was preliminary tested in a vertical
cryostat [4].
In this paper, we present a novel scheme of a slotted SRF
cavity where the sectors are made of copper and are precisely
machined, as experienced in the CLIC RF structures, and
are coated with a niobium (Nb) thin film to provide an inner
superconducting surface. We describe the RF design and
development plan of a new Slotted Waveguide ELLiptical
(SWELL) cavity proposed as an alternative solution for the
FCC-ee RF system [5]. We finally give an overview of
the development of 6 GHz split cavities dedicated to the
exploration and RF characterization of new superconducting
thin films.

SWELL SUPERCONDUCTING CAVITY
DEVELOPMENT FOR FCC
The original idea of the SWELL cavity concept applied
to the FCC-ee machine came up in December 2020 [6]. The
wish was to improve the cavity performances, to optimize
the installation scenario of the RF system and to reduce its
overall cost. Since the SWELL cavity is made to operate
at high beam current and high accelerating gradient at the
same time, it is a good candidate to have a single cavity type
for the Z, W and H working energies of FCC-ee which are
listed in Table 1.
Table 1: FCC-ee Operating Modes.
Mode
Z
W
H
ttbar

RF Voltage (GV)

Beam Current (mA)

0.120
1
2.08
11.3

1280
135
26.7
5

600 MHz SWELL RF Design
The operating RF frequency of 600 MHz has been chosen as an intermediate frequency between the two FCC-ee
baseline frequencies (400 MHz and 800 MHz). It is a good
compromise between different factors. For example, low
cavity impedance is crucial especially for the Z operating
point, which runs at a beam current of 1.28 A with long
trains of bunches. It prevents risks of beam instabilities and
of high power RF losses due to HOMs. This is favored at
low RF frequencies as the longitudinal and transverse loss
factors scale with the RF frequency to the power of two and
three, respectively. On the other hand, the size of the cavity
and its superconducting RF surface is smaller at high RF
frequency, thus reducing the risk of having surface defects,
which may induce parasitic losses or may trigger quenches.

TU1AA04
301

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TU1AA04

Figure 1: SWELL 2-cell 600 MHz cavity RF volume.
The SWELL cavity is a 2-cell elliptical cavity equipped
with four slotted waveguides, as shown in Fig. 1. Each slot is
coupled to two coaxial RF lines to extract transverse higher
order modes. For the SWELL fabrication technology, the
strategy is to build four independent quadrants precisely
milled and clamped together, without any brazing or welding operation. The stiffness of the RF structure is very high,
making it robust against RF detunings due to Lorentz forces
and microphonics. Each quadrant is an open structure, thus
very favourable for Nb coating and visual inspection. It
is also seamless by its nature, meaning that there is no assembly joints in high electromagnetic field regions. The
cryogenic cooling can be performed by forced convection
using horizontally drilled channels in the four quadrants,
limiting drastically the amount of liquid helium involved. A
vacuum vessel surrounding the full structure is envisaged to
separate the beam vacuum from the cryomodule insulation
vacuum.
Since the last RF design presented in [7], the cavity shape
has been re-optimized to take into account the risks of multipacting in the slotted waveguides. The slots width has been
increased from 10 to 20 mm, pushing the first dangerous
multipacting barrier in the slots above 𝐸 acc = 20 MV/m.
The new geometric parameters of the cavity to slot connection profile leads now to maximum surface electric and
magnetic field ratios of (𝐸 pk /𝐸 acc ) = 2.37 and (𝐵pk /𝐸 acc ) =
6.74 mT/(MV/m).
Each HOM coaxial extrator is equipped with a halfwavelength notch filter tuned at the frequency of 600 MHz.
This is highly important to avoid RF leakage of the Fundamental Mode (FM) in the HOM feedthroughs. This occurs
mainly when the symmetry of the cavity is broken by the
fundamental power coupler (FPC) and tuning plungers or in
case of misalignment of the quadrants.
A variable antenna is envisaged for the FPC to be able to
minimize the required RF power at each operating energy
of FCC-ee. The shape of the FPC port and antenna tip are
designed to achieve both the optimal coupling factor and
RF detuning compensation due to beam loading at the same
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time. With a FPC port diameter of 80 mm, the maximum
displacement of the antenna tip is 45 mm between the Z and
H operating points. In addition, to allow RF tuning of the
cavity during operation, two RF plungers are incorporated
into the beam tube on the opposite side of the FPC. A tuning
range of 170 kHz has been achieved with a plunger geometry
similar to the FPC extremity. As shown in Fig. 2, the integration of the FPC and the two plungers breaks the symmetry
of the FM field pattern. Taking into account this asymmetry,
and with a longitudinal misalignment of 50 µm, the external
quality factor of the FM seen by the eight coaxial HOM
ports stays very high and is 𝑄 ext = 1014 , thanks to the good
rejection properties of the notch filters. A fourth 80 mm
diameter port is added on the beam pipe on the FPC side at
45° as a spare port (for RF field measurement for example).

Figure 2: Electrical field at the H working point of the FM on
the SWELL cavity surface equipped with one FPC and two
RF plungers (not visible on the picture). The field scale is
cut to 20 kV/m for easier understanding of the field distortion
in the slots.
The longitudinal and transverse impedances are presented
in Fig. 3 and compared to the beam stability threshold for
the operation at the Z energy, which is the most demanding
operating mode.
The longitudinal coupled bunch instabilities due to the
FM will be mitigated by direct RF feedback, as performed
in the LHC. The waveguide slot shape and the coaxial HOM
couplers have been re-optimized to maximise the RF damping of the first dipole passband. Only three transverse modes
remain above the stability threshold and have an impedance
of 20 to 30 kΩ/m. The spike occurring at the FM frequency
is due to coupler and plunger asymmetry and can be compensated by alternating their orientation along the accelerator.
For the two other modes at 740 and 830 MHz a bunchby-bunch feedback system with a damping time of about
100 turns of revolution of the beam can be implemented to
suppress the risks of beam instabilities [8].
The different configurations of the FCC-ee RF system at
the Z, W and H energies considering the 600 MHz SWELL
cavities are detailed in Table 2.
For the H machine, the cryomodules are re-aligned to
allow the passage of the two beams in the same cavities.
The beam current is then doubled and is 53.4 mA. In total,
up to 344 cavities are needed to cover to three operating
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2-cell and 5-cell elliptical cavities at 400 and 800 MHz. It
is a reduction of about 20 % on the quantity of cryomodules to be built, which saves significantly on the RF system
investment cost.
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Figure 3: Longitudinal and transverse impedance of the
600 MHz SWELL cavity.
modes. The RF power per cavity is about 600 kW for the
Z pole and goes down to 300 kW for the W and H machine. The maximum surface fields are reached for the H
scenario. At 𝐸 acc = 12.1 MV/m, the peak surface fields are
𝐸 pk = 28.7 MV/m and 𝐵pk = 81.5 mT. The operating temperature of the SWELL cryomodules is set to 4.5 K as a
challenging target. For the ttbar energy and the booster
ring, it is envisaged to complete the RF system with 600
MHz 5-cell elliptical cavities running at 2 K, which can be
manufactured using Nb or Nb on Cu film technology. The
target accelerating gradient is 25 MV/m at 2 K. With this
new scheme at the unique frequency of 600 MHz, and considering four cavities per cryomodule, the total number of
cryomodules needed for FCC-ee machine goes down from
322 to 254 compared to the RF baseline with standard 1-cell,

A SWELL version of the “standard” 1.3 GHz single cell
SRF cavity has been specially designed, derived from the
well known TESLA single cell cavity shape. The target is
to demonstrate the feasibility of the SWELL concept. The
cavity geometry is simplified with closed slots. There is no
HOM coupler included in the structure. The main purpose
is to build a prototype and measure its performances at low
temperature to evaluate the maximum accelerating gradient
achievable with this technology.
Using the same shape optimization process as for the
2-cell SWELL cavity, the maximum surface field ratios obtained are (𝐸 pk /𝐸 acc ) = 2.01 and (𝐵pk /𝐸 acc ) =
4.61 mT/(MV/m). The magnetic field map is shown in Fig. 4.
The maximum magnetic field occurs at two places on the
equator. Field enhancement also arises on the straight part
of the cavity wall at the slot entrances but stays below the
maximum values spotted on the equator.

Figure 4: Magnetic field in the 1.3 GHz SWELL cavity for
1 Joule of stored energy.

The mechanical design of the SWELL 1.3 GHz cavity is
shown in Fig. 5. It is made of four copper quadrants precisely
machined, coated with niobium thin film and assembled
together by clamping. Each quadrant is 400 mm long and
Table 2: RF Configurations of FCC-ee with the 600 MHz approximately 25 kg mass. It is equipped with a single liquid
helium cooling channel. Five axis machining is performed
SWELL Cavities (Machine Bending Radius of 9935 m).
on the RF surface to achieve 40 µm shape accuracy. The four
Operating modes
Z
W
H
blocks are aligned thanks to fiducial surfaces on the outside
Beam energy (GeV)
45.6
80
120
of the cavity. A precision of 5 µm is expected for the final
Energy loss per turn (MeV)
38.5 364.6 1845.9
positioning of the four quadrants.
RF voltage (MV)
120 1000
2080
A first unit of the 1.3 GHz SWELL cavity has been succos (Φ) factor
0.32 0.36
0.89
cessfully machined in the CERN mechanical workshop (see
Beam current (mA)
1280 135 2 x 26.7 Fig. 6). The inner surface measured in metrology after fiRF power per cavity (kW)
550 290
290
nal machining is within 20 µm compared to the theoretical
Number of cavities
90x2 172x2
344
surface shape.
Accelerating gradient (MV/m)
2.67 11.6
12.1
To complete the fabrication, the following steps will be
Accelerating voltage (MV)
1.33 5.8
6.05
performed:
Peak surface electric field (MV/m) 6.3 27.6
28.7
• Chemical electropolishing of the copper blocks by imPeak surface magnetic field (mT) 18
78.4
81.5
mersion with an optimized cathod shape. A total copper
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Figure 5: 3D view of the mechanical design of the 1.3 GHz
SWELL cavity.

uum system, meaning that the cavity vacuum is the same as
the insulation vacuum. The V5 vertical test stand in SM18
is dedicated to the qualification of 100 MHz quarter wave
resonators for the HIE-ISOLDE superconducting linac. It
operates also in a common vacuum configuration and is fully
operational. Thus, it was decided to modify an existing spare
V5 insert and adapt it to the 1.3 GHz SWELL cavity. Experience and procedures from the HIE-ISOLDE project such as
the insert installation in clean environment will be re-used
for the SWELL program. The RF tests will be performed
both at the temperature of 4.5 K and at around 2 K to fully
characterize the superconducting properties of the cavity.
The minimum achievable temperature of this cryostat in superfluid helium and sub-atmospheric pressure is 1.7 K with
full pumping capacity applied on the helium bath reservoir.
The V5 cryostat is equipped with an active thermal
shield, which allows the active control and regulation of
the cooldown process. The common vacuum in the cryostat can reach a pressure of 10−9 mbar at low temperature.
Magnetic flux compensation coils are available to cancel
the earth magnetic field in the cavity. A full set of instrumentation is integrated to control the cavity temperature,
the magnetic field near the cavity surface and the liquid helium level in each quadrant. A new cryogenic distribution
system has been developed to allow an equal distribution
of liquid helium in the four blocks. The 3D model of the
1.3 GHz SWELL cavity mounted on the V5 cryostat insert is
shown in Fig. 7. The RF measurement at low temperature is
performed thanks to two fixed antenna located on the beam
pipes. First RF tests at low temperature are planned in the
beginning of 2023.

Figure 6: First 1.3 GHz SWELL cavity machined.
thickness of 50 µm can be removed on the inner RF surface. The quadrant contact surfaces will be masked by
dedicated toolings.
• Niobium coating using Bi-polar High power impulse
magnetron sputtering (HiPIMS) to obtain a dense and
void-free film. It is planned to re-use an existing chamber at CERN. A first coating has been successfully
performed on a flat Quadupole Resonator (QPR) sample in this chamber. A surface resistance of Rs = 5 nΩ
was measured at the frequency of 400 MHz and the
temperature of 2 K, which is one of the best results
obtained on QPR measurements.
• Clean room assembly after ultra-pure water rinsing
at low pressure of each quadrant. Their mechanical
alignment and their assembly will be performed in an
ISO 5 clean room at CERN.
The cold RF tests of the cavity in a vertical cryostat will
be done at CERN in the SM18 laboratory. The 1.3 GHz
SWELL cavity has the particularity to have a common vac-
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Figure 7: V5 vertical cryostat equipped with the 1.3 GHz
SWELL cavity.

6 GHZ SPLIT CAVITY FOR
THIN FILM QUALIFICATION
Lancaster University has been developing split cavities
at 6 GHz for thin film coatings. Unlike the SWELL cavity,
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the 6 GHz cavity has two halves rather than four quadrants.
The program is focused on coatings and RF measurements
rather than cavity design. The advantage of a split topology
is that it is suitable for Nb, Nb3Sn and multilayer coatings
at the Daresbury Laboratory. It is easy to coat with either
conventional planar magnetron or in tubular geometry used
for RF cavities. There is no electromagnetic field on contact
faces and it is a stiff RF structure, which allows to avoid
cracking. Finally it is easy to inspect visually.
Three units of the 6 GHz split cavities have been fabricated
and are being coated. The first cavity has been coated with
Nb. It was a quick coating with non optimised parameters for
deposition so that the surface measurement facility could be
tested. A second cavity has been coated using an optimized
process (magnetron sputtering) and is in the cryostat for RF
measurements. Pictures of 6 GHz the split cavities after
machining and after coating are shown in Fig. 8.

on the basis of the 1.3 GHz cavity test results. After this
last iteration, a detailed mechanical study could be launched
including the design of a test horizontal cryostat integrating all RF couplers and RF tuning systems. Discussions
have started with international partners to collaborate on the
SWELL cavity development program. The IN2P3-LPSC
laboratory in Grenoble (France) is interested in participating
to advanced multipacting studies with experimental verifications. Jefferson Laboratory has expressed his enthusiasm
to explore a deep-drawn version of the SWELL cavity. Finally, other accelerator projects like EIC in USA or CEPC
in China, where high intensity beams need to be accelerated
in an innovative and efficient way, could find an interest in
looking into the SWELL cavity options.
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SUMMARY AND PERSPECTIVES
We have proposed a new SRF cavity concept called
SWELL for the Ampere-class high energy FCC-ee accelerator. An update of the advanced and detailed RF design study
of a 2-cell SWELL cavity with strong HOM damping features has been presented. The cavity RF design meets all the
requirements to operate successfully at the Z, W and H working energies. It is important to mention that depending on
the results of future beam dynamic studies, it will be possible
to scale the cavity geometry to another RF frequency value,
which can typically be in the range of 500 MHz to 650 MHz.
A "TESLA like" SWELL cavity is being developed in parallel to experimentally demonstrate the feasibility of the
concept. The cavity has been machined with great success
and is ready for surface preparation and niobium coating.
First RF tests at low temperature are planned in 2023. The
RF design of the SWELL 2-cell cavity may evolve again
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NEXT-GENERATION Nb3 Sn SUPERCONDUCTING RF CAVITIES∗
N. Verboncoeur† , R. Porter‡ , G. Gaitan, M. Liepe, L. Shpani, N. Stilin, Z. Sun
Cornell University, Ithaca, NY, USA
Abstract
Nb3 Sn currently is the most promising alternative material for next-generation, higher-performance SRF cavities.
Significant recent progress has been made in further increasing efficiency, maximum field, and demonstrating readiness
for first applications in actual accelerators. This paper will
present an overview of worldwide recent progress in making
this material a viable option for future accelerators.

INTRODUCTION
The use of superconducting RF (SRF) cavities was once
considered outlandish. Today, modern facilities use niobium
(Nb) SRF cavities, however the future of both scientific
research and industrial accelerators would greatly benefit
or would be possible only if a superconducting material
that supports higher performance exceeding the material
limitations of Nb for use in SRF cavities can be found.

𝑅
where 𝑉 is the accelerating voltage and 𝑄
is the is a factor
describing how effectively power can be delivered to a beam.
Finally, the cooling power, 𝑃AC,Cooling , depends on the AC
wall power needed to do one watt’s worth of cooling in your
system and 𝑄 0 . The cooling power is defined by

𝑃AC,Cooling = COP−1 · 𝑃diss ,
where 𝑃diss is as defined above and 𝐶𝑂𝑃 is the coefficient
of performance for the system in 𝑊/𝑊, as seen in Fig. 1.
Nb3 Sn is predicted to outperform Nb in a number of significant ways. First, the quality factors at 4.2 K of Nb3 Sn are
predicted to be even higher that of pure Nb at 2 K as seen
in Fig. 2 where the 𝑄 0 is visibly much higher for Nb3 Sn
than for Nb at SRF operating temperatures [1]. This means
that we could, in principle, operate Nb3 Sn cavities at 4 K

Why Nb3 Sn?
Niobium has served us well for years, so why is Nb3 Sn a
better choice? First we must understand several figures of
merit by which we judge an SRF cavity.
First and foremost is the accelerating gradient, 𝐸 acc . This
determines the amount of energy that a cavity can deliver to
a beam per length, typically reported in MV/m. The ultimate
limit on the accelerating gradient is directly proportional to
the superheating field, 𝐻SH , of the superconducting material
used.
The BCS surface resistance is another important factor in
cavity performance defined by
𝑅bcs = 𝑓 2 𝑒 −const∗𝑇𝑐 /𝑇 .
The total surface resistance that determines the cavity’s
quality factor, 𝑄 0 , is made up of the BCS resistance and the
residual resistance. By increasing the critical temperature,
the BCS resistance decreases allowing us to achieve a higher
𝑄0.
The quality factor, 𝑄 0 = 𝐺
𝑅 , is a figure which describes the
cavity’s efficiency, where 𝐺 is the cavity’s geometry factor.
The quality factor plays a roll in determining the cooling
power needed, and is also related to the cavity’s resonant
frequency. The dissipated power, 𝑃diss , depends on 𝑄 0 and
is defined by
𝑃diss =
∗
†
‡

𝑉2
,
𝑅
𝑄 𝑄0
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Figure 1: The cooling power, which is in watts of AC wall
power needed to remove one watt of power from the cryogenic system, is much higher for low temperatures [2, 3].

Figure 2: 𝑄 0 versus temperature. At 4.2 K, Nb3 Sn significantly outperforms pure Nb. This figure shows that
a 1.3 GHz Nb3 Sn cavity could efficiently operate at 4.2 K
rather than 2 K, which is the typical operation temperature
for Nb cavities
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efficiently. Operating at a higher temperature, in turn, reduces 𝑃AC,Cooling . A higher operating temperature would
also allow for a higher operating frequency according to [1]
given that
𝑅BCS ∝ 𝑓 2 𝑒 −const∗𝑇𝑐 /𝑇 .
A higher operating RF frequency would allow for compact
Nb3 Sn SRF cavity applications.
Additionally, the superheating field of Nb3 Sn is predicted
to be nearly double that of pure Nb [4]. This allows for
a higher accelerating gradient, predicted to go as high as
∼100 MV/m.

Nb3 Sn Cavity Fabrication
Armed with an understanding of Nb3 Sn’s material properties, we must now consider the all important question of how
to actually use it. Nb3 Sn is quite brittle and cannot be machined into a cavity shape. Currently, the preferred method
of Nb3 Sn cavity fabrication is thermal vapor diffusion [5].
The Nb cavity base is placed in a furnace with a tin source,
which is then pumped down to vacuum and heated. This
causes the tin to sublimate, creating an “atmosphere” of tin.
The tin in this “atmosphere” is then able to nucleate onto
the surface of the Nb cavity and diffuse into it, creating a
Nb3 Sn film. The thickness of this film can be controlled
with reasonable precision by adjusting the amount of time
spent in the furnace.
Back in the early 2010s, Cornell was the first to show this
high quality of Nb3 Sn cavity performance [6], as seen in
Fig. 3. This breakthrough resurrected the SRF community’s
interest in Nb3 Sn, leading to an international research effort.

to the KEK facility include upgrades to their cleanroom facilities. These infrastructure upgrades will allow them to
improve their cavity performance by ensuring a cleaner RF
surface during assembly [10].

RESEARCH AND DEVELOPMENT
Nb3 Sn as a material has not yet reached it’s theoretical
potential in most areas. It has a theoretical maximum accelerating field of ∼100 MV/m and a theoretical 𝑄 0 of ∼6 × 1010
at 4.2 K. There is a significant worldwide effort to understand what is currently limiting the performance of Nb3 Sn
from a number of different angles.

Better Films for Increased 𝐸 acc and 𝑄 0
Improving the quality of the Nb3 Sn films that we grow is
a focus of the SRF community. Adjusting various aspects
of the surface preparation and growth process has allowed
the us to continuously improve the performance of Nb3 Sn.
Surface roughness is believed to be one of the limiting
factors on Nb3 Sn performance, and as such, there is a significant effort across institutions to improve this factor. Using
thinner films is one way to reduce the surface roughness,
which by extension reduces sources of early quenching. Fermilab has produced a cavity with a smoother and thinner
film and the RF results showed that it is capable of exceeding
20 MV/m at 4.4 K [7] as seen in Fig. 4. Jefferson Lab is also
working on a thinner film cavity, with a film thickness of
1 µm and a finer Nb3 Sn grain size [8,9]. This cavity has been
producing promising results and we are looking forward to
the future of this work.

Figure 3: RF data comparing the early Nb3 Sn work done at
Cornell to Nb cavity RF data.

UPCOMING FACILITIES
As Nb3 Sn grows as a field, more and more facilities from
around the world join the Nb3 Sn family’s research effort
including Cornell, Fermilab [7], and Jefferson Lab [8, 9].
KEK has recently joined the growing list of Nb3 Sn research facilities. The recent highlights of the upgrades made
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Figure 4: STEM images and 3D surface maps for the Fermilab thin and smooth coating [7].
Cornell University also has a thin film cavity which had
two significant changes made to the standard coating recipe.
First, the coating was shortened to produce a thinner film.
The typical film thickness for a Nb3 Sn cavity from Cornell is
around 3 µm, however this thinner film is half that at 1.5 µm.
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Second, the availability of Sn during the initial phase of the
coating process was increased.
A second reason to pursue thinner films is that the Nb
substrate onto which the film is grown is able to thermally stabilize the Nb3 Sn layer. This was shown in calculations done
by our lab [1] and can be seen in Fig. 5. Simulations with
different Nb3 Sn layer thicknesses showed that the thinner the
layer, the more efficiently the Nb substrate could thermally
stabilize itin the presence of small normal-conducting surface defects. As can be seen in Fig. 6, halving the thickness
nearly doubles the quench field. This would in principle
allow for the cavity to reach higher accelerating gradients.

for a pure material [1], however this one appears to be two
linear functions summed together. We predicted that this was
due to tin depletion. Tin depleted Nb-Sn species typically
have far worse RF performance than pure Nb3 Sn due to their
very low critical temperatures, and so their impact on the
cavity’s properties could be significant and detrimental [1].

Figure 7: BCS resistance versus inverse temperature data
for several typical Cornell ILC shaped Nb3 Sn cavities of
various frequencies [1].

Figure 5: Thermal simulations showing how the Nb substrate
is able to stabilize the Nb3 Sn film allowing it to survive to
higher fields before reaching cavity quench [1].

Figure 8: BCS resistance versus inverse temperature data for
the Cornell thin film cavity which is a 1.3 GHz ILC shaped
Nb3 Sn cavity baked with higher Sn availability and a 1.5 µm
thick film [1].
Figure 6: Simulation showing the maximum quench fields
that can be supported at different thicknesses of Nb3 Sn as a
function of normal conducting region radius [1].
Increasing the Sn supply during the film growth process
allowed us to address a problem we had been seeing with the
BCS resistance data. A typical BCS resistance for a Cornell
Nb3 Sn 1.3 GHz ILC cavity versus inverse temperature data
set is shown in Fig. 7. One would expect the data to be linear
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As one can see in Fig. 8, the BCS resistance versus inverse
temperature data for the cavity with the high Sn availability
is quite linear, indicating a purer material. In addition to this,
the BCS resistance on the new cavity was also significantly
lower coming in at 3.35 nW compared to a typical cavity
from Cornell which has a BCS resistance of ∼8 nΩ [1].
RF data for this cavity is shown in Fig. 9. Unfortunately,
a quench due to field emission occurred at 17 MV/m. We
do not believe that this is the ultimate limit of the cavity and
hope to push the accelerating gradient further in upcoming

Technology
Superconducting RF

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TU1AA06

tests. Those with a discerning eye may have noticed that
the quality factor is not very good for this test. While the
BCS resistance was lowered, the total surface resistance for
this cavity was higher. This could have been due to a poor
thermal gradient while cooling down causing trapped flux,
or other surface defect issues.

APPLICATIONS
In order for Nb3 Sn to be used practically in an accelerator,
the coating process needs to be scaled up from a single cell
test cavity to a multicell cavity. Efforts on this are underway
at both Fermilab and Jefferson lab. At Jefferson lab, they
are working on a Nb3 Sn 5-cell which they hope to beam test
in their UTIF this coming year, and has shown good performance in vertical tests [16]. Fermilab’s 9-cell Nb3 Sn coated
cavity has been able to produce gradients of ∼15 MV/m and
a 𝑄 0 of 9 × 109 [7] as seen in Fig. 10. These values are
approaching those of a single cell Nb3 Sn cavity and are practical for use in a first application outside of research and
development.

Figure 9: 𝑄 0 versus 𝐸 acc for the Cornell thin film cavity.
Quench occured at approximately 17 MV/m.

Nucleation Study
Another angle from which Cornell is approaching improving Nb3 Sn films is by investigating the affect that various
chemical rinses have on Sn nucleation. The study began
by rinsing Nb samples of approximately 1 cm2 in chemicals
of varying pH. The samples are then baked in the furnace
up to the nucleation phase at which point they are removed
and examined using a scanning electron microscope (SEM).
The SEM images are analyized with considerations for the
average nearest neighbor distance and the density of Sn nucleation sites. Early results are showing a difference between
low and high pH samples. The low pH samples have a more
uniform distribution of nucleation sites. More detailed information is available in [11].

Figure 10: The Fermilab Nb3 Sn 9-cell cavity RF data [7].
In addition to multicell cavities, there are many efforts
across institutions from around the world toward practical
compact turn-key cryomodules based on Nb3 Sn cavities,
which are further discussed in [17]. An example of Cornell’s
compact cryomodule is show in Fig. 11.

Alternative Growth Methods
While thermal vapor diffusion has thus far been the most
successful method of growing Nb3 Sn films, there are other
ways to create a Nb3 Sn cavity. Cornell is currently exploring
two alternative methods – electroplating and chemical vapor
deposition. More information about Cornell’s electroplating
effort is available in [12–14].
The chemical vapor deposition (CVD) furnace at Cornell
is nearing the end of the commissioning phase, and early
results are expected this coming Fall. The CVD furnace
works by using a carrier gas, Ar, to carry the precursors,
NbCl5 and SnCl2 , through a plasma RF generator that breaks
the molecules up into their components before they get to
the coating chamber. There, the Nb and Sn combine to form
the Nb3 Sn film and the excess Cl combines with H2 to be
removed as a waste product [15].
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Figure 11: Schematic of the Cornell Compact Turn-Key
Cryostat [17].
Outside of direct accelerator applications, Fermilab is
working on Nb3 Sn cavities for the axion dark matter search.
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These will be used in the scanning device that searches the
skies for dark matter [18].

CONCLUSION
Progress on Nb3 Sn research continues to march forward.
As more and more coating facilities join the Nb3 Sn family, more and more advancements are made in fundamental Nb3 Sn research. The results of this research and development effort are newly emerging applications, including
promising early results for multicell coating techniques and
compact turn-key cryostat systems that require less power
and fewer experts to operate [17]. Right now is a very exciting time for Nb3 Sn research as we see the results of our
effort start to go out into the world.
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OVERVIEW OF ADS PROJECTS IN THE WORLD
B. Yee-Rendon∗
Japan Atomic Energy Agency (JAEA), Tokai, Japan
Abstract
Accelerator-driven subcritical systems (ADS) offer an advantageous option for the transmutation of nuclear waste.
ADS employs high-intensity proton linear accelerators
(linacs) to produce spallation neutrons for a subcritical reactor. Besides the challenges of any megawatt (MW) proton
machine, ADS accelerator must operate with stringent reliability to avoid thermal stress in the reactor structures. Thus,
ADS linacs have adopted a reliability-oriented design to
satisfy the operation requirements. This work provides a
review and the present status of the ADS linacs in the world.

design of the JAEA-ADS. The accelerator drives the beam,
usually protons, to a spallation target to produce neutrons for
the subcritical reactor. Because the reactor is subcritical, it
requires an external source of neutron to sustain the nuclear
fission. Thus, if the accelerator is stopped, the fission process
is also stopped. This feature enhanced the safety of these
nuclear reactors. In addition, the ADS provides greater
flexibility concerning the fuel composition.

INTRODUCTION
With the increase in the necessity for a safe, sustainable,
and zero-emission energy source, nuclear energy represents
a suitable option [1]. However, society has concerns about
nuclear safety and the long-time residual waste it produces.
The partitioning and transmutation strategy offers an effective way to reduce the burden of geological storage, as shown
in Fig. 1. Partitioning comprises the selective separation of
radioactive isotopes of the spent fuel, where some of them
are reused as a fuel, and the other part, the so-called nuclear waste, is transmuted to reduce the radiotoxicity level.
Accelerator-driven subcritical system (ADS) is an advanced
nuclear system that could be used for the transmutation of
minor actinides, therefore reducing the burden of geological
disposal. Additionally, it can produce electricity, as the energy amplifier proposed by Rubbia [3], and fissile material,
known as Accelerator- Breeding [4].

Figure 2: JAEA-ADS design.
With the advancement of high-power accelerators, especially superconducting radio frequency (SRF) technology,
ADS accelerators have benefited from those developments.
However, the ADS accelerator is expanding the intensity
frontier to operate with high reliability and stability in the
MW beam power regime. This work provides a review of the
key features of the ADS accelerators and presents a summary
of ADS activities around the world.

ADS ACCELERATOR FEATURES

Figure 1: Reduction of radiotoxicity by applying partitioning
and transmutation strategy [2].
ADS is composed of a high-power accelerator, a spallation
target, and a subcritical reactor [1]. Figure 2 shows the
∗

byee@post.j-parc.jp

Proton and Ion Accelerators and Applications
Proton linac projects

The ADS accelerator must meet specific requirements to
make the ADS technology suitable:
• Stable and efficient continuous wave (cw) operation of
a beam power of few to tens of MW, which is defined by
the thermal power and subcritical of the reactor [5, 6].
• Final beam energy is about 1 to 2 GeV for efficient
neutron production through a spallation process.
• Beam current of few to tens of mA.
• Operating with beam loss less than 1 W/m to facilitate
maintenance.
• High reliability to avoid thermal stress in the reactor
structures. The number of allowing beam trips is more
strict than other high-power accelerators, as shown in
Fig. 3.
• High beam stability is necessary to ensure the integrity
of the beam window.
To this end, a reliability-oriented design based on a robust lattice design, fault tolerance, and easy repairability is
pursued [10].

TU2AA01
311

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TU2AA01

Table 1: Summary of the Worldwide ADS Activities
Accelerator
CiADS
(China) [11]
MYRRHA
(Europe/Belgium) [12]
JAEA-ADS
(Japan) [13]
SKKU-ADS
(Korea) [14]
KIPT
(Ukraine) [15]
IFSR
(India) [16]
ADS-Troitsk
(Russia) [17]
Mu*STAR
(USA/Muons, Inc.) [18]
CYCLADS
(Europe/Consortium) [19]

Purpose

Status

2.5 (10)-MW SRF proton linac ADS demo

Commissioning

2.4-MW SRF proton linac

ADS demo

Construction

30-MW SRF proton linac
5-MW SRF proton cyclotron

Transmutation of nuclear
Design
waste
ADS Th based nuclear reactor Design

0.1-MW electron linac

ADS demo

1-MW SRF proton linac

Energy production

0.75-MW proton linac

ADS demo

2.5-MW SRF proton linac

Transmutation of nuclear
waste
Transmutation of nuclear
waste

5-10-MW proton cyclotron

Figure 3: Beam trips frequencies [5, 7–9].

Scientific program
under develop
Design
Design (using the
existing Troitsk facility)
Design
Design

laboration with the Institute of High Energy Physics (IHEP),
China National Nuclear Corporation (CNCC), and China
General Nuclear Power Group (CGN) and will be located in
Huizhou, China.
IMP is currently commissioning the ADS Front-end
Demo Facility (CAFe), which was constructed together with
IHEP. The CAFe aims to demonstrate the superconducting front-end linac 10 mA cw beam for CiADS. A high
beam power test was conducted from January to March 2021,
achieving a beam power of 205.5-kW with a 10.2 mA cw
proton beam. CiADS works on various activities: RFQ
manufacturing, SRF, solid-state amplifiers, superconducting
solenoids, and LBE target, among others.

MYRRHA
WORDWILDE ADS ACCELERATOR
ACTIVITIES
ADS R&D is taking place around the world, and the particle accelerator community is pursuing a high-reliability MW
cw proton operation. Table 1 represents a partial summary of
worldwide ADS activities. It is worth mentioning that even
though the mainstream is the use of a proton linac, there are
proposals to consider electron beams (KIPT) and cyclotrons
(SKKU-ADS and CYCLADS). A summary of the principal
features and the current statutes of the CiADS, MYRRHA,
and JAEA-ADS programs will be presented next.

CiADS
China Initiative Accelerator Driven System (CiADS) is
phase II of the Chinese ADS program [11, 20, 21]. CiADS
will employ a superconducting cw linac to accelerator 5 mA
proton beam to a final energy of 500 MeV, as shown in
Fig. 4 (a). Table 2 provides the details of the CiADS project.
CiADS is led by the Institute of Modern Physics (IMP) in col-
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The Multipurpose Hybrid Research Reactor for High
Technology Applications (MYRRHA) is a European project
managed by the Belgian Center for Nuclear Research (SCK
CEN) [12]. MYRRHA will accelerate a 4 mA cw proton
beam to a final energy of 600 MeV. Figure 4 (b) shows the
design of the MYRRHA and Table 2 summarizes the most
relevant parameters of it.
MYRRHA will be developed in phases. Currently, the
project is in phase I, also called MINERVA. MINERVA is
under construction at MOL in Belgium and aims the operation of a 4 mA cw beam to a final energy of 100 MeV.
MYRRHA and its collaborators also work on other activities, including SRF prototyping, cryomodule development,
fault-recovery scenarios, and solid-state amplifiers [9, 22].

JAEA-ADS
The Japan Atomic Energy Agency (JAEA) is working
on the design of a 30-MW cw proton linac for the ADS
proposal [13, 23]. The JAEA-ADS linac will accelerate a
20 mA proton beam to a final energy of 1.5 GeV. Then, the
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Figure 4: ADS designs: CiADS (a) [20] , MYRRHA (b) [12] , and JAEA-ADS (c).
Table 2: Summary of the ADS Design Parameters
Parameter

CiADS

MYRRHA

JAEA-ADS

Proton linac Energy (GeV)
0.5
0.6
1.5
Beam current (mA)
5
4
20
Operation mode
cw/pulse
cw
cw
RF Frequency (MHz)
162.5/325/650
176.1/352.2/704.4
162/324/648
Target
Maximum beam power (MW)
2.5
2.4
30
Material
lead-bismuth eutectic (LBE)
Fast reactor k𝑒 𝑓 𝑓
∼0.75/∼0.96
0.95
0.97
Thermal power (MW)
∼7.5/∼9.7
50-100
800
beam transport to the target will carry from the end of the
linac to the spallation target inside the 800-MWth thermal
power subcritical reactor. JAEA-ADS linac team is focusing
on two topics: beam optics and SRF prototyping. In beam
optics, the reference design and fast beam recovery scenarios
have been developed [24, 25]. For SRF fabrication, the
prototyping of the single spoke resonator is taking place [26].
JAEA has a plan to construct a transmutation experimental
facility (TEF) and is working on the LBE target system,
shielding calculations as well as reactor design [23].

CONCLUSIONS
ADS has become a promising choice to deal with the problem of nuclear waste storage and provide clean energy, thus,
aiding the use of nuclear energy to achieve the zero-emission
goal. Transmutation has been one of the earliest motivations
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for the development of particle accelerators. At the present,
ADS accelerators have benefited from the current state-ofthe-art of the present high-power accelerator. However, they
will contribute to expanding the barrier of high intensity
by operating in the MW range with acceptable beam loss,
high reliability, stability, and cost-effectiveness. ADS will
not only have an important impact on achieving a sustainable energy source, but it also will boost the high-power
proton accelerator technology. Thus, for the development
of ADS accelerators, it is necessary to close international
cooperation between laboratories around the world.
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Abstract
The commissioning of SPIRAL2 was carried out in different steps and slots from 2014 to end 2021. In a first phase,
the proton-deuteron and heavy ion sources, LEBT lines and
RFQ were commissioned and validated with A/Q=1 up to 3
particles. The validation of the MEBT (between the RFQ
and the linac, including the Single Bunch Selector), linac
and HEBT lines (up to the beam dump and to the NFS experimental room) started on July 2019, when GANIL received
the authorization to operate SPIRAL2. The linac tuning is
now validated with H+ , 4 He2+ and D+ and nominal H+ and
D+ beams were sent to NFS for physics experiments. The
main results obtained during the commissioning stages and
the strategy used by the commissioning team are presented.

INTRODUCTION
GANIL (Grand Accélérateur National d’Ions Lourds) is
principally carrying studies in fundamental nuclear physics,
but also in other fields such as atomic physics, radiobiology,
condensed matter physics and medical and industrial applications [1]. The laboratory has a first radioactive ions beams
facility operating since 1983, now equipped with 3 sources
and 5 cyclotrons with an energy range up to 95 MeV for
stable beams, 50 MeV for fragmented beams and 25 MeV
for post-accelerated radioactive beams [2]. A second facility
started operating in 2019, SPIRAL2 (Système de production
d’ions radioactifs accélérés en ligne de 2e génération), is
now based on a SC (Super Conducting) linac producing H+
beams up to 33 MeV, D+ and A/Q=2 up to 20 MeV/A and
heavy ions (A/Q<3) up to 14.5 MeV/A. The SPIRAL2 beam
characteristics are listed in Table 1.
Table 1: Beam specifications including the NewGain project.
Parameter

H+

D+

A/Q< 3

Newgain

A/Q
Max I (mA)
Max E (MeV/A)
Beam power (kW)

1
5
33
165

2
5
20
200

3
1
14.5
45

7
1
7
49

SPIRAL2 comprises a heavy ion source A/Q<3 and a
H+ /D+ source [3], two LEBT (Low Energy Beam Transport) [4] to transport and match the beams to the RFQ (Radio Frequency Quadrupole) [5], a MEBT (Medium Energy
Beam Transport) [6], the SC linac with 26 cavities in two
cryostat families. The first cryostat family each containing one low beta cavity (𝛽=0.07) was designed by CEA [7]
∗
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and the second one, each containing two high beta cavities
(𝛽=0.12), designed by CNRS [8]. Three HEBT (High Energy Beam Transport) lines drives the beam to the beam
dump and two to experimental rooms: NFS (Neutrons For
Science) [9] and S3 (Super Separator Spectrometer) [10,11].
A Single Bunch Selector (SBS) is located in the MEBT
line to select one bunch over N, N ranging between 100 and
10000, for Time-of-Flight experiments and power reduction
with same particle density [12]. The beam diagnostics along
the linac are positioned in the warm sections (in-between
cryomodules) as shown in Fig. 1.
The sources, LEBT, RFQ and beam diagnostics were
commissioned in different steps between 2014 and 2018 [13].
The commissioning of SPIRAL2 linac took place from July
to December in 2019, 2020 and 2021. During these periods,
the MEBT, linac, HEBT and the NFS experimental room
were successfully commissioned with the reference particles
H+ , 4 He2+ and D+ . This paper describes the main results
obtained during the commissioning, the transition between
commissioning and operation, and the first results obtained
by the NFS experiments. The future projects at SPIRAL2
are finally presented.

COMMISSIONING PHASES AND RESULTS
The SPIRAL2 commissioning was managed in four
phases. The first phase was the beam qualification of the
ion sources and LEBT in the laboratories in charge of the
development. The project decided to preinstall the ECR
(Electron Cyclotron Resonance) ion sources and the LEBT
in the two French laboratories where they were designed
(CEA-Saclay and LPSC-Grenoble), in order to commission
them with beam before the SPIRAL2 building availability.
These successful tests were achieved by late 2012 [3].
The second phase comprised the qualification of the injector (sources and RFQ) on a diagnostic plate (D-Plate). This
was a relevant step with the achievement of various goals:
(i) Reproduce the results from the ion source precommissioning, i.e. validate the source performances
on SPIRAL2 site,
(ii) Validate the RFQ performances for the various main
reference particles (Table 1): transmission, beam energy, output emittances in the three planes, and bunch
extension,
(iii) Provide a development platform for various beam diagnostics required either to validate the RFQ beams or
later to tune and validate the linac beams, and
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Figure 1: SPIRAL2 SC linac layout.

(iv) Measure the beam characteristics at the RFQ exit, to
serve as input parameter for the next stage.
This phase was performed at GANIL in collaboration
with the partner laboratories between 2014 and 2018. The
first major result of the commissioning was the 100% beam
transmission in the RFQ for H+ , 4 He2+ , 18 O6+ and 40 Ar14+
as presented in Fig. 2 [13]. A good agreement between the
measurements obtained for the transversal and longitudinal
emittances and the reference simulations with TraceWin was
achieved [14, 15].

Figure 2: RFQ transmission of the 3 references particles.
Two SC linac cooldowns were performed in 2017 and
2018, followed by 5 months of testing at 4 K. During this
time, helium bath level and the pressure stabilities were measured, simulating cavity loss with heater loads, and searching
for frequency instability in the cavities via cavity measurements. Strong thermoacoustic oscillations were discovered
and suppressed adding a short circuit between the return line
tapping and the phase separator of the cryomodule, before
the beginning of power commissioning [16].
Preparation work to the RF system commissioning was
carried out between 2015 and 2018. All amplifiers and cir-
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culators were tested one by one, cables and transmission
line length were measured, but only the warm cavities of
the MEBT rebuncher could be powered and fully commissioned, the first one during the injector commissioning on the
D-plate , and the other two during the MEBT commissioning. The SC linac cavities were powered and the accelerating
fields calibrated in 2019.
The linac commissioning phase started with the main objective of transporting the beam to the beam dump. On July
8th 2019, GANIL received the authorisation from the ASN
(French safety authority) to operate SPIRAL2. The beam
commissioning team started the MEBT commissioning on
July 15th, optimising the transport to the linac with a 250
µA peak H+ beam. The beam profile and transverse emittance measurements for H+ and 4 He2+ were compared with
reference simulations, finding good agreement. The platform voltage was optimized to match the RFQ input energy.
The three MEBT rebunchers were successfully tuned for
the beam linac matching. The electric and magnetic fields
of the SBS were also qualified to accurately select the required bunches [6]. A H+ beam (250 µA, 730 KeV) of 1 W
was transported in buncher mode (no acceleration) from the
source to the Beam Dump on October 28th. A month later,
on November 27th, the beam was accelerated to its nominal
energy of 33 MeV with a useful cycle of 960 µs/s, as shown
in Fig. 3.
Finally, the H+ beam was sent to the NFS experimental
hall to perform the first irradiation with an iron target in
collaboration with the Nuclear Physics Institute (NPI) of
Czech Republic on December 11th, thus achieving phase 4
of the commissioning. The first part of the commissioning
was completed with the linac warm up on December 17th
[17, 18].
In July 2020 the second part of the commsisioning was
started, a 5 mA peak proton beam was injected in the linac
up to the beam dump and in December the duty cycle was
increased to obtain a beam power of 16 kW [19] as shown
in Fig. 4. This was possible due to a large analysis of the
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Figure 3: Energy and power measurements of the first accelerated beam in SPIRAL2 (250 µA H+ ).
transverse and longitudinal tuning and the improvement of
the LLRF feedback and feedforward systems [20, 21].

Figure 4: Beam power ramp-up to 16 kW at SPIRAL2.
The preparation of the D+ commissioning started in 2020
with the tuning of the linac with a 4 He2+ beam to avoid linac
activation. The MEBT including the SBS were successfully
commissioned with 1.2 mA, however the signature matching procedure [22] used to tune the linac cavities presented
some difficulties. The energy measurement at the linac exit
showed a deviation up to 9% with the reference value. Two
main problems were found: i) a difference of bunch centroid
between the measurement and the reference particle computation, ii) the use of the input energy in the free parameters
of the signature matching optimization leads to a divergence
in the energy in the SPIRAL2 case for the last 3 cavities
of the low 𝛽 section and all high 𝛽 section cavities, due to
position in the TTF (Transit Time Factor) slopes as is shown
in Fig. 5. In this case it is impossible to distinguish between
cavity voltage error and input energy error. The origins of
these problems were: the cavities are too short (no "real
signature"), the energy in the first section is low but the acceleration gradients are strong [23] and the bunch has a large
phase spread, mainly in the first cavities. In conclusion, the
signature matching method is not adapted to the SPIRAL2
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Figure 5: SPIRAL2 Transit Time Factor for: the maximal
(line) and the operational (points) electric fields.
case. Having understood the problem, the tuning method
was modified limiting the scan around the rebuncher phase
and using the theoretical energy at the cavity entrance.
Commissioning in 2021, started in July with the tuning of
4 He2+ with the modified method, and a 1.3 mA beam was
accelerated up to the beam dump. Immediately afterwards,
a 5 mA peak, low duty cycle, D+ beam was successfully
accelerated, confirmig the new tuning method soundness.
The second 2021 stage objective was to qualify the beam
with the SBS to demonstrate 50 µA on target for NFS experiments, the project beam objectives for NFS with SBS.
For this purpose, a D+ beam at nominal energy (4.7 mA
peak) was used with the SBS (1/100), resulting in 47 µA on
the beam dump (no macro pulse shape). Fig. 6 shows the
measurement of the average beam current in a time period of
13 hours. The blue line corresponds to the current measured
at the end of the MEBT and the red line to the current measured at the end of the linac. In the first part of the test, with
the beam only in the MEBT the beam current was reduced
from 47 µA to 43 µA due to high temperatures in the beam
stop device receiving the beam deflected by the SBS. The
beam breaks were related to source problems or voluntary
breaks by the operation.
The last step of the commissioning was the power rampup to 10 kW with a 5 mA D+ beam transported to the beam
dump without SBS [24]. The measured losses, as for the
16 kW power ramp-up, were controlled and limited using
the transmission monitoring (ACCT, DCCT), BLMs, BPMs
and pressure variations in the warm sections. During the
two power ramp-up, the BLM measurements were below the
GANIL safety limits and the operation of SPIRAL2 up to
full power was validated from extrapolations [19, 24].
The training for the operation of SPIRAL2 started in 2019,
in parallel with the commissioning. The commissioning was
carried out with the technical, safety, control, diagnostics
and especially the machine operating groups. As a result,
manuals, applications and controls were implemented and
improved for the optimal functioning of SPIRAL2. Methods
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Figure 6: Current measurement in the MEBT (blue) and in
the linac (red) during the validation test.
and improvements to the RF and cryogenic systems were
implemented [17–20]. In 2021 physics started in parallel
with the commissioning, with 24% of the total operation
time of SPIRAL2.

THE NEXT STEPS
The SPIRAL2 operation in 2022 starts on August 29th
until December 12th. The programme is mainly devoted to
physics (58%) and includes different studies (42%) such as
the linac tuning with A/Q=3 ions and the test of applications,
control procedures and tools to be implemented in order to
speed up the operation. Some of these studies are part of the
commissioning of the S3 experimental room.
A new project is launched (NewGain [25, 26]) with the
objective to build a third injector for heavier beams with
A/Q up to 7, while the extension of the SPIRAL2 beams
for interdisciplinary research and application is under study.
NewGain will improve the possibility to provide higher ion
beams intensities (from proton to uranium), thus opening
up unprecedented opportunities for nuclear structure and
reaction studies at the extremes of the chart of nuclides from
N=Z nuclei at the proton dripline to super-heavy species,
including the discovery of new elements, and the production
of radioisotopes.

CONCLUSION
The SPIRAL2 facility was commissioned successfully.
The four planed phases were completed to start the fully
operation for users in time. Beam physics in NFS started
already in 2021. The beam power ramp up with H+ and D+
beams demonstrate the reliability of the linac. Actual work
is focused in the commissioning for S3 and the design of the
new injector NewGain.
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Abstract
A beam commissioning phase has started since July
2021 to pursue the world highest D+ beam current of
125 mA in CW at 5 MeV. Pilot beam operation as the first
step with reduced beam currents of 10 m A H+ and 20 mA
D+ identified needs of improvements in some newly installed components. The pilot beams were characterized,
and comparisons were made with simulations for verification. CW commissioning of subsystems, namely injector,
RFQ and RF power system, are being conducted in preparation to the nominal 125 mA D+ operation targeting CW.

INTRODUCTION
Construction of Linear IFMIF Prototype Accelerator
(LIPAc) have been and are being conducted in Rokkasho,
Aomori, Japan, within the EU-JA collaborative framework
of the IFMIF/EVEDA project under the Broader Approach
agreement [1]. The IFMIF, an accelerator-based D-Li neutron source, aims to provide highly intense neutron fluxes
with appropriate energy spectrum in order to characterize
materials for future fusion reactors. Because the IFMIF requires an accelerator with unprecedented performances to
provide 40 MeV, 125 mA D+ beams in CW, the feasibility
is being tested with a 1:1-scale prototype until the first cryomodule of the superconducting linac up to 9 MeV, namely
the LIPAc. In this context, the LIPAc is to consist, in its
final configuration in what is called the Phase C (see Fig.
1), of a 100 keV D+ beam Injector [2-4] incorporating an
ECR ion source, the world longest RFQ [5-8] driven by
eight 200 kW tetrode-based chains of RF power system
(RFPS) at 175 MHz [9-10] to accelerate the beam up to 5

MeV, followed by a Medium Energy Beam Transport line
(MEBT) [11] with highly space charged and beam loaded
Buncher cavities [11,12], a superconducting RF (SRF)
Linac, and a High Energy Beam Transport (HEBT) line
[13] with a state-of-the-art Diagnostic Plate (D-Plate)
[14,15], ending in a Beam Dump (BD) [16] designed to
stop the world highest D+ current of 125 mA CW at 9 MeV.
A stepwise strategy as shown in Fig. 1 has been and will
be applied to the installation and beam commissioning of
the LIPAc [1]. The beam commissioning in the Phase B by
temporary use of a Low Power Beam Dump (LPBD) has
led to a successful acceleration of 125 mA D+ beam up to
5 MeV at the exit of RFQ in pulsed mode [17,18], without
significant trace of unexpected beam loss [19]. Confirmation of the designed beam dynamics has been conducted
successfully in terms of the beam transmission through the
RFQ [20]. Following these milestones achieved in the

___________________________________________

* This work was undertaken under the Broader Approach Agreement between the European Atomic Energy Community and the Government of
Japan. The views and opinions expressed herein do not necessarily state or
reflect those of the Parties to this Agreement.
† masuda.kai@qst.go.jp

TU2AA04
320

Figure 1: Three different layouts for the stepwise installation and commissioning of the LIPAc.
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earlier Phase B, the beam commissioning in the Phase B+
was initiated in July 2021 in a configuration where a beam
transport line (MEBT Extension Line; MEL) [21] takes
temporarily the position of the SRF linac.
The Phase B+ commissioning, which is on-going, aims
at demonstrating an operation of 125 mA D+ beams at
5 MeV in CW. The characterization of the beam properties
is also of major importance in preparation to the final configuration adding the SRF Linac, with a target normalized
rms emittance of <0.25 π mm mrad. This paper aims to present the commissioning plan of the Phase B+ and the results that have been obtained so far.

COMMISSOING PLAN OF PHASE B+
TOWARDS CW
The major goals of the Phase B+ beam commissioning
are, (1) to validate the Injector, RFQ and MEBT (including
the Bunchers) up to CW with the nominal 125 mA D+
beam, (2) to validate the BD up to 0.625 MW CW (5 MeV
instead of 9 MeV D+ beam), (3) to validate the beam diagnostics for both low and high duty operations, and (4) to
characterize the beam properties to be injected into SRF
linac in the following Phase C. Three stages of beam commissioning are planned in the Phase B+ as follows.
• Stage 1 beam commissioning was conducted with H+
and then D+ beams of smaller currents than the nominal ones at low duty cycle (pilot beams, hereafter), for
the purpose of tests and alignment checks of the newly
installed components, as well as characterization of
the pilot beams that are planned to be used also at the
beginning of the Phase C.
• Stage 2 aims at the nominal beam current of 125 mA
D+ in pulsed mode with duty cycle less than 5 % for
the purpose of characterization of the nominal D+
beam with applicability of interceptive diagnostics.
• Stage 3 will then follow the Stage 2, targeting the CW
operation of 125 mA D+ beams by utilizing non-interceptive diagnostics.
Since completion of the Stage 1 in December 2021, a
CW beam commissioning of the Injector has been conducted. In parallel, RF conditioning of the RFQ up to CW
are being pursued. The results from the Stage 1 as well as
the status of the Injector and RFQ CW campaigns will be
presented in the following chapters. The Stage 2 is planned
to start in the spring of 2023 after completion of the CW
campaigns.

BEAM COMMISIONING STAGE 1 WITH
LOW CURRENT H+ AND D+ BEAMS
The Stage 1 beam commissioning was initiated in July
2021. It was resumed after a 3-monnth break mainly for a
scheduled summer maintenance and was completed in December 2021 with a total duration of around 7 weeks.

Injector Operation
The pilot beams are meant to start up the beam commissioning in the Phase B+ (namely the Stage 1) as well as at
the beginning of the Phase C after installing the SRF Linac
with minimal beam losses before and during tuning of the
magnets along the beamline (see Fig. 2).
A low D+ beam current of ~20 mA (in macro-pulse peak)
at the exit of RFQ was targeted, which was expected and
eventually confirmed in the Stage 1 to be visible in all the
BPMs located along the beamline down to the BD when
the Bunchers are used. A half current, i.e. ~10 mA, was targeted for the H+ pilot beam for the use prior to the D+ pilot
beam at half beam energies (50 keV at the LEBT and 2.5
MeV at the RFQ exit) with the same perveance as the D+
pilot beam. These target beam currents were accomplished
by use of a plasma electrode (PE, see Fig. 3) with an extraction aperture of 6 mmϕ, and by tuning the ECR power
and the intermediate electrode bias while the solenoid and
steering magnets (SOLs and STs in Fig. 3) were tuned to
maximize the beam transmission to the RFQ exit by monitoring the ACCT 2 placed there in the MEBT.
As for the duty cycle for the pilot beams, the pulse width
and repetition rate in the present Stage 1 were 100 μsec and
1 Hz, respectively, except for a few Hz and/or several hundreds μsec in order for better statistics in beam property
measurements. A shorter width of 60 μsec was also tested
in preparation to the Stage 2 in order to avoid damages of
the SEMs anticipated by the nominal 125 mA D+ beams in
some cases when focused onto them. The pulsing of the
beam was accomplished by use of the chopper successfully
as seen in Fig. 4 for the 20 mA D+ pilot beams. In a high
contrast, a significant delay at the rising edge of the chopper gate was observed in the 10 mA H+ case, with transient
ACCT waveforms lasting over the 100 μsec pulse width. A

Figure 3: Schematic layout of the Injector components and
the RFQ.

Figure 2: Layout of components along the beamline from the RFQ exit to the BD. Dipole, Q01-17 and ST01-13 denotes
a bending, quadrupole and steering magnets, respectively, FC, a Faraday cup, and SEMs, beam profile monitors based
on secondary electron emission grids. Some non-interceptive diagnostics are not shown for simplicity.
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Kr gas was then injected to enhance the space charge compensation (SCC) in the LEBT, which turned out to reduce
the transient time duration in ACCTs down to ~20 μsec at
the expense of ~10 % degradation in the beam current at
the plateau (i.e. the macro-pulse peak). More details will
be presented in a paper published later.

Beam Transport and Alignment Check
Beam-based alignment of the pilot beams to some selected quadrupoles (Qs in Fig. 2) were carried out one by
one from upstream, to each Q by tuning a steering magnet
(ST) upstream and a BPM downstream to monitor the
beam center displacement while the Q was scanned [22].
All the Qs were then scanned to determine the beam positions with respect to the magnetic centers of the Qs similarly by the beam-based technique. As the result the D+ pilot beam centers were confirmed to be within ± 0.2 mm in
horizontal and vertical of the Qs with a couple of exceptions [22].
The envisaged next step of beam-based calibration of the
BPM signal ratios (determination of the BPM centers) was
postponed to the Stage 2 after works on issues identified in
the Stage 1 related to acquisition circuits, and RF noise at
175 MHz originating probably from the RFPS [23].
Meanwhile, for the purpose of alignment checks of the
Qs, relative positions among the Qs were evaluated from
the determined steering angles in the STs and the beam positions with respect to the magnetic centers of the Qs. An
example of successful application of this scheme is shown
in Fig. 5, where a 0.5 mm misalignment between the RFQ
exit and Q01 found earlier by use of a laser-tracker is seen
reproduced by the beam-based scheme, assuming the beam
passing through the center of the RFQ exit [22].

Beam Characterization and Comparison with
Simulations
Characterization of the pilot beams were performed.
Horizontal (x) and vertical (y) profiles were obtained by
use of the Slit 1 (see Fig. 2) in combination with the ACCT
3 as well as by use of the SEMs 1 and 2. In addition, the
Slit 2, a horizontal beam slit, was used in combination with
the FC to obtain a y-profile of a beam already cut by the
Slit 1, a vertical slit. Either horizontal or vertical phase
space (x-x’ or y-y’) profiles at the position of the Slit 1 were
obtained in combination with SEM 1 and ST09. As seen in
Figs. 6(a) and (b) for example, x- and y-profiles by the Slits
were seen fit well with Gaussian, compared with those by
the SEMs in Figs. 6(c) and (d). To check uniformity in wire
gains, the beam was scanned over the SEMs by use of STs
upstream, resulting in different x-profiles indicated by x1
to x4 in Figs. 6(c) and (d). A clear difference was seen in
the beam sizes by the Gaussian fitting especially between
x1 and x2 in Fig. 6(c), implying need of gain calibration
over the SEM wires, though not applied yet to the measured beam properties presented in this paper.
Figure 7 and Table 1 compare the measured profiles of
the 20 mA D+ pilot beams with simulations in three cases
with different settings of Q11 and Buncher 1. The simulations were carried out by use of TraceWin and Toutatis
codes[24], starting at the position of the EMU in the Injector (see Fig. 3) by use of a y-y’ profile measured by the
EMU (Alison scanner) and on an assumption of cylindrical
symmetry. Instead of use of PIC-MC simulations [25,26]
or semi-analytical model [26] well developed earlier, a uniform SCC degree (SCCD) was assumed between the EMU
and the RFQ entrance in this study, though a strong longitudinal dependence is known [26]. The SCCD averaged
over the distance, so to say, was then determined so that the
numerical dependence of beam transmission to the RFQ
exit on the SOL2 current agrees to the experimental one.
Simulations were performed for this purpose assuming different SCCDs from 50 to 95 % with a 5 % step. As the
result those with 50% and 70 % (and higher) were rejected,
and thus those with 55 and 65 % SCCDs are summarized
in Table 1 and the one with 60 % is illustrated in Fig. 7.

Figure 4: Current transformer waveforms by the ACCTs 1
to 4 depicted in Figs. 1 and 2, with a 60 μsec pulse width
(chopper gate) and ~20 mA D+ current at the RFQ exit.

Figure 5: Alignment survey results, comparing between
laser-tracker-based and beam-based ones [22].
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Figure 6: Examples of transverse beam profiles measure
at (a) Slit 1, (b) Slit 2, (c) SEM 1 and (d) SEM 2.
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Figure 7: Transverse phase space profiles at Slit 1 in the 3
cases (left, middle and right), comparing measurements
(top) and simulations (bottom). White and grey backgrounds in top images indicate measurement windows.
Table 1: Beam Properties by Measurements with 1σ Errors
(above), and Simulations with 55 – 65 % SCCD (below).
Blue color indicates agreement within 1σ measurement error, green within 2σ, purple within 3σ and red beyond 3σ.
Q11
Buncher 1
-α
γ/β
εn

case 1, σx
case 1, σy
case 2, σx
case 3, σy

Figure 8: RFQ voltage and duty cycle histories during RF
conditioning of the RFQ.
After a winter break, the RF conditioning was resumed
to aim at the nominal RFQ voltage in CW, where we met
major troubles; a circulator in the RFPS was found damaged at (C) in Fig. 8, and during the RF conditioning by
use of the rest seven chains a vacuum leak was detected at
(D), which eventually revealed Viton O-rings in five of the
eight RF couplers were deformed due to overheat. Following analyses of these two events, recovery works are being
conducted to resume the RF conditioning in early 2023.

case 1

case 2

case 3

97 A
200 kV at

127 A
200 kV at

97 A

INJECTOR CW BEAM COMMISSIONING

bunching phase

bunching phase

0 kV

1.47 ± 0.92
1.16 – 1.37
0.81 ± 0.48
0.54 – 0.62
0.42 ± 0.24
0.29 – 0.26

1.21 ± 0.15
0.71 – 0.87
2.39 ± 0.38
2.05 – 1.76
0.23 ± 0.03
0.29 – 0.25

In parallel to the RFQ RF conditioning, CW beam commissioning of the Injector is being conducted to obtain stably operational currents and emittances with different extraction apertures (Fig. 9). Figure 10 shows an example of
CW long runs in the case marked by red dotted circle in
Fig. 9, where a total extracted current of 150 mA including
molecular ions, and a normalized rms emittance of 0.27 π
mm mrad have been obtained by use of 11 mmϕ PE. A CW
run of more than 11 hours has been reach in this case. Conditioning is to be performed to reduce the trip rate further
once the PE aperture for the Stage 2 operation is determined. Targeting a total extracted current of ~160 mA, a
larger PE of 12 mmϕ is being tested, and a couple of PEs
of intermediate apertures are prepared for tests if needed.

1.30 ± 0.43
1.82 – 1.59
0.17 ± 0.06
0.12 – 0.12
0.44 ± 0.14
0.28 – 0.23

Slit 1

SEM 1

SEM 2

3.0 ± 0.1
2.9 – 2.7
3.7 ± 0.1
4.3 – 3.8
1.8 ± 0.1
1.8 – 1.8
4.8 ± 0.3
4.8 – 4.1

7.5 ± 0.1
5.8 – 5.8
9.0 ± 0.1
6.4 – 5.8

8.4 ± 0.1
6.5 – 6.5
3.7 ± 0.1
2.5 – 2.4

n/a

n/a

n/a

n/a

Agreements within the SCCD uncertainty in simulations
and within 2σ statistical errors in measurements are seen
except for α in the case 2, and the beam sizes by the SEMs,
to which the SEM wire gain variations might contribute. It
should be noted that the measured Twiss parameters and
emittances might also be affected.

RF CONDITIONING OF RFQ
Following the achievement of the nominal RFQ vane
voltage in pulsed mode in the earlier Phase B [17,18], RF
conditioning of the RFQ to reach CW has been pursued.
The RF conditioning performed in the night shift, in parallel to the Stage 1 beam commissioning in the daytime, suffered from interlock events limiting the duty cycle at
~25 % until (A) in Fig. 8.We then changed our strategy to
reach CW first at a reduced RFQ voltage and then to increase the voltage, which led to a successful achievement
of reaching CW at 80 % of the nominal RFQ voltage at (B)
in Fig. 8.
Proton and Ion Accelerators and Applications
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Figure 9: Stably operational emittance (at 5% duty cycle)
and total extracted current with different PE apertures.

Figure 10: A CW long run with a 11mmϕ PE.
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no. 9, pp. 2987-2996, Aug. 2021.

CONCLUSION
The Stage 1 beam commissioning was completed in December 2021. The injector was tuned to produce the socalled pilot beams, namely H+ and D+ beams of as low currents as 10 mA and 20 mA respectively, for the purposes of
a safe start-up of beam commissioning in the Phase B+ as
well as in the Phase C after installing the SRF Linac. The
pilot beams were transported down to the Beam Dump successfully without significant beam loss, and the beam characterisation was carried out with satisfactory agreement
with the simulations. The newly installed components for
the Phase B+ were mostly checked and validated by the use
of the pilot beams, while some needs of improvements to
be coped with before the following stages were identified.
In preparation to the following stages which aim at the
nominal current of 125 mA D+ CW, RF conditioning of the
RFQ up to CW is being pursued. So far, 25 % duty at the
nominal vane voltage and 100 % duty (CW) at a reduced
voltage have been reached. In parallel, CW beam commissioning of the Injector is being conducted with different
extraction apertures. A successful CW operation has been
reached so far with a total extracted current of 150 mA including molecular ions, and a normalized rms emittance of
0.27 π mm mrad. A target total extracted current of 160 mA
with a smaller emittance is being pursued.
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A DISCUSSION OF KEY CONCEPTS FOR THE NEXT GENERATION OF
HIGH BRIGHTNESS INJECTORS
T. G. Lucas, P. Craievich, S. Reiche, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
Abstract

where 𝐿𝑔 =

The production of high brightness electron beams has
been key to the success of the X-ray free-electron laser
(XFEL) as the new frontier in high brilliance X-ray sources.
The past two decades have seen the commissioning of numerous XFEL facilities, which quickly surpassed synchrotron
light sources to become the most brilliant X-ray sources.
Such facilities have, so far, heavily relied on S-band RF
photoguns to produce the high brightness electron bunches
required for lasing, however, such photoguns are beginning
to reach their performance limit. This paper aims to discuss
some key ideas which are important for the development of
the next generation of high brightness photoguns. A particular emphasis will be placed on the newly developing topic of
intrabeam scattering which recent measurements have found
to be responsible for performance limitations in a handful
of injector.

this gain length is dependent on the parameter 𝜌, known
as the ’FEL parameter’ or ’Pierce parameter’. This unitless
parameter is fundamental to defining several conditions of
the FEL process. It can be shown, using the common definition for 5D brightness 𝐵5𝐷 ≡ 2𝐼/𝜖2𝑛 and 𝜌, that 𝜌 has a
proportionality [1]:

INTRODUCTION
For the viability of future X-ray Free Electron Laser
(XFEL) projects, it is vital for a significant improvement in
the beam brightness. Current XFELs predominantly use Sband injectors which are beginning to reach the performance
limit with only minor improvements possible, on paper, without a shift in technologies [1]. This limitation comes as the
result of physical limits set by the intrinsic emittance in the
cathode determined in part by the achievable gradient for a
room temperature S-band Standing Wave (SW) Photogun.
In order to make the leap to a higher brightness future, some
key concepts are the focus of investigations at various labs
around the world. In this paper, we aim to describe the possible benefits of moving towards two new technologies: high
gradient photoguns and cold cathode technology. Each technology offers the ability to achieve a significant increase in
5D brightness. However, with these benefits there’s a caveat
in the form of a enhanced sliced energy spread due to intrabeam scattering (IBS). This enhanced sliced energy spread
will limit the performance, particularly so in compact FELs
where the beam energy is lower. These effects of IBS on the
sliced energy spread require us to rethink the development
of injectors for future compact FELs.

FEL PERFORMANCE AND BRIGHTNESS
Crucial to the performance of an FEL is the power generated in the lasing process. This power grows exponentially,
until the amplification saturates (𝑃𝑠𝑎𝑡 ), dictated by the equation:
𝑃𝛾 (𝑠) = 𝑃0 𝑒𝑠/𝐿𝑔 < 𝑃𝑠𝑎𝑡 ,

(1)

𝜆𝑢
4√3𝜋𝜌

is the ideal 1D gain length. We find that

1

(2)

𝜌 ∝ 𝐵5𝐷 3 .

This is a commonly quoted proportionality in injector
design and has proven to be a good figure of merit for the
first generation of photoinjectors, still motivating the most
recent generation of high brightness injector projects. To
understand what ideas must be investigated in order to develop the next generation of high brightness photoguns, it is
important to understand what limits current photoguns.

THE S-BAND ROOM-TEMPERATURE
PHOTOINJECTOR
A common design of an XFEL injector consists of an
S-band room temperature RF Photogun feeding a pair of
S-band accelerating structures [2–4]. Table 1 details the
performance of a handful of such S-band injectors. We find
that each of these facilities uses very similar operational
parameters particularly with a gradient between 100 and 120
MV/m. These ultimately achieves a 5D brightness in the
range 200-1800 TA/m2 . Moving beyond this performance
is limited by achievable gradients and the thermal emittance
of the beam generated by the cathode. The following two
sections will describe efforts to move beyond this 5D brightness regime through the use of high gradient photoguns and
cryogenic photoguns.

HIGH GRADIENTS PHOTOGUNS
Arguably the most important development in the next generation of compact FELs is the development of high gradient
technology. Along with the benefits of reducing the overall
length of the linac, important for allowing the development
of XFEL facilities in places with reduced space or financial
means, an increase in gradient is highly beneficial to the
machine brightness. In [5], it was demonstrated that the 5D
brightness is proportional to:
𝐵5𝐷 ∝ 𝐸0𝑛

(3)

where 𝐸0 is the electric field at extraction and 𝑛 is between
1.5 and 2 depending on the initial bunch shape. This gives a
strong motivation for moving to greater cathode gradients.
Achieving a greater gradient without a significant increase in
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Table 1: Performance of the current (SwissFEL, LCLS, FERMI and PAL), high gradient injector projects and a cryogenic
photogun project [2, 5–9].
Parameter
Frequency (GHz)
Bunch Charge (pC)
Rep Rate (Hz)
RF Pulse Length (ns)
E cath (MV/m)
𝜖𝑛,𝑠𝑙𝑖𝑐𝑒 (mm mrad)
Peak current (A)
𝐵5𝐷 (TA/m2 )

SwissFEL
2.998
200
100
1000
100
0.2
20
1000

LCLS
2.856
250
120
3000
115
0.4
45
562.5

FERMI
2.998
500
50
3000
120
0.7
50
204

PAL
2.856
250
60
2000
120
<0.3
80
1777

IFAST TW gun
5.712
200
100-400
100
135-200
0.2-0.155
40-60
2000-5333

the breakdown rate is a heavily studied topic in accelerator
physics. A result which is well-established in the accelerator community is the concept that higher frequencies
correlate with an ability to establish a higher peak electric
field [10]. This concept was first discussed by Kilpatrick
several decades ago. A more recent result comes from work
performed in the domain of high gradient linear accelerators
for the next generation of linear collider. Testing of several
dozen travelling wave (TW) X-band accelerating structures
illustrated that the breakdown rate scaled as:
𝐵𝐷𝑅 ∝ 𝐸 30 𝜏5

(4)

where 𝐸 is the surface electric field and 𝜏 is the RF pulse
length [11]. This describes how moving to shorter pulse
lengths allows for an increase in surface electric field.
Whether this exact relation applies to standing wave RF
guns is to be established. However, this concept motivated
the development of several high gradient photogun projects.
Several current projects are investigating the idea of very
short fill times through either an increase in the operational frequency, a heavily overcoupled design or a shift
to travelling-wave technology. As part of the IFAST high
gradient photogun project, two C-band photoguns are being
designed and fabricated through a collaborative effort between national laboratories and industrial partners. These
RF gun are aiming for cathode gradients up to 200 MV/m
through a reduced RF pulse length and doubling of the operational frequency to C-band. Taking a novel approach, one of
these photoguns shifts to travelling-wave technology which
allows very short fill times in comparison to its standing
wave counterparts when critically-coupled. The RF design
of the two guns are demonstrated in Figures 1 and 2. The
parameters for these guns are illustrated in Table 1.
An extreme use of this overcoupling principle, to reduce
the fill time, is found in a high gradient gun project which
uses an RF pulse length of 10 ns with 3 ns flat top through an
extremely overcoupled RF cavity design (Figure 2). The operational parameters of these three guns are also detailed in
Table 1. These designs demonstrate that a five-fold increase
in the 5D brightness, in comparison to the current SwissFEL
injector, is possible. However, we will find in the final section of this paper that this is not the end of the story and such
high gradient projects require further investigation on the
ultimate benefits when considering performance in an FEL
TU1PA01
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IFAST SW gun
5.712
200
1000
300
160
0.2
40
2000

Overcoupled SW gun
11.7
100
100
10
388
0.1
25
5000

Cryogenic S-band
2.856
200
120
900
240
0.05
20
16000

where sliced energy spread plays a vital role downstream of
the injector in the magnetic compressor chicanes.

CRYOGENIC PHOTOGUNS
Complementing the move to higher gradients is the newly
developing technology of cryogenic photoguns. The motivation for moving to a cryogenic gun comes originally from
equation:
𝑘𝑇
𝜖𝑛 = 𝜎𝑥 √ 2
(5)
𝑚𝑐
where 𝑘 is the Boltzmann constant, T is the cathode temperature and 𝜎𝑥 is the laser spot size on the cathode. This
demonstrates a strong dependence of the 5D brightness on
the internal thermal energy (kT) which comes through as the
thermal emittance of the bunch on the cathode. For a cryogenic cathode with a mean temperature of 45 K, there is a
reduction in the thermal emittance by a factor of 2.55, when
compared to a room temperature cathode with the same spot
size. This translates to a 5D brightness increase of 6.5. Such
an improvement is a strong motivation for moving to cryogenic cathodes. In addition to this, recent tests of cryogenic
structures have demonstrated the ability to maintain surface
electric fields greater than room-temperature structures for
a given breakdown rate [9]. This increase in surface electric
field contributes to the brightness through the mechanism
discussed in Section . Ultimately, the combined factors give
a brightness increase of over an order of magnitude in comparison to current S-band room-temperature photoinjectors
without the need to move to a higher frequency or shorter
filling times. These factors make this concept an extremely
interesting prospect in the upgrade of current XFELs.
One such cryogenic RF photogun is under development
at UCLA. This cryogenic gun, when paired with an S-band
TW structure (Figure 3), is predicted to achieve a normalised
slice emittance of 55 nm rad which is approximately a factor
of four less than that in SwissFEL. Despite no change in the
peak current, the five dimensional brightness is an order of
magnitude greater than current XFEL injectors systems.

INTRABEAM SCATTERING AND THE
LIMITATIONS OF 5D BRIGHTNESS FOR
GAUGING FEL PERFORMANCE
While both high gradients and cold cathode technologies
sound like interesting prospects for future XFEL projects,
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Figure 1: Electric fieldmap of the novel travelling-wave RF photogun.
recent measurements have begun to find that the classical
5D brightness, which as mentioned above is commonly
used in FEL injector design, has recently begun to show
signs of reaching its range of validity in FEL injector design. Measurements performed in the SwissFEL injector
(Figure 4) have demonstrated a significantly greater sliced
energy spread than that predicted by state-of-the-art particle
tracking codes which give sliced energy spread (𝜎𝛾 ) values
< 1 keV [14, 15]. Such effects have also been observed in
the injector of EuroXFEL and the PITZ injector [16]. The
effects of this increased sliced energy spread is a limitation
in compression, and the optimal compression occurs just before these sliced energy spread begin to influence the lasing.
To demonstrate the effect of sliced energy spread, we first
begin with the definition of the Pierce parameter:
1

3
𝐼
1 𝜆2 𝐾 2 𝑓 2
𝜌 ≡ [ 𝑢 2𝑐
] .
𝛾 64𝜋 𝐼𝐴 𝜎𝑥 𝜎𝑦

Figure 2: Two high gradient SW RF photogun projects which
are underway investigating the idea of heavily overcoupled
cavities [12, 13].

(6)

where 𝜆𝑢 , 𝐾 and 𝑓𝑐 are parameters which define the undulator, I is the peak current, 𝐼𝐴 is the Alfvén current, 𝛾 is
the normalised beam energy and 𝜎𝑥,𝑦 is the beam size. For
many machines, the lattice is setup such that the sliced energy spread is on the limit of the FEL condition 𝜎𝛾 /𝛾 < 𝜌.
By taking the case, 𝜎/𝛾 ≈ 𝜌 and applying it to Equation 6
it can be illustrated that the Pierce parameter can be written
as:
𝜆 𝜆𝐾 2 𝑓 2
𝐼
𝜌≈ 𝑢 2 𝑐
.
(7)
8𝜋 𝛾𝐼𝐴 𝜖𝑥 𝜖𝑦 𝜎𝛾
where 𝜆 is the photon wavelength. Taking the updated
definition for the pierce parameter, we find 𝜎𝛾 now influences the pierce parameter when applied to an FEL with
optimised compression. Defining the 6D brightness as
𝐵6𝐷 ≡ 2𝐼/𝜖2𝑛 𝜎𝛾 we find the proportionality:
𝜌 ∝ 𝐵6𝐷 .

(8)

With this we find that the accurate modelling of 𝜎𝛾 is as
important as the development of new technology to the development of high brightness sources for the future. In order
Figure 3: A rendering of the cryogenic S-band photogun [5]. to model the sliced energy spread accurately, the phenomena
which contribute to this enhancement must be known. These
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same measurements performed on the SwissFEL injector
concluded that there are two phenomena contributing to the
unexpectedly large 𝜎𝛾 . The first of these is microbunching instabilities (MBI) in the case where these are at higher
frequencies than can be resolved by longitudinal diagnostic
and where they are also shoter than the cooperation length.
These can then be treated as an uncorrelated energy spread
source. The second phenomenon is intrabeam scattering
(IBS) which had previously not been observed in an FEL
injector but is well-documented in circular accelerators and
similar behaviour has been documented in early vacuum
tubes and monochromators [17, 18]. Here we will focus
on the simulation of IBS which is of more importance to
injectors.

length [17, 19]. In [14], the Piwinski model was used to
accurately replicate the results found in SwissFEL however
with scaling factor of 2.4 on the IBS contribution to the sliced
energy spread (Figure 4). This scaling factor requirement
comes, in part, from momentum transfer limit imposed in
the original derivation. The Piwinski equation (Equation 9)
is a powerful equation and has been highly successful over
the years, however, the scaling requirement illustrates that
it has limitations in modelling FEL injectors. Furthermore,
it also suffers from unphysical singularities for zero emittance beams where the IBS is expected to approach zero
when transverse velocities approach zero. Consequently a
validation of the Piwinski model is required by a different
approach (e.g. through first principles by numerical simulation). In [20] it was demonstrated that a large contributor
to intrabeam scattering was the waist found in the beginning of the injector between the gun and the first accelerator.
Starting with the Piwinski equation, which one recalls was
originally made for circular rings, one can redefine it such
that it is for the case of a single waist, more appropriate for
an FEL injector. This is done by setting 𝑁𝑏 = √2𝜋𝐼𝜎𝑧 /𝑐𝑒
to represent a Gaussian beam and setting the beam size (𝜎𝑥 )
which follows a waist equation defined as:
𝜎(𝑧) = 𝜎0 √1 +

𝑧2
𝛽20

(10)

where 𝛽0 is the betatron function at the waist. This gives us
a reformulated Piwinski equation for a waist:
𝜎2𝛾 = √8𝜋

Figure 4: Sliced energy spread measurements in SwissFEL
at the end of the injector for different bunch peak currents
and compression levels in the bunch compressor [14].
For typical particle tracking codes such as ASTRA, GPT
and OPAL, the particles are represented through macroparticles which generally represent several thousand electrons
per macroparticle. Furthermore to simulate space-charge
effects, the charge density of these macroparticles are assigned to a grid. These two factors lead to a filtering-out of
the pair-wise interactions which are the basis of IBS. More
specifically, it is difficult to describe Rutherford scattering
correctly for macroparticles which have charges much higher
than a single electron. A means of better describing this phenomenon, in circular machines, is found using the Piwinski
equation:
𝑑𝜎2𝛾
2𝑟𝑒 𝑁𝑏
=
(9)
⟨𝜎𝑥 ⟩𝜖𝑛𝑥 𝜎𝑧
𝑑𝑧
where 𝑟𝑒 is the classical electron radius, 𝑁𝑏 is the number
of electrons in the bunch, ⟨𝜎𝑥 ⟩ is the mean transverse beam
size, 𝜖𝑛𝑥 is the normalised emittance and 𝜎𝑧 is the bunch
TU1PA01
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𝑟𝑒2 𝐼𝜎0 𝛾 ∞
𝑑𝑧 ̂
∫
.
𝑐𝑒 𝜖2𝑛 −∞ √1 + 𝑧2̂

(11)

where 𝑧 ̂ = 𝑧/𝛽0 is the z position normalised to the betatron
function at the waist. Although this concept is a more accurate depiction of FEL injectors, Equation 11 still has a
singularity for zero emittance and also has a logarithmically
divergent integral. These factors mean that a new modelling
method must be sort to accurately model IBS behaviour over
a wider range of beam parameters.
One route to the modelling of IBS is through the use of
numerical codes such as GPT and OPAL which offer an additional space-charge model based on pair-wise space-charge
interactions. This allows the electron scattering process to
be modelled in the situation where each macroparticle represents a single electron. The limitation of this technique is the
computational power requirements, where the calculation
time scales as 𝑁 2 , where N is the number of macroparticles.
This limitation means that the modelling bunch charges in
excess of 1 pC is time-intensive given current computation
power. Despite this, such a model can be useful for understanding the dependence of IBS on various beam parameters.
Using the GPT particle tracking package, a 50 fC bunch was
defined externally and imported into the GPT code before being tracked through a waist with a given 𝛽 where the start of
the waist was set to values large enough where IBS-induced
sliced energy spread increases were not visible above the
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simulation noise. This was performed numerous times in
a Monte Carlo style simulation to account for large angle
scattering events which add large fluctuations in the value
of the energy spread for an individual run. Figure 5 demonstrates the sliced energy spread increase when a beam passes
through a waist given a set of initial beam parameters. Each
point represents the median value of sliced energy spread
increase for 100 iterations of the same simulation, with randomised initial particle distributions. These simulations
found the dependence:
𝜎𝛾 ∝

𝛾0.38 𝐼 0.46 𝜎0.32
0
.
𝜖0.63
𝑛

(12)

Such exponents were fitted over a limited range of simulation parameters and these values may change based on this
range. A particular case we expect is when the emittance
approaches zero. During these scans the remaining parameters remained constant with a geometric emittance (𝜖𝑥 ) of
1 nm rad, an energy (𝛾) of 20, a minimum waist (𝜎0 ) of 3
𝜇m and a peak current of 2 mA. These results are found to
be similar to those of the rederived Piwinski equation for a
waist, however for the numerical model, one can determine
the dependence for different regimes which may become
unphysical in the analytical solution, such as for very low
emittance in ultra-cold beams. These numerical simulations
represent early results in the modelling this phenomenon
correctly and the authors predict significant work will be
required for an accurate model to be developed.

CONCLUSIONS
The past two decades have seen the successful commissioning of several XFELs which now serve dozens of user
stations with the highest brightness X-ray beams available.
In order to continue the development of XFELs to further
increase beam brightness, one must continue the development of photoinjectors. The current solution of a roomtemperature S-band photoinjector is reaching its performance limit primarily determined by the achievable cathode
gradient and thermal emittance on the cathode. The next
generation of photoinjectors for compact XFELs should aim
to move to higher cathode gradients in order to increase
5D brightness possibly with the addition of cold cathode
technology. However, recent measurements of sliced energy
spread suggest that the shift to better FEL performance may
not be as straight forward as increasing 5D brightness. The
accurate modelling of intrabeam scattering will be vital for
determining the beam quality available. Modelling IBS using the Piwinski equation provides better results than current
particle tracking codes however it still does not accurately
predict IBS in FEL injectors. A new means of modelling IBS
using numerical codes is under investigation and appears
to provide results consistant with a reformulated Piwinski
equation for a waist whilst also not suffering from divergent
integrals and singularities as found in the analytical equation.
Further investigations into how to model this phenomenon

Figure 5: Parameter scan of certain beam parameters to find
the dependence of sliced energy spread through a waist.
are ongoing and will be key to a high brightness upgrade for
future XFELs.
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Abstract
IFMIF-DONES (International Fusion Materials Irradiation Facility- DEMO-Oriented Neutron Early Source) - a
powerful neutron irradiation facility for studies and certification of materials to be used in fusion reactors - is planned
as part of the European roadmap to fusion electricity. Its
main goal will be to characterize and to qualify materials
under irradiation in a neutron field similar to the one faced
in a fusion reactor. The intense neutron source is produced
by impinging deuterons, from high-power linear deuteron
accelerator, on a liquid lithium curtain. The facility has accomplished the preliminary design phase and is currently in
its detailed design phase. At the present stage, it is important
to have a clear understanding of how the commissioning of
the facility will be performed, especially the commissioning
of a 5 MW CW deuteron beam, together with the lithium
curtain and the beam optimization for the neutron irradiation. In this contribution, the present plans for the hardware
and beam commissioning of the accelerator will be given,
focusing on the most critical aspects of the tiered approach
and on the integration of the procedure with the lithium and
test systems.

IFMIF-DONES ACCELERATOR
The IFMIF-DONES facility [1, 2] is a fusion-like neutron
source, generating a neutron flux of 5 × 1014 neutrons/cm2 /s
∗
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for the assessment of materials damage in DEMO and future
fusion reactors. Neutrons are generated by the interaction
between the lithium curtain and the deuteron beam from a Radio Frequency LINear ACcelerator (RF LINAC) at 40 MeV
and nominal Continuous Wave (CW) current of 125 mA.
The facility is divided in three major group of systems: 1)
the ∼100 m long Accelerator Systems (AS), grouping those
systems involved in the beam production, acceleration and
shaping, 2) the lithium systems (LS) which generate and control the liquid lithium target, and where the Li(d,xn) stripping
reaction (with a neutron spectrum up to 50 MeV) between
the deuterons and the lithium occurs, and 3) the experimental
material test areas or test systems (TS), where the main component is the High Flux Test Module containing 100 cm3
of material under test with up to 20 dpa y−1 to 50 dpa y−1 .
The Accelerator Systems [3] will be formed by Fig. 1: 1)
an Injector [4], composed of an ion source and a Low Energy Beam Transport (LEBT) section at 100 keV to guide
the low energy ions up to the Radio Frequency Quadrupole
(RFQ) and match its injection acceptance, 2) the RFQ [5] to
accelerate the ions from 100 keV up to 5 MeV, 3) a Medium
energy Beam Transport Line (MEBT) [6] to match the RFQ
extracted beam to the injection of the Superconducting RF
LINAC (SRF LINAC), 4) an SRF LINAC [7] with five cryomodules to bring the energy of the deuterons up to 40 MeV,
6) a High Energy Beam Transport (HEBT) [8] line to transport and shape the beam from SRF Linac towards the lithium
target or the Beam Dump Transport Line (BDTL), in pulsed
mode, 7) an RF Power System (RFPS) [9] based on solidstate technology to supply and control the RF injection into
the cavities for beam acceleration and bunching, and 8) the
AS Ancillaries (ASA) providing the services to the accelerator, including the vacuum generation and exhaust, the
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cryogenics, the water cooling, the electric power and the gas
distribution.
The design is driven by two main goals: 1) maximize the
neutron irradiation of the proper energy spectra [10, 11], 2)
keep the availability of the AS above 87 % [12].

Figure 1: Integrated mockup of the IFMIF-DONES Accelerator Systems.

AS COMMISSIONING PHASES
Like in other facilities [13–19], and based on what has
been performed in the prototype accelerator, the LIPAc [20],
the accelerator will be commissioned in several stages. A
total time of around six years has been allocated to complete
the commissioning of the whole accelerator and achieve
the 5 MW deuterons impinging on the lithium target. As
reference point for the start of the sequence of accelerator
commissioning activities, T0 is considered as the start of the
construction of the building housing the accelerator systems.
It is assumed that the installation of the first systems of
the accelerator could start four years later, triggering the
first stage of accelerator commisioning (T0+4), so-called
Phase 1. The scheme for the accelerator commissioning is
highly coupled with the safety licensing frame, which will
be pursued in several phases [21].

(LPBD), designed to stop the 140 mA at 100 keV, will be
added at the end of the LEBT, in the area where the entrance
to the RFQ will be located, see Fig. 2. Since many components will still not be installed, the possibility to parallelize
the Injector beam commissioning with other installation activities is being assessed. During this phase, the Injector
components will be installed and checked out, prior to be
conditioned up to the nominal reference level of high voltage (100 kV). This phase is key to verify and optimize the
integration of different systems, as it will be the first time
that accelerator systems, plant systems and control systems
will be working together. The operation team will use this
phase to validate and tune the procedures for operating the
machine, ensure the components integrity and verifying the
functioning of the safety measures.

Phase 2
After the Phase 1 is completed, the commissioning will
switch to Phase 2 (T0+5). As shown in Fig. 2, during this
phase the RFQ and the MEBT will be installed, and characterized by using a specific set of beam diagnostics, the
Diagnostics Plate. The beam will end in a High Power Beam
Dump (HPBD). The HPBD is foreseen to be the same as that
used for later stages, but placed in a temporary position. A
slot of two years is reserved for Phase 2, since in addition to
the installation and checkout of many components, critical
tasks are expected, like the RF conditioning of the RFQ or
the ramp up of the beam duty cycle. The main goal will
be to characterize the beam injected into the SRF LINAC
with parameters valid for the nominal beam operation. This
includes the operation of the RFQ in a thermal regime where
the tuning regulation using a water temperature controlled
loop is necessary. For this reason, a preliminary maximum
Duty Cycle (DC) of 20 % has been established, although
this will be confirmed by the operation of the RFQ in LIPAc
during Phase B+ [22]. The main Hardware Commissioning (HWC) tasks during Phase 2 are the RF conditioning
in CW of the RFQ and MEBT re-buncher cavities. The
conditioning of the RFQ is one of the main challenges faced
by the accelerator, although much experience has been obtained already in LIPAc, where a field of 100 kV was recently
achieved at continuous operation [22].

Phase 3
Figure 2: The accelerator during the different phases.

Phase 1
First stage will be the commissioning of the Injector system, representing the first beam operation in the facility. A
slot of one year is reserved for this phase, which will be
considered as fulfilled (T0+5) once the Injector is running
reliably and the nominal beam extracted to be injected into
the RFQ is characterized. For this phase, a special designed
Diagnostics Box (Dbox) with a Low Power Beam Dump
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The end of Phase 2 (T0+7) will mean the start of the
Phase 3, with the installation and commissioning of the SRF
LINAC and part of the HEBT, up to the HPBD at its final
location (Fig. 2). During this phase, the SRF LINAC will
be installed in a single step, including the five cryomodules
and the warm sections in-between, as done in other facilities. Another two years are expected for this phase. The
main objectives are not only to accelerate a nominal current beam of 125 mA in pulsed mode of 1 %, but to tune
the SRF LINAC to ensure lossless transmission along the
cryomodules. Checkout of the beam diagnostics inside the
cryomodule and along the warm sections is also important
to achieve the objectives. Although the most conservative
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approach is to install and commission each of the five cryomodules one by one, it is considered that LIPAc will provide
enough feedback to carry it out in one single step. Related to
HWC, the main focus is placed on the commissioning of the
cryogenics system, first the cryoplant and then the integration with the cryodistribution for the cryomodules. After the
cryogenic temperature is stabilized, the 46 superconducting
Half Wave Resonators (HWR) will be RF conditioned, to
get them ready for the beam injection.

Phase 4
Finally, the last stage before moving the facility into nominal Operation, it is the Phase 4 (T0+9). This phase will
involve the commissioning of the whole accelerator, including the last sections of the HEBT, and the integration with
the other group of systems, the lithium and test systems
(Fig. 2). It is therefore a pre-requisite for this phase that all
those group of systems are ready by the start of this phase.
In the case of the test systems, that means the STart-Up Monitoring Module (STUMM) [23] is well tested and in place,
as it will serve to validate the neutronics field and align and
optimize the irradiation. HWC tasks are limited to verify
the procedures for remote handling of the HEBT section at
the Target Interface Room (TIR), the target diagnostics and
the integration with the lithium and test systems. In the case
of lithium systems, this means that the whole system is in
operation and the target is at stable flowing conditions. The
integrated vacuum system of the accelerator and lithium systems will need to be tested and validated, including the load
of lithium in the circuit, or the stability of argon injection
into the target vacuum chamber. Another important point
will be the alignment of the accelerator with the lithium
curtain, and the STUMM. The procedure to guarantee the
alignment during operation shall be reproduced and validated during this phase. One year is allocated to complete
this phase.

BEAM COMMISSIONING
The main goal of the accelerator commissioning is to provide the nominal beam to the lithium target, reliably and
safely. Since the beam is very sensitive to the parameters of
each accelerator system, a fully understanding and characterization of each section is needed to succeed. To reach this
goal, the beam properties listed in Tab. 1 for each phase are
pursued. The nominal deuteron beam current is achieved for
each stage, due to the strong dependence of the accelerator
tuning on high space charge LINACs. Relatively low currents of about 10 mA will be anyway used for pilot beams
during first steps of Beam Commissioning (BC) at each
phase, and for special checkout cases. Regarding DC, 100 %
will not reached for each stage, in order to speed up the commissioning process and as well to minimize activation of
the accelerator components. The objectives during Phase 1
are not only to reproduce the nominal 140 mA CW beam at
the output of the Injector, but to fully characterize the beam
at the RFQ entrance in various beam modes. That includes
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Table 1: Target beam parameters for each commissioning
phase. 𝐼 𝑝 is the goal of peak beam current at the beam target,
𝑇 𝑓 the final beam energy, 𝑃 𝑝 the peak beam power during a
macropulse, and 𝑃 𝑎𝑣 the average beam power.
Phase

1

2

3

4

𝐼 𝑝 (mA)
DC (%)
𝑇 𝑓 (MeV)
𝑃 𝑝 (MW)
𝑃 𝑎𝑣 (MW)

140
100
0.1
0.1
0.1

125
20
5
0.625
0.125

125
100
40
5
0.05

125
100
40
5
5

Beam target

LPBD

HPBD

HPBD

LS

operation with pilot beams, pulsed modes, and proton. This
phase is expected to be speeded up by the beam tests of the
complete system, and the LIPAc experience [22, 24]. During Phase 2, the BC goal is to reproduce the same beam
conditions at the injection of the SRF LINAC, and fully
characterize the 6D beam phase space for beam halo and
activation mitigation downstream, as seen in other accelerators [25], and already done in LIPAc at low DC [26]. The
maximum beam duty cycle is chosen as a tradeoff between
schedule availability and machine performance. In Phase 3,
the beam DC will be limited to 1 %, which is the maximum
beam accepted by the HPBD at the final location for 5 MeV
deuterons. Macropulses are limited up to 2 ms, which means
a repetition rate of 5 Hz. A total lifetime of 2000 h is considered for the HPBD. Beam is characterized prior to entering
into the multipolar magnets region of the HEBT, very sensitive to the beam. Last but not least, Phase 4 goal is to get
the IFMIF-DONES nominal beam, with the beam footprint
required in the lithium target, which is a rectangular shape
from 10 to 20 cm in horizontal, and 5 cm in vertical. A complete set of multipole magnets [27] and beam diagnostics
is devoted to safely fulfill this objective. The strategy for
beam current and power ramp-up during this phase is being
developed now, together with lithium and test systems. Due
to the sensitivity of the whole machine to the beam current,
it will probably be more sensible to start with nominal beam
current, and then start ramping the DC. However, the impact of the macropulses on the liquid lithium target and the
performance of the STUMM diagnostics is presently being
analyzed.

CONCLUSIONS AND OUTLOOK
A first version of the IFMIF-DONES accelerator commissioning plan has been presented, which follows a similar
strategy to other hadron LINACs. As the project will enter soon in the construction phase, more extensive studies
of the commissioning will be performed, considering coactivities during installation, checkout and hardware and
beam commissioning, and including the feedback provided
by the operation of the LIPAc prototype. With respect to the
RF and ASA, it is under study whether, in order to speed
up the commissioning, the HWC of some of them could be
advanced, as a co-activity with beam commissioning.
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Abstract
Multi-harmonic buncher cavities (MHB) are used in ion
linacs to increase the bunch separation, so the beam can be
injected in rings or used in applications like time-of-flight
experiments. ESS-Bilbao will develop a MHB intended to
be tested in the CERN-ISOLDE facility. The design and
prototyping include the buncher device itself as well as the
solid-state power amplifier (SSPA) to power it. The buncher
design (finite elements and beam dynamics) will be carried
out to optimize it for ISOLDE beams and frequencies of
1/10th of their RF frequency. The testing of the cavity at
ESS-Bilbao proton beam injector has also been studied.

INTRODUCTION
The RF frequency of radioactive ion beams accelerators is
usually around 100 MHz [1]. In the case of HIE-ISOLDE [2],
the frequency is 𝑓0 =101.28 MHz. The bunching of the beam
carried out in the RFQ results then in a bunch separation
of 9.87 ns. An increased bunch spacing to approximately
100 ns is requested by several research groups targeting experimental physics at this facility. The increased bunch spacing can be obtaining by bunching the beam before the RFQ to
a frequency of 1/10th of the RF frequency, 𝑓 =10.128 MHz,
that will result in a bunch separation of 98.7 ns. This task
can be done by a MHB device, located external to the RFQ.
For low intensity beams where space charge effects are not
relevant, a MHB can also be used to pre-bunch the beam and
to reduce the length and the longitudinal emittance of the
RFQ [3]. In this paper, the preliminary design of a MHB device is presented. The design is done with the HIE-ISOLDE
application as objective, but the performance of the MHB
installed in the ESS-Bilbao injector [4, 5] is also studied,
with the aim of the future testing of the cavity in this facility
prior to tests in HIE-ISOLDE(*).

between two electrodes that are powered up with the combined multiharmonic RF wave. In the ideal case, the actual
electric field profile will be a uniform value between the
electrodes, modulated by the MHB wave. In a real device
the electric field between the electrodes depends on the electrode geometry and the aperture needed for the beam, so
the actual performance of the MHB will be lower than the
ideal one. The shape of the electrodes is usually designed
by assuming a constant voltage and computed as an electrostatics problem to obtain the electric field shape. Then
this field is modulated to obtain the adequate field spatial
and temporal distribution and beam dynamics simulations
are run to evaluate the bunching [3, 6–8]. For low frequencies the differences in the electric field shape between an
electrostatics and a RF calculations are very low.

FEM-BEAM DYNAMICS SIMULATIONS
For this work, different electrode geometries are explored.
The electrode geometry and the FEM calculations are done
using an integrated simulation platform that makes use of
GMSH [9] and FEniCS [10] open source libraries. Beam
dynamics tracking simulations are done with GPT [11]. The
integrated platform is driven by Python scripts that allow for
quick parametric exploration or optimization.

RESULTS
For HIE-ISOLDE a preliminary MHB electrode design
has been selected after parametric exploration. The beam
characteristics are shown in Table 1. The MHB electrodes
have an aperture of 20 mm in diameter, and the MHB vessel
has a total length of 250 mm, to keep the values already
defined in [6].
Table 1: Beam Characteristics for Simulations

MULTIHARMONIC BUNCHING
The optimum electric field time profile to bunch a continuous beam with bunch separaion of 1/ 𝑓 is that of a saw-tooth
wave profile of frequency 𝑓 [3], with a linear ramp of field
centered at the middle of the bunch at time 𝑡 = 𝑡0 . The
saw-tooth profile can be synthesized by summing up the first
harmonics of its Fourier expansion. Usually, four harmonic
terms are enough to generate an adequate approximation of
the wave shape. In the MHB, the electric field is applied
∗
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𝐴/𝑞
𝛽
𝜖𝑥, 𝜖𝑦
Intensity

ISOLDE beam

ESS-Bilbao beam

4.5
0.003 28
0.62 mm mrad
1 mA

1
0.0098
0.25 𝜋 mm mrad
45 mA

Different geometries have been explored and the beam
dynamics results compared to the basic results shown in [6].
Geometries with a tail shape (as in [7]) or conical (as in [8])
have been explored. It is worth mentioning that the main
aim of this work is not to find an optimum geometry of the
buncher, but to explore the possibility of testing a MHB optimized for HIE-ISOLDE radioactive beams in ESS-Bilbao
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light ion injector (Fig. 1). The tail-shape and conical geometries can be seen in Fig. 2.
All geometries share some characteristics that are taken
from [6] and kept for compatibility: the gap between electrodes is 5 mm, they have a minimum aperture with radius
10 mm, and the length of the buncher cavity is 0.25 m, with
the electrodes centered.

In all results shown in this paper, the multiharmonic sawtooth profile is built using harmonic weights of (1.0, -0.428,
0.215, -0.101). The bunching efficiency 𝑏(𝑧) is defined as
the ratio of particles that arrive at coordinate 𝑧 within a time
window of 10 ns.

Results with HIE-ISOLDE Beam
Beam dynamics results of the MHB with ISOLDE parameters can be summarized in Fig. 3. Performance is similar
for different geometries, with focusing distance around 2.7 m
from the electrode center for an electrode voltage of 500 V.
The increase of the electrode voltage (RF power) results in
shorter focusing length, but not in better bunching efficiency.
In figure 4 a heat map plot of the bunching efficiency of the
MHB as a function of electrode voltage and focal length can
be seen. This figure can be compared to the results obtained
for ESS-Bilbao beam.

Figure 1: Comparison of on-axis field profile, 𝐸 𝑧 (𝑧), for
three basic MHB geometries.

Figure 3: Bunching efficiency as a function of 𝑧 for different
geometries and electrode voltage, for HIE-ISOLDE beam.

Figure 4: Heat map of bunching efficiency as function of
electrode voltage and focal length, for ISOLDE beam.

Figure 2: Electric field maps for the axisymmetric models
with tail shape (top) and conical (bottom) buncher electrodes.
Voltage between electrodes is 1 kV in both cases
.
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Results with ESS-Bilbao Beam
In order to test the possibility of installing the MHB in
ESS-Bilbao, several calculations have been done. ESSBilbao injector is a proton injector that consist on a ECR ion
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source, a LEBT and an RFQ (that is under fabrication). The
protons are extracted with an energy of 45 keV. Other ions
(like He) have also been successfully extracted. The ESSBilbao proton beam has very different characteristic than
the beam at ISOLDE (see Table 1), so it is expected that the
MHB will not operate directly. By reducing extraction energy or increasing the bunching frequency to 35.2 MHz (that
would allow the beam to be transported through ESS-Bilbao
RFQ), the bunching of the proton beam can be realized with
an adequate focal length (see Figs. 5 and 6).

Figure 6: Heat map of bunching efficiency as a function
of distance from the buncher center and electrode voltage,
for ESS-Bilbao proton beam at 10 keV (top) and at an RF
frequency of 35.2 MHz and 45 keV (bottom).
Figure 5: Bunching efficiency as a function of distance from
the buncher center, for ESS-Bilbao proton beam with different extraction voltages.

CONCLUSION
A MHB device designed for HIE-ISOLDE can be tested
at ESS-Bilbao using the beam from the light ion injector,
after modifications in extraction voltage or RF frequency are
performed.
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Abstract
The MYRRHA design for an accelerator driven system
(ADS) is based on a 600 MeV superconducting proton
linac. The first stage towards its realization is called
MINERVA and was approved in 2018 to be constructed by
SCK CEN in Belgium. This 100 MeV linac, will serve as a
technology demonstrator for the high MYRRHA reliability
requirements as well as a driver for two independent target
stations, one for radio-isotope research and production of
radio-isotopes for medical purposes, the other one for
fusion materials research. This contribution gives an
overview of the latest accelerator machine physics design
with a focus on the optimized medium (17 MeV) and high
energy (100 MeV) beam transfer lines

INTRODUCTION
The MINERVA project at SCK CEN, Belgium, is the
fully funded first implementation stage of the MYRRHA
project, which aims to demonstrate transmutation of nuclear waste in a subcritical nuclear reactor driven by a high
power accelerator (ADS). This use case also dictates the
high reliability requirements to the accelerator of maximal
10 beam trips longer than 3 sections within a 90 day run
period.
While the accelerator has been studied in the context of
several design studies [1], with the decision by the Belgium
government to implement MINERVA, the accelerator design was critically reviewed in terms of a) beam physics
robustness b) reliability c) practical feasibility and d) cost
and schedule-effectiveness. The final overall layout which
is currently being implemented with the aim of operating a
first beam at 100 MeV by the end of 2027, is shown in
Fig 1.
The main linac beam parameters are given in Table 1.

Figure 1: Layout of the 100 MeV MINERVA linac including the transfer lines to the two user facilities (PTF, FPF).
The blue boxes indicate RF cavities.
TUPOJO03
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Table 1: MINERVA Linac Specifications
Parameter
Value
Particle
Protons
Energy
100 MeV
Beam current
4 mA
Duty factor
CW
(or pulsed with 4ms cycles)
Inj. RF
Normal conducting
176 MHz CH-cavities
Main linac RF
Superconducting
352.2 MHz single spoke

INJECTOR
The injector starts with an ECR ion source (providing a
30 keV beam) coupled to a LEBT containing two solenoids, a fast beam chopper and various beam diagnostic
devices e.g. an Allison emittance meter. The subsequent
4 vane 176.1 MHz RFQ [2-3] bunches and accelerates the
beam to 1.5 MeV. The following two normal conducting
quarter wave cavities re-bunch the beam.
SCK CEN currently operates these elements in a dedicated
injector test stand [Fig 2.] which is about to be extended
with an emittance meter and a longitudinal bunch shape
measurement device [4-6].

Figure 2: The Injector test stand featuring an ECR ion
source, a LEBT, the RFQ and 2 quarter wave rebunching
cavities
The following series of 15 normal conducting CH-type
cavities accelerates the beam to 17 MeV. The beam optics
remained mainly unchanged in this design iteration except
for an elaboration of the beam diagnostics and orbit correction scheme.
In order to achieve the required reliability objectives, the
final design foresees the installation of two parallel injectors which can be alternatively delivering beam to the SCProton and Ion Accelerators and Applications
Proton linac projects
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linac. This beamline merging requires the use of a dog-leg.
The hot-standby injector can deliver the beam to an injector
beam dump to tune and monitor its operational readiness.
As shown in Fig. 3, in the new layout the beam dump had
to be positioned at 45 degree to allow for the required
shielding without geometrical conflict with the other tunnel
areas.

Figure 4: Transverse and longitudinal beam optics of the
new diagnostic and dogleg section showing the 6σ transverse beam sizes and 6σ phase extension.

SUPERCONDUCTING LINAC
The beam optics design of the SC-linac itself has not
been changed (see Fig. 5) [7], keeping the 30 repetitions of
a cryomodule enclosing two 352.2 MHz single spoke cavities [8-11] and an intermediate warm section containing a
doublet and varying beam diagnostic devices.

Figure 3: The updated layout of the 17 MeV section between the normal conducting injector (last CH-cavity at
z=30m) and the start of the superconducting linac (first two
cavities at z = 45 m): RF cavities in blue, dipoles in green,
quadrupoles in red, beam dump and vacuum valves in turquois, and shielding wall in grey.
In past designs, three super conducting single spoke cavities were installed in this section to match the beam longitudinally into the SC-linac. Apart from the problematic (in
view of the vacuum system) proximity of the first SC-cavity to the normal conducting ones, special cryo module designs would have been needed with one cavity only, instead
of the standard linac cryo module with 2 cavities. Finally,
there was the interest to increase the number of beam diagnostic devices in the injector to be able to fully characterize
the beam when used as a hot-spare delivering beam to the
injector beam dump. This includes the collimation system,
which was originally foreseen in the dogleg and thus only
available once the injector is switched to the linac. A solution could be found where the required field in the cavity
is sufficiently low, such that a single normal conducting
cavity can be used instead. By increasing the distance between the last accelerating CH-cavity and the first dipole,
sufficient space for diagnostic and collimation is available.
The revised transverse and longitudinal beam optics can be
seen in Fig. 4.

Proton and Ion Accelerators and Applications
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Figure 5: 6σ transverse and longitudinal beam size and
phase extension (phase relative to the 176 MHz injector
frequency).
As commonly done in other linacs, it is intended to compensate the loss of an RF-cavity by the other cavities. The
challenge at MINERVA/MYRRHA will be to achieve full
beam power recovery (0.4 MW at MINERVA, 2.4 MW at
MYRRHA) within three seconds after the beam trip
[12-13]. The required RF-overhead in the remaining active
cavities has been recently re-evaluated and seen to be up to
100% in the first MINERVA cavities. The anticipated RFoverhead for the full 600 MeV MYRRHA linac can be seen
in Fig. 6 and are also studied for an alternative global compensation approach
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Figure 6: Simulated RF-power needs for: nominal beam
operation (blue), a representative case with several failing
cavities (red), and the overall expected RF-overhead need
to apply failure compensation (green).

beam size at the target according to the user demands between 1σ = 2 and 8 mm. Two rastering magnets will be able
to scan the beam over the target.
The FPF facility is designed to handle the full CW beam
(400 kW). The beam will be directed into a water embedded target volume, into which various target configurations
can be placed. While the main purpose of the facility will
be to perform fusion material research, a dedicated target
rig will also be available to be used as beam dump for linac
commissioning. The 6 sigma beam size – again starting
from the doublet in front of the last cryo-module – is shown
in Fig. 8. The cryo module at z = 150 m, will not be installed at the moment but indicates a corresponding space
reservation for the later implementation stage, when the
beam needs to be longitudinally matched into the subsequent medium beta linac section in the straight extension.

USER FACILITY TRANSFER LINES
While MINERVA will at the start be used to develop and
prove to meet the stringent reliability requirements, it will
in parallel be able to deliver beam to two user facilities,
i.e. the “Proton Target Facility (PTF)” and the “Full Power
Facility (FPF)”, and a beam dump for very first beam tuning in straight extension of the linac.
It is envisaged to be able to kick up to 0.5 ms beam
pulses with duty cycle frequencies as high as 250 Hz to the
PTF facility, allowing average beam currents up to 0.2 mA
on fissile material targets or up to 0.5 mA on non-fissile
material targets [14]. The generated high-purity Radioactive Ion Beams (RIB) will be used for physics experiments
and as well as radioisotopes collection for e.g. medical research. While the layout of this Isotope Separation On-Line
(ISOL) system is strongly inspired by the proton target irradiation facility ARIEL at TRIUMF, the design of the
beam line leading to it was developed only recently. As
shown in Fig. 7, the quadrupole doublet in front of the last
cryo module is already used to prepare the beam for the
following section. A fast kicker deflects the beam.

Figure 8: The 6σ beam sizes of the beamline towards the
FPF facility. The target is located after a 6m shielding wall
indicated by the grey box in the upper sub-figure. The two
turquois boxes in front of it indicate the two rastering magnets.

CONCLUSION
The main beam line design of the MINERVA accelerator is completed and the implementation is ongoing with a
first 100 MeV beam planned for end 2027.
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Abstract
A 704.4 MHz Crossbar H-mode (CH) drift tube LINAC
has been proposed for performing a radio frequency jump
at 𝛽 ≈ 0.2. Up to now, the highest frequency of the constructed CH cavities is 360 MHz. In principle the operation
frequency for an H210 -mode cavity can be up to 800 MHz.
At 704.4 MHz, the cavity dimensions become small, which
bring challenges for many practical problems e.g. construction, vacuum pumping and RF coupling. This paper presents
the performed R&D studies for the realization of such a very
high frequency cavity.

INTRODUCTION
The crossbar H-mode (CH) drift tube LINAC (DTL) has
been developed as a kind of efficient RF-structure for accelerating low- and medium-𝛽 beams [1, 2]. In principle,
the operation frequency for a CH-structure can be up to
800 MHz [1], but up to now, the highest frequency of all
realized CH-cavities is 360 MHz [2]. In a recent study [3], a
kind of novel 704.4 MHz CH-DTL has been proposed to enable a radio frequency jump from 176.1 MHz to 704.4 MHz
at 𝛽 ≈ 0.2 for a large-scale LINAC (Fig. 1). This fourfold increase in radio frequency can shorten the entire LINAC [4,5]
as well as can reduce the related construction and operation
costs considerably. 704.4 MHz is almost twice the highest
frequency of already constructed CH-cavities. The preliminary RF-structure design results have shown that such a
very compact cavity can work in CW-mode both at room
temperatures and at liquid helium temperatures [3]. As a
further step towards the realization of a 704.4 MHz CH-DTL
cavity (firstly normal conducting), more practical aspects
e.g. mechanical design, vacuum pumping and RF coupling
are being investigated carefully.

Figure 1: Schematic overview of the frequnecy jump section
based on four 704.4 MHz CH-DTLs (taken from [3]).

VERY HIGH FREQUENCY CH-DTL
The normal conducting CH-DTL for 704.4 MHz will have
an octagonal tank cross-section to mount for the first time
∗

m.heilmann@gsi.de
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Figure 2: CST-MWS [6] model of the recent design of the
704.4 MHz CH-DTL (side view).
Table 1: Design Parameters of the NC CW CH-DTL
Parameter

Unit

Value

RF-frequency
𝛽
Gaps
Gap length
Drift tubes
Drift tube length
Drift tube aperture
Tank diameter (inner)
Tank length
Total RF-power
Acceleration gradient
Shunt impedance (sim.)
Kilpatrick Factor

MHz

704.4
0.186
7
19.8
6
19.8
20.0
160.0
337.0
1.5
0.5
53.46
0.24

#
mm
#
mm
mm
mm
mm
kW
MV/m
MΩ/m

CH-drift tubes with its stems into a tank (Fig. 2, Table 1). For
superconducting [7–9] and room temperature CH-DTLs [10,
11], the standard way is to weld the drift tubes into the tank.
The drift tubes are not welded into this very high frequency
CH-structure to reduce the risks and challenges at copper
plating of the cavity (Fig. 3). The copper plating of a normal
conducting CH-structure becomes more critical for a smaller
diameter in combination with an increased cavity length, so
another option for this small cavity can be to manufacture
the tank from copper.
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Figure 3: CAD-model of the very high frequency CH-DTL with six water cooled and mountable drift tubes (side view).
The cavity has an octagonal cross section for simplified assembly and an inner diameter of 160 mm. Two plungers are
installed and the RF-incoupling and the pickup’s are capacitive.
The desired homogeneous copper layer thickness distribution in an accelerator is not longer given at a CH-drift
tube in relation to the tank wall. The individual drift tube
has a greater increase in layer thickness due to the copper
plating and this reduces the distance between adjacent drift
tubes. The minimal displacement of the gap center is part
of further error studies at beam dynamic investigations, but
the resulting frequency deviation is especially in a very high
frequency accelerator not negligible.

Figure 5: Simulated electrical field distribution on beam
axis at the operation resonance frequency of 704.4 MHz.

Figure 4: Simulated frequency of the very high frequency
CH-DTL depending on the position of the two plungers
(∅33 mm).
A mountable CH-stem has a flat surface from the stem
to the tank wall, that will reduces the magnetic field at the
bottom of the stem. The typical three-stage vacuum con-
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cept (metal seal, pre-vacuum gloove and O-ring seal) is also
available for every drift tube with its good electrical and
RF-contact about the metal seal.
The power RF in this normal conducting CH-DTL has
a capacitively incoupling because an inductive incoupling
requires more installation space and the rotating of the loop
induce an unwanted frequency change during minimization
of the S11 -parameter. The location between the stems of
the capacitive incoupling as well as the pickups have been
established as a standard in a SC CH-DTL.
The very high frequency is sensitive and therefore an
extended tuner concept is used. In addition to the static
and dynamic frequency tuners, the end plates of the tank
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can be shortened during production for greater frequency
adjustment. The designed frequency deviation of the two
tuners of about ± 3 MHz is too large for later operation, but
necessary to compensate the expected deviation between the
simulated and measured frequencies (Fig. 4). The diameter
of the frequency tuners can be reduced for fine tuning and
a different diameter is also possible without any noticeable
affecting of the field distribution on the beam axis (Fig. 5).
The tank breakthroughs of the RF-incoupling and pickup’s
as well as the vacuum slots are also integrated for more
accurate simulation.
A simplified connection between tank and stem of the
CH-drift tube can be realized in the next step by 3D printing.
The advantage of 3D printing on a DTL is the connection
of complicated, vacuum-tight and water-cooled geometries.
The goal is a complete 3D-printed CH-cavity with drift
tubes, stems and all flanged connectors. First 3D-printed
IH-drift tubes (1.4404 stainless steel) [12] and trials of UHV
pipelines (316L stainless steel) [13] were successful, but in
both cases the flanges must be lathed to avoid leaks. The
printing of high-purity copper is technically possible, but the
choice of material for 3D-printing is crucial for the further
course of the investigations and mechanical rework of the
surface. The used copper must have high electrical conductivity combined with a low outgassing rate and high surface
quality. The end plates of the tank will be built separately
in order to continue to be able to guarantee the iterative
frequency adjustment.

test for the first mountable CH-stems is planned, followed
by the construction of a complete prototype CH-structure.
First tests on the frequency behavior of the cavity can be
carried out with the uncoppered prototype and after the
copper plating, detailed investigations of the temperature
behavior depending on the incoupled high RF-power are
foreseen.
Additionally, consideration is being given to an SC version
of the very high frequency CH-structure.
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OUTLOOK
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WELDING AND COPPER PLATING INVESTIGATIONS
ON THE FAIR PROTON LINAC
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M. Breidt, H. Hähnel, U. Ratzinger, IAP, University of Frankfurt, Germany
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Abstract
A FAIR injector linac for the future FAIR facility is under construction. In order to meet the requirements for
copper plating of the CH-cavities, a variety of tests with
dummy cavities has been performed and compared to simulation. Further dummy cavities have been produced in order to improve the welding techniques. In addition, the results on 3d-printed stems with drift tubes will be presented.

OVERVIEW
The present GSI injector UNILAC (universal linear accelerator) [1] will serve as one injector for the future Facility for Antiproton and Ion Research (FAIR) [2]. However,
a large part of the FAIR experiments will be conducted
with secondary antiprotons which will be produced by
bombarding a target with an intense proton beam. Because
the UNILAC is optimized for heavy ions, i.e., particles
with an A/q >> 1, a dedicated proton injector is presently
under construction. It consists of a ladder RFQ [3] followed by six CH structures (Crossbar H-mode).
Figure 1 shows the structure of the proton linac [4]. The
main acceleration from 3 MeV up to 33 MeV will be realized with three coupled CH-cavities (CCH) connected by a
coupling tank housing a focusing magnetic quadrupole triplet lens, followed by a diagnostic section at 33 MeV and
finalized up to 68 MeV by three single CH-modules. The
cavity design of all six CH-type cavities has been developed by IAP University of Frankfurt [5]. They operate at a
resonance frequency of 325.224 MHz. It is designed to
provide a proton beam with an energy of 68 MeV and a
current up to 70 mA at a rf pulse prepetition rate of 2.7 Hz.

Figure 2: 3d-model of the first coupled CH-cavity.

WELDING AND COPPER PLATING
STUDIES
Due to these complex monolithic structures with tiny
distances of the stems and aperture of the tank design, there
is no possibility of conventional welding from the inside.
Other welding techniques (outside welding) are not well
established at GSI. In addition, copper plating for these
novel structures is particularly challenging. Therefore, four
types of test dummies are planned for CCH1, which can be
considered as the most complex structure. Table 1 shows
our learning process for the new welding technique from
the outside, as well as the copper plating process.
Table 1: Learning Process Outside Welding and Copper
Plating Per Dummy In Percent
Learning Process
Dummy 1
Dummy 2 & 2.1
Dummy 3
Dummy 4

Copper Plating
50 %
90%
95%
98%

Welding
0%
10%
70%
100%

DUMMY 1
Figure 1: Layout of the proton linac.
Figure 2 shows the first coupled CH-DTL cavity. The
low energy part consists of ten gaps, followed by the coupling cell and by the eleven-gap high energy part. The
whole cavity has an inner length of about 1.4 m and the
cylindrical tanks have an inner diameter of about 307 mm
(first section) and 316 mm (second section). The coupling
cell has a length of about 2βλ. Twelve fixed (five in tank
one and seven in tank two) and three movable tuners (located at each cavity and at the coupling cell) are foreseen.
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Dummy 1 (see Fig. 3) is a simple rolled steel sheet with
straight stems tacked inside. This dummy has already been
copper plated at GSI.

Figure 3: Dummy 1 consists of a simple rolled steel sheet
with straight stems tacked inside.
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The first iteration (Fig. 4 top) without any surface treatment shows worse copper plating results on the top of the
stems and the tank wall due to missing direct air distribution. After stripping off the copper, the second iteration
(Fig. 4 bottom) of copper plating with better air distribution
and optimized anodes showed better results on the stems,
but even worse results on the tank wall due to an electrolytic degreasing bath, which has been in use already.

Except in the area of the drift tubes, the copper layer thickness varies significantly. The front surfaces are then partly
no longer exactly parallel to each other, which would affect
the electrical acceleration field negatively.
In parallel, electrostatic simulations performed in cooperation with the University of Frankfurt with the goal to
optimize the geometry of the galvanic anodes. Details are
given in Ref. [6].
In order to be able to verify the results of the electrostatic
simulations, a new dummy 2 is presently under construction. In addition, the longest cavity section of CCH2 with
about 1.3 m (Dummy 2.1) should be copper plated in the
new electrolytic bath, which is currently under construction. Dummy 2 and 2.1 will be copper plated when the galvanic workshop is commissioned in early 2023 after a refurbishment.

Figure 4: First copper plating iteration on Dummy 1 (top)
and second iteration of copper plating (bottom).
Finally, after three iterations of copper plating, a good
result with optimized anode geometry, a new degreasing
bath, and better air distribution could have been achieved
(Fig. 5).

Figure 6: Dummy 2 with a more complex structure of
CCH1.

Figure 7: Copper plated Dummy 2 of CCH1.

DUMMY 3 (3D-PRINTED STEMS)

Figure 5: Third iteration of copper plating on Dummy 1
with the best result.

DUMMY 2 & 2.1
Dummy 2 is a more complex model of the first CCH1
section manufactured at GSI workshop in May 2019
(Fig. 6). This model consists of a rolled steel sheet with
flanges. The angular stems are welded out of three parts
and tacked inside the cavity.
After successful copper plating at GSI (Fig. 7), photomicrograph show that the copper layer is very uniform and
continuous in the area of the tank wall and the stems. Adhesion to the base material is well-developed, and no
cracks or other defects were detected in the copper layer.
Proton and Ion Accelerators and Applications
Proton linac projects

Dummy 3 is the first Dummy testing the welding process. Shown here simplified by a plate with a stem, which
is welded from the outside (Fig. 8). Tests with e-beam
welding are performed at Pink GmbH Vakuumtechnik in
Wertheim, Germany.
A stem end part was welded to a small plate made of
stainless steel 1.4404 (V4A - 316L) from the outside via ebeam welding. The stem is 3d-printed 1.4404 material.
Since 3d-printed elements are not tested material for such
purpose, an approval of the additive manufacturing is required.
The welding root has a thickness of maximum 0.4 mm,
the vacuum leak test did not show any defects, as well as
no flaws could be detected via an X-ray test. The mechanical-technical parameters provide acceptable results, so
that this material / this manufacturing process can be used.
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The copper plating could be characterized as intact, continuous and uniform (also the area of the e-beam weld).
Only the area of the weld overlap from the beginning and
end of the welding root shows increased peaks, which need
to be reworked.

Figure 8: Dummy 3 – Plate with 3d-printed Stem - copper
plated Dummy 3 (left)), photomicrograph of the copper
layer (right).

DUMMY 4 – PRETEST
A pretest tank with three angular stems of the first section from CCH1 to qualify the manufacturer (Pink GmbH
Vakuumtechnik in Wertheim, Germany) for the CH cavities is required (Fig. 9). The stems are 1.4404 3d-printed
material, the tank is forged stainless steel 1.4404 (finishing
via turning, grinding, milling, and polishing). If the dimensional accuracy is given, this dummy will be copper plated
at GSI in order to finally adjust the copper layer at the
welding root.

high power tests. If everything fits, this is the first cavity
for operation with beam.

CONCLUSION
This paper showed the development of the welding and
copper plating process for a very complex accelerator
structure. As conventional welding from the inside is not
possible, e-beam welding is to be used to weld the stems
with the drift tubes inside the cylindrical cavity from the
outside. The tank is to be made of forged stainless steel
1.4404 (V4A - 316L). The stems and drift tubes will be 3dprinted in one part of 1.4404 stainless steel. For a final
check of the rf parameters, a first of series tank of CCH1
with clamped aluminum stems is currently under construction. Later, the aluminum stems will be replaced by 3dprinted 1.4404 stems e-beam welded from the outside for
operational use.

OUTLOOK
After several test dummies, the welding and manufacturing process have been verified, so that the fabrication of
CCH1 as FoS has already started. In order to be even more
reliable, it is initially equipped with clamped aluminum
stems. According to the current status, the FoS of CCH1 is
to be delivered to GSI at the end of 2022 for the first low
level rf and tuning tests. Awaiting the results of the compliance of dimensions of the pretest in the near future, as well
as pressure and X-ray tests of the welding seam to complete
the studies and fix the manufacturing process.

REFERENCES
[1] L. Groening et al., “Status of the new Intense heavy ion DTL
project Alvarez 2.0 at GSI”, presented at the 31st Int. Linear
Accelerator Conf. (LINAC`22), Liverpool, UK, Aug.-Sep.
2022, paper TUPOGE019, this conference
[2] P. J. Spiller et al., “The accelerator facility of the facility for
antiproton and ion research”, in Proc. 6th Int. Particle Accelerator Conf. (IPAC'15), Richmond, VA, USA, May 2015, pp.
1343-1345.
doi:10.18429/JACoW-IPAC2015-TUBB2

[3] M. Schuett et al., “The 325 MHz FAIR pLinac ladder RFQ –
final assembly for commissioning”, in Proc. 13th Int. Particle Accelerator Conf. (IPAC´22), Bangkok Thailand, June
2022, pp. 82-85.
doi:10.18429/JACoW-IPAC2022-MOPOST014

Figure 9: Dummy 4 – Pretest tank of CCH1 with three angular stems out of 3d-printed steel.

FOS – CCH1
A stainless steel tank of the first CCH will be built, fully
prepared to be suitable for vacuum and water cooling. First
low level rf and tuning tests will be done with clamped aluminum stems to check the simulations and make any necessary adjustments to the design of the drift tubes.
In a second step, the stems and drift tubes will be made
of 3d-printed stainless steel (perhaps with some modifications if simulation and measurement do not match) and
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Abstract
A dedicated proton injector Linac (pLinac) for the Facility of Antiproton and Ion Research (FAIR) at GSI, Darmstadt, is currently under construction. It will provide a 68
MeV, up to 70 mA proton beam at a duty cycle of max.
35µs / 2.7 Hz for the SIS18/SIS100 synchrotrons, using the
existing UNILAC transfer beamline. After further acceleration in SIS100, the protons are mainly used for antiproton
production at the Pbar ANnihilations at DArmstadt
(PANDA) experiment. The Linac will operate at 325 MHz
and consists of a novel so called ‘Ladder’ RFQ type, followed by a chain of CH-cavities, partially coupled by rfcoupling cells. In this paper we present the beam diagnostics system for the pLinac with special emphasis on the
Secondary Electron Emission (SEM) Grids and the Beam
Position Monitor (BPM) system. We also describe design
and status of our diagnostics testbench for stepwise Linac
commissioning, which includes an energy spectrometer
with associated optical system. The BPMs and SEM grids
have been tested with proton and argon beam during several beamtimes in 2022. The results of these experiments
are presented and discussed.

INTRODUCTION
The FAIR [1] facility at GSI will provide antiproton and
ion beams of worldwide unique intensity and quality for
fundamental physics research.
The accelerator facility of FAIR, shown in Fig. 1, will
include three linear accelerators, the existing UNILAC (for
which a refurbishing program is currently on the way), a

Figure 1: Layout of the FAIR facility.
superconducting cw-Linac, designed mainly for intermediate energy experiments [2], and the new proton Linac [3]
(pLinac). The UNILAC and pLinac will be the main injectors of SIS18, which will in turn be an injector for SIS100,
the
central accelerator component of FAIR.
†
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The pLinac consists of a novel so called ‘Ladder’ RFQ
[4] followed by two ~10 m sections of Cross Bar H-drifttube accelerator (CH) structures [5]. The first section includes six CH modules, which are pairwise rf-coupled
(Coupled CH or CCH). The second section consists of
three separate modules, each connected to its own klystron.
The pLinac will deliver a current up to 70 mA with a
macropulse length of 35 μs (at max. 4 Hz) and a typical
bunch length of 100 ps. The design energy is 68 MeV. Figure 2 shows a schematic of the pLinac and its beam instrumentation.

Figure 2: Schematic of the FAIR pLinac, side view, showing the location of diagnostics (upper) and BPMs, divided
in cavity (inter-tank) and beamline BPMs (lower).
The overall diagnostics concept and layout of pLinac has
been described in various reports, e.g. [6]. Because of the
compact structure of the two CH sections, diagnostics (except BPMs) will be concentrated in the LEBT, in the
MEBT behind the RFQ and in a diagnostics/rebuncher (so
called SD) section between the CCH and CH parts of the
pLinac. Additional beam diagnostics elements are placed
in the transfer line to SIS18 as well as in a straight line to
the beam dump.
Concerning the SEM Grid design (Fig. 3), we expect a
1σ beam radius of 1.5 mm at best possible beam quality in
pLinac, therefore the wire pitch cannot be larger than 0.5
mm to obtain reasonable profiles. To compensate for thermal expansion of the wires, a stretching mechanism is required - even if the grids are operated in a ‘grid protection
mode’ at reduced duty cycle. Gold plating on the tungsten
wires has to be considered carefully because of possible
melting and agglutination during irradiation.
The BPM system of pLinac [7] comprises button BPMs,
as shown in Fig. 4, in combination with a custom made
preamplifier including narrowband amplification (single
button signals) for the frequency domain LIBERA (Single
Pass H, LSPH) electronics and wideband amplification
(sum signal) for oscilloscope based time of flight (TOF)
measurements.
TUPOJO06
349

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOJO06

eters. Figure 5 shows the voltage dependence of the integrated number of particles for two different spot sizes.

Figure 3: SEM harp by PROACTIVE. The grid consists of
two harps rotated by 90°, area 32 mm x 32 mm with diamond shaped cleaning electrode, 64 wires per harp, wire
pitch 0.5 mm, thickness 100 µm.

Figure 5: Number of particles, as a function of cleaning
voltage. Sigma values indicate the beam size assuming
gaussian distribution in the calculations.

Figure 4: Beamline BPM by NTG. Aperture 50 mm, button diameter 12 mm, total length 80 mm, DN100CF.
Our testbench for stepwise Linac commissioning, which
is currently under construction, will be described in the last
section.

SEM GRID ACCEPTANCE TEST
The test of two prototype y-harps (gold coated / uncoated
tungsten wires) was performed in two steps, in a first campaign a low intensity proton beam was used to prove the
correct function of the harp in connection with the POLAND+CSA electronics [8] (proton beam parameters, see
BPM section). A second experimental campaign was performed with a high intensity Ar beam to check the wire
stretching system, the upper limit of acceptable energy
deposition and the actual heat load in comparison to simulations. The beamtime started with gold-plated wires, later
we switched to a harp with regular tungsten wires. We used
an Ar10+ beam at 8.6 MeV/u, intensities 20 µA to 1.5 mA,
pulse length 40 µs to 200 µs, repetition rate 1 Hz. In parallel to the measurements, simulations for wire heating were
done with the pyTT code [9], predicting the wire temperature at the various measurements.
We checked the effect of the voltage on the diamond
shaped cleaning electrode (extraction of secondary electrons to reduce wire cross-talk) while varying beam paramTUPOJO06
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If the maximum current on the grid wires (maximum total counts) is taken as a criterion for optimum voltage, there
is obviously not much effect from the cleaning electrode
above ~40 V, which significantly reduces the effort for
electrical connections. With proton beam, the saturation
voltage was even smaller (<10 V). A comparison of the two
curves in Fig. 5 shows that the number of counts is reduced
most likely due to geometrical aspects at the smaller number of wires, while an effect on the slope of the curves cannot be observed (at given accuracy), which is a strong hint
for a homogeneous field distribution as result of our electrode geometry optimization.
At inspection the gold plated grid showed no damage, even
after heating to (theoretically) >2500 K. From this we concluded, that the wire temperature might have been overestimated in our calculations. Beam parameters (such as
beam size, beam intensity, pulse length, etc.) and material
properties (such as emissivity) are crucial for accurate thermal modeling. Big uncertainties on beam spot size and the
emissivity of the material yielded too large uncertainties in
the predicted temperatures. In an ideal case, temperature
calibration measurements should be performed, which
could not be done for several reasons. Thus, a systematic
approach has been adopted to prove the suitability of the
SEM grids. The harp was irradiated in the regular UNILAC
‘grid protection mode’, which at a spot size of σ = 3 mm
an intensity of 500 µA and duration of 40 µs corresponds
to a (calculated) temperature of ~2800 K. Starting from this
point, the intensity and the pulse length were stepwise increased to 1.4 mA, 40 µs, which lead after a final step to
70 µs to destruction of some wires (Tcalc = ~4200 K). The
reasons for the strong increase of the current in Fig. 6, besides the position of the broken wires, and it’s duration is
to be discussed. Several aspects contribute to the dynamic
development of the profile, like time constant of the electronics and intensity variation during macro pulse.
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To what extent thermionic emission plays a role has to be
investigated. Analysis of the results and adjustment of our
theoretical model is ongoing.

Figure 6: Development of the beam profile during a 70 µs
macro pulse before (left) and after (right) destruction of
one wire. A time slice corresponds to 5 µs.

TEST OF THE BPM SYSTEM
A proton beamtime at UNILAC had the purpose to test
the whole BPM chain for the first time: button BPMs, preamplifier, LIBERA electronics as well as the FESA control
software. We used an 8.6 MeV proton beam with an intensity of 100 - 300 µA and two BPMs, as shown in Fig. 4,
installed 325.5 mm apart from each other to allow for TOF
measurements. The bunches arrived with 36 MHz, the high
current injector operation frequency, we used a 50 µs window within the 200 µs macro pulse (1 Hz operation).
During the tests, the full functionality of the system
could be demonstrated. Position and TOF measurements
with the LSPH/FESA were verified by parallel oscilloscope measurements. The various algorithms in FESA, for
position [10] and phase calculation, showed excellent
agreement. By variation of the beam current it was shown
that the FESA class switches dynamic range as required. In
total the system is - except for minor optimization steps and
a missing GUI - considered ready for operation. An interesting side aspect of the tests was that dispersive effects in
the beam transport at UNILAC could be identified by
phase (and also position) shift between the horizontal buttons. Fig. 7 shows data read out directly from the LSPH.
The x-position measurement shown in the middle nicely
illustrates how the beam position changes during the macro
pulse, induced by the bending dipoles. The phase measurement shows accordingly how the left side of the beam (orange) precedes the right side (red).

DIAGNOSTICS TESTBENCH
Since the pLinac consists entirely of novel accelerating
structures, a detailed step-by-step characterization of each
cavity is essential. The testbench for stepwise commissioning shown in Fig. 8 will consist of all relevant types of diagnostic devices that have been developed for the pLinac
and additionally a magnetic spectrometer for measurements of the proton beam's energy spread.
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Figure 7: Position and phase measurement from LSPH.
Upper: button signals and sum signal over 50 µs. Middle:
position values. Lower: corresponding phase.

Figure 8: Schematic layout of the diagnostics testbench.
The sketch is longitudinally at scale. ACCT: AC Current
Transformer, BSM: Feschenko Bunch Shape Monitor.
A discussion of possible spectrometer designs can be
found in [11]. The version currently under construction
uses four already available quadrupoles and one of the two
pLinac 45° dipoles, which create a point-to-point image of
the spectrometer’s input slit onto its output slit and generate the needed dispersive effect. It has a total length of
~6 m and extends ~1.7 m to the side. Simulations up to 5th
order with the GICOSY [12] and MOCADI [13] codes
show that the proton beam can be properly guided over the
whole length of the testbench. While the first order estimate with a 250 µm slit resulted in a resolving power of
~4000, nonlinear effects reduce it to ~1000. Presently a
mechanical design for the testbench has been worked out,
and the field quality of the quadrupole magnets has been
assessed.
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Abstract
The Low Energy Beam Transport line (LEBT) for the
Frankfurt Neutron Source (FRANZ) has been redesigned to
accommodate a 60 keV proton beam. Driven by a CHORDIS
ion source, operating at 35 kV, a newly designed electrostatic
postaccelerator has beeen installed to reach the desired beam
energy of 60 keV. Additional upgrades to the beamline include two steerer pairs, several optical diagnostics sections
and an additional faraday cup. We present the results of
beam commissioning up to the point of RFQ injection. Emittance measurements were performed to prepare matching
to the RFQ and improve the beam dynamics model of the
low energy beamline. Due to the successful operation of
the beamline at 60 keV, retrofitting of the RFQ for the new
energy has been initiated.

INTRODUCTION
The Frankfurt Neutron Source (FRANZ) is a compact
accelerator driven facility originally initiated in the early
2000s [1–6]. It is designed to provide a 2 MeV proton beam
for neutron production via the 7 Li( 𝑝, 𝑛) 7 Be reaction [7].
The produced neutrons with a thermal spectrum around 30
keV can be used for a number of experiments in the fields of
applied physics and experimental astrophysics [8].

initial beam commissioning of the FRANZ facility. Meanwhile, emittance measurements to further improve an efficient injection into the RFQ are well under way. We will
present the recent progress since ca. 2019 and show a path
to operation for first experiments with neutrons within the
next two years.

RECENT DEVELOPMENTS
In recent years, the FRANZ project faced some delays
in commissioning. Failure to reach the designated RFQ injection energy of 120 keV with protons posed a significant
hurdle for the project. As a consequence, the RFQ injection
energy was reduced to 60 keV, necessitating a redesign of
the RFQ electrodes, as well as the desire to acquire a reliable ion source for operation. A turning point was reached,
when the decision landed on the well known CHORDIS ion
source which was provided to IAP by GSI Darmstadt. Since
then, several adjustments and upgrades to the high voltage
terminal and LEBT have been made.

CHORDIS Ion Source
The CHORDIS ion source is a filament driven volume
type ion source [9, 10] (see Fig. 2). Plasma confinement is
realized with a permanent magnet multi-cusp field. When
operated with hydrogen gas at an extraction voltage of 35 kV,
the CHORDIS produces up to 60 mA of total beam current with a proton fraction of typically 45 %, the rest being
H+2 and H+3 .

Figure 1: Photograph of the current FRANZ LEBT beamline
(Aug. 2022).
Significant progress on the driver linac was made recently.
The commissioning of the new CHORDIS ion source [9,10]
in late 2020 was a first milestone. Since the CHORDIS ion
source only provides a 35 keV proton beam, an electrostatic
post-accelerator was developed and commissioned at IAP
to reach the desired beam energy of 60 keV. After stable
operation was confirmed, the Low Energy Beam Transport
line (LEBT), see Fig. 1, was commissioned and the beam
was transported up to the point of injection into the RFQAccelerator. This presents an important milestone for the
∗
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Figure 2: CHORDIS ion source mounted at the FRANZ high
voltage terminal complete with electrostatic post-accelerator
and steerer pair. The first solenoid of the LEBT can be seen
on the left side (blue casing).
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The CHORDIS ion source was commissioned at the
FRANZ terminal in August to November of 2020 and has
worked reliably since then. While maximum beam currents
of up to 60 mA were reached during initial commissioning
and first experiments, a more moderate operation mode at
30 mA was used for most of the beam commissioning of the
LEBT and will also be used for first experiments with the
RFQ in 2023. The ion source is operated in pulsed operation,
currently at 10 Hz with a pulse lenght of 500 µs to 1 ms.

Steerers
The original LEBT for FRANZ relied on a mechanical
adjustment mechanism to adjust the center position and tilt
of the ion source. No additional steerers were installed. This
system was replaced by two pairs of 𝑥𝑦-steerers to account
for mechanical requirements of the new ion source+postaccelerator concept and to provide a more flexible beam adjustment system. The first steerer pair is positioned behind
the ion source and post-acccelerator to allow for corrections
of the beam immediately after extraction. To ensure efficient injection into the RFQ, an additional steerer pair was
installed in front of the last LEBT solenoid.

Figure 4: CAD Layout of the newly developed electrostatic
post-accelerator. Beam direction is from top to bottom.
with no issues. During operation, an effective potential difference of 25 kV is needed in the acceleration gap. Allowing for
higher stable voltages in the gap helps to prevent a cascade
event in case of high voltage breakdown in the extraction
system of the ion source. Beam operation with the postaccelerator resulting in a total proton beam energy of 60 keV
has been successfully commissioned in October 2021.

RF Amplifier Conditioning
Using the FRANZ RFQ prototype cavity [2], the main
250 kW 175 MHz rf amplifier for the FRANZ linac has been
conditioned up to 60 kW in continuous wave operation [12].

Control System Software
A new control system software was developed during the
commissioning phase. This new control system is based on
Java, ZeroMQ and REST, providing efficient data collection
and a versatile driver system and web interface [13].

BEAM COMMISSIONING
Figure 3: CAD Layout of the newly developed steerer pair
with beam pipe.
These steerers were designed and manufactured in house
at IAP in 2021 (see Fig. 3). Using a 1.8 mm diameter copper
wire with 120 windings per coil, each steerer can produce up
to 23 mT, yielding an effective 2.5 mTm. For a 60 keV proton beam, that corresponds to a deflection of up to 66 mrad,
which is much more than would realistically be needed in
any situation predicted for the LEBT.

Electrostatic Post-Accelerator
To reach the desired proton beam energy of 60 keV, an
additional electrostatic post-accelerator was needed, as the
CHORDIS is only designed for 35 kV. The post-accelerator
was also designed and manufactured in-house at IAP from
2020 to 2021 [11]. The design consists of a wide acceleration
gap and an additional screening electrode, that is shielded
on both sides by ground electrodes (see Fig. 4).
In July 2021, the post-accelerator was mounted to the
beamline and tested to hold 60 kV in the acceleration gap
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Beam commissioning of the FRANZ LEBT started in mid
2020 despite the obvious challenges presented at that time.
The commissioning can be summarized by the following
milestones:
• 11/2020: First 35 keV proton beam.
• 10/2021: Fist 60 keV proton beam.
• 11/2021: 60 keV emittance measurement.
After the operation of the CHORDIS ion source in combination with the post-accelerator has proven stable in several
experiments and continuous operation, the final design and
ordering of the RFQ electrodes could be completed in 2022.
A delivery of the RFQ with new electrodes is expected in
late 2022. Following rf conditioning of the RFQ, beam commissioning with a final proton energy of 700 keV is planned.
Upon success, the IH-DTL will be mounted and commissioning of the RFQ-IH-DTL combination [6] will be started.
We are optimistic to get to the final energy of 2 MeV in 2024.

Optical Beam Diagnostics
As part of the recent commissioning efforts, additional
diagnostics were desired to enable an improved beam dynamics model of the LEBT. To this end, a total of six camera
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modules were mounted into vacuum in the diagnostics tank
(D1) behind the first solenoid of the LEBT [14]. Using these
cameras, the beam induced fluorescence (BIF) of the residual gas in the chamber can be observed (see Fig. 5). This can
be very useful to calibrate beam dynamics simulations using
envelope matching with these optical beam measurements.

The resulting matched beam dynamics model can replicate the beam envelopes for a wide range of solenoid currents
for all three fractions. This model was then used to select
LEBT settings to benchmark the simulation with emittance
measurements at the end of the LEBT. The simulated horizontal beam envelope for one of these settings is shown in
Fig. 6. This setting was chosen based on the desire to eliminate as many H+2 and H+3 ions during beam transport in the
LEBT. As a result, while in simulation 98 % of protons are
transmitted, only 58 % H+2 and 6 % H+3 reach the emittance
measurement device. The simulated horizontal particle distributions at the position of the emittance measurement are
shown in Fig. 7.

Figure 5: BIF of a 60 keV beam, focusing the proton fraction
using the first solenoid, measured in D1.
Additional experiments for optical beam tomography were
performed with a system containing ten in-vacuum cameras
directly in front of the emittance measurement device behind
the LEBT [15, 16].

Beam Dynamics Benchmark
Figure 8: Measured transverse horizontal phase space for
a 60 keV beam, based on simulated beam line settings as a
benchmark.

Figure 6: Transverse beam envelope of the proton beam for
benchmark LEBT settings.
A beam dynamics model for the FRANZ LEBT was developed using the TraceWin beam dynamics code [17]. To
get a model representing the beamline as close as possible,
the solenoids were modeled using CST fieldmaps, that were
scaled to the initial field measurements of the solenoids. The
beam dynamics model was first calibrated using reasonable
assumptions for the ion source beam parameters. In the following, the model was refined by matching the measured
BIF in D1 with simulated beam envelopes for all three fractions (𝑝, H+2 and H+3 ) by adjusting the input beam parameters
in the simulation.

A corresponding emittance measurement with the same
solenoid settings is shown in Fig. 8. Qualitative comparison
shows good agreement between simulation and measurement. Proton and H+2 contributions can be identified by
comparing Fig. 7 with Fig. 8. As for H+3 , these are superimposed with a background line of neutral atoms in the
emittance measurement.

CONCLUSION
Beam commissioning of the 60 keV proton beam up to
the point of RFQ injection has been successful and preparations for RFQ beam tests are under way. More detailed
measurements with the explicit goal to evaluate the proton
beam emittance, including additional beam collimation for
fraction reduction, will be carried out in Q4 2022. With
the upgraded RFQ expected in late 2022, we expect proton
energies of 700 keV in 2023 and 2 MeV in 2024.
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Abstract
The first tank of Drift Tube Linac (DTL) for the European Spallation Source ERIC (ESS), delivered by INFN,
has been installed in the ESS tunnel in Summer 2021. The
DTL-1 is designed to accelerate a 62.5 mA proton beam
from 3.62 MeV up to 21 MeV. It consists of 61 accelerating
gaps, alternate with 60 drift tubes (DT) equipped with Permanent Magnet Quadrupole (PMQ) in a FODO lattice. The
remaining drift tubes are equipped with dipole correctors
(steerers), beam position monitors (BPMs) or empty.
The total length of the cavity is 7.6 m and it is stabilized by
post couplers. Two waveguide couplers feed the DTL with
the 2.2 MW of RF power required for beam operation,
equally divided by RF power losses and beam power. This
paper first presents the main systems required for the DTL
conditioning. Then it summarizes the main steps and results of this high-power RF conditioning done at ESS to
prepare the DTL for the consequent beam commissioning.

the tuning process [2] have been confirmed with measurement in the tunnel. DTL1 has a flat acc. field E0 = 3 MV/m,
corresponding to a cavity power Pcav =1150 kW, without
beam. DTL1 has 9 RF pick-ups to monitor E0 flatness, and
3 movable tuners to maintain the cavity at 352.21 MHz.

Figure 1: Block diagram of DTL1 systems and protections.

INTRODUCTION
The high-power RF conditioning process wants to make
the cavity ready to sustain beam operation, in terms of RF
parameters (field, pulse length, repetition rate) and vacuum
level. For ESS DTLs the two main goals of the conditioning process are [1]:
 To maintain 14 Hz, 3.2 ms, nominal field level (3
MV/m for DTL1) for 12 hours with low interlock
rate (> 95% RF ON over 12 hours).
 To keep the vacuum level 5.0e-07 mbar at nominal RF level.
After a description of the main systems necessary for the
conditioning and the integrated tests performed, the paper
will go through the main steps of the conditioning process
and finally will comment the main results.

RF CONDITIONING SYSTEMS
The block diagram of Fig. 1 shows the main systems involved in the DTL1 high power RF conditioning, their
physical and functional links, in particular the signals to
interlock the RF power and protect the cavity.

DTL1 Cavity
After the tuning and stabilization [2], the entire cavity
DTL1 has been transported and installed in the ESS accelerator tunnel in August 2021 (Fig. 2). Once on the supports,
the 2 power couplers and RF windows have been installed,
then DTL1 has been aligned, connected to the cooling system, leak tested. The RF parameters measured at the end of
__________________________________________________
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Figure 2: DTL1 in the ESS beam line.

RF System
A 2.8 MW klystron serves the DTL1 as RF source, sharing the modulator with RFQ. The klystron is followed and
protected by a circulator. Then a Magic-Tee splits the
power in 2 wave guide lines, which arrive to feed the cavity
by 2 power couplers. FWD and REV power are monitored
at many points all along the RF line. Two circular alumina
RF windows separate the DTL cavity vacuum from the inair wave guide system. Each RF window is protected by 2
arc detectors (air and vacuum side), with two additional
view ports for light test. The RF windows were previously
conditioned at CEA-Saclay, up to 1.4 MW.
RF system includes the RF Local Protection System
(LPS), the key protection system during conditioning.

Cooling System
A water skid provides cooling and thermal stability to the
5 DTL tanks. Each tank has its own cooling circuit with a
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Figure 3: Conditioning history of DTL1. The 3 conditioning stages described in the text are highlighted.
pump and an independent thermal regulation by a 3-ways
valve. The skid is in a dedicated area of the klystron gallery
and 2 long pipes per tank arrive from this area to the tunnel,
where they are connected to the inlet/outlet manifolds on
top of the tank (see Fig. 2). All the 60 DTs of DTL1 are
cooled in parallel and equipped with flow regulators. The
cooling of the RF windows is critical and therefore they are
protected with dedicated flow switches.

Vacuum System
The cavity is pumped by four Nextorr NEG-Ion combo
pumps, three D500 pumps located on three ports distributed at the bottom of the tank and one HV100 located on
the intertank. A Pfeiffer HiPace 80 turbo pump is located
on the central port. There are two cold cathode gauges with
one placed on each coupler, with the advantage of being far
from the pumps and close to the ceramic window. There is
also a Pirani gauge attached to a port on the bottom downstream end. The large outgassing of the PMQs and the long
exposure to air (2 years of assembly due to COVID lockdowns) deteriorated the vacuum conditions of the cavity,
causing a saturation of NEG pumps faster than expected.
In order to help the vacuum recovery time in conditioning,
a bigger turbo pump (Pfeiffer HiPace 300) was installed
after 2 weeks of operation.

Local Control System
The DTL Local Control System (LCS) is also an in-kind
contribution of INFN [3]. The DTL LCS controls the cooling and the temperature system, the movable tuning system
and the steerers. LCS controls the active components and
it produces the signal interlocks related to these components. In addition to the remote control in EPICS, dedicated
TUPOJO09
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high-level automation procedures were realized to provide
the simplest and most flexible control possible. Particular
state machines were devoted to supervise functional systems health, while others were focused on automatic configuration and general procedures control. The DTL LCS
was interfaced with the Integrated Control System (ICS).

Integrated Tests
The integrated system functionalities have been tested
before starting RF conditioning, in order to verify monitoring, calibrations and protections. In summary, the main
monitors during high power RF conditioning are RF cavity
field, FWD and REV power, RF frequency detuning, vacuum level, water temperature, water flow, arc detectors. Interlock signals are hardwired and connected to the RF-LPS
They are related to temperature and cooling issues, arc detectors, vacuum, reflected power, forward power and cavity field limit.
A special interlock is the “cavity decay interlock”: in
case of RF breakdown, the cavity field decreases faster
than the nominal field decay time. The cavity decay interlock detects this slope and switch off the RF power. Fast
reset option is available for cavity decay and reflected
power interlocks, in order to restart RF at the next pulse.

RF CONDITIONING HISTORY
The RF conditioning lasted from March 14th to July 13th
(see Fig. 3). The net time of RF into the DTL is equivalent
to 36 days 24h/24h, including time shared with beam commissioning. Even if a certain freedom were given to dayby-day operations, the conditioning followed the sequence
described in [4]. Conditioning is performed in “Frequency
Proton and Ion Accelerators and Applications
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Track” mode (RF system follows the DTL resonance frequency), while movable tuners are locked.

Low Duty Cycle
First RF pulse was 10kW-10us-1Hz (DTL filling time is
τ = 12.5 us). In the first day only a few pulses were observed by cavity pick-ups, most of the them being fully reflected at the RF windows. When cavity field was established, we first increased the FWD up to 2.0 MW, to be
compliant with RF window conditioning. Then we repeated the ramp again from 10 kW at longer pulse length.
In order to observe the system behavior, we performed
manual operation for 2 weeks. At beginning of April an automatic conditioning application was launched, with the
possibility of ramping power and pulse length in a given
range, decreasing power and pulse in case of single breakdown event and in case of reaching a given vacuum threshold, automatic restart of RF power after hard RF interlock.
In this phase the cavity reached nominal field with +5%
margin, pulse length 500 us, rep. rate 14 Hz, for an average
power of 10 kW.

Drift Tube Damage
On May 7th the DT-29 started to leak (10-6 mbar*l/s)
from the region containing the steerer. Analysis is ongoing,
but probably RF operation and breakdowns revealed a
weak point of the DT nose EBW. To decrease the leak rate
and continue RF conditioning, we disconnected the steerer
cables from the power supply and we externally pumped
the steerer room. This DT has been replaced in July, after
the end of conditioning and commissioning campaign.

power tuning. If we exclude the data circled in red that corresponds to very low pulse length and some points clearly
out of the trend-line, the data are adjacent to the theoretical
curve up to 2.5 MV/m, while between 2.5 MV/m and
3 MV/m still it needs some conditioning.
data June 8 to July 13
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Figure 4: Pcav vs. E0 in the last month of conditioning,
compared with theoretical curve.
We measured the 9 RF pick-ups signal at different power
levels to check field flatness preservation. Figure 5 shows
the recorded values. The first acquisition at 0.1 kW (E0 =
1 MV/m, PFWD=145 kW, pulse=600 us, rep. rate=1 Hz) is
imposed to be equal to the last bead pull measurement. The
last at 29 kW is obtained by E0=3MV/m PFWD=1380 kW,
pulse=1.5 ms, rep. rate=14 Hz. 8 pick-ups over 9 did not
show any significant trends of the field, as expected in a
stabilized cavity. Only pick up n. 8 shows some disturbance, but the field is well within the 2% specification.
1.020
1.015
1.010

Medium Duty Cycle
After the DT repair, the DTL was much less reactive and
for the rest of May we conditioned it at E0 = [2.5, 3] MV/m,
pulses > 1 ms and rep. rate = 14 Hz. The average power
was then < 30 kW. After this period the cavity was ready
for the level required for beam commissioning (3.15
MV/m, 100 us, 1 Hz).

High Duty Cycle
The last month of conditioning was shared with beam
commissioning activities. Roughly 50% of the time the
DTL was set up at the required status for beam experiments. For the rest of the time, we pushed the cavity conditioning at E0 >2.6 MV/m, Pulse > 2 ms, Rep rate=14Hz.
In the last week the cavity run for some hours at full average power 60 kW. Even if the operation was interrupted
by breakdowns and not sufficient to demonstrate long run
stability it was important to stress the cavity at full power
to pop up other possible weak points in the DTs.
At the end of the campaign the vacuum level at full duty
cycle was 1.3E-06 mbar. We recorded more than 30000
breakdowns via cavity decay measurement, 16 arcs on the
RF windows, 8 vacuum interlock (threshold > 5.0E-06).

CONDITIONING RESULTS
Figure 4 shows the data plot of [E0, Pcav] compared
with the theoretical curve calculated at the end of the low
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Figure 5: Field flatness checks by pick-ups.
The comparison of RGA measurements before/after conditioning shows that the high mass components (typically
hydrocarbons) have been removed. The vacuum pressure
with RF ON at conditioning end was dominated by H2 and
CO2, released by Cu-plated stainless-steel tank. With further high-power RF time they are expected to reduce.
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Abstract
The European Spallation Source (ESS) aims to build and
commission a 2 MW proton linac ready for neutron production in 2025. The normal conducting section of the ESS
linac is designed to accelerate a 62.5 mA, 2.86 ms proton
beam to 90 MeV at 14 Hz. The section consists of a microwave-discharge ion source, Radio Frequency Quadrupole
(RFQ) and 5-tank Drift Tube Linac (DTL). All sections are
provided to ESS by in-kind partners from across Europe.
This paper reports the recent progress on the assembly,
installation, testing and commissioning of the ESS normal
conducting linac.

A test-stand for ion source and LEBT testing and development is under construction at ESS. A complete spare ion
source was provided by INFN and this will form the first
phase of the test stand. The second phase will include the
LEBT and duplicate solenoids, beam instrumentation and
vacuum vessels are being procured for this. A hydrogen
generator has also been purchased for the test stand and is
under test in the vacuum lab. If successful, this generator
will remove the hazards associated with the pressurised hydrogen bottle currently used on the ESS ion source. Further
optimisation of source parameters will also be performed
at the test stand, building upon recent studies of high-stability operation [4].

INTRODUCTION
The project to build and commission the ESS accelerator
is progressing well. In particular, the Normal Conducting
Linac (NCL) has been installed, RF conditioned and commissioned with full peak current beam up to the first DTL
tank. A description of the ESS LINAC can be found in [1]
and a previous status update here [2].

ION SOURCE AND LEBT
The ion source and Low Energy Beam Transport (LEBT)
section, an in-kind contribution from INFN-LNS, Catania,
was first operated at ESS in 2019 and now meets all specifications as far as can be measured at this stage. A
maximum beam current of >74mA can be produced with a
3ms flat-top stable to ± 2%. Emittance has not yet been accurately measured but downstream transmission and beam
size is consistent with expectation.
The source was disassembled for inspection in January
2022 and a fault with the repeller cable was discovered.
Beam measurements after correction of this fault confirmed that the repeller had been unbiased during all
previous commissioning at ESS and this was the cause of
an over-estimation of the extracted current and its dependence on solenoid 1 current as shown in Fig. 1. Further
details are given in [3].
Another fault was found on the LEBT collimator thermocouple. The thermocouple feedthrough is upstream of
the LEBT BCM whereas the collimator is downstream.
The thermocouple was providing a conductive path
through the BCM so it has temporarily been disconnected.

Figure 1: Effect of LEBT solenoid 1 on the measured ion
source current with/without repeller bias.
The LEBT chopper is critical to the safe operation of the
ESS LINAC since the beam extracted from the ion source
is several milliseconds and the MEBT and DTL Faraday
cups can only withstand 10-100 µs of beam. It is therefore
important to note that the chopper has met all requirements
and performed faultlessly during normal beam operations
and beam abort scenarios.
The LEBT iris is equally important at this commissioning stage when low current diagnostic beams are required.
The iris is a six-blade collimator used to control the beam
diameter and thereby peak current. It has been tested extensively at ESS for normal operating modes and full
aperture scans and has worked perfectly. However, a small
water to vacuum leak has been detected and a new unit is
to be manufactured with a revised design for cooling channel routes and connections.
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RFQ

MEBT

The RFQ was provided by CEA Saclay and installed at
ESS in 2020. RF conditioning to 112% of the nominal
power was completed over seven weeks in the summer of
2021. Operation at nominal power achieved 96% availability and the cooling system maintained the cavity frequency
to ±1.5 kHz. Stable RF can be recovered within 3 minutes
after an interruption, consistent with expectations [5].
The cavity has been vented and opened twice for inspection and interventions on adjacent equipment. The vanes
show small damage marks due either to electrical breakdown or beam loss, Fig. 2. The marks seem consistent with
the experience of other labs and are not considered a concern. However, planning for production of a spare RFQ has
already begun.

The Medium Energy Beam Transport (MEBT) section,
an in-kind contribution from ESS Bilbao, is fully operational except for some non-critical diagnostics [6]. A few
leaks occurred on quadrupole water connections and most
were easily repaired by new seals. One failure required the
magnet to be disassembled so the coil could be taken to the
workshop for soldering.
Alignment of the MEBT components has been challenging. Although good alignment was achieved during the
factory and site acceptance tests, it was not possible to repeat this consistently after all cooling and electrical
connections were made. Additional support brackets,
shown in Fig. 4, have been manufactured and installed to
improve quadrupole stability and transverse alignment to
±0.5 mm has been achieved which is sufficient for this
stage of commissioning.
Failure of one of the MEBT chopper power supplies occurred in March 2022, a spare unit was installed and the
failed supply returned to the manufacturer for repair. Investigation revealed some physical damage to the supply had
occurred although the full failure mechanism is not understood. Bench measurements and potential redesigns of the
supplies are in progress. While operating, the chopper has
performed well controlling the beam pulse length to 1 µs
precision.

Figure 2: Condition of the RFQ vanes after RF
conditioning and beam commissioning.
During beam commissioning of MEBT and DTL1, RF
operation of the RFQ has been restricted to 100 µs pulse
length to mitigate the risk of beam damage due to failure
of the LEBT chopper. Extended testing of nominal operating conditions has therefore not been possible at this stage.
Beam loading effects have been studied, the cavity is
sensitive enough to see just 2 µs beam pulses, Fig. 3. For
62 mA beam current, a voltage drop of ~18 kV and phase
shift of 4° is observed. Compensation methods are under
development but testing of a pulse-to-pulse adaptive feedforward system has corrected the beam loading and stabilised the RF pulse to ±0.1 kV and ±0.2°.

Figure 3: RFQ beam loading.
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Figure 4: Additional alignment brackets installed on
MEBT quadrupoles.
The MEBT contains 3 buncher RF cavities to maintain
the longitudinal structure between RFQ and DTL. The
bunchers were RF conditioned in 2021 at Bilbao before installation at ESS. Start-up of the cavities for beam
commissioning was therefore rapid with the maximum
160 kV field level achieved within one day. The correct
buncher phase of -90° was set up by beam time-of-flight
measurements and then confirmed by comparing operating
phase to the beam-induced phase with RF off, Fig. 5. The
buncher cavities have a thermal transient of ~1 hour between RF off and maximum RF power (20 kW, 3 ms,
14 Hz). The cavities are equipped with tuners and feedback
control has been developed to maintain cavity detuning to
within 3 kHz during warm-up and operation.
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brazed after magnet installation, electron beam welding of
the cone is required. It is suspected that this weld has failed
but further analysis is required to confirm this. A replacement tube was produced at INFN Legnaro and the failed
unit replaced at ESS at the end of July 2022.
Beam loading for the nominal 62 mA beam current results in a 9% reduction in field and 8° phase shift in open
loop operation. Using the same LLRF system as developed
for the RFQ, this can be compensated to ± 0.5 % cavity
field stability and ± 0.2o in phase.
Figure 5: Beam-induced RF phase in MEBT buncher 1.

DTL1
The DTL1 cavity was installed in the ESS tunnel in
summer 2021 and RF conditioning began in March 2022
after comprehensive testing of supporting systems including the RF power source, cooling water skid and control
systems and interlocks. The full nominal average RF power
was achieved in July 2022 after a total of 900 hours of RF
operation and 105% of the nominal field was achieved with
short pulse length [6].
Beam commissioning of DTL1 began in June 2022 in
parallel with the final stages of RF conditioning. Validation
and characterisation of RF, magnet and diagnostics systems
was performed with a 5 mA, 5 µs, 1 Hz probe beam before
ramping to full nominal beam current in July 2022.
Phase scans were performed to assess the longitudinal
acceptance and results matched simulation well, Fig. 6.
Over 90% transmission is possible between -40 and +60
degrees.

BEAM INSTRUMENTATION
Critical beam measurement devices such as current monitors, beam position monitors and Faraday cups were all
made available for first beam delivery. Full characterisation is on-going but all have worked well.
Preliminary measurements have also been possible on
some non-critical diagnostics. Wire-scanner beam profile
monitors [7] have been operated and shown sensible results
Fig. 7. Further controls integration and hardware development is ongoing. The first measurements of emittance have
been made in the MEBT at 60 mA and they show an emittance of 0.3 ± 0.1 mm.mrad close to the design value [1].
Further calibration checks and testing is needed to confirm
these measurements with improved precision.

Figure 7: Preliminary wire-scanner measurement.

CONCLUSION AND NEXT STEPS

Figure 6: Measurement (top) and simulation (bottom) of
DTL1 longitudinal acceptance.

Beam commissioning up to the first DTL tank, an energy
of 21.3 MeV has been completed at ESS. All major milestones have been met; all RF cavities have been
conditioned to nominal average RF power and nominal
peak beam current has been transported to the end of DTL
and operated at the design 14 Hz repetition rate. Beam
pulse lengths have been restricted to 50 µs or less downstream of the LEBT due to the limitations of the Faraday
cups. Transmission efficiency has exceeded specification
with typically 97% for the RFQ and over 99% for MEBT
and DTL1.
Beam activities have now stopped to allow the installation of DTL tanks 2, 3 and 4 before December 2022.
Further installation work and infrastructure developments
will follow to allow RF conditioning to begin early in 2023
followed by beam commissioning to 73.8 MeV.

A vacuum leak to atmosphere was discovered on one of
the drift tubes during conditioning. The leaking tube contained a steering magnet and since these tubes cannot be
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DESIGN OF BEAM FOCUSING SYSTEM WITH PERMANENT MAGNET
FOR J-PARC LINAC MEBT1*
Y. Fuwa†, K. Moriya, and T. Takayanagi,
J-PARC Center, Japan Atomic Energy Agency, Ibaraki, JAPAN
Abstract

J-PARC LINAC MEBT1

MEBT1 (Medium Energy Beam Transport 1) of the JPARC LINAC is a 3 MeV beam transport system located
between the RFQ (Radio Frequency Quadrupole) and DTL
(Drift Tube Linac). In the MEBT1, the beam-optical
matching for injection into DLT and chopping for injection
into acceleration phase of 3 GeV synchrotron, located
downstream to the LINAC, are performed. The characteristics of MEBT1 are an important factor in determining the
beam quality in the J-PARC accelerator facility. To achieve
beam power of 1 MW and beyond, improving the stability
and reliability of MEBT1 is an important development issue. The application of permanent magnets to the beam focusing system to the MEBT1 is under consideration to
achieve improved stability and reliability. In this presentation, we report the design of focusing magnets using permanent magnet material and the results of the lattice study
of MEBT1 with permanent magnets.

The space charge effect is especially severe in the low
energy part of the LINAC. MEBT1 (Medium Energy
Beam Transport 1) is a beam transport section, where 3MeV negative hydrogen beam is transported between RFQ
(Radio Frequency Quadrupole) and DTL (Drift Tube
Linac) (see Fig. 1). The MEBT1 consists of eight focusing
magnets used for transverse matching of the beam for injection into the DTL, and two buncher cavities and two
chopper cavities used for longitudinal matching for injection acceptance of the DTL and acceleration RF phase of
the RCS (Rapid Cycling Synchrotron) at a later stage of the
LINAC. The configurations of the devices are shown in
Fig. 2.

INTRODUCTION
J-PARC (Japan Proton Accelerator Research Complex)
is an experimental facility with a nominal proton beam output power of 1 MW [1,2]. The J-PARC accelerator has
been gradually increasing its beam power since it started
operation in 2006. As of 2022, steady operation is being
conducted with a beam output power of 850 kW, and continuous operation with 1 MW is planned in a few years.
J-PARC LINAC is a 400 MeV negative hydrogen beam
injector of the J-PARC accelerator facility [3]. For the JPARC LINAC to achieve output power of 1 MW, the one
of the important issues is to reduce the degradation of beam
quality due to the space charge effect. Since the beam degradations such as emittance growth and formation of beam
fragmentation cause beam loss and radioactivation of accelerator components. In the future, it is also planned to
enhance the accelerated beam current of the LINAC from
current nominal value of 50 mA to 60 mA. For the stable
long-term operation with higher beam power, it is necessary to understand emittance growth mechanism and to reduce beam loss.

Figure 1: Configuration of J-PARC LINAC.
Proton and Ion Accelerators and Applications
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Figure 2: Layout of MEBT1.

Emittance Growth Mitigation with Octupole
Focusing Field
In the current MEBT1, the formation of the beam fragmentation and beam emittance growth occurs due to the
space charge effect [4]. From theoretical consideration, it
is estimated that the emittance of MEBT1 is increased because the phase advance is lowered due to the space charge
effect at the point where the transverse width of the beam
is large [5].
To mitigate the emittance growth in MEBT1, a compensation technique which apply higher order focusing field is
proposed [5]. Since the repulsive force due to the space
charge effect has a higher-order nonlinear component, the
emittance growth can be reduced by externally applying a
focusing force to cancel the component. From the symmetry of the beam distribution, the divergence force due to
space charge has an odd-order component, and the most
influential component of the nonlinear term is the lowest
third-order term. The octupole magnetic field component
has a third-order focusing force. Therefore, externally applied octupole magnetic field can cancel the space charge
effect. To verify the effectiveness of this method, we are
investigating combined function magnet to apply external
high-order magnetic field.
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COMBINED FUNCTION MAGNET WITH
PERMANENT MAGNET FOR MEBT1
To achieve the compensation of emittance growth due to
space charge effect, we have designed and fabricated combined function focusing magnet which can produce quadrupole magnetic field and octupole field components. The
magnetic circuit design of the prototype magnets is shown
in Fig. 3. In this design, permanent magnets are used to
generate magnetic field. Detailed design is described in the
Ref. [6]. The longitudinal magnet length is set as 50 mm
and the beam bore diameter is 42 mm. In this magnet,
quadrupole field component is produced by outer magnet
group (blue trapezoidal magnets) configuring Halbachtype [7,8] quadrupole. Octupole field is produced by inner
cylindrical magnets (shown yellow in the figure). The produced magnetic fields by each magnet group are shown in
the Fig. 4. As the assembled magnetic circuit, these magnets can produce 30 T/m quadrupole and octupole magnetic field with its strength of 0 to 17,000 T/m3, simultaneously.

Figure 3: Designed configuration of permanent magnets
for combined function focusing magnet.

Figure 4: Produced quadrupole and octupole field in the
prototype combined function magnet. The field was calculated with PANDIRA in Poisson/Superfish [9].
TUPOJO11
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Based on the magnetic circuit design shown in
Figs. 3 and 4, a prototype combined function magnet
model was fabricated (Fig. 5). In this model, SmCo magnets were used to configure magnetic circuits. As the prototype, octupole modulation function is equipped manual
mechanism to confirm how the rotating angle error affect
the magnetic field quality. After the confirmation the required resolution of the rotating angle of the magnets to
achieve sufficient field quality, automatic modulation
mechanism with motors and gears will be installed. A preliminary measurement of the generated magnetic field in
the beam bore of the prototype was performed. The magnetic field was measured with a high precision hole probe.
The results are shown in Fig. 6. By adjusting the angles of
the cylindrical magnets, octupole field strength can be successfully modulated. In order to install this magnet to the
MEBT1 beam line, more precise evaluation on generated
higher-order components not only the octupole field but
also other parasitic component is required. We are planning measurements with harmonic coil for higher order
analysis.

Figure 5: Fabricated prototype of combined function magnet.

Figure 6: Generate magnetic field is the prototype combined function magnet. Octupole field component strength
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can be modulated by rotating cylindrical parts of the magnet.

SIMULATION STUDY FOR SPACE
CHARGE COMPENSATION
In order to demonstrate the space charge effect compensation with developed combined function magnet, simulation studies were performed. In order to reduce the computational complexity and to clarify the effect of the octupole component, the calculation was carried out in the twodimensional system of the transverse direction. Lattice
structure for the simulation is shown in Fig. 7. Since the
effect of acceleration is not included in the simulation, the
focusing system of RFQ and DTL is modeled by installing
FODO lattice with equal spacing. The lattice of current
MEBT1 was arranged between the lattice of RFQ and
DTL. Since the newly manufactured RFQ for J-PARC [10]
is about 50 cm shorter than the current one, a new focusing
system can be added to the space. As a new additional focusing system, the focusing magnet described in the previous chapter is placed. The WARP [11] code was used for
the beam simulation. The magnitude of vertical emittance
growth through transport in the lattice was used to evaluate
the simulation results. The incident emittance at the injection point was set to 1.039 mm mrad, which is close to the
current value of MEBT 1.

In the future, the availability of the combined function
magnet will be verified by more detailed simulations including three-dimensional calculations.

Figure 8: Results of the simulation. Upper figures show
phase space distribution in vertical (y) axis of the extracted
position. Lower figure shows the effect of octupole field
strength on
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Abstract
For the commissioning of the MYRRHA proton Linac
an Emittance Meter Instrument (EMI) has been foreseen.
The EMI will be installed in a dedicated test bench for linac
commissioning. The test bench will be initially placed after
the RFQ with energies of 1.5 MeV, and in later stages
moved to other sections of the Normal Conducting Linac
for operation at 6 and 17 MeV.
The MYRRHA EMI is composed of two slit and grid
subsystems for measurement of the phase space in the horizontal and vertical directions. For collimating the beam,
graphite slits are used, and the beam aperture is measured
in the SEM grids placed downstream. The control system
performs signal amplification, data acquisition, and motion
control, with the different systems integrated in an EPICs
IOC.
The system, manufactured by ESS-Bilbao and Proactive
R&D, has been tested on the ESS-Bilbao 45 keV and soon
will be integrated in MYRRHA facilities. We present the
EMI design, with irradiation analysis and emittance reconstruction, and the integration tests results.

The MYRRHA EMI is developed with a similar design as
the ESS MEBT Emittance Meter [2]. The EMI is based on
a slit/grid system (see Figure 1). For measuring the phasespace the beam is sliced in the slit, getting the beam position. Then downstream the beam opens and with the signal
measured in the grid the beam divergence is estimated. By
performing the operation for different slit and grid positions the emittance can be reconstructed.
We have performed validation that the emittance meter
can be operated under the irradiation conditions expected
in MYRRHA. For the slit graphite blades have been chosen
to withstand beam irradiation with a slit aperture of
100 μm. After the slit a grid is placed. The grid is composed
of 16 tungsten wires of ϕ35 μm and separated 500 μm. The
grid is enclosed between two bias plates allowing for effective suppression of secondary electrons. When positive
bias voltages are applied the secondary electrons emitted
in the tungsten wires are attracted by the bias plates and
leave the grid.

INTRODUCTION
The MYRRHA project aims for the development of accelerator driven subcritical fission reactor. The current
phase of the project, named MINERVA, will realise a
100 MeV, 4 mA superconducting linac. A prototyping of
the normal conducting MINERVA injector is ongoing at
SCK CEN in Belgium [1]. Currently commissioning of
RFQ and Normal-Conducting Linac is in progress. For
characterization of beam emittance and phase-space the
Emittance Meter (EMI) has been developed. The EMI will
be installed in a test bench used for Linac commissioning
at different energies, 1.5, 6 and 17 MeV (see Table 1).
Table 1: Main Design Parameters for MYRRHA EMI
Parameter
Current
Pulse duration
Freq.
Duty Cycle
Minimum Beam Size, rms
Max. Beam Extension
Max. Beam Divergence
Beam Energy
Beam Power
Average Power

Value
4 mA
100 μs
10 Hz
0.1 %
1 mm
± 20 mm
± 20 mrad
1.5 / 6 / 17 MeV
6 / 24 / 68 kW
6 / 24 / 68 W

Figure 1: MYRRHA EMI assembly with slit & grids in the
x/y planes.

EMI DESIGN
To characterize the performance of the EMI, we have
studied the expected emittance, from the Tracewin source
term we perform slit/grid simulations using linear particle
tracing with python scripts, comparing the reconstructed
emittance to the source values.
In Figure 2 we show a simulation at 1.5 MeV, for an
emittance scan of 29 slit positions from -7 mm to +7mm of
the beam centre, and a grid with an aperture of ±3.75 mm
or ±10 mrad (16 wires separated 0.5 mm for a slit grid distance of 350 mm). The analysis of emittance reconstruction

___________________________________________
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shows that under ideal conditions the reconstructed emittance is similar to the source term and can be kept in a range
of ~1%. Apart from the reconstruction effect, there can be
emittance errors due to the effect of signal noises or position incertitude, in total we aim for a total emittance error
below 10%.

For the SEM Grid it is required to operate below thermionic emission limits, which is attained operating with tungsten wires temperature below 2000 K [5]. The wire heating
can be estimated by solving the heat equation:
𝐴 𝑇
𝑇
𝑑𝑇 𝑆 ⋅ 𝐼
𝜎 ⋅𝜖⋅ ⋅
(1)
𝑑𝑡
𝜌⋅𝑐
𝑉 𝜌⋅𝑐
where T is the wire temperature, t the time, Se the average
stopping power in the wire, ρ the material density, cp the
material heat capacity, σSB the Stefan Boltzmann constant,
ϵ the material emissivity, A the wire area and V the wire
volume, (A/V=2/r), and I’’ the beam current flux, for calculations we assume a current flux of 40 A/m2 estimated from
beam simulation after the slit.
In Figure 4 we show the wire heating for the different
scenarios, in all cases the temperature is below 2000 K.

Figure 2: Tracewin source term (left) and simulated emittance reconstruction (right) for 1.5 MeV.
Due to the high currents, energy and small beam sizes
the EMI can only be used with short beam pulses, being the
design conditions pulses of 100 μs at 10 Hz.
In the slit, the energy deposited by ion irradiation leads
to the appearance of thermomechanical stresses. We estimate the irradiation stopping power using SRIM, and the
thermomechanical response using FENICs. For the geometry we use a 1D model with 3 mm of thickness with a
mesh size of 1 μm and pulses of 100 μs.
In Figure 3, we show the temperature and stresses increase in the irradiated graphite slit during an irradiation
pulse. The temperature increase is ~600 K with stresses of
~40 MPa. For different beam energies (1.5-17 MeV) the
values are similar, since although the stopping power is
higher for lower beam energies, the shallower deposition
helps heat diffusion lowering the temperature increase. In
all cases the stresses are below the compressive strength of
graphite (~130 MPa [4]), and graphite slits could be considered for the MYRRHA Emittance Meter.

Figure 3: Stopping Power (top), temperatures (middle)
and stresses (bottom) increase during irradiation.
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Figure 4: Wire temperature evolution for 1.5, 6 and
17 MeV proton irradiation.

EMI CONTROL & ELECTRONICS
The EMI control system is composed of different systems (see Figure 5): with a Front-End for signal amplification, power supply for bias voltage, I/O, motion control and
DAQ systems. The control hardware is integrated in modules for its installation a 19” rack of the MYRRHA gallery.
The control software is developed in EPICs.
The Front-End design is based on the ESS EMU MEBT
Front End design [6]. The Front-End is composed of TransImpedance Amplifiers (TIA) plus a variable gain amplifier.
In the Front-End, the TIA stage has a fix gain of
10 000 V/A, and the gain amplifier a variable gain of 1100. For SEM Grid bias voltage two ±1 kV Iseg DPR bipolar power supplies are included. For I/O and motion control a subrack with Beckhoff modules is used. For motion
control EL7047 modules are used for stepper motors drivers, EL5101 for the encoder, and digital I/O modules for
limit switches. For the DAQ system we use PXI systems
from National Instruments, with a PXIe-1071 chassis, PXIe 8840 controller and PXIe-6349 acquisition card with 32
differential channels with 16 Bits, 500 kSPS simultaneous
acquisition. The acquisition is controlled with Labview and
variables published in EPICs using Labview EPICs IOC.
For integration of the control system an EPICs IOC is
developed. The IOC includes PVs for communication with
Beckhoff IOC modules using ethercat with ECMC libraries [7], acquisition PVs for communication with PXI DAQ
Proton and Ion Accelerators and Applications
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using channel access and PVs for scanning and postprocessing functionalities. he EPICs IOCs is installed in a
Beckhoff C6030 CPU over a at Centos7 OS and the control
GUIs implemented in CSS. For the emittance scan the sequence is implemented using pyepics and the results saved
in hdf5 format for postprocessing.

profile with Grid 01 (y plane). In the beam profile we observe a main peak corresponding to H+, and a secondary
pulse to other species (mainly H2+) with larger size, which
agrees with previous observations in the ESS-Bilbao
LEBT [8].

Figure 7: Pencil Beam Profile Scan with Grid 01.

Figure 5: Schematic of the different systems for the EMI.

ESS-BILBAO INTEGRATION TEST
For the verification of the different systems an integration tests of the MYRRHA EMI was performed in ESSBilbao. The test included assembly of the EMI after the
ESS-Bilbao LEBT for operation with the ESS-Bilbao
45 kV beam (see Figure 6). The ESS-Bilbao injector is
composed by an ion source (ISHP) and the LEBT [8]. In
the LEBT there are two solenoids, two ACCTs, and a
ϕ5 mm retractile collimator at the LEBT entrance.

For the emittance scan we first adjusted scanning parametres are adjusted (slit, grid position and resolution) and
performed a scanning routine.
In Figure 8 we show the y-y’ phase space-after an emittance scan with 29 slit steps from -7 mm to +7 mm (0.5 mm
resolution) and 5 grid measurements for a resolution of
0.35 mrad. We observe two ellipses, from the different extracted species (H+, H2+). For adequate emittance calculation it is necessary to discard signal noises outside the beam
phase-space. We have compared values of emittance with
0 %, and 2 % (~0 mV, and 20 mV) background subtraction.
Observing that when noise signals are removed values of
~0.03 π⋅mm⋅mrad for normalized rms emittance. Note that
these values should be taken really cautiously, since we are
just extracting a pencil beam with several species.

Figure 8: ESS-Bilbao pencil beam phase-space and emittance in y plane for 0%, and 2% background subtraction.

CONCLUSIONS
Figure 6: Configuration of the ESS-Bilbao LEBT &
MYRRHA EMI for tests.
For beam tests we operated with a pencil beam using a
ϕ5 mm retractile collimator. The beam extraction is
~30 mA, of which the pencil beam is approximately
0.2 mA in the LEBT and approximately 0.1-0.15 mA at the
entrance of the EMU.
To obtain the beam profile we performed a position scan
using a PyEpics script. In Figure 7 we observe the beam
Proton and Ion Accelerators and Applications
Proton linac projects

In this work, we describe the design of the MYRRHA
Emittance Meter and its integration test in the ESS-Bilbao
LEBT. The Emittance Meter will operate in the MYRRHA
Normal Conducting Linac for energies of 1.5-17 MeV using a slit/grid system. For the design of the Emittance Meter we have studied the emittance reconstruction, irradiation effects and developed the integrated system with the
electronics and EPICs control.
Finally, we have integrated the EMI and its electronics
and control into the ESS-Bilbao injector, observing pencil
beam profile and performing emittance scans.
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Abstract
The ESS beam instrumentation includes 3 different type
of Wire Scanners (WS). Double wires systems are deployed
in the Medium Energy Beam Transfer (MEBT) part of the
Normal Conducting Linac (NCL), and single wires and flying wire instruments are being tested and installed in the
higher energy sections of the ESS linac. First beam tests
results from the MEBT systems will be presented. The superconducting linac (SCL) WS shower detection systems are
based on scintillator detectors coupled to long haul optical
fibers, which carry the signals to custom front end electronics sitting in controls racks at the surface. The acquisition
chain have been characterized at IHEP (Protvino, Russia),
Elettra (Trieste, Italy), CERN PSB, COSY (IKP, Germany)
and SNS (USA) before installation in the ESS tunnel. The
test results of this system design, differing from the standard approach where photomultipliers are coupled to the
scintillator will be presented.

with beam of the WS scintillator detectors and their complete
data acquisition chain are presented.

WS SYSTEM STATUS
The WS system measurement principle consists of moving
a wire across the beam in step by step mode or at constant
speed while monitoring a signal proportional to the number
of particles interacting with the wire. Key specifications of
the system include a time resolution of 1 µs, an accuracy of
±0.1 mm and a dynamic range of 103 .
At low energy, the mode of detection is based on Secondary Emission (SE), while at energies above 200 MeV,
the primary mode of detection will be the measurement of
the hadronic shower created in the wire. These high-energy
secondaries are detected with scintillator detectors installed
around the beam pipe.

INTRODUCTION
The ESS is since 2018 in a phase of commissioning with
beam of the NCL [1, 2], while installation in the high energy
sections progresses. When running at full installation completion, a 62.5 mA proton beam at a repetition rate of 14 Hz
and pulse length of 2.86 ms will be accelerated up to 2 GeV,
resulting in an average beam power of 5 MW. Wire scanners
are part of the ESS beam diagnostics design to measure the
beam profile and transverse halo at a number of locations
along the Linac (Fig. 1).

Figure 2: WS signal acquisition chain.

Figure 1: ESS LINAC WS installation layout.
The overall system architecture and installation status
is first presented, before introducing beam commissioning
results in the MEBT. Last but not least, the first tests results
∗

clement.derrez@ess.eu
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The beam power at ESS is a challenge for this type of interceptive diagnostics. The ESS WS are therefore only used
in beam modes where the beam power is reduced, in order to
preserve the device integrity by limiting thermal load. Carbon wires are used on double-wire actuators in the MEBT,
while the high energy stations on Linac Warm Units (LWU)
are equipped with single tungsten wire forks to measure each
transverse plane. These actuators are assembled and tested
in ISO class 8 clean rooms to allow final installation on the
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high purity LWUs. Flying wire systems [3] are deployed
in the High Energy Beam Transfer (HEBT). No Scintillator
detectors are installed downstream the actuators at stations
in the MEBT, the system relies only on the SEM mode in this
section as scintillators yield is insufficient at an energy of
3.62 MeV. The transverse beam profile is reconstructed by
plotting the detectors signal vs the wire transverse position.
The MEBT actuators are a delivery from ESS Bilbao,
while the high energy actuators were designed and delivered
by Danfysik (single wire actuators) and CERN (Flying wire,
or Fast Wire Scanner). The complete data acquisition system
is a delivery from Elettra Sincrotrone Trieste in Italy [4]. It
relies on an analog and Optical Front End (OFE) installed on
the accelerator structure by the WS actuator, combining low
and high gain channels in order to maximize dynamic range.
Differential signals are then acquired by a back-end installed
in control racks, connected to a microTCA based digitizer
system(Fig. 2). The software control system is based on
EPICS. A system self-test verifying the wire integrity is
made possible by injecting current pulses through the wire
using the front-end and back-end electronics and reading
the pulses back through the complete acquisition chain. The
motion part of the control system is based on EtherCAT
hardware and on an open source motion control framework
for EPICS environment [5]. All of the systems’ components,
including rack electronics have been acceptance tested and
are either installed on the machine in the NCL or ready
for installation in the cold LINAC. 70% of the beam line
actuators are installed and locally tested on LWUs in the SCL,
and the 3 MEBT systems are fully deployed and have been
tested with beam at ESS after a set of verification activities
in 2022.

MEBT WS BEAM STUDIES
Following successful deployment and testing without
beam, the 3 MEBT wire scanners were tested with a 5 µs,
1 mA pilot beam pulse at a 1 Hz repetition rate. WS locations
in the MEBT are depicted on Fig. 3.

Figure 4: Beam profile scan result with MEBT WS2: running scans on all 3 MEBT stations in parallel
Once initial performance assessments were complete, the
system was tested as part of higher level measurement sequencers and automated data evaluation tools, such as the
one depicted on (Fig. 5) where the machine model and WS
measurements (RMS beam profile) are reported. This is a
configuration with special optics to avoid high density beam
to the MEBT FC, and with all bunchers off. The comparison shows how close the fit is at this stage of the machine
commissioning, taking into account recent emittance measurements in the MEBT.
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Figure 5: WS measurement data comparison with machine
model
Figure 3: ESS MEBT layout.
Once wire integrity was tested, bias voltage, acquisition
and motion parameters such as region of interests, scanning
speed and range were optimized. Higher beam currents
allowed to tune the parameters of the gain switching mechanism implemented in the beam detection algorithm that,
by mixing and re-scaling low gain and high gain samples,
overlaps and fits the acquired points to a single beam profile
plot for each scanned plane. Scans were performed on all 3
stations in parallel in order to assess whether scanning with
WS1 had an impact on measurements with the downstream
stations. No measurable effect was detected, as can be seen
on Fig. 4.
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In parallel to commissioning with beam in the normal
conducting part of the machine and in order to fully validate
the system design in the high energy sections, scintillator
detectors and the corresponding signal acquisition chain
were tested at different facilities.

WS SYSTEM IN THE SCL
In the ESS superconducting LINAC and downstream, 8
WS stations will be installed along the beam line. Each
station is equipped with two linear actuators to sample separately the transverse planes. The 5 stations in the elliptical
sections and in the transfer line to the target will be used in
shower detection mode in addition of the SE signal from the
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wire. Scintillator detectors are positioned 400 mm on the
LWUs downstream the wire. In an approach that differs from
standard system layouts, no photomultiplier tube is coupled
to the detector on the beam line, but long haul optical fibers
(up to 60 m) carrying signals directly from the scintillators
to a custom front end electronics sitting in controls racks at
the surface as depicted on Fig. 6.

Figure 6: Conceptual design of the ESS wire scanner shower
detector.
The scintillator detectors used at ESS were produced and
tested at the Institute for High Energy Physics (IHEP) in
Protvino (Russia). The detector is based on Saint Gobain
BC-408 material, wavelength shifting fibers (WLS) are coupled to long haul clear fibers of the same core diameter to
optimize coupling. Optical glue is used at the WLS interface
in the detector to optimize light collection. Each detector is
wrapped in Tyvek paper and an aluminium housing eventually provides mechanical protection. All prototypes as well
as detectors in the first series production were tested at IHEP
using cosmic rays muons and/or a radioactive (90Sr+90Y)
β- source before delivery to ESS. Detectors were tested at
COSY (Juelich, Germany) first as a completely parasitic
experiment, with a detector installed next to one of the beam
loss monitors in the COSY ring. No measurable signal was
detected over the course of the experiment, and the detector
was then relocated to the injection line downstream the Faraday Cup. Dedicated beam time was then allocated to the
experiment, and secondary showers from protons, deuterons
and hydrogen anions were detected. The detector is visible
in blue on Fig. 7. The complete acquisition chain was deployed for this vertical test, including long haul fibers and
the optical front-end and back-end.
Tests results for a 20 ms 4 µA beam pulse at the FC show
no difference in signal amplitude at both the low and high
gain channels of the OFE as can be seen on Fig. 8. This
experiment allowed a first validation of the acquisition chain
where scintillator detectors are directly coupled to photodiodes using long haul fibers. A vertical test where the
detector is installed downstream a wire scanner in the ESS
final configuration will serve as final validation.

Figure 7: Scintillator detector installed at COSY.

Figure 8: OFE low gain channel signal for a 20ms protons
vs H- beam pulse
are now deployed at SNS (Oakridge, USA) for a validation
in conditions as close as possible to their final installation at
ESS.
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Abstract
The latest beam commissioning phase of the Normal
Conducting LINAC at ESS delivered a proton beam
through the Medium Energy Beam Transport (MEBT) into
the first Drift Tube LINAC (DTL) tank. The probe beam in
MEBT consisted of 3.6 MeV protons of <6 mA, <5 s
pulse length and 1 Hz repetition rate. Following the delivery of the components at ESS in Lund in June 2019, the
commissioning phase with the MEBT was completed in
July 2022. In March 2022, the maximum beam current of
62.5 mA was transported up to the MEBT Faraday cup.
This proceeding focuses on the status of MEBT including
magnets, buncher cavities, scrapers and beam diagnostics
designed and tested in collaboration with ESS Bilbao.

NORMAL CONDUCTING LINAC
The ESS LINAC starts with a Microwave Discharge Ion
Source (MDIS). This source is capable of producing a
75 keV, 74 mA proton beam with a pulse length of 6 ms
and 14 Hz repetition rate. An extraction system with a repeller electrode is employed to limit the back-streaming
electrons [1]. The LEBT at ESS is roughly 2.5 m long and
consists of two focusing solenoids with a pair of corrector
magnets embedded in each of them, an iris with a changeable aperture is used to limit the beam current, a diagnostics tank with a pair of Allison emittance probes, a Faraday
cup, and an electrostatic chopper. Two sets of Non-invasive
Profile Monitors (NPMs) measure beam size and position
and a Doppler monitor that measures the proton fraction. A
collimator cone sits at the end of the LEBT as an interface
with the RFQ. The IS and the LEBT are in-kind contributions from INFN Catania in Italy [2,3].
The beam dynamics design of the Radio Frequency
Quadrupole (RFQ) is optimized for minimal losses and
high beam quality in terms of transverse and longitudinal
emittance [4]. The RFQ is an in-kind contribution from
CEA [5].
The MEBT is described in the next section, and after
that begins the DTL section, another successful in-kind
__________________
†
Alejendro.sosa@es.eu
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Figure 1: ESS LINAC.
contribution from INFN Legnaro [6]. The 39 m long DTL
section is designed to accelerate the proton beam from
3.6 MeV to 90 MeV at a frequency of 352.21 MHz (see
Fig. 1).

MEBT
The MEBT section, located between the RFQ and the
DTL tanks, focuses the beam transversally and longitudinally, and chops the beam pulse as it is transported down
the LINAC. A schematic of the ESS MEBT is shown in
Fig. 2.
The Medium Energy Beam Transport (MEBT) has several functions. It matches the RFQ output beam characteristics to the DTL input both transversally and longitudinally. The transverse focusing and matching is achieved
with quadrupole magnets whereas the longitudinal matching is achieved with buncher cavities. Moreover, the beam
trajectory correction is done by steering magnets. A
stripline chopper removes longitudinal edges of the beam
pulse, and subsequently the chopped beam is intercepted
by a beam dump.

Figure 2: Schematic of the ESS MEBT.
Diagnostic instruments are used to measure a wide
range of beam parameters, such as the beam matching and
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position, the transverse beam emittance and profile, and the
beam current.

QUADRUPOLE MAGNETS
There are 11 quadrupole magnets with integrated horizontal and vertical corrector coils along the MEBT, as
shown in Figs. 2 and 3. The magnets are designed to operate in DC and have water-cooled coils (see Fig. 3). The
magnet aperture diameter is 41 mm and the beam pipe inner diameter is 36.8 mm. The quadrupole can produce and
integrated magnetic field from 0.14 to 2.91 T at excitation
currents ranging from 10 to 250 A. Two corrector magnets
(steerers) can generate small vertical and horizontal kicks
of up to 3.8 mT·m at 8.5 A when quadrupole field is off,
and of up to 2 mT·m when the quadrupole field is at its
maximum [7].

Figure 3: Quadrupole magnet with corrector coils.
The initial hardware testing phase proved useful in
identifying leaking cooling connections, reversed polarity
electrical connections, short-circuits due to confined longitudinal space and fine mechanical alignment issues. During
the beam commissioning phase, the main issues found
were input/output controller resets, one power supply failure and missing software functions that were added to the
user interface.
The magnets follow a FODO lattice except quads 4
and 5 which are both focusing. In Fig. 4, a screenshot
shows the interface to control the MEBT magnets. All the
values shown are the design values for each magnet.

Figure 4: MEBT magnets overview screen.
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CHOPPER
The MEBT Chopper system includes the Chopper
Stripline, Positive/Negative Pulsers, and corresponding cables and loads, which are all matched in order to prevent
reflections and amplitude overshoots/undershoots. In order
to chop the edges of the macro-pulse and reduce the rise
and fall time of the 3.6 MeV proton beam of the MEBT, a
stripline chopper was developed.
The design concept is based on the travelling wave
stripline scheme. In this scheme the electromagnetic wave
which is generated at the input port of stripline gap travels
downstream and produces an electric and magnetic field
which causes the required integrated deflection of the
beam. The deflected beam is intercepted and absorbed by
a beam dump located downstream. The overall rise/fall
time of the Chopper system was measured to be less than
7 ns, which exceeds the specification. The beam macropulse injected into the MEBT has a rise and fall time considerably larger than the required 10 ns. The deflection of
the beam is in the vertical plane and the nominal deflecting
angle of the beam at the MEBT energy is 13.84 mrad.
Table 1: ESS MEBT Chopper Specifications
Parameter

Value

Deflector Type

TEM stripline

Beam energy

3.6 MeV

Stripline gap

20 mm

Deflection angle

13.84 mrad

Deflector length

450 mm

Total nominal deflecting voltage
Characteristic impedance

4.5 kV (max. 5.2
kV)
50 Ω

Good field region (GFR)

± 15 mm

Field flatness in GFR

<10%

Rise/fall time

≤10 ns (10-90%)

Nominal pulse length

1-20 µs

Beam abort pulse length

200 µs

Repetition rate

1-14 Hz

Time between chopping pulses

5 µs – 2.86 ms

The chopper beam dump is designed for operation
withstanding pulses of 40 μs, which is considered a conservative value, since in nominal mode, two pulses of 20 μs
separated by a time that varies from 50 μs to 2.86 ms will
impact the beam dump. It also has to be capable of withstanding beam abort pulses of 200 μs in the event of LEBT
chopper failure. The beam dump is made of a TZM plate
with a length of 150 mm, and a width of 60 mm. The plate
is separated from the axis by 18.4 mm at the entrance and
7 mm at the exit with an inclination of 4.35. The chopper
beam dump is placed in a vacuum vessel downstream.
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BUNCHER CAVITIES
The MEBT has 3 buncher cavities resonating at the frequency of 352.21 MHz. The cavity length is 126 mm and
the beam aperture diameter is 30 mm. The main components of the buncher cavities are shown in Fig. 5. The cavity tuning system is based on two tuners. The first one is
fixed and aimed to correct mechanical errors, and the second one is movable and controlled by the frequency loop
of the LLRF system. This loop corrects the frequency drifts
during the beam operation, assuring the cavity resonant
condition. One loop type power coupler injects the RF
power into the cavity. The maximum RF peak power is
22.5 kW and the maximum gap voltage is 150 kV [8].

Figure 5: Transverse view of a MEBT buncher cavity
showing all the ports.
The buncher cavities have been conditioned at ESS Bilbao and subsequently delivered and installed in Lund. All
MEBT buncher cavities have been operated with closed
loop LLRF operation. The tuners move in 0.2 mm steps if
the frequency shifts more than +/-3 kHz. Buncher 1 is
phased at 2.80 rad, buncher 2 at 2.02 rad and buncher 3 at
-0.55 rad. These values correspond to -90 phase with respect to the bunch. During the MEBT commissioning
phase, issues related to cavity detuning, the Solid-State
Power Amplifiers (SSPAs) and the LLRF were resolved. A
tuner control script was developed following the cavity detuning limiting the tuner movement range to +/-10 mm [9].
A phase scan was performed for each cavity by changing
the RF phase and comparing it against two BPMs after calibration [10], as shown in Fig. 6.

The beam is used to find which relative phase of the amplifier RF corresponds to 90 bunching phase. In Fig. 6 this
is where the curves at different cavity fields overlap. In
terms of amplitude, a model was fit, where the design curve
is the solid line. This means we need a little bit higher fields
in the cavity than the design value to get the BPM (or ToF)
response we expect. It is also interesting how similar phase
results we get from looking at different BPM pairs for example, and how this stability behaves over time.

BEAM DIAGNOSTICS
The MEBT is equipped with a suite of beam instrumentation devices to measure the beam current in addition
to transverse and longitudinal properties of the beam. Furthermore, it provides the means to collimate the beam in
the transverse plane using three vertical scrapers. The main
diagnostics devices deployed during this phase were the
Faraday cup [11], the slit-grid emittance meter, the BPMs
located inside the quadrupole magnet beam pipes, the three
wire scanners and the ACCTs.
Most of the verifications with beam and beam dynamics studies were performed between November 2021 and
February 2022 with probe beam (<6 mA, <5 s and 1 Hz).
On 12-March-2022 the maximum proton current was
transported up to the MEBT FC (Fig.7 shows the first
ramp-up to 62.6 mA). The MEBT FC was used as a beam
dump through the MEBT commissioning.

Figure 7: Maximum proton current measured by the MEBT
Faraday cup.
Not yet available at this stage were the signal acquisition system of the scrapers, the Bunch Shape Monitor
(BSM) and the NPM cameras to measure transverse beam
size and position.

CONCLUSIONS

Figure 6: Buncher 3 phase scan against the MEBT BPM at
different cavity voltages.
Proton and Ion Accelerators and Applications
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In this paper we summarized the current state of MEBT
systems upon beam commissioning. Most systems have
been deployed successfully according to their design. In
the near future, NPM cameras will be installed to measure
beam size and position, and all the other systems will come
online. MEBT beam properties characterisation and beam
matching to DTL is of essential importance towards the
next DTL cavities commissioning stages. The authors
would like to thank T. Grandsaert for the 3D render of
MEBT.
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UKRI-STFC Daresbury Laboratory, Keckwick Lane, Daresbury, WA4 4AD, UK
Abstract
The UK’s first and only vertical test facility and associated
cleanroom reprocessing suite has been developed, commissioned, and entered steady-state operations at the UKRISTFC Daresbury Laboratory. The facility is capable of 2 K
testing of 3 jacketed SRF cavities in a horizontal configuration per 2-week test cycle. We report on the associated cryogenic, RF, UHV, mechanical, cleanroom, and HPR infrastructure. SRF cavity workflows have been developed to meet
the requirements of the ESS high-𝛽 cavity project within a
newly developed quality management system, SuraBee, in
accordance with ISO9001:2015. To support standardisation
of measurements across the collaboration, reference cavities have been measured for cross-reference between CEA,
DESY, and UKRI-STFC. We further report on commissioning objectives, observations, and continuous improvement
activities.

testing at DESY [1]. Whilst well-proven, this technique
requires both a large cryoplant and, for this activity, would
require ∼8500 L of LHe per test cycle.
Given the diminishing global supply of He, and associated rise in cost, an alternative cryostat architecture has been
developed for vertical testing of jacketed SRF cavities which
requires significantly less LHe and a much smaller cryoplant
throughput [2]. The cryostat is based on a cavity support
insert (CSI) where three cavities are mounted horizontally inside LHe jackets below a header tank, each fed by a common
fill/pumping line; this may be seen in Fig. 1 which shows
a photograph of an assembled insert. By using this design
approach, far less LHe is required per testing run (∼1500 L,
all of which is recovered) compared with the conventional
designs.

INTRODUCTION
A new Superconducting Radio Frequency Lab (SuRF
Lab) which includes a Vertical Test Facility (VTF) and Reprocessing Facility (Cleanroom and High Pressure Rinse
(HPR)) has been commissioned at the UKRI STFC Daresbury Laboratory. The facility is currently undertaking a
2-year program to qualify high-𝛽 cavities for the European
Spallation Source (ESS).
The VTF supports 2 K characterisation of three jacketed
SRF cavities in a single cool-down run. Measurements of
HOMs and passband modes are made at low power. 𝑄 vs
𝐸 field measurements are made at high power levels (up to
200 W). A novel cryogenic architecture is used to significantly reduce the liquid helium (LHe) consumption compared with conventional facilities.
The HPR system has been developed to reprocess cavities
that do not meet specification following their first vertical
test; this system is currently in its commissioning phase.

VTF CRYOSTAT DESIGN
The conventional method for VTF SRF cavity testing is
to fully immerse the cavities in a large LHe bath, and then
cool to 2 K using a cold compressor/vacuum pump to reduce
the vapour pressure over the bath. RF testing is then carried
out with the cavities at 2 K. This approach has been used
successfully for many programs, including XFEL cavity
∗
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Figure 1: Photograph of CSI on stand with three jacketed
cavities installed (top and middle cavities dressed in MLI
jackets)
The insert is mounted into a cryostat vessel which comprises the outer vacuum chamber, magnetic shielding (see
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below), and thermal radiation shields. The cryostat was
manufactured by Criotec1 .
An ALAT2 Hélial ML cryoplant, commissioned in 2018,
supplies 50 K gaseous helium (GHe, produced by the first
heat exchanger stage of the liquefier) and 4.2 K LHe. Subatmospheric pumps provide cooldown of the liquid to 2 K.
Helium is recovered from the shield and CSI cooling circuits, stored at high pressure, purified, and then reliquefied,
providing a completely closed-loop system.
The cryogenic systems are described in greater detail in a
companion paper to this conference [3].

ESS requirement of 𝑄 ⩾ 5 × 109 at 19.9 MV/m. Typical error values were on the order of 10 to 15% which is consistent
with standard measurement errors found by other authors [6].
Further understanding of both the repeatability and accuracy
of the data will be the subject of ongoing efforts throughout
the testing program.

CAVITY TESTING PROGRAM
As part of the UK’s in-kind contribution to the European
Spallation Source (ESS), STFC is responsible for the procurement, qualification testing, and delivery to CEA Saclay
of 84 high-𝛽 Nb cavities. The high-𝛽 cavities, which accelerate the beam from 571 MeV to 2000 MeV, are a five-cell
bulk Nb design operating at 704.42 MHz, designed at CEA
Saclay. 2 K RF qualification of cavities with 𝑄 ⩾ 5 × 109 at
19.9 MV/m will be required [4].
In total, 115 tests were anticipated; given the project timeline and a 2 week testing duration, this required the infrastructure and work flow to be developed for testing 3 cavities
simultaneously. To facilitate this, two CSIs have been manufactured and commisioned which can be used alternately in
a single vacuum vessel. This allows simultaneous testing of
three cavities and preparation of the following three on the
other insert, reducing down time between runs.
Following the completion of the ESS high-𝛽 testing program, the facility will be used for testing of HB650 cavities
for the PIP-II project. Work is currently ongoing to study the
modifications to the facility that will be necessary to support
the requirements of this new project.

Measurements of 𝑄 against temperature (not shown) were
also made by allowing the temperature of the LHe bath to
drift and sampling the 𝑄 periodically at low power.
In this system, the radiation dose rate detectors were much
closer to the ends of the cavities than in most other systems
in use around the world. The separation was 20 to 30 cm. In
most other laboratories, the distance is typically on the order
of 2 to 3 m. This means that the dose rate measured at Daresbury was expected to be on the order of 100 times greater
than that measured at other labs, purely from the effect of
1/𝑟 2 . Work is ongoing to characterise this in greater detail,
including both geometrical and instrumentation effects.

RF TESTING

MAGNETIC SHIELDING

Measurements of HOMs and passband modes are made
at low power. 𝑄 vs 𝐸 field measurements are made at high
power levels (up to 200 W). The RF systems that have been
developed for the facility are described in detail in a companion paper to this conference [5]. In this system, the input
flange, where RF power is applied, tends to warm at the
highest power levels. This is because such flanges are typically stainless steel and there were some conductor losses on
the metal. During operation in the accelerator, the RF input
coupler is cooled directly by LHe; in this setup however,
copper straps were used to thermally anchor the input flange.
The plot in Fig. 2 shows the measured data for ESS high-𝛽
cavity H016. Two separate data sets were taken on separate
days, showing very good repeatability. More extensive comparisons of cavity data across different cradle positions and
comparison between different test facilities is given in the
companion paper [5]. Measured radiation levels for H016
were very low. It may be seen that the cavity easily met the

Stray field attenuation at the cavities to <1.4 µT is
achieved by a static Mu-metal magnetic shield3 surrounding the cryostat. Further attenuation to <1.0 µT is achieved
through the use of two active coils located at the top and
bottom of the cryostat. Coils are energised to ∼5.8 A and
∼6 A respectively to provide the desired attenuation. Field
measurements in the centre of each cradle showed 0.399 µT
for the top cavity position, 0.457 µT for the middle cavity
position, and 0.647 µT for the bottom cavity position [7].

1
2

criotec.com
advancedtech.airliquide.com
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Figure 2: Measured 𝑄 and radiation levels against accelerating gradient for ESS high-𝛽 cavity H016

UHV SYSTEM
A custom slow pump slow vent (SPSV) ultra-high vacuum system has been designed and built as part of each CSI.
Pumping through a SPSV system allows cavities to be actively pumped during RF testing to the level of 1𝑒 − 7 mbar
with minimal risk of particulate transfer from the internal surfaces of the pumping system to cavity. All components used
for the build were processed for cleanliness and particulate
3
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control before final assembly under ISO 4 cleanroom conditions. The SPSV system comprises three separate pumping
lines, one for each cavity that can be tested on the CSI, and
each pumping line can be linked if required to protect against
hardware failures. The SPSV system is controlled remotely
via PLC and each line comprises a number of control valves,
Pirani gauges, cold cathode gauges, and RGAs that allow
cavity acceptance data to be recorded before and after RF
testing. All gauge and RGA data is logged and stored during
RF testing.

CLEANROOM AND HIGH PRESSURE
RINSE FACILITY
Data from previous cavity testing programs such as XFEL
[8] suggest that ∼30% of cavities may be expected to fail to
meet specification on the first test. The standard approach to
improve the performance to meet specification is for these
cavities to undergo a high pressure rinse (HPR) of their
RF surface. A bespoke cleanroom has been designed and
commissioned, and houses the HPR facility which has now
in the commissioning and validation phase.
The HPR machine was procured from an external supplier,
with key design input from STFC technical staff, DESY
technical staff, and a contracted SRF technical expert.
Cavities follow a staged cleaning process. First, they enter
the ISO 7 area where they are cleaned and loaded onto an
inspection table for the assembly of the bespoke alignment
cradle, giving concentricity along the full length of the cavity
(∼1300 mm) of ≤1 mm. They then undergo additional cleaning procedures where they are finally prepared in the main
cleanroom (operating under ISO 4 conditions) and vented
via a SPSV system with qualifying residual gas analysis
(RGA) scans. UHV beam line flanges are then removed and
capped, before cavities are connected to the TORROS 500
lifter4 where they can be rotated into a vertical position in
preparation for loading on the HPR machine for treatment in
the wet cleanroom. Following the HPR cycle, a designated
drying room is utilised.
An ultra-pure water system has been designed and has
been fully commissioned, with the system having been
demonstrated to meet the final resistivity specification
≥18 MΩ.cm. The full rinse cycle has a duration of 12 hours,
including a 20 minute pre-rinse. The wand features a nozzle, manufactured to a DESY design, providing ultra-pure
water at 100 bar, along with a nitrogen purge circuit. All
cavities are mounted vertically, with the aforementioned
concentricity allowing for a highly uniform spray pattern.
All processes are currently being verified and validated
using series high-𝛽 cavities.
During initial testing of the HPR machine, it was found
that the steel beraing was not fit for purpose and in fact was
producing particulates. In order to mitigate this, a bespoke
solution was developed in-house, utilising an AlTiN coating
solution. Additionally, a new ceramic bearing has been
4

torros.net
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procured and is currently being tested offline in readiness
for installation during a future technical stop.

CONCLUSION
A new Superconducting Radio Frequency Lab (SuRF Lab)
which includes a Vertical Test Facility (VTF) and Reprocessing Facility (Cleanroom and High Pressure Rinse) has been
commissioned at the UKRI STFC Daresbury Laboratory.
The facility is now well underway on a 2-year testing
program for the high-𝛽 cavities being provided by the UK
as part of its in-kind contribution to the ESS project. Steady
state operations are carried out on a 2-weekly basis.
Work is currently ongoing to study the modifications to
the facility that will be necessary to support HB650 cavity
testing for PIP-II.
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HIGH EFFICIENCY, HIGH POWER, RESONANT CAVITY AMPLIFIER
FOR PIP-II
Rebecca Simpson, David Cope, Marcel. P.J. Gaudreau, Erik Johnson, Michael Kempkes,
Nigel Stuart, Diversified Technologies, Inc., Bedford, MA, USA
Abstract
An advanced high-power, high power density, solid
state power amplifier (SSPA) was developed to replace
legacy Vacuum Electron Devices (VEDs). Diversified
Technologies, Inc. (DTI) developed and integrated a resonant-cavity combiner with solid state amplifiers for the
Proton Improvement Plan-II (PIP-II) at Fermilab. The architecture combines the power of N-many (up to 100+) RF
power transistors into a single resonant cavity that are surface-mounted and -cooled. The system is designed so that
failure of individual transistors has negligible performance
impact. Due to the electrical and mechanical simplicity,
maintenance and logistics are simplified leading to reduced capital and operating costs.
DTI demonstrated the basic feasibility of a 50-100
kW class amplifier resonant cavity combiner system at
650 MHz. A single-cavity system reached 15 kW at 66%
power-added efficiency with ten of 12 slots filled, on only
one of two cavity faces. The system further demonstrated
the expected graceful degradation - an intermittent fault
occurred on one of the ten modules and the only observable effect was a reduction in output power to 13.3 kW with
a slight reduction in efficiency. Combining of multiple
cavities was also demonstrated at low power.

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
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
Proton and Ion Accelerators and Applications
Proton linac projects

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
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) via combining multiple amplifier modules into a passive combiner (Fig. 1).
In Phase II of this Small Business Innovation Research
(SBIR) grant, DTI built and tested a single-cavity system
which reached 15 kW at 66% power-added efficiency with
ten of 12 slots filled, on only one of two cavity faces. Combining of multiple cavities was also demonstrated at low
power.
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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CAVITY COMBINING OVERVIEW
The resonant cavity is a well-known means of combining or dividing power. Typically, a cavity has a high Q
when unloaded; this means intrinsic losses can be very low.
With heavy input and output loading, the loaded Q is much
lower, giving good (wide) bandwidth while retaining the
intrinsic low conduction losses of the cavity. The specified
cavity mode offers a large, well-defined electromagnetic
field structure which can be driven simultaneously by
many transistors. In principle, various cavity geometry and
mode combinations could be used with the cavity-combined amplifier concept. For simplicity, and many practical
reasons, a cylindrical design (TM010 mode) was chosen for
the prototypes, though a more complex coaxial or other
structure may ultimately be used for a specific marketready product.
The resonant cavity’s ability to accommodate additional
transistors without significantly changing the interior magnetic or electric fields by increasing the output coupling allows nearly linear increases in power per transistor and
greatly simplifies each power output stage. The combination of many isolated inputs into a single cavity naturally
gives a high degree of redundancy and a graceful degradation characteristic. With this design, a failure of one or several of these combined transistors has negligible performance impact. The amplifier module can continue operating stably with no interruption, and the low-level RF control system can simply adjust the drive to keep the accelerator field constant.
This behavior is important in an amplifier with a large
number of transistors integrated into one module. An adequate (excess) number of devices are designed into the amplifier to provide a performance margin for one or more
failures.

HIGH EFFICIENCY OPERATION
The power amplifier contains the Class-E output
circuitry implemented for the transistor. The output cavity
coupling circuit incorporates the harmonically-tuned
output matching network for the transistor and interfaces
directly to the cavity coupling loop. The ideal Class-E
waveform allows a large current conduction angle for the
transistor while simultaneously minimizing V x I losses in
the device. This allows high efficiency and high power to
be achieved in the same circuit. Thus Class-E (and related
topologies) is superior to Class-AB which achieves high
linearity at the cost of efficiency and Class-C which
achieves high efficiency by employing a narrow current
(conduction angle) waveform.
The DTI coupling loop topology is ideally suited for
push-pull transistors. The output matching network was
implemented with transmission-line matching elements via
the stripline, stubs and the coupling loop itself.

SIMULATION AND DESIGN
The performance of the cavity amplifier was computed
analytically and simulated in electromagnetic finite element analyses (FEA) and electronic design automation
TUPOJO17
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(EDA) software. The analytic results were useful for initial
sizing and performance calculations, and the FEA and
EDA results were useful for determining precise operating
characteristics. Analytic solutions are used to identify the
fields and generate the mode spectrum for the basic cavity,
but FEA is used to investigate more complex structures incorporating the input and output couplers. Modelling is
done in ADS and EMPro by Keysight.

CLASS-E CIRCUIT DESIGN
In the Phase I effort, a Class-E type tuning network was
selected due to the large parasitic inductance of the drain
connection to the transmission line (~2 nH per side) and
the large output capacitance (~200 pF per side) intrinsic to
high power RF LDMOS transistors. The effects of the large
output capacitance and parasitic inductance can be resonantly tuned-out by presenting a capacitive load at the
transformed end of the transmission line such that the transistor output capacitance, parasitic inductance, and capacitive transmission line load are able to efficiently resonate
power out of the transistor.
A classic Class-E circuit presents a partially inductive
impedance to the drain at the fundamental, creating a phase
shift of about 50 degrees between the total drain current
and voltage. This phase shift determines the point at which
the load current is diverted from the transistor conduction
channel to the transistor output capacitance. The phase
shift along with the real loading resistance is chosen so (a)
the capacitor voltage drops to zero before the switch turns
on and (b) the capacitor voltage rises slowly when the
switch turns off, thereby minimizing switching losses. Ideally a resonant tank at the load presents a short circuit at
the load to all the harmonics, and the quarter-wave transmission line transforms these shorted harmonic impedances to a short circuit at the drain for the even harmonics
and an open circuit to the drain for the odd harmonics.
In the cavity-coupled circuit, the impedance at the coupling loop is initially an inductance Lloop with an equivalent
cavity loading resistance RL in parallel. A capacitance stub
can be added at the coupling loop to properly tune the impedance at the loop so the transformed impedance at the
drains can efficiently resonate power out of the transistor,
as mentioned above.
Based on the range of impedance values presented by the
loaded cavity at the coupling loop, it was determined that
a coupling loop impedance of RL = 20 , Lloop = 4 nH was
an efficient and realizable operating point. Given the quarter wave transmission line, it was found that a net capacitance ~15 pF was near optimal for presenting a Class–E
type inductance load.

EXPERIMENTAL RESULTS
We extensively measured transistor performance outside
of the cavity, with a cavity equivalent load, to better model
the parasitic components and design the tuning technique
for efficient operation in the cavity. The input matching
network was designed for a good match across a broad frequency range.
Proton and Ion Accelerators and Applications
Proton linac projects

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOJO17

The tuning stubs were then tested and found to conform
to the simulations. Once the transistor was properly characterized outside of the cavity it was placed back into the
cavity. Figure 2 shows the progression of power and efficiency for 1 to 4 coupled transistors, which achieved over
650 W per transistor at approximately 70% efficiency.

Figure. 2: Improved Phase I Class-E cavity output vs.
Number of Transistor Inputs

200 kW SSA CONSTRUCTION
The next step was to build a complete 200 kW-class
transmitter utilizing multiple cavity amplifier modules.
The medium power outputs will be combined using a passive cavity combiner (Fig. 3). This SSA will operate at 650
MHz as required for PIP-II and other advanced linear accelerators, though the concept is readily scalable to other
frequencies (as we recently demonstrated at 1.3 GHz).

The modules consist of two “bolt-circle” diameters of
transistors on each endwall. A set of twelve slots in each
bolt circle allows 24 total coupling loops, each driven by
one or more transistors. Recent developmental efforts, in
addition to related work at 1.3 GHz, successfully demonstrated driving each coupling loop with four transistors.
Assuming a saturated power output of 600 watts per transistor, four transistors per loop, and 24 loops, this results in
the desired goal of 50 kilowatts per module with at least
one redundant device, allowing N+1 redundancy and
graceful degradation of output power in the event of a random transistor failure. Moreover, by driving each loop with
four transistors, the system complexity is reduced and
power density is increased for a given number of transistors. The cavity amplifier module mechanical details will
also be upgraded for high average power operation with
improved RF joints and cooling.
The outputs of the 50 kW class modules will be combined in a passive cavity combiner. We plan to combine
approximately four amplifier modules in a simple pillbox
cavity with four 31/8 " coaxial inputs and one larger coaxial output.
FEA modeling will be performed to estimate the voltages and currents in the passive cavity combiner and on the
high power coupling loops. It is expected that the passive
cavity may require purging or pressurization with dry air to
prevent electrical breakdown.

CONCLUSION
DTI has demonstrated the efficiency and scalability of
this cavity combiner design to optimize its performance
under the Phase II of our SBIR grant from the Department
of Energy. Moving forward, we believe that this
technology will provide significant life cycle cost savings
for existing and planned accelerator systems, in three
areas : high reliability (much greater than klystrons);
improved efficiency (lower electrical power costs);
simplified drive electronics (no need for high voltage
power supplies or modulators); and minimized RF and
thermal connections.

Figure. 3: Arrangement of 200 kW-class transmitter based
on four cavity amplifier / combiner modules.
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CAVITY QUALIFICATION AND PRODUCTION UPDATE FOR
SNS-PPU CRYOMODULES AT JEFFERSON LAB∗
P. Dhakal1† , N. Huque1 , J. Fisher,1 E. F. Daly1 , M. Howell2 , and J. D. Mammosser2
1 Thomas Jefferson National Accelerator Facility, Newport News, VA, USA
2 Spallation Neutron Source, Oak Ridge National Lab, Oak Ridge, TN, USA
Abstract
The Proton Power Upgrade (PPU) project at Oak Ridge
National Lab’s Spallation Neutron Source (SNS) currently
being constructed will double the proton beam power capability from 1.4 to 2.8 MW by adding seven cryomodules,
each containing four six-cell high-beta (𝛽= 0.81) superconducting radio frequency cavities. Research Instruments, located in Germany, built and processed the cavities at the
vendor site, including electropolishing as the final active
chemistry step. Twenty-eight cavities for seven cryomodules
and an additional four cavities for a spare cryomodule were
delivered to Jefferson Lab and the first qualification tests
were completed on all cavities as received from the vendor.
The performance largely exceeded the requirements on quality factor and accelerating gradient. Six cryomodules have
been assembled into strings with three cryomodules shipped
and high power rf tested successfully at SNS to date.

INTRODUCTION
The Spallation Neutron Source (SNS) at Oak Ridge National Laboratory is the world’s first megawatt-class pulsed
neutron source with the proton energy of 1 GeV. The Proton Power Upgrade (PPU) project will double the proton
beam power from 1.4 to 2.8 MW by adding 7 additional cryomodules each contains four six-cell high beta (HB) 𝛽=0.81
superconducting radio frequency cavities. Modifications
were made to both cavities and helium vessels based on
operating experience of earlier SNS cryomodules and one
of the prototypes currently installed in the linac [1]. The
end groups of the cavities were made from high purity niobium whereas the original SNS cavities were fabricated from
reactor-grade niobium. Cooling blocks were added to the
end groups to increase the thermal contact between the end
group and the helium bath. Higher order mode couplers
were also removed from the upgrade design, making the
cavities easier to chemically polish and clean. Furthermore,
some modifications were made to the fundamental power
couplers and cryomodule end cans based on the operational
experience of the original SNS project. Table 1 shows the
cavity parameters for original and upgrade high beta SRF
cavities. Here, we present the status of initial cavity qualification tests, rework of unqualified cavities, and final cavity
qualification with helium vessel prior to installation in cryomodules. In addition, an update on cryomodule production
and high power rf test at SNS will be presented.
∗
†

This manuscript has been authored by Jefferson Science Associates, LLC
under U.S. DOE Contract No. DE-AC05-06OR23177.
dhakal@jlab.org
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Table 1: Cavity Parameters for Original and Upgrade High
Beta SRF Cavities
Parameters
Eacc (MV/m)
Q0
FPC Power (kW)
𝑄 FPC
HOM

Original Cavities

PPU Cavities

15.8
>5×109
550
7×105 (±20 %)
2

16
>8×109
700
8 × 105 (±20 %)
None

Table 2: PPU Acceptance Criteria for Vertical Test
Test Conducted

Acceptance Value

𝐸 acc (MV/m)
𝑄0
Field Emission
𝑄 FP
Fundamental frequency

≥ 18.0
>8 × 109 at 16 MV/m
≤20 mrem/hr at 16 MV/m
(0.7 - 2.0 )×1012
805.6 ± 0.25 MHz

CAVITY QUALIFICATIONS
Design modifications to PPU cavities were based on operational experience of original SNS HB cryomodules as well
as the results of prototype cryomodules installed in the SNS
tunnel. A quality assurance plan was put in place to ensure
optimal performance of PPU cavities from production steps
at the vendor sites to the cavity qualification at Jefferson
Lab [2]. The incoming cavities are checked for RF and mechanical acceptance followed by a wipe-down to ensure no
particulates are transferred into the clean room. While in the
clean room each cavity was attached to a vertical test stand
using clean assembly procedures, followed by a leak check.
Once on the test stand the cavity is transferred to a bake box,
where all cavities were baked at 120 ◦ C for 24 hours. Analog
scans employing a residual gas analyzer before and after baking were recorded. Also, the partial pressure of various gas
species were recorded during low-temperature baking. The
cavity was cooled down to 2.1 K in a vertical Dewar with
a residual magnetic field < 20 mG [3]. The performance
acceptance criteria are summarized in Table 2.

Bare Cavities rf Performances
All 32 cavities were rf tested as received from the vendor with only 16 cavities meeting the PPU specification for
accelerating gradient (>18.0 MV/m) and quality factor ( >
8 ×109 ). Typical failures during rf qualification test were
due to gradient limitation either by early field emission onset or final field emission reaching an administrative limit
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(>1 R/hr). A summary of bare cavity qualification tests is
shown in Fig. 1. Twelve cavities were reprocessed at Jefferson lab with full disassembly, ultrasonic degreasing in
ultra-pure water with detergent followed by high-pressure
rinse. The cavities were assembled and attached to a vertical test stand with active pumping during cold rf test. All
12 cavities met the PPU specification with a single cycle of
in-house rework with high-pressure rinse. To this date, one
last cavity still requires rework either prior to tanking or as
part of final qualification after welding. /hr

Figure 1: Summary of bare cavity VTRF qualification.

Tanked Cavities rf Performance
To ensure the cavities were clean during string assembly,
the cavities were rf tested in a vertical Dewar after helium
vessel welding. Helium vessel welding was done outside
the clean room with a process that involves some machining
and grinding steps. The helium vessel welding protocol was
developed prior to the start of tanking production cavities [4].
Even though the helium vessel was welded keeping the cavity
under vacuum, there is a high likelihood that the particulates
can transfer into the cavity interior during the disassembly
process prior to string assembly. The cavities were externally
cleaned with high-pressure wash, dried overnight, and blowing off of any remaining particulate from the surface of the
tanked cavities. Even with the utmost care, several rf tests
of tanked cavities were limited by early field emission. The
problem was eventually solved with additional exterior cleaning with high-pressure wash and rework with high-pressure
rinse. Figure 2 shows the summary of rf performance of all
tanked cavity qualifications prior to string assembly. 21 out
of 27 tanked cavities qualified reached 22.0 MV/m, the administrative limit. Of those remaining 6 cavities, 4 cavities
were limited by rf power availability during the vertical test.
Some cavities showed field emission with an average onset
of ∼16 MV/m. Figure 2 (b) shows the summary of the quality factor at 𝐸 max and at 16.0 MV/m. The average quality
factor at 𝐸 max is 1.16 × 1010 and at 16.0 MV/m the average
quality factor is 1.63 × 1010 easily meeting the specification
of PPU upgrade.
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Proton linac projects

Figure 2: Summary of tanked cavity rf qualifications.(a) The
maximum accelerating gradient and field emission onset
gradient and (b) The quality factor at 𝐸 max and at 16 MV/m.
The box are drawn for 25-75 % percentile.

Cavity Rework with Buffer Chemical Polishing
As mentioned earlier, the performance of some tanked
cavities didn’t meet PPU specifications in terms of field
emission onset ( 20 mrem/hr at 16.0 MV/m). Some cavities met the PPU specification after additional rework with
high-pressure rinse. Those cavities that failed to meet the
specification for field emission onset were reprocessed with
10 𝜇m buffered chemical polishing (BCP) in closed cycle
cabinets. 5 cavities so far were processed with BCP and
subsequently met PPU specifications without 120 ◦ C baking.
Typically cross-contamination was eventually removed by
BCP, that was not initially removed after several cycles of
high-pressure rinse.

CRYOMODULE PRODUCTION
To this date, 6 cryomodules have been built with 2 more
remaining. Once the cavities were qualified from the vertical
rf test, the cavities are externally cleaned with high pressure
wash and any particles are blown off with ionized nitrogen
prior to disassembly of cavities for string assembly. To further ensure the cleanliness of qualified cavities in final string
assembly, the cavities received 2 passes (4 hours long) of
high-pressure rinse and were subsequently dried overnight.
String assembly was completed by installing a fundamental
power coupler into a cavity then placing the cavity assembly
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onto the horizontal assembly rail. One cavity per cryomodule is equipped with a liquid helium level sensor. The PPU
cryomodule consists of 4 tanked cavities with FPC and field
probe, two end cans, a vacuum vessel, a space frame, a thermal shield, two layers of magnetic shielding with bellows
between the cavities similar to original SNS cryomodules [5].
Selected cryomodule production steps are shown in Fig. 3.
Prior to shipping the cryomodules to SNS, each cryomodule was cooled down at Jefferson Lab’s Cryomodule Test
Facility. The set of tests includes an integrated leak on
beam line and cryogenic supply and return lines, verifying
rf connections, temperature sensors and liquid level sensors, fundamental frequencies, 𝑄 ext and tuner operations.
To this date, 3 cryomodules successfully completed preliminary cooldown and rf tests at Jefferson with 4𝑡 ℎ cryomodule
currently under test. 3 cryomodules have been shipped to
SNS for high power rf tests. To this date, all three cryomodules have been rf tested and the performance significantly exceeding all PPU specifications. Only two cavities
out of 12 (in 3 cryomodules) showed some field emission
onset at 14.0 MV/m, stilling making the operating goal of
16.0 MV/m.

not set up for tanked cavities, we chose BCP for any rework
of tanked cavities. The vertical BCP process in the close
cabinet cycle typically removes the material unevenly along
the cavity’s interior ( top-to-bottom). The etch rate was determined with Nb coupon samples before the actual run on
tanked cavities. The BCP process was able to remove any
stubborn field emitters from the cavities’ rf surface. The
average number of rf qualification tests for bare cavities was
1.4 while the average qualification rf tests was 2.3 per tanked
cavity. With no spare cavities to work with, we are optimistic that the performance of all 32 cavities will meet PPU
specifications.

SUMMARY
All 32 cavities delivered from a vendor and rf tested as
received. Although, 50 % of cavities’ rf performance met
PPU specification as received from vendor, the remaining
cavities eventually qualified after Jefferson Lab rework via
high-pressure rinse and clean assembly. To this date, 28 cavities for 7 cryomodules have been qualified for final string
assembly, 6 string assembly completed, 3 cryomodules have
been delivered to SNS and high power rf commissioning
tests have been completed. Three cryomodules have been
qualified with superior performance and two of them will
be installed in SNS tunnel in near future [6].
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LESSON LEARNED
During the production run, some setbacks were encountered, a major issue was retaining cavity cleanliness after the
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Abstract
The Proton Power Upgrade Project at the Spallation
Neutron Source at Oak Ridge National Laboratory will increase the proton beam power capability from 1.4 to
2.8 MW. Upon completion of the project, 2 MW of beam
power will be available for neutron production at the existing first target station with the remaining beam power
available for the future second target station. The project
will install seven superconducting radiofrequency (RF)
cryomodules and supporting RF power systems and ancillaries to increase the beam energy to 1.3 GeV. The injection and extraction region of the accumulator ring will be
upgraded, and a new 2 MW mercury target has been developed along with supporting equipment for high-flow gas
injection to mitigate cavitation and fatigue stress. Equipment is being received from vendors and partner laboratories, and installation is underway with three major installation outages planned in 2022-2024. The project is planned
to be completed in 2025.

across the entire existing and future instrument suite, and
the future STS will provide a wholly new capability in the
form of a transformative new source optimized to produce
the world's highest peak brightness of cold neutrons.

SUPERCONDUCTING LINAC
Eight cryomodules are being produced by Thomas Jefferson National Accelerator Facility (TJNAF). Three cryomodules have been delivered to SNS and exceeded performance requirements during RF testing at 2 K. Delivery
of the 4th cryomodule is planned in Sep. 2022, and the final
cryomodule is due for delivery in Aug. 2023. The first two
cryomodules (Fig. 1) will be installed in Aug.-Sep. 2022.

INTRODUCTION
The SNS accelerator routinely delivers a 1.4 MW proton
beam to a liquid mercury spallation target to provide neutrons to 19 instruments [1]. The existing Linac produces a
1 ms pulse train of H- ions at a repetition rate of 60 Hz. The
H- ions are stripped of their electrons as they enter the accumulator ring, which compresses the proton beam to a
sub-microsecond pulse that is extracted and sent to the target 60 times per second. The Linac presently provides a
beam energy of 1.0 GeV that will be increased to 1.3 GeV
through the addition of 28 superconducting cavities contained in 7 cryomodules. The Linac H- current will be increased from 26 to 38 mA, which will increase beam loading throughout the Linac. Three Drift Tube Linac (DTL)
radiofrequency (RF) stations will be upgraded to provide
needed additional power by means of new higher-rated
klystrons. Otherwise, the existing Linac can accelerate the
increased H- current.
The mercury target and supporting utilities in the existing First Target Station (FTS) are being upgraded to accept
2 MW of proton beam power, and the remaining beam
power will drive the future Second Target Station (STS)
that is being constructed as a separate project. The 2 MW
beam delivered to the FTS will improve performance
___________________________________________
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Figure 1: The first two cryomodules staged for installation
in the front-end building.
The superconducting cavities were received from industry ready for vertical testing. Roughly 50% of the cavities
required additional high pressure rinsing to eliminate field
emission [2]. The helium vessels were attached at
TJNAF [3], and then the cavities were again vertically
tested to qualify for cryomodule cavity string assembly. It
has been challenging to qualify the tanked cavities, and numerous cleaning cycles have been needed in many cases.
A few cavities have required light buffered chemical polishing (BCP) to meet performance requirements.
Fundamental power couplers were RF tested at SNS and
delivered to TJNAF ready for installation. U-tubes for connecting the cryomodules to existing cryogenic distribution
lines are being fabricated by industry.

RADIO FREQUENCY SYSTEMS
Twenty-eight new 700 kW, 805 MHz klystrons are being
installed to power the 28 superconducting RF cavities. The
RF systems are largely the same as the existing RF systems
with some improvements based on operations experience
since the SNS construction was completed in 2006. Three
new alternate-topology high voltage converter modulators
will power 9, 9, and 10 klystrons. The modulators have
been received, and the first unit has been installed in the
TUPOJO19
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klystron gallery (Fig. 2). Another unit has been tested at
full voltage and duty factor on the test stand at SNS.
The RF transmitters have begun to arrive, and the first
units are being installed with acceptance testing to begin in
late Aug. 2022. The new low-level RF control system [4]
has been tested extensively on the existing Linac and has
been operating full time for several months supporting operations. The first 8 systems are being installed and tested
to support operation of the first 2 cryomodules later this
year.
Additionally, 3 existing RF stations for the DTL will be
upgraded to 3 MW klystrons [5]. This requires upgrades to
the existing high voltage converter modulators. The first
article modulator has undergone extensive testing, and the
first article 3-MW klystron has been received and is being
prepared for acceptance testing.

Figure 3: The first chicane magnet core at the vendor.

Figure 2: The first new high voltage converter modulator
installed in the klystron gallery.

Figure 4: Taping of a chicane magnet winding (left) and
the completed winding set (right).

RING SYSTEMS

FIRST TARGET STATION

The accumulator ring upgrades include two chicane
magnets and an injection dump septum magnet, designed
and fabricated by Fermilab [6], that will replace existing
injection region magnets. The first chicane magnet core
(Fig. 3) has been received, and fabrication of the first winding set is nearing completion (Fig. 4). The next step is to
pot the windings, and then the magnet will be assembled
and prepared for field measurements at Fermilab.
The new injection dump window has been received, and
the injection dump imaging system is complete. These
components will be installed in 2023 and will enable viewing of the injection waste beam location and pattern on the
injection dump. A new injection dump quadrupole is in
fabrication at a vendor and will be installed during the long
outage that begins in Aug. 2023, to enable finer control of
the waste beam parameters.
The Beam Power Limit System [7] passed its final design review in early 2022, and the system has been installed
and tested with beam recently. Precision calibrated current
transformers will be installed in Sep. 2022, and the system
will be credited for personnel protection prior to the neutron production run scheduled to begin in Dec. 2022. This
system will prevent beam power above 2 MW on the mercury target.
An upgrade to the extraction kicker power supplies is
planned to accommodate the increased beam energy. Two
concepts are presently undergoing long-term testing: a resonant charging power supply and a dual power supply
charging supply. A decision on the final configuration will
be made later this year.

The FTS Systems scope includes the 2 MW mercury target [8] along with a high-flow helium gas injection system,
off-gas treatment, and upgrades to the moderator cryogenic
system. PPU Test Target #1 was operated successfully for
over 1,500 hours at 1.4 MW during the Jan.-Mar. 2022 neutron production period. This target demonstrated the effectiveness of the new swirl bubblers [9], which flowed helium at a steady rate, unlike the inlet orifice bubblers that
exhibit declining gas flow rates. Post irradiation examination showed no observable cavitation damage. PPU Test
Target #2 (Fig. 5) will be installed in Aug.-Sep. 2022 and
will operate during two run periods in 2023 at beam energy
up to 1.1 GeV and beam power up to 1.7 MW. This target
is identical to the 2 MW production target but will operate
without the helium gas injection for the target nose because
the high-flow helium gas injection upgrades will not be
completed until the long outage.
The mercury off-gas treatment system (MOTS) upgrades are making good progress – the delay bed and cryogenic cold trap installations are complete, and the copperoxide beds have been relocated. Molecular sieves and iodine filters are in vendor production. Installation of gas injection and gas recirculation components is underway, and
a mercury overflow tank is in fabrication at a vendor.
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Figure 5: Test Target #2 at the vendor prior to shipping.
A catalyst converter assembly is in fabrication and will
provide for control of the ortho-para fraction in the hydrogen moderator. Instrumentation for measurement of the ortho-para fraction is included. The added equipment will increase the volume of hydrogen in the cryogenic system, so
a new higher-capacity hydrogen refill system will be installed.

CONVENTIONAL FACILITIES
The PPU project includes two conventional facilities activities: buildout of the existing high-energy end of the
klystron gallery, which was completed in Apr. 2021 [10],
and construction of a tunnel stub that penetrates the wall of
the existing Ring-to-Target Beam Transport (RTBT) tunnel
and will facilitate connection to the future STS without interrupting operation of the existing FTS.

The PPU technical components will be installed during
three primary installation outages. The first outage began
in Aug. 2022. Two cryomodules will be installed, installation and testing of the supporting RF systems will be completed, and the remaining beam power limit system components and Test Target #2 will be installed. The second
installation outage will begin in Mar. 2023, during which
two more cryomodules will be installed, RF systems will
be completed, and the ring injection dump imaging system
will be installed. The long installation outage will begin in
Aug. 2023, wherein the final three cryomodules will be installed, along with their supporting RF systems, the first
production 2-MW target will be installed, accumulator ring
and first target station components will be installed, and the
RTBT stub will be constructed.
Newly installed equipment will be operated following
each installation outage to support the power ramp-up plan
shown in Fig. 7. The beam energy will be increased to
1.1 GeV following the first outage and will not be increased further until the new injection region magnets have
been installed. After the long outage, the beam energy will
be increased to 1.3 GeV, and a target lifetime demonstration at 1.7 MW beam power will be performed prior to the
final ramp-up to 2 MW.

Figure 7: PPU power ramp-up plan. Proton beam
power/energy will increase as components are installed and
commissioned over the three installation outages.
Figure 6: Plan view of the SNS site showing the existing
RTBT tunnel, the planned RTBT stub, and the connection
to the future Second Target Station.
The RTBT stub will connect to the existing RTBT tunnel
at the intersection of the RTBT tunnel and the truck access
tunnel as depicted in Fig. 6. The RTBT stub design was
performed by an architecture/engineering firm in collaboration with SNS staff. A request for proposals will be issued
in late 2022 with the goal to award a construction contract
in Apr. 2023 so that construction can begin promptly when
the PPU long outage begins in Aug. 2023. The primary
challenge associated with this construction is the schedule:
the stub construction must be complete within six months
so that accelerator operations may resume as planned to
support neutron production.

STATUS AND OUTLOOK
The PPU project received Department of Energy (DOE)
Critical Decision 2 and 3 approvals in Oct. 2020. With
these approvals, the cost and schedule baseline was established, and construction was authorized to proceed. The total project cost is $271.6M with early finish in 2025.
Proton and Ion Accelerators and Applications
Proton linac projects

The project has good cost and schedule performance
metrics to date and has sufficient cost and schedule contingencies to complete the project within the cost and schedule baseline. The project placed many procurements early
because designs were mature, and long lead procurements
were approved by DOE (CD-3a, CD-3b). As a result, the
project largely avoided supply chain and inflation impacts.
Recent procurements show increased costs and delivery
schedules, but the early finish in 2025 is not impacted. The
largest remaining procurement is the construction contract
for the RTBT stub construction.
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Abstract
The ESS Target Proton Beam Imaging Systems has the
objective to image the 5 MW ESS proton beam as it enters
the spallation target. The imaging systems has to operate
in a harsh radiation environment, leading to a number of
challenges : development of radiation hard photon sources,
long and aperture-restricted optical paths and fast electronics
required to provide rapid information in case of beam anomalies. This paper outlines how main challenges of the imaging
systems have been addressed, and the status of deployment
as ESS gets closer to beam.

INTRODUCTION
The European Spallation Source (ESS) [1], currently under construction, has as objective to deliver neutron beams
with a 95% overall availability (average beam power of
5 MW) for ∼5000 h per year. In order to achieve these
goals it is critical to monitor all aspects of the spallation
process and the proton beam characteristics. The beam will
be rastered (painted) onto the rotating target by specially
designed rastering magnets [2], in order reduce the current
density at the target. The Oslo in-kind contribution [3] consists of delivering the ESS target and tuning dump imaging systems. We report here on the recent progress on the
two systems, including electronics development and related
beam dynamics studies.
TUNING DUMP SYSTEMS: Two imaging systems are
provided for the tuning beam dump, and are vital to characterise the beam on dump parameters. These will have insertable screens made of large, custom cut Chromox ceramic
plates [4, 5], special camera inserts deep into the concrete
walls to protect them from radiation, and an optical system
design to give an optimal field of view. The tuning dump
imaging system design is described in [6].
TARGET SYSTEMS: The two target imaging systems are
key diagnostics for monitoring the proton beam in the target
region, including verifying that the rastering is functioning
correctly. A thin layer of luminescent coating is thermal
sprayed on the target surface and on the proton beam window
surface. Optical systems will image the photons emitted
when the proton beam passed through the coated surfaces.
The two surfaces, and the beginning of the optical path, are
depicted in Fig. 1a). The target imaging system is further
described in [3].
∗
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Figure 1: a) The target imaging systems, imaging the proton
beam window and the target wheel, will operate in an intense
neutron flux and must withstand the 5 MW proton beam. b)
Beam density map of the rastered proton pulse at the target
wheel. From [2].

TUNING DUMP SYSTEMS
Two tuning dump systems have been completed and were
delivered to ESS in June 2022. One of systems is shown in
Fig. 2, integrated in the vacuum vessel provided by STFC.
The vacuum vessel is fitted with an actuator that moves
a frame that can hold two Chromox scintillating screens.
When a screen is placed in the beam path, the beam footprint can be imaged from the emitted photons by a camera
that is installed in the wall next to the chamber. Two mirrors are installed on the wall to transport the light from the
Chromox screen to the camera. The images produced by the
system will be used by the operators to tune the beam during
commissioning.

Camera Insert
To minimise the radiation damage and increase the expected lifetime of the cameras, holes have been core drilled
into the concrete wall next to the vacuum vessels. Pipes with
rails will be installed and fixed in the holes. For each system,
a camera with a lens, two neutral density (ND) filters, and a
microcontroller are mounted on a custom camera insert.
The Allied Vision Manta G-419b PoE Gig-E camera is
attached to an adapter at a tilted angle with respect to the
optical axis as calculated from the Scheimpflug principle [7].
The Chromox screens are tilted 45 degrees to the optical axis,
the camera tilt is there to make it possible to have the whole
screen in focus. An off-the-shelf lens, Canon EF 135 F/2L,
is also connected to the adapter. A microcontroller makes it
possible to remote control the lens focus and aperture. Two
ND filters (OD 2.0, 3.0) are installed on actuators in the
adapter, so they can be moved in or out of the light-path.
The adapter is connected to a wagon and to rectangular
pipes. The pipes are used as cable guides, as well as a handle

TUPOJO20
395

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOJO20

for the camera. Both mirrors are custom made by UQG
optics.
Mirror clamps have been designed and made at the workshop at the University of Oslo for both mirrors. The mirrors
are attached to breadboards that are attached to the wall. The
breadboard that is attached in front of the camera tube has a
hole in the middle. The mirror clamps are attached to the
breadboards using Polaris mounts and Thorlabs parts. The
Thorlabs parts allow for rough alignment of the mirrors, the
Polaris mounts allow for accurate adjustments of the angles.
Four halogen lamps are attached to the mirror outside the
camera insert. When the lamps are on, it is possible to make
sure the Chromox screens are in the correct position and
undamaged, by looking at the images from the camera.
A complete mirror mount assembly is shown in Fig. 2b).
Figure 2: Two tuning dump imaging systems will be installed.
a) Design drawing showing the screen frame in the vacuum
vessel. b) One complete imaging systems as delivered to
ESS.
to install or remove the camera inserts by sliding it along the
rails in the pipe. The mechanical parts have been designed
and made at the workshop at the University of Oslo.
The University of Oslo has delivered three complete camera tube systems, with camera, electronics and mechanical
components. Two tubes for the two installed imaging systems, and one tube as hot spare. Fig. 3 shows details of the
camera insert.

Figure 3: a) The tuning dump camera insert inside a tube.
b) A camera insert with all electronics mounted and connected c) View from the tube front. d) ND filter holders. The
ND filters, along with control of the camera aperture, makes
it possible to limit the amount of light on the camera by 7
orders of magnitude. e)A wedge adds a tilt to the camera to
optimize the focus plane.

Optical System
For each optical system, two mirrors are mounted on the
wall. A 290 mm diameter circular mirror is mounted outside
a viewport in the vacuum vessel. A 150 mm x 110 mm
rectangular mirror is mounted directly in front of the hole
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TARGET LUMINESCENT COATING
The Target Proton Beam Imaging Systems will be installed in the ESS target region. Research for luminescent
coatings with improved radiation hardness is required in order to ensure the correct functioning of the imaging system
at full power. The optical paths to reach cameras in an area
accessible during operation are ∼12 m long, with mirror positions heavily constrained due to the need for shielding. The
imaging system should be able to respond quickly enough
to disable a subsequent pulse in case of beam anomalies, at
the 14 Hz rep. rate.
For its first target, ESS has adopted the same principle and
will mainly use the same powder to deposit the luminescent
coating as used by the Spallation Neutron Source at Oak
Ridge National Laboratory (SNS). At SNS, a luminescent
coating, flame sprayed on the target, is used to image the proton beam [8]. The SNS powder consists of alumina doped
with chromium (Cr:Al2 O3 ), in a mixture of 1.5% chromia
and 98.5%. alumina. The powder has been tested by the
ESS-Oslo collaboration and shows a luminescence yield
of the order of 10,000 photons per MeV, it has a lifetime
of about 3ms; the yield decreases by about 50% at 230°C
and is expected to quench thermally over 350°C. The radiation damage will rapidly decrease the luminescence yield
down to 5-10% of fresh material, keeping a sufficient luminescent level. For ESS the thermal spraying process has
been developed in collaboration with University West, Sweden. The process allows spraying a luminescent material
on a large surface, typically larger than 100 mm x 200 mm.
The characterisation of the material showed it satisfied most
requirements for the imaging system.
In March 2022 a major milestone was achieved with the
coating of the ESS target with the qualified luminescent
material. In parallel, ESS has developed the process for
manufacturing custom luminescent chromia alumina powder
that can be flame sprayed. Figure 4 shows two sectors of the
ESS target wheel, one coated with the SNS chromia alumina
and the other with the ESS manufactured powder. With the
coating of the target wheel, one of the critical milestones
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for the delivery of the beam on target imaging systems is
achieved.

Figure 4: Two sectors of the ESS target wheel, one coated
with the SNS chromia alumina and the other with the ESS
chromia alumina.

BEAM DYNAMICS
The effect of the Aluminium Proton Beam Window
(PBW) [9] on the proton beam has been simulated using
MiniScatter [10], based on GEANT4. From Fig. 5 we see
that the beam size, 𝜎, at the target changes significantly due
to the PBW Al thickness. Analytical expressions for Twiss
parameter change due to a thin scatterer [11, Eq. 7, 8] agree
with the simulations to within 2% at the planned PBW Al
thickness of 2.25 mm, which surrounds the standard 2.0 mm
of water in the center [9, Figure 2]. We can compensate for
the increase in beam size by decreasing the amplitude of the
raster magnet scan.

ELECTRONICS AND SOFTWARE
The imaging systems will extract key beam parameters
including centroid, peak current density and beam-outside99%-footprint. In addition, the image system may be used to
monitor changes in the optical system itself by tracking the
position of fiducials on the target wheel. Time-critical operations are planned to be performed in FPGA hardware. The
analysis should be rapid enough so that in case of anomalies
the next beam pulse can be stopped. Less critical operations
like fiducial tracking will likely be performed in software
only.
Figure 6 shows a block diagram of the planned solution for
the imaging system camera read-out and processing. After
receiving the image from the camera, the raw image is to
be made available to the Linux running on the embedded
SOC using a VDMA and the Xilinx Video4Linux2 (V4L2)
drivers. Images received through V4L2 are made available
for EPICS AreaDetector using the ADV4L driver. Further
image processing and analyses are also done by the FPGA,
with the resulting data published through EPICS via the
SOC. The SOC is also used for configuring parameters of
the FPGA and camera, as well as for less time-critical and
more high-level analyses for which higher programming
flexibility is desired. In addition to the images from the
camera, the system would require to know the current screen
number and beam-current for calibration of the measured
light intensity into charge density.

Target Growth with PBW Thickness

at Target [mm]

25
20

Beam Twiss at PBW:
Nx, Ny = 0.113, 0.122 [mm*mrad]
x, y = 941, 120 [m]
x, y = 59, 7.5

Figure 6: Block diagram for the camera read-out and processing.
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Figure 5: Beam size (𝜎) at target with respect to PBW Aluminium Thickness
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The ESS Target Proton Beam Imaging System poses
unique challenges, which have been addressed by the collaboration of ESS, Oslo, STFC, and University West. The tuning
dump systems have been delivered to ESS and are ready for
installation. The target has been successfully coated using
a custom developed process for precision flame spraying
of the target wheel. The target optical system is awaiting
completion as the different ESS subsystems are coming to
completion in the coming year.
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THE PRE-INJECTOR UPGRADE FOR THE ISIS H− LINAC
S. R. Lawrie∗ , R. Abel, C. Cahill, D. C. Faircloth, A. P. Letchford,
J. H. Macgregor, T. Sarmento, J. Speed, O. A. Tarvainen, M. O. Whitehead, T. Wood
UKRI Science and Technology Facilities Council, Rutherford Appleton Laboratory,
Harwell Campus, Oxfordshire, OX11 0QX, UK
Abstract
A new maintenance-free, high current, high duty-factor
H− linac pre-injector is being commissioned for the ISIS
pulsed spallation neutron and muon facility. As well as
delivering a low emittance-growth, loss-free beam, the preinjector incorporates a chopper to facilitate arbitrary bunch
time-structures. A 50 Hz, 0.9 ms (4.5% duty factor) RFdriven H− ion source operates extremely reliably and with
a large available parameter space via a novel microwave
ignition gun and a wideband solid-state RF amplifier. A
202.5 MHz medium energy beam transport (MEBT) incorporates eight quadrupole magnets with integrated xy steerers,
four quarter-wave re-bunching cavities, four extremely compact beam position monitors and an electrostatic chopper
in just two metres of footprint. Beam has been extracted
from the ion source and MEBT commissioning is due Spring
2023. Thereafter, the entire pre-injector will be soak-tested
offline for a year before installing on the user facility.

ISIS LINEAR ACCELERATOR HISTORY
An H− linac is used at ISIS for charge-exchange injection into a rapid-cycling proton synchrotron. This delivers
protons to two targets, which produce neutrons and muons
for materials science studies. A pre-injector based around a
solenoid low energy beam transport (LEBT) and 202.5 MHz
radio-frequency quadrupole (RFQ) is used to form a high
quality low energy bunched beam for subsequent acceleration by a drift-tube linac (DTL). In order to revert to the
retired Cockroft-Walton multiplier stack in the event of a
problem, old equipment was left installed in the area. The
consequent lack of space meant that no matching components could fit between the RFQ and DTL. It was known
that this would result in significant beam loss at two major
locations in the linac. Therefore, having proven itself as extremely reliable over 15 years, space has been cleared such
that the pre-injector may be moved back away from the DTL
and a medium energy beam transport (MEBT) installed. The
improvement in beam delivered by the MEBT is highlighted
in Table 1. Because far less beam-loss is expected, the ion
source no longer needs to generate as much beam current.
This opens the door to modern long-life, high efficiency H−
technology. This paper describes the pre-injector installation
status and the initial commissioning results of the ion source.
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Table 1: Improved beam transport afforded by the preinjector upgrade.
Location

Existing

Upgrade

Ion source
LEBT
RFQ
DTL

55 mA
36 mA
35 mA
25 mA

38 mA
36 mA
35 mA
35 mA (chopped)

MEDIUM ENERGY BEAM TRANSPORT
The design of the MEBT has been described previously
in detail [1]. It consists of eight quadrupole magnets, four
re-bunching cavities, four beam position monitors and an
electrostatic chopper.

Re-bunching Cavities
Four two-gap quarter-wave resonator (QWR) cavities operating at 202.5 MHz and -90◦ phase maintain the longitudinal structure of the beam bunched by the RFQ. Each QWR
shown in Fig. 1 consists of a copper drift tube suspended
inside a copper-plated stainless steel cylindrical cavity. Each
QWR also incorporates four RF pickups, water cooling channels, fixed and dynamic slug tuners and a vacuum-pumping
port. Features on the beam ports are used to align the drift
tube bore to within 20 �m. Difficulties meeting the required
welding and plating tolerances have necessitated prototypes
being manufactured by several vendors. The QWRs are on
the critical path for the project, but it is hoped that a satisfactory solution will be found to meet the MEBT beam delivery
schedule of Summer 2023.

Figure 1: Quarter-wave resonator cavity prototype.
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Figure 3: Chopper deflector plates and dump wedges.

Figure 2: Button-type beam position monitor.

Beam Position Monitors
Four extremely compact button beam position monitors
(BPMs) are installed in the MEBT in the 20 mm gap between
quadrupoles. The BPM transverse dimensions are small
enough for them to fit within the coils wound on the magnet
yokes. As such, the BPMs are captive to the magnets and
form part of the beam flight tube, as shown in Fig. 2. The
43 mm bore, 20 Tm−1 quadrupoles have additional windings
for corrective xy steering, aided by the BPMs. As well as
measuring the beam centroid position to within 0.1 mm, the
button pickups will be used to ascertain time of flight in
order to set up the QWR relative phases.

Chopper
A chopper is used to remove linac microbunches such that
a clear region is formed in the synchrotron, enabling loss-less
charge-exchange injection and clean high energy extraction.
The beam is deflected by a total potential difference of 15 kV
applied to 160-millimetre long parallel plates. The deflected
bunches impact water cooled tungsten dump wedges, as
shown in Fig. 3. The gap between the wedges (nominally
7.8 mm) will be adjusted iteratively until a good compromise is found between maximum chopped beam extinction
and minimum un-chopped beam-loss. Electrically-isolated
fibre-optic thermocouples monitor the temperatures of the
deflector plates to ensure beam is lost only on the dumps.

RF ION SOURCE
The inclusion of a MEBT in the ISIS pre-injector will
reduce linac beam-loss dramatically. This eases the output
requirements from the ion source, meaning more modern
and efficient technology may be used. Based on the highly
successful SNS, Linac4 and CSNS ion sources using external
RF coils [2–4], we have manufactured a high duty factor
RF-driven H− ion source for ISIS operations. Its design has
been described previously in detail [5]. To summarise, a
water-cooled solenoid RF-coil is wound around a ceramic
plasma chamber, within which a pure hydrogen plasma is
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ignited with a pulse length of 0.9 ms at 50 Hz repetition
rate. A filter field generated by permanent magnets mounted
external to the plasma chamber separates the plasma into
‘driver’ and ‘production’ regions, by energy-selecting the
electrons. A pure volume process generates H− ions: the
output requirements are low enough that surface-enhanced
processes via the addition of caesium are not foreseen.

Design Features
Figure 4 shows multiple novel features included in the RF
ion source. The filter field is adjustable by rotating strategic pairs of permanent magnets. Several components are
3D printed using glass-reinforced nylon-12 in order to reduce costs and accelerate development time. The solid-state
pulsed RF amplifier can output 100 kW across a bandwidth
of 1.8 to 4.0 MHz, allowing a great deal of flexibility and
physics studies into both the RF coupling efficiency and
frequency-dependent H− production yield. The plasma is
switched on extremely reliably each pulse using an external
ignition gun, which requires only 10 W of microwave power
to deliver brief bursts of seed electrons into the plasma chamber. The ignition gun and plasma chamber have separate hydrogen feeds in order to optimise the plasma ignition and H−
production independently. A water-cooled tungsten puller
electrode removes co-extracted electrons from the H− beam
using a dumping magnetic field. A re-entrant flange minimises the distance from extraction to the first LEBT solenoid
magnet to just 200 mm. Four turbomolecular pumps ensure
the vacuum pressure is below 10−4 mbar immediately after
extraction to minimise H− stripping losses. The ion source
vacuum vessel is tilted 2◦ relative to the LEBT to correct the
beam offset caused by the electron dumping field.
As well as generating the high current, low emittance,
high duty-factor H− ion beam required, every effort has been
made to maximise lifetime, reliability and ease of use. There
are no plasma-facing components which could erode or need
replacing. Impurities are avoided by only having molybdenum or aluminium-nitride ceramic within the plasma’s line
of sight. The simple RF circuit has no active components to
achieve a match to the plasma: instead utilising the flexibility afforded by the wide bandwidth amplifier. The amplifier
itself has significant power overhead and may continue to
run even with four modules inoperable.
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Figure 4: H− ion source. Main components: filter magnets (a), RF-coil (b), cooling jacket (c), ignition gun (d).

Figure 6: Initial beam commissioning. Axis label colouring
denotes measurement type. Beam current is difference between toroid signals when extractor off and on.

RF Coupling Efficiency
The RF plasma is simple to operate, with no warm-up
or power ramping required. It is important to get the best
performance from the ion source as possible, though, as
caesium will not be used to enhance the H− yield. Therefore
an experimental campaign was completed to ascertain the
overall RF coupling efficiency,
������ ���� − �����
� ������
=
,
�=
������ ����
������ ����

(1)

where ������ ���� = � � �� ��� � − �� � � ������ is the measured
RMS generator output power and � ������ is the power absorbed by the plasma [6]. Figure 5 shows that � is almost
independent of ������ ���� , which is useful as the beam production and transport may be tuned by adjusting ������ ���� ,
without significant detriment to the efficiency. The spike in
efficiency at low power is when the plasma ignites with a
combination of capacitive and inductive coupling.

Beam Commissioning
After a period of high voltage testing, the first 36 keV
beam was extracted in August 2022 and measured on an AC
current transformer, as shown in Fig. 6. The RF power was
set to 40 kW at 50 Hz, whereas the extraction voltage was
conditioned slowly, with the beam pulse length limited to
200 �� at 6.25 Hz. Initial studies have shown encouraging
beam and electron currents which vary with RF power and

extraction voltage, as expected. Unfortunately, significant
RF noise was seen on all diagnostics, along with sparking
between the electrodes, so enhanced screening is required.

PRE-INJECTOR TEST STAND
The pre-injector is installed on a test stand remote from
the main ISIS accelerator. The RFQ emits up to 40 �Sv/h of
x-rays at 0.6 m, so the test stand is housed inside a lead shielding enclosure. A sophisticated personnel protection system
ensures radiation and high voltage hazards are de-activated
before access is granted inside. The accelerator equipment
is installed on rails such that it can be transferred immediately to ISIS after testing, without further alignment. After
commissioning and beam measurement campaigns, a period
of extended soak-testing will begin to ensure all equipment
operates reliably and with minimal failures. In particular,
the RF-driven ion source promises an order of magnitude
longer lifetime than the Penning source used presently, so
long-term running for at least a year will demonstrate both
the achievable lifetime and possible failure modes.

CONCLUSION AND OUTLOOK
The first H− ion beam has been extracted successfully
from the ion source. A detailed measurement campaign including emittance scans will be completed before focussing
the beam through the LEBT. The RFQ and MEBT will be
ready to accelerate beam by Summer 2023. Thereafter, the
entire pre-injector will be soak-tested for one year in order to
prove its viability and reliability for installation on ISIS. The
pre-injector is a major upgrade for ISIS and will improve
facility availability considerably.
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PROGRESS OF PIP-II ACTIVITIES AT IJCLab
P. Duchesne†, N. Gandolfo, D. Le Dréan, D. Longuevergne, R. Martret, T. Pépin-Donat,
F. Rabehasy, S. Roset, L. M. Vogt, Université Paris-Saclay, CNRS/IN2P3, IJCLab , Paris, France
P. Berrutti, M. Parise, D. Passarelli, Fermilab, Batavia, USA
Abstract
Since 2018, IJCLab is involved in PIP-II project on the
design and development of accelerator components for the
SSR2 (Single Spoke Resonator type 2) section of the superconducting linac. First pre-production components have
been fabricated, surface processing and cavity qualification
in vertical cryostat are on-going. IJCLab has upgraded its
facilities by developing a new set-up to perform rotational
BCP. The progress of all processing and testing activities
for PIP-II project will be reported and, in particular, a dedicated study to qualify removal uniformity compared to
static BCP will be presented.

INTRODUCTION
The Proton Improvement Plan-II (PIP-II) encompasses a
set of upgrades and improvements to the Fermilab accelerator complex aimed at supporting a world-leading neutrino
program over the next several decades and more specifically at providing an intense neutrino beam to the future
DUNE project (Deep Underground Neutrino Experiment).
PIP-II benefits from a strong commitment as in-kind contributions of international partners among which France is
involved through CEA and CNRS/IN2P3 agencies. Since
2018, IJCLab, unique actor for CNRS/IN2P3 contribution,
is strongly involved in the pre-production and production
phases of PIP-II project and more specifically on the design
and development of accelerator components for a section
of the superconducting linac named SSR2 [1].
CNRS/IN2P3 contribution consists of:
 Supporting design of SRF components as tuners,
power couplers and cavities.
 Procuring several pre-production components as tuners and power couplers.
 Supporting fabrication, validating in vertical cryostat
and re-processing cavity surfaces if required of preproduction SSR2 cavities.
 Supporting fabrication, validating in vertical cryostat
of 33 production cavities and re-processing a maximum of 25% of cavities if required.
The manufacturing and the surface processing of the first
prototype cavities procured by Fermilab* are ongoing [2].
The first step of surface preparation consists in a bulk BCP
(Buffered chemical polishing) performed on the bare cavity, followed by a light BCP and heat treatment after the
helium tank integration. The required average material removal will be in the range of 150-200µm to eliminate the
damaged layer created during the manufacturing.
___________________________________________

*Work supported, in part, by U.S. Department of Energy, Office of Science, Office of High Energy Physics, under U.S. DOE Contract No. DEAC02-07CH11359
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In this context, IJCLab has upgraded its facilities by developing a new setup to perform rotational BCP (Figure 1)
starting from the existing one used to perform static BCP
of Spoke resonators equipped with their helium vessel [3].
The heat generated during the chemical reaction is dissipated through both the chilled acid bath and the cooling
water flowing through the helium vessel. In the case of
static BCP setup, as the cavity remained fixed during the
process, it has to be emptied, rinsed, disassembled, flipped
and re-assembled after half the time to etch as homogeneously as possible the overall surface. The implementation
of rotational BCP will now avoid this intermediate disassembly and thus reduces drastically the operators’ intervention and risk occurrence.
Moreover, previous studies proved that the implementation of a rotation during chemical etching improves significantly the homogeneity [4,5] and surface quality by avoiding patterns as grooves, stripes or bubble marks.

Figure 1: Rotational BCP setup at IJCLab
The new setup developed at IJCLab was experimented
on a SSR2 prototype bare cavity equipped with a removable dummy tank. Static and rotational treatments were performed in order to measure wall thicknesses and induced
frequency shift. Surface quality and homogeneity of the niobium removal have thus been addressed.
This paper aims at summarizing all preliminary results
obtained on the first SSR2 prototype.

EXPERIMENTAL SETUP
The new rotational BCP setup was developed by taking
into account our experience matured on ESS and
MYRRHA projects. To efficiently keep the cavity walls
cold during the treatment, a chilled water flow is maintained around the cavity. To achieve this, a removable
dummy tank was designed for the SSR2 bare cavity. Its geometry is very similar to the helium vessel to have identical
interfaces.

Dummy Tank
The dummy tank is composed of two half shells in stainless steel and closing parts in PVC (Figure 2). EPDM seals
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mainly ensure the water tightness. Once the two wheels are
attached to the dummy tank, it is installed on the rollers of
the chemistry cart. By means of a motorized gear mechanism, the cavity can be rotated along its beam axis.

– translator DLK-20125). To improve the precision of the
thickness measurements at the same location, some masks
have been used to locate precisely one hundred measuring
points on the cavity surface (Figure 4). We can notice that
some areas are not accessible because of stiffeners welded
on the cavity (end walls) and space clearance (center part
of spoke bar).

Figure 2: Dummy tank for SSR2 bare cavity

Acid and Water Circuits
A standard mixture of the three following acids is used:
hydrofluoric HF, nitric HNO3 and ortho-phosphoric
H3PO4, with 1:1:2.4 volume proportions to comply with
local regulations. The acid, maintained at 8°C, enters
through two ports: a left beam port and the bottom side port
and exits through the other two ports (Figure 3). The cavity
is filled with acid in static and rotation is initiated only
when cavity is completely full. The acid inlet is separated
in 2 circuits through a 3-way ball valve and the 2 outlets
are gathered in one circuit also thanks to a 3-way ball valve.
These valves are required to ensure complete filling and
draining by forcing the acid flow only toward side ports.
At each extremity, are installed two rotary unions allowing
full rotation of the acid circuit.

Figure 4: Thickness measurements.

EXPERIMENTAL RESULTS
BCP Parameters
Table 1 summarizes the main parameters for the three
BCP runs performed on the SSR2 bare cavity. Beside rotation speed and niobium concentration in the acid at the start
of the operation, all parameters are identical. Temperature
set points were identical but measured temperatures were
actually different as ambient temperature had a non negligeable impact on final temperatures of acid and cooling
water.
Table 1: Main Parameters of the Chemical Treatments
Parameter

Figure 3: Acid and water circuits.
The cold water, maintained at 10°C, enters through one
port of the dummy tank and exits through another port on
the opposite side. A winding system of the water pipes has
been implemented at one extremity restricting the rotation
to a back-and-forth motion with an amplitude of ± 350°.

Experimental Protocol
To qualify the BCP, three chemical treatments were
planned, one static BCP (BCP1) and two rotational BCP
(BCP2 & BCP3). The targeted average material removal
was limited to 50 µm for each treatment in order to achieve
a total removal around 150µm and to correctly measure the
thickness at each intermediate step. A campaign of thickness measurement was repeated before and after each operation using an ultrasonic sensor (model Echo7 – Sofranel
TUPOJO22
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Duration
Rotation speed
Niobium
concentration
Acid flow rate
Cavity filling
T° acid set point
T° water set point

Unity

BCP1

BCP2

BCP3

min
rpm
g/l

75+75
11.5

150
0.5
2.37

150
0.5
6.48

l/min
%
°C
°C

14.4
100
12
9

14.4
100
12
9

14.4
100
8
9

BCP Results
Table 2 gives the main results on the weight and the frequency shifts of the cavity. The rotational BCP2 and BCP3
have an higher etching rate than BCP1. However, it is difficult to draw a conclusion as the etching rate is significantly impacted by both Niobium concentration and temperature. Nevertheless, for both rotational BCP runs, the
final acid temperature was maintained below 15°C whereas
for static BCP, the temperature raised above 20°C. In that
sense, the rotation improves clearly acid mixing and thus
avoids acid overheating. This observation is in good agreement with simulations [5]. Another interesting observation
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is that the frequency shift induced by the static BCP is almost negligible and one order of magnitude lower than the
measured values for rotational BCP. This behaviour is very
difficult to anticipate by simulation but this trend is in favour of a more homogeneous removal as it will be discussed later.
Table 2: Main Results of the Chemical Treatments
Parameter

Unity

BCP1 BCP2 BCP3

Max acid T° at outlet
Weight difference
Average removal
Etching rate
Frequency shift
Etching sensitivity

°C
Kg
µm
µm/min
kHz
kHz/µm

22
0.6
48.4
0.32
-1.75
-0.04

14
0.78
62.9
0.42
-17.1
-0.275

the Figure 7 presents the removed thickness by region.
Only in region with low radius of curvature as the cavity
body, it appears that the reproducibility of the measurement
is good enough to unveil a better homogeneity during rotational BCP.

15
0.815
65.7
0.43
-13.5
-0.208

Figure 6: Distributions of thickness data points after BCP.
In term of surface quality based on visual inspection, no
differences have been noticed as depicted on Figure 5. No
obvious trace of groove, stripe or bubble mark are visible
on the walls after static BCP as it was observed on previous
experience on SSR1 cavities at Fermilab [6].

Figure 7: Removed thickness by region and by BCP.

Frequency Sensitivity Analysis
Figure 5: Surface finishing of SSR2 cavity after static BCP
(Left), after rotational BCP (Center) – SSR1 cavity after
static BCP (Right).
Finally, from the thickness measurement campaign, the
average and standard deviation values obtained from more
than one hundred data points are summarized in Table 3.
Table 3: Average Thickness Removal Estimated by Weight
and Thickness Measurements
BCP1

BCP2

BCP3

Average removal evaluµm
ated by weight

Parameter

Unity

48.4

62.9

65.7

Average removal estimated by thickness

µm

45.5

63

58.3

Standard deviation

µm

13.5

14

15.5

An overview of all measurements and the statistical distribution are as reported in the Figure 6. From these data,
no obvious improvement of the homogeneity of thickness
removal can be concluded. Standard deviation is similar for
all BCP runs. This could be partially explained by the low
reproducibility of thickness measurements with ultrasonic
probe on non-flat surfaces. Although the repeatability of
the measurement is very good on flat surfaces, better than
10 um, it appears that the reproducibility of the measurement (before/after BCP run) is poor as a tiny positioning
error of the probe leads to an error of several tens of um
because of the curvature. In a more detailed visualization,
Proton and Ion Accelerators and Applications
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The impact of a uniform removal on the RF frequency
was estimated by numerical simulation with COMSOL [7].
For an uniform removal, the etching sensitivity is 0.52 kHz/µm. Thus etching sensitivity could be a good indicator to evaluate the homogeneity of the thickness removal. The closer the measured etching sensitivity is from
the simulated value, the better is the homogeneity. In that
sense, we can effectively conclude qualitatively from Table
2 that a rotational BCP leads to a more uniform material
removal.

CONCLUSION
The new setup to perform rotational BCP at IJCLab is
now operational. Compared to the previous static BCP, the
chemical treatment is more convenient for the operators,
more efficient and less risky (no intervention is required at
half the time). Project-wise, the implementation of rotational BCP is a real improvement in term of cost, human
resources, time and risk. However, even though some indicators like the frequency shift tend to confirm a better homogeneity with rotational BCP, we were unable to prove
by direct measurement of material thickness a more uniform removal. The limited accessibility and low reproducibility of the measurement on curved surfaces lead to nonnegligible errors. Finally, quality-wise, rotational BCP allows a better mixing of the acid significantly limiting the
acid temperature increase over time, thus guaranteeing optimal SRF performances.
TUPOJO22
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Abstract
Within the framework of MINERVA, the first Phase of
MYRRHA (Multi-purpose hYbrid Research Reactor for
High-tech Applications) project, IN2P3 labs are in charge
of the developments of several accelerator elements.
Among those, a fully equipped Spoke cryomodule prototype was constructed, it integrates two superconducting
single spoke cavities operating at 2K, the RF power couplers and the associated cold tuning systems. The extreme
reliability specified for this project motivated to conduct
accelerated lifetime tests (ALT) on two cold tuning systems
in a cryomodule-like environment. By gathering experimental data, many critical aspects can be enhanced like
maintenance plan consolidation, determination of aging indicators and design optimization of the whole system and
its sub components. This paper describes the complete ALT
process from the studying elements and the test environment design, to the experimental findings.

fine tuning respectively. The motor is mechanically coupled to a full stainless steel satellite roller screw coated
with MoS2 dry lubricant built by Elitec [8]. The lever arms
are guided by a set of four stainless steel hybrid ball bearings built by JESA [9]. All of those components are considered critical in terms of reliability due to the combination of small motions, high forces, and material fatigue in
vacuum environment at cryogenic temperatures.

INTRODUCTION
MYRRHA [1] is the combination of a subcritical nuclear
reactor driven by a proton accelerator. One of its goals is to
provide answers to the feasibility of nuclear waste transmutation at a massive level. Because the accelerator is coupled to the reactor, its reliability requirement is significantly higher than for any other operational high power
proton beam accelerator. This key parameter encouraged to
build the accelerator components conservatively but also
to design and operate dedicated tools to assess the reliability of systems that are considered the most critical for the
beam acceleration, either because of the low accessibility
or the high risk to provoke a loss of beam scenario.
The early stage of the superconducting linac will bring
the beam energy up from 16.6 MeV to 100 MeV [2] thanks
to 30 cryomodules [3], which contains each two singlespoke cavities (β = 0.37, 352 MHz). Each cavity is
equipped with a cold tuning system [4], which allows a fine
control of the resonant frequency required to operate at the
nominal accelerator field. Four tuners were built, two for
the prototype cryomodule development purpose, and two
dedicated for the ALT campaign.

TUNER DESCRIPTION
The MINERVA cavity cold tuning systems is a doublelever class tuner (see Fig. 1) based on the design of ESS
double-spoke cavity tuner [5]. The tuner is actuated using
a low temperature stepper motor (VSS57.200) with a
6.25:1 planetary gearhead from Phytron [6] and two piezo
actuators (NAC2022-H72) from Noliac [7] for coarse and
Technology
Cryomodules and cryogenics

Figure 1: Prototype tuner assembled on a single-spoke cavity during cryomodule integration.

TEST ENVIRONEMENT
In order to mimic the cryomodule environment, a dedicated tuner test cryostat has been designed and built
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(see Fig. 2). To reduce cryogenic costs while maintaining a
high flexibility of operation, the tuner is cooled (by conduction) using liquid nitrogen fluid instead of liquid helium, assuming differential shrinks between 77K and 4K
would have low impact on the mechanical behavior. Also,
to keep operation cost and labor low, this cryostat does not
require the tuner to be attached to a cavity. Instead, an aluminum plate is used as a “dummy cavity” is designed with
an equivalent stiffness and mechanical interface. A set of
strain gages is glued on this plate to measure the force applied by the tuner, which serves as the main feedback indicator during the tests. It reflects an equivalent response as
if the tuner was tested attached to a cavity during a vertical
cryostat test. Moreover, the cryostat provides enough space
to allow up to four simultaneous tuners tests.

performed within four hours, which allows to perform both
cycles and a full characterization (motor, piezos) the tuner
on one working day. The characterization permits to track
any performance variation between each sequence. Four
sequences a week have been scheduled in order to cover a
total of 200 round trips. The LabVIEW software code programmed on a computer, which is connected to a
CompactRIO controller. It handles the automatized process, which includes eight pauses during each round trip to
periodically measure the dummy cavity deformation thus
recording valuable information of the test progress.
Two tuners labelled as PTUN03 and PTUN04 were
driven in parallel. The motor speed was configured at
1.5 revolution per second and its current was applied only
during motion at 1.0 A.

RESULTS
Before running the sequence of cycles, a characterization test has been made in order to record the initial tuner
performance.

Characterization Test
During this test, which consist to do a full round trip with
the motor (see Fig. 3), additional measurements are made
at 40, 90 and 140 motor revolution positions which represents the start, mid and end of the tuning range respectively. During cool down, the tuner is moved to zero position, i.e. where it has nearly no mechanical contact with the
dummy cavity. 40 motor revolutions are required to pass
the initial non-linear region.

Figure 2: CAD view of the tuner test cryostat.

TEST PLANS DEFINITION
Initially, the ALT campaign was organized as sequence
of different phases: endurance, regulation and standstill.
An endurance run consists of high amount of large cycles
applied to the actuators to periodically stress the entire system and provoke wear and fatigue symptoms. The regulation phase intends to provoke micro grinding, and the
standstill phase was imagined to characterize the resistance
to galling and cold welding. Due to rapid and unexpected
loss of the system performance, the ALT focused on the
endurance phase only by using the motor.
In order to balance working time, test safety and representability of the tuner in a real operational environment, a
sequence of 50 full nominal range round trips has been defined, which is equivalent to 10.000 motor revolutions or
1.600 gearhead shaft revolutions. This sequence can be
TUPOJO23
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Figure 3: Strain gage response to full round trip of the tuner
from zero (no mechanical contact) to maximum allowable
position.

Endurance Test
Day 1, day 2 and day 3 endurance curves are shown in
Fig. 4. On the first day, 50 motor cycles carried out without
observing any lack of performance. On the second day, one
tuner (PTUN03) started to fail after 13800 revolutions, and
much frequently again later. This tuner was then discarded
from the rest of this test. On the third day, the second tuner
(PTUN04) also failed after 27800 motor revolutions. The
initial temperature of both motors was recorded and was in
the range of 120 K before each sequence of cycles, and
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raised to 150 K after four hours of operations, then cooled
down to 120 K before the next ALT cycle.

from the tuner. This motor recovered however by itself, unexpectedly after a few minutes of continuous excitation.

Motor Gearhead Internal Inspection
Due to the abnormal operation of the PTUN04 motor and
its gearhead - while disconnected from the tuner - an internal inspection of the gearhead has been performed.

Figure 4: Force variation applied by the tuner over cumulated motor travel distance.
Additional tests have been performed to identify the reason of the failures. For instance, a rise of the motor current
from 1.0 A to 2.0 A has been tried to recover normal operation, but it did not succeed at all, which indicates that the
issue observed is not directly torque related. Thus, it is due
to a strong mechanical failure rather than a slight performance degradation of the system over time.

Room Temperature Check
After warming-up the system and performing a visual
inspection, no sign of surface degradation has been observed, especially concerning the MoS2 coating of the satellite roller screw (see Fig. 5) which is one of the main critical components vulnerable against wearing.

Figure 6: Gearhead (on the left) disassembled from the motor (on the right) after ALT.
Some black powder has been found on most of the surfaces (see Fig. 6), and significant non regular friction
torque could be noticed while running by hands the planetary gearhead. Further investigations ascertained that the
satellite gears are coated with Diamond Like Carbon
(DLC) that quickly wore out for a reason that remains unclear. This coating is known to be used for space applications since a few decades as an alternative to MoS2 as it
avoids risks from relative humidity at room temperature,
i.e., when the motor operates (or is stored) in ambient
air [10]. Note that friction performances are very dependent of the deposition method and environment parameters
such as the vacuum level, hydrogen content and mechanical pressure [11-12].

CONCLUSION
An ALT campaign has been carried out for two prototype
tuners designed for the MINERVA single-spoke cavities.
The experiments have revealed a motor lifetime of about
50 round trips, which is equivalents to only a few months
of lifetime in the linac. From the MINERVA project point
of view, requiring much higher reliability and availability,
this is not acceptable. Further investigations on the gearhead with additional ALT campaigns are foreseen trying to
solve this issue with the involvement of Phytron.
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STATUS AND RF DEVELOPMENTS OF ESS BILBAO RFQ*
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Abstract

RFQ STATUS

Within the framework of the plans for study of a lightion linear accelerator, ESS Bilbao is manufacturing a radio
frequency quadrupole (RFQ) aimed at accelerating up to
3 MeV the protons generated in the ion source. The progress made and the difficulties encountered with the RFQ
are discussed in this paper. A power coupler prototype for
the RFQ has been developed while several mechanical
constraints were also studied in the final coupler. This prototype operates at a lower power, then it can work using
PEEK window for the vacuum interface and it does not require neither brazing nor cooling system. Also, a complete
RF test stand is being implemented to perform the highpower conditioning in traveling and standing wave mode,
to verify the power handling capability of the coupler and
its thermal behaviour. The RF test stand, based on EPICS
environment, can provide up to 2 MW peak power at
352.2 MHz in a pulse operation of 14 Hz and a duty cycle
of 4.9%.

The ESS Bilbao RFQ has a total length of about 3.12 m
(3,66 λ) and 273 cells, composed of 4 segments of 800 mm
in length. Each segment is itself an assembly of four components using O-ring system, with polymeric vacuum gaskets, therefore avoiding the brazing.
The RFQ first segment is already manufactured and experimentally validated [3], so the next segment manufacturing has started. The metrology of the one vane has let
validate one of the key parameters of the RFQ design, the
2-term modulation curve. The design and experimental
data of the modulation curve of the vane have been compared and it can be checked the good agreement with a
5 µm of tolerance (Fig. 1).

INTRODUCTION
ESS Bilbao oversees the Spanish in-kind contributions
to the contributions to the European at the same time we
are involve in developing local project such as the study of
a multi-purpose light ion linear accelerator of 30 MeV proton beam [1].
The first part, an Electron Cyclotron Resonance (ECR)
proton ion source and Low Energy Beam Transport
(LEBT), which already are under operation at the ESS Bilbao premises, can provide a proton beam of up to 40 mA at
an energy of 45 kV.
The next linac part is the Radio Frequency Quadrupole
(RFQ), which is under manufacturing [2].
Table 1: ARGITU-RFQ Main Specifications
Parameter
Specimen
Beam current
Beam energy
RF Frequency
Pulse Operation
Intervane Voltage
Kilpatrick
Input emittance

Value
H+
32 mA
45 keV3 MeV
352.2 MHz
30 Hz; 1.5 ms; 4.5 %
85 kV
1.85
0.25 π mm rad

The next steps of the RFQ project have been launched,
such as the coupler and the RF system for the conditioning.
The main details of each phase are presented in the next
sections.
___________________________________________

* This work is part of FEDER -TRACKS project, co-funded by the European Regional Development Fund (ERDF)
†ngarmendia@essbilbao.org
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Figure 1: Modulation curve of the major vane of the second
RFQ segment. Metrology results of vane seems to agree
within 5 µm tolerance

POWER COUPLER DESIGN
The injection of the RF power as well of the vacuum interface in the RFQ is achieve by means of adequate RF
power couplers. The designed coupler is based in magnetic
loop coupling with a mechanical interface of standard ConFlat 2 3/4". Two couplers are required to provide the required power.
Due to the reduced size of the mechanical interface, several difficulties have appeared to fulfil all the coupler requirements in terms of maximum electric field and thermal
behaviour. With the aim to overcome these issues
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alternative low-power coupler has been designed reducing
its power requirements and simplifying the manufacturing
process.

RF Design
One of the main advantages of the magnetic couplers is
the easiness of coupling factor tuning. Only it is necessary
to rotate the loop to vary the effective area coupled with
the magnetic field lines.
To design the coupler loop is necessary to know the required coupling factor which derives from the next parameters power dissipated in the cavity (Pdiss, function of unloaded quality factor, Qo), power required to accelerate the
beam (Pbeam) depending on the beam current and increase
of particle voltage) and finally the number of coupler (N)
as the next formula shows:
𝛽𝑜

𝑃𝑑𝑖𝑠𝑠 𝑃𝑏𝑒𝑎𝑚
𝑁𝑃𝑑𝑖𝑠𝑠

An estimation of coupler factor of 1.3 has been calculated considering a worst case of parameters: Qo = 7500,
Pdiss= 400 kW, I beam = 32 mA; ∆E = (3–0.045) MeV and
N =2 couplers.
The loop has to present enough margin to be tuned by
rotation, therefore the loop has been optimised, increasing
as much as possible the loop area, to achieve enough coupling factor (see Fig. 2). The coupling factor have been
simulated by the s-parameter frequency sweep as well as
the Balleyguier method [4].
Figure 3: Coupler thermal simulations.

Mechanical Design and Manufacturing

Figure 2: Simulation of the coupler coupling loop.

Thermal Design
The power capability of the low-power coupler has been
studied with thermal simulations to determine the new reliable operation scenario (Fig. 3). Considering the simulation results, including the contact with the RFQ body (fixing the flange temperature at 20 ºC), the coupler temperature reaches slightly above 50 ºC for the next operation
conditions: nominal peak power of 300 kW and a duty cycle of 1 % to obtain 3 kW of average power.
The highest temperature is observed in the internal conductor. The external one is cooled down by natural air convection, and the loop is cooled down by the contact with
the copper body.

The coupler matches the 4 1/2 coaxial from the RF system to the CF 2 3/4" RFQ coupler port.
The transition is done in taper shape, changing linearly
the input internal and external radius to maintain the impedance value.
One of the aims is to advance as much as possible in all
the RFQ project phases, and for these terms the prototype
design is based on a balance between the power requirements and simple manufacturing.
The main decisions taken are the use of PEEK polymer
window instead of Alumina for vacuum interface and the
omission of the water cooling. This implies a much
straightforward and quicker manufacturing process since
the vacuum will be guaranteed using gaskets, and then
avoiding the brazing (Fig. 4).

Figure 4: Coupler manufacturing.
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RF SYSTEM
SSPA 2 kW - AM/AM curve

Pout _peak (Watt)

The RF system to provide the required power to conditionate and operate the RFQ is based on a klystron, a modulator, a WR2300 distributions system, a fast and a slow
interlock system everything integrated with an EPICS control system. The first step is to prepare the set-up for the
couplers conditioning, both in TW and SW mode, including the test box, as shown in Fig. 5
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Figure 7: 2 kW SSPA module tests: AM/AM curve.
Figure 5: RF Test Stand layout to the RFQ couplers conditioning.

Klystron Failure and SSPA Design
During the test stand start up, the klystron presented an
anomaly in the vacuum level. Different, exhausted long
test were performed under the manufacture’s premises, but
finally the klystron was sent to CPI to be checked. They
found a leak in the braze joint between the output cavity
cylinder and end wall due to a crack. Several options are
under study to be repaired since it is not a simple failure.
This circumstance let us adopt again an alternative to
progress with the project until the klystron was repaired. A
first solid-state amplifier SSPA of 2 kW peak power has
been designed, assembled and tested under a maximum
duty cycle of 6.5 % (14 Hz of frequency repetition rate and
RF pulse width of 4.6 ms), providing 130 Watt of average
power (Figs. 6 and 7). Currently, the design of SSPA based
on the combinations of this 2kW module increase is being
studied to increase the power of RF chain.

Conditioning Test box
The test box designed is a re-entrant pillbox cavity with
two tuners, one fixed and one movable to tune the cavity
frequency in operation. The key point is to control the reentrant cylinder since it is very sensitive to the cavity resonant frequency.

Figure 6: Set-up for the SSPA measurements.

LOW POWER TEST
The first low power characterization has been performed
to check the simulation parameters. All the main values
agree with the simulations (Figs. 8 and 9).
Proton and Ion Accelerators and Applications
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Figure 8: Couplers and test box CAD design

.
Figure 9: Low power test of RFQ couplers with test box.

CONCLUSION
After the experimental validation of the RFQ first segment, the manufacturing of the next pieces progress correctly. However different issues have appeared with the
coupler design and the klystron operation of the RF system.
To minimize delays on the whole RFQ project, alternatives
solutions have been taken to overcome risks and requirements constrains.
On one hand, a coupler with simplified manufacturing
process and with lower power handle capability have been
designed. On the other hand, the use of SSPA technology
to substitute the klystron is under study with different possibilities, including the design of SSPA modules until the
klystron was repaired.
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FIRST BEAM MATCHING AND TRANSMISSION STUDIES ON THE ESS
RFQ
D. Noll∗ , R.A. Baron, C.S. Derrez, E.M. Donegani, M. Eshraqi, F. Grespan, H. Hassanzadegan,
B. Jones, Y. Levinsen, N. Milas, R. Miyamoto, C. Plostinar, A. Garcia Sosa, R. Zeng (ESS, Lund),
A.-C. Chauveau, O. Piquet (CEA-IRFU, Gif-sur-Yvette)

The European Spallation Source will be driven by a 5 MW,
2 GeV linear accelerator, producing 2.86 ms long proton
beam pulses with a peak current of 62.5 mA at 14 Hz. Following the source commissioning in 2018 and 2019, the
RFQ was successfully conditioned and subsequently commissioned with beam in 2021. In this paper, we will present
results of studies on beam matching to the RFQ, both for
low and high current beam modes, and will compare these
results to model predictions.

INTRODUCTION
The normal-conducting part of the ESS accelerator (NCL)
consists of an ion source, a low-energy beam transport section, an RFQ, a medium-energy beam transport line and
five DTL tanks. The commissioning of the NCL is ongoing [1]. The RFQ has been conditioned in the summer of
2021 and first protons were accelerated to 3.62 MeV on the
26th November of 2021. After a period of tests and studies
at low beam current, with a so-called probe beam with 5 µs
long pulses at 6 mA and a repetition rate of 1 Hz, the beam
current was increased to the design value of 62.5 mA on 12th
of March 2022 using 5 µs and later 20 µs long pulses at 1 Hz.
Two solenoids in the 2.5 m-long low-energy beam transport line match the beam from the proton source to the RFQ.
The solenoids are outfitted with internal steerers for trajectory correction. After the first solenoid, an iris – a set of
three movable blades which form a hexagonal aperture – is
installed in the LEBT [2]. Closing the iris allows an operator
to change the beam current without adjusting the plasma conditions of the source. Compared to relying on adjustments of
both the plasma parameters and the extraction to match the
changes in space charge forces and the extracted beam distribution, this makes it easier to produce low-current beams
with lower emittance compared to the full current beam. A
repeller is present in front of the RFQ to prevent electrons
from being injected into the RFQ.
The 4.6 m-long four-vane RFQ, designed by CEA/Saclay,
accelerates the beam from an energy of 75 keV to 3.62 MeV.
Its RF performance is presented in [3]. The inter-vane voltage is ramped from 80 kV at the entrance to 120 kV, requiring a forward RF power of approximately 800 kW.
The injected and accelerated beam current can be measured by three beam current monitors (BCM): one directly in
front of the RFQ, one directly after the RFQ and one further
downstream in in the MEBT. During all studies presented
∗
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here, the beam was stopped at a Faraday Cup at the center
of the MEBT. Details on the MEBT can be found in [4].
A number of studies were performed to help understand
the performance of the RFQ and associated components.

VOLTAGE SCANS
The behavior of beam transmission as function of the
inter-vane voltage is a good quantity to compare to model
predictions to verify the expected performance of the beam
dynamics of the RFQ. In simulation, for small changes in
the voltage (< 10 %), output beam energy and transmission
will remain relatively constant while for larger decreases,
the energy spread will be large as transmission drops.
The power injected into the RFQ was scanned over the
entire available range. Figure 1 shows the behavior of the
transmission through the RFQ, for different matching conditions, as measured by the BCMs at the start and the end of
the RFQ in comparison to the model prediction. Figure 2
shows the input distributions as predicted by a model.
The beam current for this study was approximately 6 mA.
Multiple, quite different settings of the solenoid magnets
were found that give beam transmission of close to 100 %.
The measurements fit the expected behavior with voltage:
independent of solenoid settings, the transmission remains

Sol: (292, 330) A, S1: (-8.5, 7.9) A, S2: (-8.1, -11.0) A
Sol: (200, 358) A, S1: (9.2, -1.9) A, S2: (3.9, -11.3) A
Sol: (310, 310) A, S1: (-13.1, -11.4) A, S2: (-15.7, -2) A
Sol: (360, 5) A, S1: (-3, -10) A, S2: (0, 0) A
100
80
Transmission [%]

Abstract
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Figure 1: Beam transmission through the RFQ for different
inter-vane voltages and four different LEBT configurations.
The data shown as lines are measurements, the data shown
as crosses are predictions by a model built upon ion source
commissioning data.
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Figure 3: Oscillation of the horizontal beam position during
the RFQ voltage scans, before and after correction of the
trajectory in the LEBT, as measured by the first BPM in the
MEBT.
Figure 2: Transverse beam distributions at the RFQ matching
plane for the different LEBT settings used to study RFQ
transmission as function of inter-vane voltage in Fig. 1. The
ellipses indicate the predicted zero-current acceptance.
constant for voltages above approximately 80 % nominal.
For some of the matching settings, transmission does not
steadily decrease, but there is a local maximum at around
half the nominal voltage, 60 kV. This behavior disappears
when looking at the transmission further downstream, as
the beam, according to the model, only attains an energy of
400 keV and is almost entirely lost. It is also not present for
curves taken when sending the full beam current.
The model is based upon data taken during the 2019 commissioning run [5]. Particle distributions were sampled from
the emittance measurements which were manually cleaned
from signals arising due to �2+ and �3+ . These were backtracked to the source under an assumed space charge compensation level of 95 %.
The space charge contribution from heavier hydrogen
molecules can have an impact on the transport. In a second simulation in forward direction, 12 % �2+ and 3 % �3+
were included with the same distribution. These were then
tracked to the location of the emittance meter, building a
space charge map for the next backtracking iteration. This
process usually converges in 2 to 3 iterations. The resulting
phase space orientation of the hydrogen molecules matches
those in the measurements. The procedure could in the future be adapted to also match the fraction of these species
to the intensity in the emittance measurements, providing
an indirect measurement.
The resulting beam distribution from the source was then
tracked to the RFQ, with the same iris setting as was used
for the corresponding measurement. In case 1 and case 3,
where the beam distribution at the entrance to the RFQ is
well centered in the acceptance ellipse, transmission remains
high for lower inter-vane voltages. In case 2, where the beam
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is focused but aligns well with the acceptance ellipse, transmission reaches 100 % at the nominal voltage but decreases
quicker than in case 1 and 3 when the voltage is reduced.
The beam in case 4 was mismatched. Predictions of the RFQ
acceptance show that it decreases in angular direction with
voltage. Consequently, in cases 1, 3 and 4, where the angular
spread is small, transmission remains higher compared to
the value at nominal voltage to lower inter-vane voltages.
Between the 2021 and 2022 runs, it was discovered that a
cable to the electron repeller on the source side had been left
disconnected. After re-connection, through indirect studies,
beam quality was found to be significantly improved [1] as a
consequence of better space charge compensation behind the
ion source [6]. As the emittance meter was not available in
the 2021 and 2022 runs, data for the new configuration could
not be taken and the model is no longer valid for data taken
with the full beam current. The emittance measurements
will be repeated in one of the next commissioning runs.

BEAM STEERING OF LOW-CURRENT
BEAMS
While scanning the power sent to the RFQ, we observed
a significant oscillation of the beam’s position as measured
by the BPMs in the MEBT. An example is shown in Fig. 3.
This is a result of improper steering in the LEBT i.e. the
beam is injected off-axis or at an angle. While with high
beam current, large trajectory excursions in the RFQ will
lead to a drop in transmission, this is not necessarily the case
with the low-current probe beam.
The model developed above was used to predict the behavior of an off-axis beam injected into the RFQ. The beam’s
horizontal position is shown in Fig. 4 for different RFQ voltages and offsets at the matching plane for a range of intervane voltages, in a range where transmission was found to
be constant. When the beam is injected at an angle or an
offset, it will oscillate around the axis. As the electric field
changes, the transverse phase advance in the RFQ changes.
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1.0 mm
2.0 mm

bers. Below a voltage of −2 kV, the measured transmission
remains constant. This is significantly more than the ~700 V
estimate assuming a homogeneously charged cylinder (a
60 mA beam with ~1 mm radius in a pipe with 7 mm aperture). Note that for this study the beam was matched for the
full beam and not rematched for the different injected beam
currents, causing a slight decrease in transmission for the
lower-current beams. As discharges on the repeller became
an issue for the machine uptime and will potentially affect
its lifetime, the operational voltage was reduced to −2 kV.
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Figure 4: Model prediction of the horizontal beam offset
after the RFQ as function of the RFQ inter-vane voltage in
a range where transmission remains relatively constant, for
different injection offsets. This was calculated using Toutatis
with the first distribution shown in Fig. 2.

This leads to the oscillation of the beam center shown in
Fig. 3 and Fig. 4 when changing the injected power. The
same behavior is present in the vertical direction.
Operationally, the strength of the LEBT steerers was chosen by minimizing the amplitude of these oscillations. This
was done using either Powell’s method or the Nelder-Mead
simplex method as implemented in scipy.optimize [7]. As
function to optimize, the RF power was repeatedly scanned
in a limited range around the nominal value and the mean
squared deviation of the BPM position calculated. As shown
in Fig. 3, this made it possible to reduce the oscillation from
an uncorrected level of ±1 mm to ±0.15 mm.
Note that the goal of the algorithm is not to reduce the
offset at the BPM but to reduce its dependence on the RFQ
inter-vane voltage. The remaining 200 µm offset is not of
much concern and can easily be corrected using the steering
magnets in the MEBT. Some of the dependence of the beam
position on the voltage remains – this implies that part of
the injection angle or offset can not be corrected with the
LEBT steering magnets.

IMPACT OF THE LEBT REPELLER
In front of the RFQ an electron repeller is installed that
is biased to −3.5 kV by design. The same assembly also
serves as a dump for the beam chopper in the LEBT and is
surrounded by the BCM used to measure the beam current
injected into the RFQ. The potential of the repeller is meant
to prevent electrons present in the LEBT, compensating
the beam’s charge, from reaching the RFQ, with the dual
purpose of avoiding a systematic error in the measurement of
injected beam current and keeping the compensation level.
The impact of the voltage on the repeller was studied
as function of beam current, reducing the beam current by
closing the aperture of the iris. Figure 5 shows both beam
currents measured by the BCMs in front of and after the
RFQ, as well as the transmission calculated from these num-
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Figure 5: Impact of the voltage on the electron repeller in
front of the RFQ. The beam current sent to the RFQ was
changed by varying the diameter of the iris. The left plot
shows the current injected (solid) into and the accelerated
(dashed) current as function of the repeller voltage. The
right plot shows the calculated RFQ transmission.
Around −1.5 kV, there seems to be an optimum in beam
transmission for higher injected beam currents. The current
out of the RFQ however does not increase. This is likely to
be the result of some electrons escaping the LEBT through
the BCM, reducing the measurement of injected current.
Above that number, both the measurement of the injected
and the extracted current drop along with the transmission
through the RFQ, probably due to a reduction in space charge
compensation. This loss in transmission could also not be
recovered when trying to rematch the LEBT.

CONCLUSION AND OUTLOOK
The ESS RFQ, as far as could be ascertained during the
early commissioning, performs according to expectations
when compared to the simulation model. Beam with the
full beam current was accelerated. The slit-grid emittance
meter in the MEBT became available in the last days of the
commissioning round to the DTL [1] and will be used in the
next commissioning period (scheduled to start early 2023)
for a more complete characterization of the beam quality out
of the RFQ. Focusing on low-beam current operation for the
initial commissioning allowed for studies with low-current,
low-emittance beams (such as the study of the impact of the
beam offsets at injection) that demonstrate the benefits of
having an iris present in the low-energy beam transport line.
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Abstract
The RFQ at ESS has been successfully gone through RF
conditioning, RF re-conditioning and low duty cycle beam
commissioning. The RFQ fulfils all required functions and
overall performance is satisfactory. RF conditioning, three
RF re-conditionings after LEBT interventions and beam
commissioning will be reported and RFQ performance during these periods will be described. RFQ performance in a
large extent is reflected by dynamics and interactions between RF, cavity and beam. Thanks to advanced hardware
capabilities and flexible software intelligence, observation
of those dynamics and interactions are done at a detailed
level. Analysis of those dynamics and interaction will be
introduced. Some techniques to deal with challenges resulting from those dynamics and interactions will also be
discussed.

INTRODUCTION AND RFQ OVERALL
PERFORMANCE
RFQ has been installed and tuned in the ESS tunnel following its delivery to ESS in 2019. The overall parameters
are listed in Table 1. RFQ high power conditioning started
in June 2020 and after 7 weeks RFQ was conditioned up to
full duty cycle (14 Hz and 3.2 ms) at 800 kW (corresponding to 776 kW net power in cavity). After high power conditioning, the RFQ reached stable operation condition and
RF breakdown rates reduced to 1~2 times per hour at full
duty cycle, compared to 200 times per hour in the peak of
conditioning. After a trip when RF power is shut down
completely, it takes around 3 minutes for RFQ to thermally
stabilise with nominal power nominal power and full duty
cycle [1].
In late 2021 and early 2022 when there were three interventions in the LEBT to fix and exchange components, the
RFQ end flange had to be disconnected. During these periods, nitrogen gas was purged through RFQ to avoid exposure to air. RF re-conditioning was performed immediately
after each intervention to enable RFQ to recover to its full
capacity. It was noticed that the longer intervention time it
took, the longer re-conditioning time it required for RFQ
to recover. During the beam commissioning phase (beam
destinations to Faraday cup in MEBT and Faraday cup after DTL1), beam pulse length is limited to be less than
50 μs, and RFQ was set to run in low duty cycle (1 Hz and
100 μs) to avoid damage of Faraday cups in case of chopper failure in LEBT. RFQ performance has been very stable and robust throughout this low duty cycle beam commissioning phase, and very few RF breakdown occurred.
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Table 1: RFQ Overall Parameters
RFQ
Frequency (MHz)
Beam Duty Cycle
Pcu (kW)
Pbeam (kW)
Vane Voltage (kV)
Max. E field
(Kilpatrick)
Power Coupler
Coupling factor
(beta)
Phisync (deg)
Q0
W_in (MeV)
W_out (MeV)
3 dB bandwidth
(kHz)
Cooling skid
stability at full
duty cycle
(deg.)

Design
352.21
4%
(14 Hz, 3.2 ms)
713-1375
241 (67.5 mA)
80~120
1.9
2
1.337-1.175

Measured

713
200 (58 mA)
118 (max.)

1.321

-43.4
4055-7821
0.075
3.62
±52.4

-43
7436
3.60
±55.0

±0.1 @30°
(Vane)
±0.1 @30°
(Body)

±0.04@28.81°
(Vane)
±0.06@28.80°
(Body)

RF AND CAVITY INTERACTION
Transient Thermal Effect
The RFQ experiences a transient thermal effect that induces significant frequency shift when RF power is on or
off. The RF power does not heat up directly the whole RFQ
body and vane, instead it affects first only 3.5 μm thick skin
of RFQ body and vane. The transient temperature rise, especially over vane surface, can be very high when RF is
on. In the case of RF off due to interlock trips, it leads to
significant frequency due strong RFQ frequency sensitivity
to temperature. A frequency jump up to 50 kHz over seconds was observed during conditioning when RF is suddenly triggered off from full power at full duty cycle. This
value is also consistent with thermal simulation of RFQ
and its cooling system [2]. To deal with the issue of frequency jump, a dedicated RF ramp up procedure using RF
frequency tracking method has been developed, which adjusts RF frequency to track cavity resonance, instead of adjusting cavity resonance to track RF frequency. In this way,
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nominal power level can be established in quite a short
time. After conditioning, RF power can be recovered to
nominal level in less than 3 minutes. Further improvement
was also made during subsequent re-conditionings, and the
recovery time to nominal level was improved to less than
1 minute.

Multipacting
Multipacting was frequently observed at two power couplers in the power band 10~200 kW and 300~400 kW
(5~100kW and 150~200kW for each power coupler). One
challenge thing is that multipacting grows gradually with
time if there is not enough RF power in cavity. Sometimes
this leads to difficult RF ramping up to nominal field after
long break (weeks to months). Restarting RF from long
break period when there is no RF at all in cavity, multipacting is often not visible from electron current pickup measurement. However, electron current interlock is triggered
immediately whenever RF pulse length increases to certain level. It seems adequate pulse length is required for
electron to be resonant with RF. A good practice of multipacting trigger is to use multiple micro-pulses during RF
pulse. As long as multipacting gets triggered, it appears all
over the RF pulse, as indicated in Fig. 1. It is also indicated
from electron pickup measurement that, at certain conditions, multipacting patterns vary with power levels. By
keeping constant RF power on, multipacting goes away
gradually.

Figure 1: Multipacting patterns vary with RF power level.
(Left: electron pickup read at 110 kW, Right: electron
pickup read at 80 kW).

Figure 2: Cavity field measured by pickups located in different sections of RFQ during RF breakdown.
By plotting the RF waveforms sampled by pickup along
RFQ, it is able to locate approximately where the breakdown happens [3]. Cavity field close to breakdown location drops sharply to zero, while cavity field further away
drops with a decay curve, as shown in Fig. 2. This means
the energy stored in cavity is not absorbed immediately by
breakdown if it is away from the occurrence place. It provides a useful tool for breakdown location identification in
future.
For normal breakdown scenario, RF cavity field usually
goes back to stable state after a couple of interlocks, as
shown in the left of Fig. 3. After first breakdown, the second one usually starts at lower cavity field as indicated by
the green curve in the left of Fig. 3 and the blue curve in
the right. For intensive breakdown scenario, RF cavity
field becomes hard to back to stable state, as shown in the
right of Fig. 3. To prevent intensive breakdown from further escalating, maximum number of breakdowns is limited and RF is shut off when the number is over the limit.

Breakdown
During RFQ conditioning, more than 50,000 reflected
power interlocks occurred (mostly caused by breakdowns).
The reflected power interlock is designed in such a way
that it masks the peak reflection at both beginning and end
of RF pulses. For very short RF pulses less than 20 μs, reflect interlock is not able to protect the system due to masking effect. A cavity decay interlock, designed as redundancy for reflected power interlock, was then re-enabled.
An automatic RF power recovery feature called RF “autoreset” is also implemented in IOC (in the RF Local Protection System), to allow quick recovery of RF field in next
RF pulse after reflected power or cavity decay interlock
trip. RF breakdown usually happens one after another in
the cavity, and sometimes appears intensively over several
consecutive RF pulses.
RFQ is divided into 5 sections, and section 1 is close to
LEBT while section 5 is close to MEBT. There are in total
20 pickup antennas all along RFQ, with 4 for each section.
TUPOPA05
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Figure 3: Normal breakdown scenario (left) in which RF
goes back to stable after a couple of interlocks, and intensive breakdown scenario (right) in which RF is hard to back
to stable state.

BEAM AND CAVITY INTERACTION
Beam Loss with RF On and RF Off
There was a wide discussion at ESS about sending very
low duty cycle (1 Hz and 5 μs) and low beam current beam
to RFQ when RF is off. For short term effect, simulation in
Fig. 4 indicates the beam loss is more evenly distributed
along the wall during RF off, while more concentrated on
vane tip when RF is on.
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Figure 4: Beam loss distribution simulation in RFQ (left:
RF off, right: RF on).
The simulation agrees with observation of RFQ operation in IPHI and CSNS. In IPHI, beam passes through RFQ
regularly when RF is off. Experience from IPHI [4] indicates that RFQ performance seemed not degraded much in
short term and spark rates did not increase too much. However, it was observed that vacuum pressure increased almost two magnitudes higher due to too much beam loss in
RFQ. In CSNS, experience [5] indicates that there is some
beam loss concentrated on RFQ vane tip during normal operation with RF on. The beam chopper angle was not correctly set in LEBT and beam hit the same area too often.
Without understanding much about the long-term effect of
beam loss on RFQ, cautions need to be taken not only for
cases with RF off but also for RF on.

Beam Loading and its Compensation
An effective way to characterize beam loading is to pass
beam through cavity in open loop and measure the beam
induced voltage drop. In open loop, beam induced voltage
drop is around 11% for beam at 58 mA and 20 μs. For short
beam pulse less than 5 μs, feedback alone is not effective
and thus close loop compensation was not applied at beginning of beam commissioning. For longer beam pulses, both
feedback and adaptive feedforward ILC (Iterative Learning
Control) have been applied. Figure 5 shows the case of
beam loading and its compensation for 20 μs beam at 58
mA by different methods. It can be seen from Fig. 5 that
there is still some small residual overshoot (±1%) in the
beginning and end of beam pulses, even with feedback and
adaptive feedforward compensation.

Beam Transmission under Different Beam Loading Compensation Methods
Perturbation in cavity field acts back on beam and leads
to change in beam transmission, as indicated in Fig. 6. In
open loop without beam loading compensation, beam
transmission degraded by 1.5% (from 94.5% to 93.0%),
compared with close loop operation with feedback and
adaptive feedforward.

Effective Beam Phase Variations under Different
Beam Loading Compensation Methods
RFQ is a special device from which beam phase originated. To describe overall effect of beam phase, the term
effective beam phase is employed and defined as:

Proton and Ion Accelerators and Applications
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Figure 5: Beam loading compensation by feedback and
adaptive feedforward.

Figure 6: Beam current before(left) and after (right) RFQ
under different beam loading compensation methods.
𝜑

∑

𝑎𝑡𝑎𝑛 ∑

,

(1)

where 𝑉 , 𝑇 and 𝜑 are the accelerating voltage, transit factor and synchronous phase of each cell.
Effective beam phase varies a lot between uncompensated beam loading operation (open loop with big cavity
field drop) and compensated beam loading operation (cavity field is flat), as shown in Fig. 7. It reflects the fact that
beam phase from RFQ is sensitive to field perturbations.
In this paper, beam phase is calculated directly from RF
cavity field (vectors with/without beam loading), without
taking into account effect from detuning. Further improvement is ongoing to enable effective beam phase measurement in close loop and with wide detuning range [6].

Figure 7: Uncompensated and compensated beam loading
(left) and their effects on beam phase (right).

CONCLUSION
The RFQ and its supporting system such as cooling, vacuum, diagnostics and software applications have been
demonstrating stable performance over conditioning, reconditionings and low duty cycle beam commissioning.
Stable operation of RFQ system has enabled systematic observation of interactions between cavity, RF and beam,
which in turn allow us to gain insight into system limits and
find a way to operate RFQ at its full capacity.
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Abstract
During operation the RFQ (Radio-Frequency-Quadrupole)
of the LINAC4 at CERN is exposed to high electric fields
which can lead to vacuum breakdown. It is also subject to
beam loss that can cause surface modification, including
blistering, which can result in reduced electric field handling and an increased breakdown rate. An experimental
study has been made to identify materials with high electric
field capability and robustness to low-energy irradiation.
In this paper we briefly discuss the selection criteria, and
we analyse these materials investigating their metallurgical
properties using advanced microscopic techniques such as
Scanning Electron Microscope, Electron Back Scattered
Diffraction, Energy-dispersive X-ray Spectroscopy and
conventional optical microscopy. These allow to observe
and characterize the different materials on a micro and a
nanoscale and to compare results before and after irradiation and breakdown testing.

INTRODUCTION
Surface modifications of materials due to the blistering phenomenon caused by the hydrogen retention it is a
known problem [1]. Blistering is dependent on many factors, such as the radiation dose (minimum dose required for
appearance of blisters), the ion energy, the temperature of
the target and angle of incidence [2], as well as the metallurgical properties of the material. In the case of the RFQ
the energy of the incident H- beam at its entrance, where
most beam losses are localised, is 45 keV. This corresponds to a range of approximately 250 nm in copper, with
the H possibly accumulating under the surface and leading
to blistering.
Two pairs of anode-cathode electrodes (see below) of
different materials were manufactured for the purpose of
the studies. For the study of the blistering phenomena, and
the material properties at its origin, a test stand that replicates the low energy beam transport in the LINAC4 tunnel
at CERN was used. In this test stand, specific hardware was
developed to use a cathode as the target for irradiation and
allows for a rapid turn-over for various irradiation runs. For
the study of the breakdown phenomena, we have used the
Large Electrode system (LES) in which we tested the electrodes that were manufactured to be compatible with the
_______________________
† catarina.serafim@cern.ch
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chamber geometry. Detailed information about this system
can be found in [3].
For a better understanding if any blistering phenomena
caused by the beam irradiation could have a consequent effect in triggering breakdowns, we have irradiated first the
materials on the LINAC 4 test stand and then tested them
on the LES. For comparison, a pair of non-irradiated electrodes was also tested in the system. All electrodes underwent systematic metallurgical analyses, as detailed in this
paper.

METODOLOGY
A list of candidate materials was carefully selected for
manufacturing of a future RFQ with better performance.
In this paper we will focus on the results for three different
materials, Oxygen Free Electronic Grade Copper (Cu OFE,
UNS C10100), Niobium (Nb) purity of 99.9%, RRR300,
and a Titanium grade 5 alloy (TiAl6V4), premium grade
forged in - range with a final -microstructure.
The materials were selected based on their usability
for meter-long high gradient RF cavities and their potential
resistance to blistering and breakdown phenomena. Nb and
Ti grade 5 were chosen for their high hydrogen diffusivity,
which should prevent accumulation of hydrogen and thus
blistering. Ti grade 5 should also provide comparatively
easier machinability. The machining of the electrodes was
performed with high precision tooling. After machining
electrodes have been submitted to metrology testing to assure that all the requirements are within the stipulated
ranges. After this, electrodes have been submitted to a
cleaning process and a brazing cycle, for the case of Cu, of
100 °/h up to 795 °C for 6 hours and 100 °/h up to 835 °C
for 45 minutes.
Irradiation was performed at CERN for different materials using a low energy H- beam at 45 keV. Each irradiation had a duration of approximately 40 hours, with a
pulse duration of 600 μs, a repetition rate of 0.83 Hz and a
peak current of 20 mA, which resulted in a deposition of
1.2x 10^19 H-p/cm2 on the target, corresponding to about
ten days of beam losses during RFQ operation.
The LES testing was performed in electrodes after being exposed to irradiation and in electrodes that were not
exposed to irradiation. This allows us to compare if the irradiation had a significant impact on the performance of
each material in reaching a maximum and stable field. Detailed information for the results of the high electric field
testing, on the studied electrodes, can be found in [4].
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In order to inspect the state of the electrodes between
each test, microscopy equipment was used. The samples
were analyzed using a digital microscope from KEYENCE
and a Scanning Electron Microscope (SEM) Sigma from
Zeiss, equipped with Secondary Electron (SE), InLens
(Inlens), Everhart-Thornley SE (SE2), Backscattered Electron (AsB) and Electron Back-Scattered Diffraction
(EBSD) detectors.
The results from the observation will help us understand the development of blistering, if any, created on the
surface from the irradiation and a possible correlation with
the location of the breakdowns from the LES.

RESULTS
Observations from the SEM equipment showed that
the low energy beam irradiation caused the appearance of
blisters on the Cu-OFE electrode’s surface.
These blisters are concentrated on the impact zone. It is
visible that the areas where we had the maximum deposition of beam the blisters have a higher density in quantity
comparing with zones where the beam was less intense.

Figure 1: Optical microscope picture using 50x lens, including all the surface of the Cu cathode after irradiation
and before preforming tests with high energy pulsing.

Figure 2: SEM imaging, using secondary electron detector,
showing partially the transition zone (the irradiated zone
corresponds to the zone less dark) and some of the breakdowns provoked by the high energy pulsing.
In Fig. 1 it can be seen an optical picture of all the surface of the electrode where is visible the result of the beam
TUPOPA06
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impact from the irradiation. Figures 2-4, show the results
of Cu-OFE after the electrode being irradiated with the Hbeam and then submitted to high electric field pulsing in
the LES experiment. This pair of Cu-OFE electrodes have
reached an average value of field 80 MV/m [4]. A different
pair of electrodes made of Cu, which were not irradiated,
were also tested in the LES system. In this case the electrodes have reached as well, an average field of 80 MV/m
which make us conclude that the irradiation and their effects did not decrease the performance of this material.
We can observe from Fig. 2 that the breakdowns are
well distributed on the surface and do not seem to be correlated with the irradiated zone (zone less dark due to the
blistering effect). Figure 3 shows a breakdown in the transition zone. We have designated transition zone for the area
where we start to see a decrease of density of blistering. In
this zone it is visible that only some grains are affected by
blisters. The fact that the phenomenon of blistering is more
evident in just some of the grains may be correlated with
the grain orientation of the material. Additional studies will
be performed to understand this correlation.
The breakdowns have a circular shape with approximately
200 μm with splashes of melted material on their surroundings. The heat provoked by the breakdowns have shown to
be significant enough to destroy some of the blisters close
to it, as we can see in Fig. 4.

Figure 3: SEM imaging with different magnification, using
secondary electron detector, showing a breakdown in the
transition zone of the electrode.

Figure 4: SEM imaging, using secondary electron detector,
showing the effect of the breakdown on the surrounding
blisters that were present on the surface.
Electrodes of Nb and TiAl6V4 were also submitted to
irradiation, with the same parameters used on the Cu-OFE
electrode described before. For the Nb and TiAl6V4 materials we have observed no blistering on the surface.
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Figure 5 shows the breakdowns on the TiAl6V4 irradiated cathode on the surface. Concerning the LES experiment after irradiation, the TiAl6V4 electrodes have reach
a stable field of 90 MV/m [4].
Also, for this material we have seen a slight decrease of
breakdown performance due to irradiation - the pair of
TiAl6V4 non-irradiated electrodes that was tested in the
LES system reached the average value of 100 MV/m [4].

Figure 7: SEM imaging showing the breakdowns triggered
by the LES experiment, on the Nb irradiated cathode, using
secondary electron detector.

CONCLUSION

Figure 5: SEM imaging with different magnification, using
secondary electron detector, showing the breakdowns triggered by the LES experiment, on the TiAl6V4 irradiated
cathode.
Figures 6 and 7 show some breakdowns on the Nb irradiated electrode. The breakdowns are smaller and less
deep when comparing with the Cu-OFE and TiAl6V4 electrodes. For the Nb material, the electrodes have reached an
average field of 22 MV/m in the LES system, after irradiation. The second pair of electrodes which was not irradiated have reached a field in the LES system of 80 MV/m
[4]. The considerable different in the fields values seems to
have been caused by effects from the irradiation experiment. However, microscopy observations have shown no
particular features in the surface or blistering effects that
can be correlated with the decrease of performance, and investigations are ongoing to ascertain if this can be attributed to chemical surface modifications.

From the irradiation experiments only the Cu material
has presented blistering on the surface, the affected areas
where the blisters have appeared are coincident with the Hparticles from the beam deposition.
Regarding high electric field pulsing tests, we have not
observed, for the three materials (Cu, Nb and TiAl6V4), a
higher concentration of breakdowns in the irradiated zone.
Breakdowns are located in all the surface of the electrode
with no evidence of being triggered by any topographic
feature caused by the irradiation. Also, for the non-irradiated electrodes breakdowns have shown to be dispersed
throughout all the surface.
We have concluded that the Cu and TiAl6V4 materials
have shown the best performance in terms of reaching a
stable field. For TiAl6V4, the good results for the irradiated pair of electrodes in the LES, makes us conclude that
the irradiation didn’t provoke any decrease of performance
for this material. In the case of copper, even with the presence of blistering there was also not a significant impact on
the breakdown appearance and performance. For the Nb
material, the bad performance in terms of reachable high
field for the irradiated electrodes, with the additional
downside of being difficult to machine, have made us exclude it from the list of possible materials for a future RFQ.
Finally, it should be underlined that in all the electrodes that have been used for the irradiation testing, some
deposition of carbon on the surface was observed. Further
investigations are also under way to better understand the
source of the carbon and to avoid it in future experiments.
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Abstract

Table 1: Key Parameters of the ELISA-RFQ

Over the last few years, CERN has successfully designed,
built, and commissioned the smallest RFQ to date, the one
meter long PIXE-RFQ operating at 750 MHz. Its compactness offers a unique opportunity for education and public
presentation of the accelerator community: A duplicate machine called ELISA-RFQ (Experimental Linac for Surface
Analysis) will be exhibited in the Science Gateway, CERN’s
upcoming scientific education and outreach center. It will
allow the public to approach within a few centimeters a
live proton beam injected into air, which is visible to the
naked eye. The construction of the ELISA-RFQ has been
completed in 2022. In this paper, we present the results of
low-power RF measurements as well as field and frequency
tuning.

Species
Input energy
Output energy
RF frequency
Inter-vane voltage
RFQ length
Vane tip transverse radius
Mid-cell aperture
Minimum aperture
Final synchronous phase
Output beam diameter
Beam transmission
Unloaded quality factor (Q0 )
Peak RF power loss

(H+ )
keV
MeV
MHz
kV
mm
mm
mm
mm
deg
mm
%

Proton
20
2
749.480
35
1072.938
1.439
1.439
0.706
−15
0.5
30
6000
65

kW

INTRODUCTION

The ELISA-RFQ consists of two mechanical modules,
brazed individually and then clamped together to form the
full assembly. For each construction step, the vane positions
were measured with respect to the ideal beam axis. The displacements after the final brazing step were within ±10 µm
for the first module and ±17 µm for the second module.
Bead-pull measurements were performed on both the single modules to assess manufacturing quality. Very close
agreement was observed by comparing measured resonance
frequency and field profile to the simulation (eigenmode
solver of CST Microwave Studio® 2020 [7]), thus no special
measures were needed. Figs. 1a and 1b report the spectra
∗
†
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|S11| (dB)

SINGLE MODULE MEASUREMENTS

of the two modules. Each was measured by placing two
aluminum extension tubes at the upstream and downstream
ends to have boundary conditions that can be reproduced in
a 3D eigenmode simulation. For the quadrupole mode the
observed deviations between the measured and simulated
frequencies amount to 700 kHz for module 1 and less than
100 kHz for module 2. Fig. 2 shows the field components
profiles of the single modules, where the dipole components
show small deviations from the ideal zero simulation value
(±3 %), whereas the quadrupole component has a deviation
of less than ±1 % for both modules.
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The 750 MHz ELISA-RFQ, constructed at CERN, is a
compact 1-meter long four-vane RFQ, an identical copy of
the previous project PIXE-RFQ [1–4]. The small standalone RFQ will accelerate protons to 2 MeV and will be
exhibited in the CERN’s scientific education and outreach
center, Science Gateway. There the audience will observe a
live proton beam in air, visible to the naked eye. The RFQ
key parameters are listed in Table 1.
The RFQ is subject to manufacturing imperfections and
misalignments which lead to variations of the capacitance
and inductance distribution. Therefore, the ideal quadrupole
field of the TE210 operating mode is perturbed [5], and tuning
of field and frequency is required. For ELISA-RFQ, the
tuning algorithm developed for the HF-RFQ [6] based on
Ref. [5] and improved for PIXE-RFQ [4] has been used.
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Figure 1: Measured reflection coefficient vs frequency for
the single modules.
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(a) Module 1

Figure 3: Photograph of the full assembly of ELISA-RFQ.
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(b) Module 2

Figure 2: Measured quadrupole component 𝑄 and dipole
components 𝐷 𝑆 , 𝐷 𝑇 of the single modules compared to the
simulation.

TUNING
After the assembly, the ELISA-RFQ was tuned by means
of sixteen movable copper piston tuners. The final length of
each tuner was obtained by means of an iterative algorithm
and bead-pull measurements carried out measuring the reflection Γ ≡ 𝑆11 at the input power coupler. The goal of the
tuning process is to achieve the target operating frequency of
749.480 MHz at 23 °C under vacuum, as well as a longitudinally constant ("flat") field distribution for the quadrupole
component (𝑄) and ideally zero dipole components (𝐷 𝑆 ,
𝐷 𝑇 ). Errors smaller than ±60 kHz and ±2 %, respectively,
are acceptable. In this section, the steps of the tuning procedure and final tuner installation are reported. Field and
frequency values before and after tuning are compared and
discussed.

Tuning Setup and Algorithm
Fig. 3 shows the full assembly of the RFQ which includes
the two modules, pumping ports, the RF input power coupler,
four diagnostic antennas, and the two end plates.
The tuners were mounted in guidance tubes, attached to
the outer surface of the tuning port flanges so that they can
slide inside them and be carefully placed in the positions
assigned by the algorithm iterations. The initial tuner position corresponds to the ideal insertion obtained from simulations [3]. The tuners are machined with an over-length
of 11 mm to enable enabling a mechanical tuning range of
±11 mm. Thus, the initial position is 11 mm outward with
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respect to the flange-to-flange position. Once the final positions are determined, the tuners are cut to their final lengths
and installed flange-to-flange with copper gaskets. The tooling was originally developed for the HF-RFQ [6].
The augmented algorithm allows for tuning of field and
frequency at the same time and is based on a response matrix
description. The matrix R represents the Jacobian of the
field amplitudes (three components at 8 discrete locations)
and frequency values with respect to the tuner positions.
At each tuning step, the new corrective tuner positions are
obtained as
𝑡 trg = 𝑡 cur + R† Δ𝑥,

(1)

where 𝑡 trg and 𝑡 cur are target and current tuner position vectors, respectively, Δ𝑥 is the difference between target and
current field amplitudes and frequency and R† denotes the
Moore-Penrose inverse [8] of R. The inverse was computed
using the method based on singular value decomposition
(SVD) [8] proposed in Ref. [6] and used also in Ref. [4].

Tuning Steps
The entries of R were determined by retracting individually the tuners by 3 mm and performing spectrum and beadpull measurements for each tuner. Fig. 4a is a visual representation of the response matrix in which only the field
sensitivities are shown. Fig. 4b reports the frequency sensitivities.
The ELISA-RFQ was tuned in four steps after the measurement of R: the first two were given by the algorithm
whereas the last two were manual adjustments to fine-tune
the frequency (all tuners moved by the same amount). It
was decided to move the tuners by half of the adjustments
proposed by the algorithm at step 1 and 2 of tuning since an
overshooting had been observed. This likely originated in the
non-linearity of the problem and that the quadrupole error
was close to the measurement noise level already before tuning. (Overshooting was not observed on the PIXE-RFQ [4].)
The errors in field components and frequencies are reported
in Table 2 for each tuning step. After the second step, the
errors in the field components fulfilled the requirements.
Fig. 5 shows the field for each tuning iteration.
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Table 2: Errors in field components and frequency for tuning
steps in chronological order.
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Figure 4: (a) Visual representation of R in which the entries
represent 𝑄, 𝐷 𝑆 , 𝐷 𝑇 sensitivities at one sampling point for
each tuner movement. (b) Responses of operating mode
frequency for each tuner movement.
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Table 3: Quality factors and coupling coefficient obtained
through the circle-fitting method and their design values.
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In this paper, we have reported the low-power RF measurements and tuning of the 750 MHz ELISA-RFQ. Beadpull measurements on individual mechanical modules have
shown the high manufacturing quality of the RFQ. The remaining field and frequency errors have been successfully
corrected using an iterative tuning procedure, with final values well within target ranges. Moreover, excellent agreement
was observed in quality factors and coupling.
Additional bead-pull measurements will be carried out
following the cutting of the tuners to confirm the field profile.
After the tuners have been installed with copper gaskets, further RF measurements will confirm the operating frequency
under vacuum. The ELISA-RFQ is expected to commence
operation at Science Gateway at CERN in 2023.
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BEAM DYNAMICS AND RF DESIGN STUDIES FOR A PROPOSED NEW
RFQ FOR CERN LINAC4
H. W. Pommerenke∗ , G. Bellodi, A. Grudiev, S. Kumar, A. Lombardi, CERN, Geneva, Switzerland
Abstract
The 352 MHz Linac4-RFQ is the first rf accelerating structure of the CERN accelerator complex, accelerating an Hbeam to 3 MeV. After successful commissioning in 2013,
superficial vane damage has been observed in 2020. In view
that the RFQ is a single point of failure, in parallel to the production of a near identical spare (RFQ2), design studies on
a longer-term upgrade have been launched: Linac4-RFQ3.
Main goals are to achieve a design with higher beam acceptance, reduced beam losses, and reduced rf breakdown rate.
Several versions of RFQ are under study: conventional RFQs
built by brazing copper, as well as an RFQ with titanium
vane tips (brazed on copper). High-gradient experiments
suggest that titanium vane tips support higher surface fields
compared to copper, up to 40 MV/m, and are more resistant
against beam irradiation. In this paper, we present beam
dynamics and rf design of various RFQ3 designs.

INTRODUCTION
Linac4-RFQ1, currently installed in the tunnel, was designed when the source development was not yet completed and an emittance of 0.25 π mm mrad (rms normalized) was used as input design parameter. A safety factor
was built into the design fixing the RFQ acceptance to about
0.35 π mm mrad for a current of 70 mA. Whereas such value
was eventually achieved for source beam peak currents up to
40 mA, any larger current was extracted with an emittance
that exceeded the RFQ acceptance: For a peak current of
70 mA an emittance of 0.5 π mm mrad, has been measured
at the Linac4 source test stand (Fig. 1).

the original RFQ: full compatibility with Linac4 in terms
of input and output energy and final longitudinal emittance,
a two-term potential vane profile, a constant average aperture radius and a constant transverse radius of curvature for
easier tuning (constant capacitance) and the possibility of
machining with a 2D cutter.

DESIGN GUIDELINES
The main redesign effort has been to balance the phase
ramp with the increased input transverse emittance and optimize the trade-off between the transverse acceptance and the
final longitudinal emittance. The result of this optimization
has been either a longer RFQ or a higher surface electric
field on the vane tips. The main RFQ parameters for three
different solutions are reported in Table 1. All solutions
present a transmission higher than 90 % for a beam current
of 70 mA in an emittance of 0.5 π mm mrad. Figure 2 compares the beam transmissions of RFQ1 with the proposed
designs as function of input beam emittance. It is noted
that the acceptance for a 60 mA beam from the source is
doubled with respect to RFQ1: A current of 60 mA needs to
fit in an emittance of 0.4 π mm mrad for RFQ1, but in just
0.8 π mm mrad for RFQ3 to give 48 mA out of the RFQ.

Figure 2: Performance comparison: Transmission vs. emittance for fixed beam current of 60 mA for RFQ1 and considered RFQ3 designs.
Figure 1: Measured beam out of Linac4 source (yellow)
vs. RFQ1 acceptance (pink). The expected transmission
(TOUTATIS [1]) is only 75 %.
To overcome this bottleneck, a study was launched to design an RFQ better targeted to the source performance and
yet maintaining several of the successful design choices of
∗
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Like most RFQs, Linac4-RFQ1 has been designed with
the Kilpatrick criterion [2] as ultimate surface electric field
limit. In 1961, Maitland [3] pointed out the "gap scaling"
relation

𝛼
𝑉 𝑑DC
𝐸 norm =
,
(1)
𝑉DC 𝑑
for dc electrodes separated by distance 𝑑 subject to pulsed
dc voltage 𝑉. This has been recently confirmed through dc
sparking tests at CERN, where empirically 𝑉DC = 7.75 kV,
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Table 1: Key Parameters of Linac4-RFQ1 and Several RFQ3 Designs.
Length
Material
Dipole rods required
Vane voltage
Max. surf. 𝐸-field
Peak rf losses
Average aperture 𝑟 0
Transverse radius 𝜌/𝑟 0
Maximum modulation 𝑚
Minimum aperture
Focusing strength 𝐵
Phase at gentle buncher
Transmission (70 mA, 0.5 π mm mrad)

RFQ1

RFQ3-3.9

RFQ3-4.5

RFQ3-2.5

3.1
Cu OFE
yes
78
34
390
3.3
0.85
2.4
1.8
5.5
-32
80

3.9
Cu OFE
yes
79
33
650
3.2
0.69
1.8
2.2
5.8
-32
95

4.5
Cu OFE
no
79
33
750
3.2
0.84
1.5
2.5
5.9
-35
93

2.5
Ti vanes
yes
120
44
960
4.1
1.00
2.2
2.4
5.5
-32
91

𝑑DC = 100 µm, 𝛼 = 0.7. For an acceptable breakdown rate
with Copper OFE, 𝐸 norm should not exceed ≈ 1.05 [4]. In
an RFQ, an effective gap can be defined in terms of vane
voltage and surface electric field, 𝑑 = 𝑉0 /𝐸 s , which turns
out to be close to the average aperture 𝑟 0 . Electric field
levels and breakdown rates reached in the dc experiments,
in Linac4-RFQ1 (34 MV/m, 79 kV) and in other RFQs are
consistent under this law. However, other established highgradient limits are less applicable [5, pp. 35ff.]. Therefore,
the gap scaling criteria is used as the main electric surface
field limit for the following RFQ designs (Fig. 3).

m
kV
MV/m
kW
mm
mm
deg
%

observed excellent agreement (Fig. 4). RFQ3-3.9 would
feature a conventional rf design with dipole stabilization
rods to control spectral margins aroung the operating mode.

Figure 4: Surface electric field in absolute (top) and gap
scaling representation (bottom) as predicted by PARMTEQ
vs. COMSOL simulation results, for copper RFQ3-3.9.

Figure 3: Graphical representation of gap scaling (1) of
surface electric field with RFQ1 and RFQ3 designs.

OFE COPPER RFQ
RFQ3-3.9 represents a conservative design fulfilling the
above-mentioned criteria. It is 25 % longer than RFQ1 while
maintaining practically the same voltage and surface fields.
To gain confidence in the design tool (PARI/PARMTEQ [6]),
we cross-checked the surface electric field predicted with
3D FEM simulations (COMSOL Multiphysics® [7]) and
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In addition, a 4.5 m-long design has been considered. The
length was chosen such that the dipole modes of this RFQ
would be placed with maximum spectral margins around
the operating mode. This technique has been proposed in
Refs. [8, 9]. It avoids using dipole stabilization rods on
the end plates, reducing manufacturing complexity. While
the rf surface losses on the rods are removed, the overall
losses are still 15 % higher than in RFQ3-3.9 because they
are dominated by the overall RFQ length.

HIGH-FIELD RFQ
High-gradient experiments suggest that alternative materials support higher surface electric fields than roomtemperature copper. An RFQ with grade 5 titanium (Ti6Al-4V) vane tips brazed or bonded on copper, could support fields up to 40 MV/m [10] according to the gap scaling.
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Cryogenic copper might allow even 50 MV/m [11, 12]. To
get a feeling of what beam dynamics designs are possible
with these surface fields, a limit of 45 MV/m at 120 kV vane
voltage was chosen. Parameters of this possible high-field
RFQ, labeled RFQ3-2.5, are listed in Table 1. The high
field allows for retaining the same focusing strength as the
previous design, but with much larger 𝑟 0 and shorter length.
However, rf power losses increase significantly because of
the high voltage. PARMTEQ particle tracking results are
presented in Fig. 5.

Figure 5: PARMTEQ particle tracking results of high-field
design RFQ3-2.5.
To reduce breakdown probability, the titanium tip of the
vane must extend far enough from the beam axis to ensure
that the field at the joint is sufficiently low. However, both
electrical and thermal conductivity of titanium are poor compared to copper. Both rf losses and temperature rise during
operation increase with the titanium thickness, as can be
seen in Fig. 6. 2D multiphysics simulation results for a joint
at 8 mm from the beam axis are shown in Fig. 7; the temperature rise is tripled compared to an RFQ made entirely from
copper. This effect is even more severe at the downstream
end of the RFQ since the cooling channels cannot extend into
the vane nose and the vanes themselves are locally thicker
because of the modulation. Figure 8 shows that the 3D temperature rise is up to 20 times higher than the 2D result. The
temperature gradient will lead to strong deformation and
stresses during operation and brazing.

Figure 6: Reduction of 𝑄, surface field at joint, and 2D
temperature rise as function of Ti-Cu joint position from
beam axis. Values for RFQ1 geometry with 𝑉0 = 79 kV and
5 % duty factor is shown.

Figure 7: 2D temperature rise field in the vane tip made
from titanium.

CONCLUSION
Design studies on a long-term upgrade of CERN Linac4RFQ have been presented: Linac4-RFQ3. Taking into account beam parameters recently measured at the Linac4
source, the new designs feature higher beam acceptance, reduced beam losses, and reduced rf breakdown rate. Several
versions have been considered: conventional RFQs built by
brazing copper and an RFQ with titanium vane tips. Conventional designs could be readily manufactured with 2D cutters
and well-known brazing techniques. More R & D would
be required for the titanium vane RFQ, both for manufacturing the bimetallic structure and for validating high-gradient
performance.
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Figure 8: 3D temperature rise field in the titanium vane tip
at the RFQ downstream end.
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Abstract
Proton Test Beam at KAHVELab (Kandilli Detector, Accelerator and Instrumentation Laboratory) project aims to
design and produce a radio frequency quadrupole (RFQ)
operating at 800 MHz in Istanbul, Turkey using the local
resources. The beamline consists of a proton source, a low
energy beam transport (LEBT) line including the beam diagnostic section and the RFQ cavity itself. This RFQ is 4-vane,
1-meter-long cavity to accelerate the 20 keV beam extracted
from plasma ion source to 2 MeV. Its engineering prototype
is already produced and subjected to mechanical, low power
RF and vacuum tests. In this study, the results of the first
test production, especially the bead-pull test setup will be
discussed.

GENERAL DESIGN
PTAK (Proton Testbeam At KAHVELab) RFQ design
process aimed to achieve a state of the art accelerator with
the local production capability. Design goals as chosen
to achieve a 30% acceleration of a 1 mA proton beam to
roughly 2 MeV using less than 60 kW pulsated RF power at
800 MHz. In process we iterated our initial cavity design
and decided on a new intervane voltage value all to achieve a
better power usage. With the intervane voltage set to 33 kV
and the cavity geometry designed, we were left with a challenge of designing the vane-tip geometry out of the standard
process. We decided to replace shaper and gentle buncher
sections with a much shorter design. Then we set the acceleration section modulation and the synchronous phase.
Also we keept both intervane voltage and the 𝑅0 constant
throughout the accelerator. In the end only two values for
the replacement section needed to be determined along its
length; modulation and the synchronous phase. We wrote
a script that randomly tests different values of modulation
and phase with PARMTEQM. Batches of these simulation
results were tabulated and bounds of values adjusted. The
minimum longitudinal radius of curvature for the vane tip
value also important machinability of the parts and promising designs were evaluated accordingly. After few iterations
of limits we found the design and manually tweaked the
∗
†

Work supported by TUBITAK Project No: 118E838
yavuzzseyma@gmail.com
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values a bit more to achieve the final design which is shown
in Figure 1 [1, 2]. The parameters are shown in Table 1.

Figure 1: General design parameters of PTAK.
Table 1: Design Parameters
Parameters
RF Frequency
Length
Input Energy
Output Energy
Vane Voltage
Minimum Aperture
Maximum Aperture
Vane Tip Radius 𝜌
Transmission
Acceptance (Total Norm.)
RF Peak Power

PTAK-RFQ
800 MHz
980 mm
20 keV
2 MeV
33 kV
0.64 mm
3.0 mm
1.4 mm
30 %
0.16 𝜋mmmrad
48.5 kW

PROTOTYPE PRODUCTION
The production of the trial RFQ module, whose vanes
were designed using Parmteq programs, was manifactured
in DORA MAKİNA company in Ankara, Turkey. Manufacturing error of the prototype is below 20 micron. Parameters
of prototype in Table 2 and the picture of it can be seen in
Figure 2 [3].
Table 2: The Prototype Measurement Results
Parameters
Frequency
Max. Assembly Error

Prototype RFQ
799.6 MHz
±18 um
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transmission line, increases the operational need to about
60 kW with starting repetition rate of 1 Hz. This power is
to be produced by two PSUs and delivered to the RFQ by
a transmission line containing custom-built circulator and
RF combiner which are already built and tested. The power
supplies comprise of a solid state power amplifier up to 5 kW
and TH582, TH382 tetrode tubes, with each PSU providing to about 35 kW peak power for a typical pulse duration
of about 100 µs. Power coupler is designed and simulated
to transfer produced power from transmission line to RFQ.
The scattering parameters of the coupler has been used to
determine reflection and transmission levels obtained via
the CST Microwave Studio, can be seen in Figure 4. Also,
alumina and peek dielectric materials used in the coupler as
RF window has been examined to find out RF power levels
at which the multipacting effect occurs has been examining.
Alumina window simulation study can be seen in Figure 5.
Figure 2: Picture of prototype module at CMM frame.

ELECTROMAGNETIC DESIGN
The cavity cross section of the four-vane type RFQ is
optimized with SUPERFISH and designed to operate at 800
MHz with CST MWS eigenmode solver including 3D effects.
The features of the tuners, vacuum ports and the cutbacks of
the end sections are tuned for the operating frequency and
the field flatness over the cavity. The quality factor and the
RF power loss on the cavity walls was primary consideration
while the design phase of whole structure to achieve low
as possible RF power requirement. Designed cavity has
quality factor of 6973 and power dissipation of 46.2 kW
(without tuner, RF coupler and vacuum ports) according to
3D computations. The resonant frequency of the cavity is
calculated as 796.05 MHz when tuners are at flush position.
The Kilpatrick factor is estimated as 1.39 which is found
acceptable for this structure. Electric field and magnetic
field simulations of RFQ are done by CST, which can be
seen in Figure 3, before the production process.

Figure 4: Simulated obtained S-Parameters for alumina window coupler.

Figure 5: Alumina window coupler design and size image.

Vacuum Tests
Vacuum tests are finalized with He Leak detector for RFQ
prototype in Ankara and vacuum level is 2.79 × 10−6 mbar.
Sealing is provided by Viton 3D O-ring and the results are
compatible. Thank you TENMAK for providing He Leak
test device [4].

BEADPULL MEASUREMENT
Figure 3: Electric field map of RFQ in CST.

RF POWER COUPLER DESIGN
The RF power requirement of KAHVELab’s 800 MHz
RFQ is calculated by DemirciPRO, Parmteq and CST Softwares as below 50 kW to obtain 2 MeV proton beam. Inclusion of 3D effects and the losses on the waveguide type
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In the beadpull experiment performed with the RFQ module, 7 mm long and 4 mm diameter aluminum beads are
passed from the midpoint of each quadrant close to the vane
walls of the RFQ module, and the 𝐻 magnetic field is expected to be disrupted. In Figure 6 [3], experimental setup
of beadpull system is schematized.
Slater perturbation theory is used during the tests:
Δ𝑓
Δ𝑈 tan[𝜙( 𝑓 )] −𝜋𝑟 3
𝜖𝑟 − 1 2
𝜇𝑟 − 1 2

=
=
(𝜖 0
𝐸 + 𝜇0
𝐻 )
𝑓
𝑈
2𝑄 𝐿
𝑈
𝜖𝑟 + 2 0
𝜇𝑟 + 2 0
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Figure 6: Scheme of the beadpull setup.
During the experiment, phase shift for each quadrupole measured by VNA can be seen in Figure 7.

Figure 9: Control program user interface.
in the quality factors of the first four cavity modes was observed;
see Figure 10, where the first two modes represent dipole modes,
and the third and fourth modes represent quadrupole modes. Furthermore, for our case, surface roughness caused a frequency shift
in all modes in the range of several hundred kHz; see Figure 11,
which could be treated mechanically via a tuner [1].

Figure 7: Phase shift caused by bead perturbation.
During the experiment, perturbated magnetic field of cavity for
each quadrupole calculated by using Slater perturbation theorem
can be seen in Figure 8.

Figure 10: Effect of the surface roughness on the quality
factor.

Figure 8: Magnetic field changing inside the cavity.
Figure 11: Effect of the surface roughness on the frequency.

LabVIEW Control System
The LabVIEW control program of the bead-pull experiment
prepared for the RFQ trial module is shown in Figure 9. In this
program, in which many parameters of the system such as homing,
direction, motor speed and step length can be controlled, VNA
parameters can be manipulated, the distortion caused by the entry
of the bead into the system on the magnetic field is plotted with the
phase values [5].

SURFACE ROUGHNESS

CONCLUSION
Prototype RFQ module @ 800 MHz produced; mechanical,
electromagnetic and vacuum measurements ongoing, electromagnetic field and related phase/frequency shift measurements made
by bead-pull method, surface roughness simulations and related Q
value changes are shared in the paper. The project aims to combine
the 2 modules to accelerate the proton beam to 2 MeV energy by
the end of 2023.

To examine surface roughness effects for the fundamental RF
cavity parameters such as resonant frequency and quality factor
sinusoidal roughness pattern proposed on the cavity walls consists
of a combination of two modules. The maximum values for the
amplitudes of the roughness model were chosen as 50 micrometers.
As a result of our first investigation, a relatively slight decrease
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Abstract
The 800 MHz RFQ (radio-frequency quadrupole), developed and built at KAHVElab (Kandilli Detector, Accelerator and Instrumentation Laboratory) at Bogazici University in Istanbul, Turkey, has been designed to provide
protons that have an energy of 2 MeV within only 1 m
length. The RFQ consists of two modules and the test module of RFQ was constructed. The algorithm developed by
CERN, based on the measurements generated by the tuner
settings estimated through the response matrix [1, 2, 3], has
been optimized for a single module and 16 tuners. The desired field consistent with the simulation was obtained by
bead-pull measurements. In this study, we present lowpower rf measurements and field tuning of the test module.

INTRODUCTION
At KAHVELab, there is an ongoing effort to make the
proton beamline operational. It will attain 2 MeV exit energy using the world's smallest Radio Frequency Quadrupole (RFQ, see Table 1 for a quick comparison), which is
an important accelerator structure [4, 5, 6, 7, 8] (Fig. 1).

on the objects of historical value that are difficult to
transport from museums.
Table 1: Comparison of PTAK at KAHVElab with similar
RFQs
Parameter
Input E
(keV)
Output E
(MeV)
RF (MHz)
Number of
Modules
RFQ length
(mm)
Quality Factor
RF Power
Loss (kW)

Symbol
Win

HF
40

PIXE
20

PTAK
20

Wout

5

2

2

f0
-

750
4

800
2

800
2

-

1964

1073

980

Q0

6440

5995

7036

P0

350

64.5

48.5

THE TEST MODULE OF RFQ
General Layout

Figure 1: Layout of 800 MHz rf system and proton accelerator at KAHVElab.
The RFQ consists of four vanes, which are connected to
each other without any soldering. It is designed to be reassembled with screws, a 3-D O-ring and RF guards. Thanks
to the portable and easy installation nature of the RFQ, it
will be easy to do material analysis using PIXE technique
___________________________________________
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The test module of 800 MHz RFQ was manufactured
from ordinary copper to reduce production costs. Naturally,
the final 2 MeV RFQ will be built from OFE-Cu (Oxygenfree electric copper) material.
The bead-pull measurements [2, 6, 8] were performed to
ensure of the manufacturing quality and to tune the EM
field in the cavity. The construction errors are compensated
with a total of 16 tuners with micrometer precision, four in
each quadrant of the test module (Fig. 2).
The tuners are numbered as T1-T16 starting at quadrant1 and moving in a helical orbit. Two extra tuners on the
vertical plane where the pick-up antennas are located are
on the module to be used if needed. The two ports with the
aforementioned extra tuners are included in the design as
vacuum ports.
TUPOPA12
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and no large deviations from the mean values were observed (Fig. 4).

Figure 2: Layout of quadrant and tuner numbering on the
test module.
C-shaped RF guards (fingers) from copper are selected
and installed to prevent RF leaks (Fig. 3).
Figure 4: The comparison of the results of measurements
and their average (Q, Ds, Dt components).
The comparison between the mean values of the Q, Ds,
Dt components and their simulations are shown in Fig. 5.
It is seen that the Q component from the measurement is
rather compatible with the simulation results.

(a)

(b)

(c)
Figure 3: (a) View of 4 vanes of test module, (b) RF fingers
placed in the slots on the RFQ test module and (c) dimensions of the RF finger.
Measurements and calculations:
 As the output of the bead pull measurements, raw data
of phase are recorded.
 The field components of all quadrants were aligned
after a few data process [2] and smoothed using Kernel regression [9].
 The field flatness, expressed by quadrupole (Q) [Eq.
(1)] and dipole components (Ds, Dt) [Eq. (2)], is based
on relative quadrant amplitudes (q1, q2, q3, q4). The
relative quadrant amplitudes are calculated by taking
the square root of the phase [2] obtained from the
bead-pull measurements.
𝑄
𝐷𝑠

(1)
, 𝐷𝑡

(2)

To control the reliability of the data, a series of measurements were taken for the case that all tuners were flush.
The Q, Ds, Dt components were measured multiple times
TUPOPA12
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Figure 5: The comparison of the results of simulation and
average of measurements for Q, Ds, Dt components.
As seen in Fig. 5, it is seen that the Ds and Dt components
based on the measurement result are far from the target
level when compared with the simulation results. The fact
that these components are close to zero due to the flatness
of the field is very important for the proper operation of the
RFQ.
The matrix-based code developed by CERN [2] was
used to bring dipole components to the desired values and
to keep them in the same level as the Q component. In the
test setup, 6 test points were used for optimization and the
Singular Value Decomposition to get the inverse [Eqs. (1),
(2) and (3)] of the matrix.
The response matrix on which the code previously created at CERN [2] is based is optimized as an 18x16 matrix
for 6 test points and 16 tuners. With the help of equation
(3), the code that estimates the tuner lengths required for a
uniform field distribution is run. Field flatness could not be
obtained from the result of initial prediction. The measurement data taken after predictions applied to the tuners were
again included in the calculation by the code as input. This
process was repeated until the field flatness was obtained.
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(3).

FINAL TUNER LENGTHS AND FIELD
COMPONENTS
A few measurements were taken after applying the tuner
length estimates given by the code to the tuners. Despite
using the results of more than one iteration, it was observed
that the field distribution of the dipole components could
not reach the desired level.
Tuner length estimates obtained with the code were applied to the tuners and the measurements obtained were examined in detail.
The lengths of tuner number 1 and tuner number 4 which
gave the best results for the field distribution of the dipole
components (Fig. 6) were applied to number 2 and number
3 respectively. Then these lengths were applied to each set
of four tuners on the vertical plane, respectively.

Figure 7: Final field results for Q, Ds, Dt components.

CONCLUSION
Thanks to the facilitating solutions revealed during the
trial run, the final two modules, to be produced from OFECu material, will be completed quickly. It is expected that
the quality factor of OFE-Cu RFQ, will improve compared
to the test module.
The tuner adjustment code will be optimized again for
the response matrix for the final RFQ field distribution
with 2 modules and 32 tuners.
For the test module, the effects of temperature and humidity on the phase were observed and all data were recorded during the measurement. However, their effects on
working-frequency of the RFQ was not considered in the
final frequency setting for the test module.
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Figure 6: Final lengths of tuners on the test module.
The field distributions of the dipole components also
have been set to the desired level after final tuner settings
(Fig. 7).
The frequency is set to 799.980 MHz after bead pullmeasurement. All tuners were readjusted inwards by 0.1
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Abstract

LARGE ELECTRODE SYSTEM

Beam loss occurs in Radio Frequency Quadrupoles
(RFQ), and has been observed in the H- linear accelerator
Linac4 (L4) at CERN. To determine if beam loss can induce breakdowns, and to compare the robustness of different materials, tests have been done using pulsed high-voltage DC systems. Electrical breakdown phenomena and
conditioning processes have been studied using these systems. Cathodes of different materials were irradiated with
1.2x1019 H- p/cm2, the estimated beam loss of the L4 RFQ
over 10 days. The irradiated electrodes were installed in a
system to observe if the irradiated area coincided with the
breakdown locations, with pulsing parameters similar to
the RFQ. Tests of irradiated and non-irradiated electrodes
of the same material were done for comparison. The main
difference observed was an increase in the number of
breakdowns during the initial conditioning that returned to
non-irradiated sample values with further running. Visual
observations after irradiation show the beam centre and a
halo the same diameter of the beam pipe. Breakdown clusters occur in the centre and halo regions, suggesting irradiation is not the only factor determining the breakdown
probability.

The pulsed DC Large Electrode System (LES) seen in
Fig. 2, consists of 2 high precision machined electrodes
placed in parallel between 20 µm and 100 µm apart in vacuum to which pulses of voltage up to 10 kV, pulse lengths
between 1 µs and 1 ms, and repetition rates up to 6 kHz can
be applied [5]. This system is used for the study of conditioning and vacuum breakdown phenomena. The instrumentation has the ability to detect breakdowns using voltage, current, pressure, and light and give the location of
each breakdown during operation [6].

BACKGROUND
The first stage of acceleration for the Large Hadron Collider (LHC) is L4 [1]. H- ions are generated by the RF cesiated source and pass through the Low-Energy Beam
Transport (LEBT) to the Radio Frequency Quadrupole
(RFQ) [2]. An endoscopy of the L4 RFQ showed signs of
vane surface damage and breakdowns [2]. It was postulated
that the damage was due to H- losses irradiating the Copper
OFE (Cu-OFE), creating blisters causing RF breakdowns.
To gain more knowledge of the effects of irradiation on
field holding, tests were carried out using a pre-existing
DC setup. For this, electrodes were irradiated at the Hsource test stand, as seen in Fig. 1 [3], with the same dose
as the RFQ, estimated to be 1.2x1019 H- p/cm2 [4].

Figure 1: Irradiation setup for DC system electrodes [3].
____________________________________________
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Figure 2: Exploded view of the electrode sandwich and
cross section of the system.
Tests were made of different materials including CuOFE and CuCr1Zr, due to being the materials of the L4 and
the now decommissioned L2 RFQs respectively [7].
TiAl6V4, Ta, and Nb were chosen due to their increased
resistance to blistering as this was believed to be the main
cause of breakdowns in the RFQ. Due to limited space, all
materials except CuCr1Zr are described in this report and
all results are included in the summary plots.
Two pairs of each material were tested of which one pair
included an irradiated cathode. Irradiation produced visually distinct areas including the beam central area, a halo
shaped by the beam pipe outlet (40 mm, 30 mm or half circle 30 mm diameter) and areas with no change, a detailed
example of the areas is given in reference [8]. For these
tests a small anode (40 mm or 30 mm diameter) to large
cathode (60 mm or 40 mm diameter) configuration was
used to avoid field enhancements on the cathode, leaving a
40 mm or 30 mm radius high-field area, depending on the
electrode design used.
To replicate conditions occurring in the RFQ as closely
as possible whilst keeping testing time to a minimum, a
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pulse length of 100 µs, and a repetition rate of 200 Hz were
used. Once conditioned, pulse length dependence tests
were also done up to the pulse length of the RFQ of 1 ms.
To replicate the field of 34 MV/m of the RFQ, the LES was
first conditioned to 35 MV/m before increasing the field in
steps to find the limit [2]. The gap dependence effect [9],
is a possible explanation for the higher fields achieved in
the LES over the RFQ. The summary plot in Fig. 3 shows
all the materials tested, the maximum field reached and the
final stable field. With the results given in the order of the
stable field achieved after irradiation.

TiAl6V4 pairs, with a small reduction in field observed for
the irradiated electrodes. Both pairs of TiAl6V4 electrodes
exhibited a significant decrease in operating field due to a
temporal cluster of breakdowns that required reduction of
the field to reduce the risk of additional clusters. As this
was a feature during the conditioning of both pairs it would
suggest that this is a property of TiAl6V4 rather than a spurious event. This may mean that TiAl6V4 has a tendency
to accrue surface damage if conditioned too far. Overall,
TiAl6V4 performed very well and was able to re-gain most
of the previously achieved field without any further issues
and maintain a stable field. The irradiated TiAl6V4 had a
larger breakdown rate (BDR) at the start of conditioning
that reduced suggesting a strong conditioning effect of the
irradiated area that improved the performance.
Figure 4(b) shows the breakdown locations for the irradiated TiAl6V4 electrode. It can be seen that there was a
higher concentration on one side within the halo area and
not the external high field area. This suggests it is an effect
of the halo combined with a possible non-parallelism between the electrodes causing a field enhancement.

Oxygen-Free Electronic Copper (Cu-OFE)
Figure 3: Summary plot of the different materials tested in
order of stable field after irradiation.

RESULTS AND DISCUSION
Titanium Alloy (TiAl6V4)
After irradiation there was no evidence of modification
of the surface structure due to irradiation [8]. Discoloration
was seen, with a visible difference between the beam centre, halo and non-affected areas.
After conditioning it achieved the highest stable field out
of all the materials, for both irradiated and non-irradiated

After irradiation of the cathode, blisters were observed
in the beam centre area of the electrode, along with discolouration of the halo [8]. No collimator was used during irradiation, therefore for this cathode the halo is the same diameter as the anode. Therefore it was not possible to determine whether the breakdown locations were a result of the
halo as there was no non-irradiated reference area of electrode to compare to.
Cu-OFE achieved the second highest stable field after
irradiation, with the same stable field for the irradiated and
non-irradiated pairs. Cluster in breakdowns with respect to
pulses occurred multiple times during steps. To try to reduce the damage to the electrodes when clusters occurred,

Figure 4: (a),(c), and (e) show the conditioning of the irradiated and non-irradiated pairs of electrodes and (b),(d), and (f)
shows the image of the irradiated cathode overlaid with the breakdown locations coloured from dark blue to dark red as
the first to last breakdown, for the different materials of TiAl6V4, Cu-OFE and Ta respectively.
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the target field was reduced to the previous stable point and
pulsed before continuing to increase. It can be seen that the
irradiated pair had a larger number of breakdowns at the
start that decreased during conditioning to a similar level
as the non-irradiated pair, suggesting that it conditioned
away any breakdown inducing features caused by the irradiation.
Figure 4(d) displays the breakdown locations on the irradiated electrode where clusters occurred in different areas of the halo and not all of the beam centre area [8], suggesting that blister are not the only cause of or may not
have any effect on breakdowns. It is possible that the clusters on the halo are a result of the irradiation process as the
non-irradiated electrode had no cluster of this sort, with
breakdowns being dispersed over the surface.

Tantalum (Ta) and Niobium (Nb)
Both Ta and Nb displayed similar results to TiAl6V4
with respect to physical defects and appearance after irradiation [8]. The beam centre area and halo for Ta can be
seen in Fig. 4(f), with a half circle shape due to a change
of the collimator used.
Figure 4(e) Figure 4displays the conditioning plot for the
Ta electrodes, but Nb performed in a very similar way in
terms of conditioning. Each irradiated pair had a large cluster of breakdowns with respect to pulses at 38 MV/m and
35 MV/m for Ta and Nb respectively. This reduced the
field and the pairs were unable to recover with a stable field
achieved of around 23 MV/m for each. The non-irradiated
pairs did not experience any significant clusters and were
able to achieve much higher fields, suggesting this is an
effect of irradiation. If this is the case, both Ta and Nb
would be unsuitable choices for an RFQ.
Breakdowns for the irradiated Ta were mostly clustered
spatially on one side of the beam centre area. It is possible
that the beam intensity could be uneven, meaning one area
receives a higher dose, which may explain this effect. Unlike other materials, breakdowns were concentrated in the
irradiated area of the Ta sample. Breakdowns for the Nb
appeared to be spread over the halo area and not just the
beam, but also may react differently to irradiation causing
the significant reduction in field.

SUMMARY AND CONCLUSIONS
The best choices of material for an RFQ, based on these
results are TiAl6V4 and Cu-OFE. Both TiAl6V4 pairs
reached the highest stable field. However, it may display
unpredictable instabilities causing a decrease in obtainable
field if run close to the limit. It also has a lower conductivity so careful design and a more complex assembly process
would be required if used for an RFQ. Copper gave the
second best results and appears to reach the same field with
an initial increase in the number of breakdowns that conditions away irradiated defects. Copper is the current material used for the L4 RFQ, and well established within the
field, it would not require any changes.
It should be noted that in the case of the electrodes, the
entire irradiation was done before testing. On the other
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hand, for the RFQ this occurs throughout running and depending on whether irradiation occurs faster or slower than
the rate of conditioning could influence the stability of the
structure. This is most relevant for pairs that reach similar
field when comparing irradiated and non-irradiated. Re-irradiating or constant irradiation may affect the performance or the achievable field. Tests are planned for conditioning irradiated electrodes and then re-irradiating and reconditioning to see how this impacts the performance.
Nb and Ta both had a significant reaction to the irradiation causing a large and unpredictable cluster in breakdowns that it was not possible to recover from. CuCr1Zr is
not discussed in this report but can be seen in the summary
plot of Fig. 3. The achievable field was greatly reduced by
the irradiation and therefore it would also not be a suitable
material.
Table 1: Summary of the Stable, and Maximum Field
Reached and the BDR at the Stable Field for Each Material.
Rows highlighted indicate that the pair was irradiated before testing.
Material
TiAl6V4
Cu-OFE
CuCr1Zr
Ta
Nb
(BCP)

Stable Field
(MV/m)
100
90
83
80
80
87.5
26
60
23
80
21.7

Final Field
(MV/m)
110
95
83
80
80
85
29
60
38
35
42

Stable
BDR
6.04E-7
1.58E-7
2.05E-6
3.13E-7
7.5E-7
5.85E-7
1.29E-6
4.69E-7
1.19E-6
1.66E-6
4.09E-7

Table 1 displays a summary of the materials tested, the
maximum and stable field reached and the BDR at the stable field given, where highlighted rows indicate irradiation
before testing. The stability at a specific field was determined based on the BDR, clusters in breakdowns with respect to pulses, occurrence of multiple breakdowns within
a single pulse determined by the cameras, and proximity to
a previous limit causing a large cluster. It can be seen that
all materials reached relatively high fields with only irradiated pairs being restricted suggesting it is an effect of irradiation. To date Cu-OFE was tested non-irradiated twice
with plans to test also irradiated whilst the other materials
were only tested once. To improve reliability of these results sets of the same material should be tested.
Breakdown locations for TiAl6V4, Cu-OFE, CuCr1Zr,
and Nb were distributed over the halo area and did not
show preference to the beam centre area for irradiated electrodes. For the irradiated Ta electrodes, the breakdowns
were mostly clustered in the beam centre area. For the nonirradiated electrodes breakdowns were distributed over the
whole high field area. Analysis of the areas of the irradiated
electrodes suggests a possible higher carbon content in the
beam and halo areas with also possible electrons, H neutrals and stray H-.
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Abstract
Multipactor is an undesired phenomenon triggered by
electromagnetic fields in accelerator components and more
specifically in RF structures, such as accelerating cavities
and power couplers, and may lead to Electron Cloud build
up in beam tubes.
The accelerator group at LPSC has developed an experimental setup dedicated to multipactor studies. It consists
in a coaxial resonator, tunable and operational between 100
MHz and 1 GHz. It allows to characterize under real conditions the efficiency of surface treatment mitigation processes (coatings, cleaning procedures) at room temperature.
This paper presents the experimental measurements performed with this setup confronted to simulations.

INTRODUCTION
Multipacting (MP) occurs under vacuum when an electron is accelerated by the electromagnetic field and hits the
device’s wall. Depending on the secondary electron yield
of the surface, more than one electron can be emitted and,
if accelerated by the electromagnetic field, a self-sustained
electron avalanche can be created.
We define:
 The 1-point multipactor: The impacts sites are localised very close on the same surface. The time between
two impacts is an integer number of a RF period (T0).
This integer number is called order of the 1-point multipactor.
 The 2-point multipactor: The impacts sites are localised on two distinct surfaces. The time between two
impacts (T2-point) is an odd number of a half RF period.
The order of the 2-point multipacting (n) is given by
the Eq. (1):
𝑇

𝑇

(1)

The LPSC’s experimental setup, based on a coaxial
(1”5/8 EIA) copper resonator, can be used in a travelling
wave configuration when the measurement vessel is loaded
with 50 Ω. It can also be used as a cavity in a standing wave
mode (Fig. 1). This configuration benefits from a voltage
amplification (represented by a K factor) allowing measurements of multipacting barriers at higher field amplitude
than injected. This allows the measurement of multipacting
barriers at higher frequencies using the same RF amplifiers
of 500 W.
___________________________________________

* Work supported by IN2P3 (CNRS).
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Figure 1: Schematic view of the electric fields in the measurement vessel as a cavity.
This paper presents the results of the multipacting simulations with the SPARK3D software, including MP barriers
as well as the type of MP, and compares them to measurements on the experimental setup.

SPARK3D SIMULATIONS
SPARK3D (@Dassault Systemes) [1] is part of a commercial electromagnetics (EM) package. The main output
of SPARK3D is the curve of the electron number (called in
SPARK3D electron evolution) analysed in time for each
RF power. For a given field level, if the electron number
increases, multipacting occurs. For the same duration, the
higher the electron number, the stronger the multipactor. At
a given frequency, the simulation was stopped when the
electron number reaches 1015.
We define the electron growth rate (EGR) as the slope of
the electron number curve (Eq. (2)). Two points (e1/t1 and
e2/t2) have been chosen once the electron number curve become a straight line, (e2/t2) corresponds when the simulation stops.
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒

(2)

The electron re-emission is given by the Secondary
Emission Yield (SEY) as a function of the impact energy.
The SEY data used in the simulations in the Vaughan
model is shown in Table 1. It corresponds to a clean surface
where SEYmax, SEY0, E1 and Emax is defined as shown in
Fig. 2.
Table 1: SEY of the Copper, Al2O3 and TiN Coating
Parameter

Copper

Al2O3

TiN

SEYmax

2,3

5,78

1,75

SEY0

0,5

1

0,5

E1(eV)

35

24

35

Emax(eV)

165

950

250
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Figure 2: SEYmax, SEYO, E1 et EMax of the Vaughan model.
SPARK3D simulations were performed with five different coaxial copper cavities working at 88 MHz, 100 MHz,
350 MHz, 650 MHz and 852 MHz. The cavities have the
same geometry and they are fit to the different frequencies
by homothetie. The analyzed region was reduced to the
electric peak field area.
For each frequency, the multipacting barriers have been
plotted for each type of multipacting found. At each frequency, the electron growth rate is plotted versus the maximal electric field (Fig. 3).

Multipacting barriers up to the 4th order have been also
found.
For all frequencies, the lower the frequency, the lower
the electric field level of multipacting, as the Sommersalo
theory predicted [2].
For each frequency, the greatest EGR corresponds to a
multipacting 1-point 1st order. For all the 1-point 1st order,
the greatest EGR is reached at 350 MHz, and it decreases
steadily as frequencies increases or decreases. The lowest
EGR is found at 852 MHz.
The lower the order of the multipacting, the lower the
EGR with the exception of the MP 1- point 3rd order at 850
MHz.
For each frequency the electric field boundary values
where multipacting was present have been plotted (Fig. 4).
These electrical field boundary values plotted corresponds
to an electron growth rate of 103. The hatched area (MP
zone) represents the electric field and the frequency ranges
where multipacting might appear.

Figure 4: Electric field and frequency ranges where MP
might appear in the coaxial cavity calculated by
SPARK3D.

Figure 3: Electron growth rate and type of multipacting for
88 MHz (light blue), 100 MHz (dark blue), 350 MHz (orange), 650 MHz (yellow) and 852 MHz (black). Multipacting x point y order is indicated xp oy.
At 88MHz, only one narrow multipacting barrier has
been found. This barrier corresponds to 1-point 1st order
multipacting. Neither multipacting barrier 1-point 2nd order
nor 2-point 1st order have been found.
At 100 MHz, as at 88 MHz only one narrow multipacting
barrier has been found but here, this barrier corresponds to
a mix of 1-point and 2-point 1st order multipacting. As the
peak of 1-point 1st order and 2-point 1st order multipacting
are very close, they are not distinguishable.
At 350 MHz, a large multipacting barrier to a mix of
1-point and 2-point 1st order multipacting has been found.
This barrier is saturated because the electron number has
reached its maximal, 1015. On the other hand, one barrier
of 1-point 2nd order has been found.
At 650 MHz and at 852 MHz, the multipacting barriers
of 1- point and 2- point 1st order become differentiable.
Technology
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These results have been crosschecked with MUSICC3D
(@IJC Lab/ France) [3] simulations [4]: similarities have
been found as shown in Fig. 5, even if SPARK3D predicts
larger multipacting barriers than MUSICC3D.

Figure 5: Electric field and frequency ranges where MP
might appear in the coaxial cavity calculated by MUSICC3D (green) and SPARK3D (blue).
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EXPERIMENTAL MEASUREMENTS

CONCLUSIONS

Measurements with the test bench in a standing wave
configuration at 352 MHz, 604 MHz and 855 MHz were
realized.
For this initial campaign, no particular cleaning protocol
of the surface has been applied in order to induce a bad
SEY. This aims to generate large multipacting barriers to
ease the detection on the test bench.
At each frequency, the power is steadily increased from
0 to about 500 W (the maximal power delivered by the amplifier) and then decreased down to 0 W. Pulsed RF mode
is used with a 1 second period and a 200 ms power pulse in
order to avoid fast conditioning and disappearance of the
multipacting barriers.
In Fig. 6, the largest multipacting barriers measured in a
standing wave configuration at 352 MHz, 604 MHz and
855 MHz are plotted. The measurements in a travelling
wave configuration at 120 MHz, 140 MHz, 160 MHz and
180 MHz (made previously [4]) are also plotted. Both
SPARK3D and MUSICC3D simulations of all the types of
multipacting found are also indicated.
At 855 MHz, the maximal electrical field reached on the
test bench was 0,7 MV/m. This field is not sufficient to go
over the MP barrier, as indicated on Fig. 6.

Multipacting (MP) studies were performed both with
simulation codes and experimental measurements on a
dedicated coaxial resonator test bench [5]. MP simulations
and measurements are similar from 100 MHz to 855 MHz.
It has been verified that the higher the frequency, the
higher the electrical field required for multipactor.
The higher the frequency, larger the zone of the electrical
field where multipacting might appear and the higher the
order of the MP can exist.
Multipacting 1-point order 1 shows the strongest electron growth rate over all frequencies.
On the other hand, the strongest multipacting barrier
(highest EGR) is found at 350 MHz and not at the highest
frequency.
In SPARK3D, an electron growth rate threshold of 103
indicates multipacting barriers slightly larger than the
measurements. An analysis will be performed to study and
optimize this parameter to refine the simulations.
The next step will be to compare the multipacting barriers in travelling wave configurations with the electrical and
magnetical MP barriers in standing wave configuration at
identical frequencies.
In addition, the experimental program will be pursued. It
is planned to characterize multipactor with different cleaning protocols of the surface of the samples. The goal is to
develop protocols minimizing the multipactor with better
surface preparation, including surface coatings and RF
conditioning processes.
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Abstract
MYRRHA (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 (Continuous Wave) at 352.2 MHz. This paper describes the multipacting studies on couplers.

INTRODUCTION
Multipacting is an undesired phenomenon of resonant
electron build up encountered in electromagnetic field regions under vacuum. It appears when an electron is accelerated by the electric field and hits the enclosure’s wall.
Depending on the secondary electron yield of the wall,
more than one electron can be emitted and accelerated by
the electric field, creating a self-sustained electron avalanche. 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.
As part of an ADS (‘Accelerator Driven System’), the
MYRRHA (Multi Purpose Hybrid Reactor for High Tech
Applications) [1] coupler is laid out for the highest achievable reliability. To improve the reliability, the coupler is
studied and tested up to 80 kW CW, well above its nominal
power (8 kW CW), to allow the fault-tolerance schema [2].
The study includes a complete calculation of the multipactor phenomenon. MUSICC3D [3] and SPARK 3D
codes have been chosen for the simulations.

COUPLER DESIGN OVERVIEW
The power coupler [4] is made (Fig. 1) of an inner conductor (antenna) and an outer conductor (cuff) brazed on a
high purity alumina ceramic window. The antenna has a radius 13.1 mm (Rant) and the outer conductor, fixed by the
cavity, is 28 mm. The coupler allows some mechanical
flexibility to compensate differential thermal expansions
and mechanical misalignments thanks to bellows. The antenna having a water cooling, a double input tee has been
designed. This tee has a flange on one side to transport the
RF power, and on the other side, a special short stub, to
support cooling pipes all the way up through the antenna.
The length of this short stub (Lss) was studied to eliminate
the mismatch created by the bellows, which was a length
of 270 mm.
___________________________________________

Figure 1: Main elements of the power coupler.

MUSICC3D CALCULATIONS
MUSICC3D (@IJC Lab/ IN2P3/France) uses a model of
one virtual particle, where the output ‘charge number’ represents the product of SEYs (Secondary Electrons Yields)
occurring at each interaction with the wall. It is considered
that there is a multipacting barrier at a given field level, if
the charge number increases at this field gradient.
The particle emission is based in the secondary emission Yield in function of the impact energy (SEY curves)
First simulations were made with MUSICC3D around
the window because it is the most fragile and important region to prevent of multipactor. If window breaks the accelerator is no longer under vacuum.
The worst case was simulated, with no TiN anti-multipactor coating on the Al2O3. The Secondary Electron
Yield (SEY) curves used are shown in Fig. 2.

Figure 2: Al2O3 SEY curve (in red) and cu SEY curve (in
blue).

* Work supported by SCKCEN and IN2P3 (CNRS)
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The first important multipacting barrier found was at 67
kW @ 0.37MV/m as can be identified on the Fig. 3 showing the charge number versus the peak electric field.

Figure 3: Charge number versus the peak electric field
(MV/m) at 100 impacts.
This multipacting barrier has no resonant electron trajectories impacting the alumina disk of the coupler (See
Fig. 4). So theoretically, there is no risk to break the alumina.

At the nominal conditions (Rant of 13.1 mm, Lss of 270
mm, with TiN), simulations show that from 10 to 55 kW
multipactor appears at the cuff and from 55 kW multipactor
is located around the window as predicted by MUSICC3D
simulations in this region. The two stronger multipactors
are those at the cuff: the first one at around 30 kW and the
second one at around 45 kW (see Fig. 5).

Figure 5: Multipacting zones, in red, at 30 kW (on the left);
45 kW (in the middle) and 55 kW (on the right).

Study of Electrons with vs Without TiN Coating
Simulations showed, as expected, that the TiN coating
makes the multipactor around the window weaker. The
SEY maximal used for the TiN was 1.75 versus 5,78 used
for the Al2O3. The positive effect of the TiN is evident; it
can reduce multipactor up to a factor of 105 (see Fig. 6) in
the power range above 55 kW. In Fig. 6 the slope of the
electron evolution, called electron growth rate, is given for
each electrical field.

Figure 4: Electrons trajectories with MUSICC3D.

SPARK 3D CALCULATIONS
SPARK3D (@Dassault Systems) is part of a commercial
electromagnetics (EM) package. The main output of
SPARK3D is the curve of the electron evolution analysed
in time for each RF power. For a given field level, if the
electron evolution increases, multipacting occurs. The
higher the electron evolution, the stronger the multipactor
is. If the electron evolution for one frequency reached 1015
SPARK3D stops the simulation for that frequency. Simulations were made with 5000 electrons (4 e-/cm2) emitted
in a homogeneous initial electron distribution. The SEY
used was the same that for MUSICC3D simulation in the
Vaughan model.
The goals of the SPARK3D simulation were to confirm
the MUSICC3D calculations and to study the influence of
some parameters such as the TiN coating, the length of the
short stub and the inner radius of the antenna.
TUPOPA16
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Figure 6: Electron growth rate with TiN vs without TiN.
Rant 131 mm & Lss 270 mm.

Study of a Variation of the Short Stub’s Length
For the best power transmission to the beam with a more
constant EM field along the cuff the optimal short stub’s
length is 270 mm. Without bellows in the transmission line,
the optimal length should be 230mm.
The numerical results show that for Lss of 270 mm, the
two strongest multipacting barriers are narrower than Lss
of 230 mm (see Fig. 7).
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Study of the Coupling
Coupler coupling with the cavity conditioning and the
spoke accelerating cavity was simulated. No multipactor in
the coupling zone was observed.

CONCLUSIONS

Figure 7: Electron growth rate with Lss 270 mm vs Lss 230
mm. Rant 13.1mm &TiN.

Influence of a Variation of the Antenna’s Radius
The characteristic impedance (Zc) of a coaxial line depends on outer conductor radius (Rext) and on the antenna
radius (Rant) as shown in the Eq [1].

𝑍𝑐 =

𝐿𝑛

(1)

In a coaxial line, Somersalo’s laws [5] show that the multipacting power levels depends on the characteristic impedance, the frequency and the outer diameter (See Eq [2] for
multipacting 1-point order 1 where P1-point : Multipacting
power level; f: Frequency; D: outer conductor diameter; Zc
:characteristic impedance).
(2)

𝑃

∝ 𝑓𝐷

𝑍𝑐

In our case, the characteristic impedance is the only free
parameter as the frequency and outer diameter are fixed.
For that, two antenna radius have been studied; 13.1 mm
@ 45.6 Ohm and 12.16 mm @ 50 Ohm.
Simulation results show that multipacting barriers for
13.1 mm are shifted at lower powers than for 12.16 mm
(See Fig. 8). This result is consistent with Somersalo law.

MUSICC3D and SPARK 3D simulations provide approximately the same results. The prototype design with
Lss of 270 mm and Rant of 13.1 mm show lower multipacting so these parameters have been validated. For this
configuration (Lss@270 mm, Rant@13.1mm) the two
stronger multipactors appear at the cuff around 30 kW and
45 kW. These multipacting barriers correspond with those
measured and conditioned with the prototypes at the coupler test bench.
Multipacting barriers around the window were not easy
to measure because there are weaker than at 30 and 45 kW.
The next step is to choose whether or not to have the TiN
coating on the window. The pros are that in MYRRHA the
reliability is very important and TiN coating reduces very
much the multipacting (more than a factor 100) around the
window, confirmed by simulation. The cons are that TiN
coating is not easy to realise and it has to be very well controlled; besides, multipacting barriers appear higher than 4
times the nominal power (8 kW).
No significant difference between the prototypes
with/without TiN was measured during their conditioning.
New results are expected with the RF power test of the
cryomodule prototype planned before the end of 2022.
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SOLVING THE USB COMMUNICATION PROBLEM
OF THE HIGH-VOLTAGE MODULATOR CONTROL SYSTEM
IN THE EUROPEAN XFEL
M. Bousonville*, S. Choroba, S. Göller, T. Grevsmühl, A. Hauberg, T. Weinhausen
Deutsches Elektronen-Synchrotron, Hamburg, Germany
Abstract
Since the commissioning of the modulators in the European XFEL in 2016, it happened from time to time that the
modulator control system hung up. The reason for the problem was unknown at that time. Initially, the MTBF (Mean
Time Between Failure) was 104 days, which was so rare
that other problems with the RF system clearly dominated
and were addressed first. Over the next 2 years, the error
became more frequent and occurred on average every
18 days. After the winter shutdown of the XFEL in 2020,
the problem became absolutely dominant, with an MTBF
of 2 days. Therefore, the fault was investigated with top
priority and was finally identified. Two units of the control
electronics communicate via USB 2.0 with the main server.
Using special measurement technology, it was possible to
prove that weak signal levels in the USB signal led to bit
errors and thus to the crash of the control electronics. This
article describes the troubleshooting process, how to measure the signal quality of USB signals and how the problem
was solved in the end.

INTRODUCTION
The European XFEL is equipped with 26 RF stations [1].
One RF station can generate up to 10 MW of RF power
with a pulse width of 1.7 ms and a repetition rate of 10 Hz.

The stations are operated with 0.7 to 6.5 MW. The failure
of an RF station leads to a reduction in the electron beam
energy of 600 to 700 MeV, which stops the generation of
the X-ray pulses in the undulator sections. The failure of
one station therefore interrupts operation of the free-electron laser as a whole.
Each RF station consists of a multibeam klystron, highvoltage pulse modulator and pulse transformer, RF waveguide power distribution and several other subsystems.
While a number of childhood diseases were eliminated after the commissioning of the European XFEL in 2016 [2],
a fault that occurred from time to time in the high-voltage
modulators played only a minor role. The modulators generate the high-voltage pulses for the klystrons with an amplitude of 6.3 to 9.2 kV, which are transformed upwards by
a factor of 12 by a pulse transformer. So, 75 to 110 kV are
available for the klystron operation. The initially unknown
error led to the failure of a modulator, which could be fixed
by a manual power cycle of the control system. When the
error occurred, the GUI of the control system displayed a
red spider, which is why this error was internally called the
red spider. This error message is always displayed when
the communication between the two electronic boards and
the server controlling the modulator is disturbed (Fig. 1).

PSM Board

USB

SCI Board

Kiss Server

Figure 1: High voltage modulator, GUI and control system.
___________________________________________
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However, it was completely unclear what had disturbed
the communication. In the first two years of operation, the
failure occurred 3 to 4 times per year (MTBF = 104 days).
The failures were documented but not followed up. This
then changed in the two subsequent years of 2018 and
2019. The fault now occurred 20 times per year (MTBF =
18 days) and the investigation began. It was very difficult
as the fault occurred completely unpredictably on more
than half of the 26 modulators. From January 2020, the
probability of the fault occurring increased tenfold and it
occurred on average every second day.

THE TROUBLESHOOTING
Various approaches have now been taken to isolate the
problem. We tried to find out if there was a difference between the 17 modulators that were affected and the 9 that
were not. However, no difference could be found, e.g., in
age, software status, cable connections. A few months later,
the error also occurred in 4 of the 9 modulators that were
not affected until March. At the same time, the suspicion
was investigated that an EMC (electromagnetic compatibility) problem could have become more severe from January onwards and thus led to the accumulation of faults.
However, there were no indications and EMC measurements did not reveal any unusual stress in the vicinity of
the modulators. Since the USB cables themselves had already been replaced with another type in the past, this was
initially ruled out as the cause. However, it was decided to
use a USB analyser to analyse the data traffic between the
electronic boards and the server in the hope of detecting
communication problems. The USB analyser was inserted
between the board and the server and the USB data ran
through it so that it could record what was happening. We
took a board that was particularly susceptible to the error
and established the USB connection to the server via the
USB analyser. The error then disappeared.

USB COMMUNICATION
To understand the problem, some background information on USB technology is necessary. The first USB
standard 1.0 was introduced in 1996. It was already possible to transfer data at a low speed of 1.5 Mbps. With the
successors 1.1, 2.0 and following, the data rate was increased further and further. The USB communication of the
modulator control system based on USB 2.0 with a data
rate of 480 Mbps. In principle, however, all USB interfaces

are downward compatible. For example, a USB 2.0 interface can switch from high-speed to full-speed if the other
USB interface cannot offer more than full-speed (Table 1).
In this case, the data rate, but also the levels, are used according to the full-speed specification. It is important to
note that USB communication is always bidirectional.
Each USB interface sends and receives data [3].
Table 1: Two of the USB Data Transmission Modes
Mode
Bit Rate
Amplitude

Full-Speed
12 Mbps
0 V to 3.3 V

High-Speed
480 Mbps
± 0.4 V

After the error no longer occurred with the USB analyser, the following working hypothesis was made: The actual cause of the communication error, are more bit errors
than the error correction can fix. If the analyser is now between the electronic board and the server, it acts like a repeater. It reads the incoming USB signals without errors
and regenerates them in better quality than the original signals. As a result, no more bit errors occur.
This working hypothesis had to be tested. This requires
a complex measurement setup consisting of an oscilloscope with a bandwidth of 2.5 GHz, a special board for the
signal taps and appropriate software, which is offered by
some manufacturers. With the help of this measurement
setup, eye diagrams of the signals can be recorded, which
can be used to assess the signal quality (Fig. 2).
Such an eye diagram consists of the superposition of several hundred to several thousand bits recorded by an oscilloscope. Basically, one can say that the wider the eye is
open, the better the signal quality. Theoretically, the eye
opening of a USB 2.0 signal should be 800 mV. But due to
amplitude noise, the eye opening is reduced in practice. If
you also consider the attenuation of a connected USB cable, the vertical eye opening is further reduced. We compared different USB devices and noticed two things. First,
the eye diagram of the modulator server and the boards is
5 to 9 % less wide open vertically than other typical USB
devices. Secondly, the cable used at the time reduced the
eye opening, by a further 8 to 11 %. As a general rule, reducing the eye-opening leads to an increased bit error rate.
For a typical USB application, the resulting bit error rate
would probably not be a problem, as it does not have to run
error-free for a long time.

Figure 2: USB signal measurement setup, recorded bit test sequence and the corresponding eye diagram.
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In our case, however, it led to a communication error
every one or two months, which caused the failure of a
modulator and thus the entire RF station. This results to a
MTBF of 2 days for 26 RF stations. The USB analyser
opened the eye so much that no more bit errors occurred.
The same effect can also be achieved by reducing the cable
attenuation.
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THE SOLUTION
The problem was understood and as a first measure we
installed USB repeaters with the standard 2.0 in all modulators that showed the error. After the repeaters were installed, the error no longer occurred.
However, the repeaters are active components with unknown lifetime and which therefore carry a potential risk
of failure. Therefore, we looked for a USB cable with lower
attenuation to achieve a large eye opening without repeaters that could fail. This was not easy, as most manufacturers do not specify the attenuation, but we finally found a
cable that has a barely measurable insertion loss. Figure 3
shows an eye diagram of a USB signal at the end of the
transmission with the original cable at the top and with the
new cable at the bottom. The eye is about 10 % more open
vertically.
In December 2020, all modulators were then equipped
with these cables. In the next 4 months, no more errors occurred and the problem seemed to be finally solved, but the
problem showed up again 7 times between May and August.
We then took another measure. We used a USB repeater
that can transfer data at a maximum of full speed (Table 1).
This forces the USB 2.0 interfaces in the electronic boards
and the server to reduce the data rate and increase the level.
Each bit thus becomes longer by a factor of 40 and the voltage level is increased by a factor of 4.125. This makes the
eye correspondingly larger and thus the signal-to-noise ratio is significantly improved, which makes a bit error much
less likely. The data rate of 12 Mbit/s is sufficient for the
communication within the control system. In August 2021,
the USB 1.1 repeater was installed in all modulators and no
red spider has been seen since in operation.

SUMMARY
The fault was found after a long search and proven with
suitable measurement technology. Measuring the USB signals is a difficult task and can only be done with a suitable
USB measuring device. Basically, the use of USB interfaces for the communication of control systems in a user
machine does not seem to make sense. However, based on
the knowledge gained, a way could be found to make the
data transmission very reliable. By lowering the data transmission from high-speed to full-speed on purpose and using low-attenuation USB cables, the signal quality was improved so much that the error has not occurred again in the
last 12 months of operation.
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Figure 3: Top - Eye diagram with the USB cable previously
used in the modulator control system. Below - Eye opened
wider due to the much lower attenuation of the new USB
cable.
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Abstract
The superconducting continuous wave (cw) heavy ion
HElmholtz LInear ACcelerator (HELIAC) is intended to be
built at GSI in Darmstadt. With its high average beam current and repetition rate the HELIAC is designed to fulfill the
requirements of the super heavy element (SHE) research user
program and the material sciences community at GSI. The
accelerating cavities are of the superconducting Crossbar Hmode (CH) type, developed by GUF. Within the Advanced
Demonstrator project, the first cryomodule, consisting of
four cavities is scheduled for commissioning with beam in
2023. The former RF power couplers introduced a high
heat input into the cryostat. Therefore, the coupler is redesigned at HIM in order to not only reduce the heat input
but to provide an overall improved power coupler for the
HELIAC. It is designed for a maximum power of 5 kW cw at
the frequency of 216.816 MHz. A prototype has been tested
and commissioned recently. This includes several RF-tests
at room temperature and in cryogenic environments. The
results of these tests will be presented in this paper.

INTRODUCTION
The superconducting HELIAC (Fig. 1) is foreseen to serve
as the main accelerator for SHE research [1] and material
sciences at GSI while the UNIversal LinAC (UNILAC) is
upgraded as injector for the Facility for Antiproton and Ion
Research (FAIR) [2]. HELIAC consists of a normal conducting injector [3, 4] and a superconducting linac [5] comprising twelve CH-cavities [6, 7]. After completion of the
Demonstrator project, and first successful operation of a CH
cavity [8] with heavy ion beam [9], the linac is currently in
an advanced R&D-phase, called the Advanced Demonstrator
project [10]. For this purpose, the first complete cryomodule
consisting of three CH cavities, a CH-buncher [11, 12] and
two superconducting solenoids is going to be prepared for a
beam test.
LEBT

RFQ

ECR

Cryomodule 1

IH

0.3 MeV/u

1.4 MeV/u

Cryomodule 2

Cryomodule 3

4.3 MeV/u

In order to overcome serious operational problems, the
original design approach of the power-couplers [13] has been
further improved and thus a new advanced design could be
developed [14]. The revised coupler can be disassembled
modularly into individual components, to allow easy cleaning and assembly; potentially the replacement of individual
components is possible in case of malfunction. As the previous coupler, the current design (see Fig. 2) is based on a
coaxial, capacitive 3 1/8"-RF-line (2, 4) and comprises two
ceramic windows (1). The diameter of the line is tapered (3)

Figure 2: Cross section of the recent power coupler design
for the HELIAC.
to fit the cut-off tube of the resonators in the cold section.
In order to allow variable coupling, the coupler is equipped
with a bellow (6) which has a total stroke of 30 mm. With
28 corrugations and a wall thickness of only 0.15 mm the
bellow also ensures a minimal static heat load into the cavity.
Figure 3 depicts the RF window flange (1), where an Ushaped spring connects a CF100-flange with an Al2 O3 -diskwindow. This spring is made of Invar42, a nickel-iron alloy

Cryomodule 4

7.3 MeV/u

z (m)
0

10

20

30

Figure 1: Layout of the HELIAC with its normal conducting
1.4 MeV/u injector and the superconducting part, comprising
four cryomodules with three CH-cavities (beam energies up
to 7.3 MeV/u).
∗
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Figure 3: Cross-section of coupler window flange (left) and
U-shaped spring (right).
with the same coefficient of thermal expansion as Al2 O3 and
thus minimizes the probability of damage caused by thermal
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stress during manufacturing and use. Due to this design,
the ceramic has a comparatively small volume, resulting in
low dielectric losses. The space between the windows, is
separately evacuated via a CF40 connection. Two CF-16
outlets allow the connection of diagnostic instruments.
Table 1: Coupler Design Parameters
Parameter

Value

Type
Number of RF-windows
Operating frequency
𝑆11 at 216.816 MHz
Coupling factor (𝛽𝑒 )
Max. forward power
Duty factor
Static heat load to 50 K
Static heat load to 4 K
Dynamic heat load to 4 K
Total RF losses

coaxial, capacitive
2
216.816 MHz
−60 dB
10 – 1000
5 kW
100%
3.5 W
0.82 W
0.5 W
< 6W

0

−20
−30
−40
−50
−60
−70

200

210

220
f / MHz

230

−30 dB is not exceeded (see Fig. 4). All components are designed for operation of up to 5 kW continuous wave power in
transmission and full reflection at arbitrary phase, whereas
the maximum power in operation is only 3 kW. The cold
window acts as a thermic intercept as it is anchored to the
50-K-shield of the cryostat. In order to provide for a low
static heat input, the coupler components were constructed
of stainless steel (316L) with a wall thickness of 0.75 mm.
To reduce ohmic losses the bellow and inner conductor (4)
are copper coated. Table 1 reveals an overview of the major
coupler characteristics, whereby the values of the dynamic
heat load and the total RF losses are referred to a beam
current of 0.1 emA at a mass to charge ratio of 6.

COUPLER TESTS

Max. Bellow Expansion
Neutral Bellow Expansion
Min. Bellow Expansion

−10

S11 / dB
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240

Figure 4: Reflection coefficient 𝑆11 (as a function of the RFfrequency f) of the coupler for different bellow expansions.
The coupler was designed in such a way, that a reflection of −60 dB to −40 dB can be expected at a frequency
of 216.816 MHz – depending on the bellow expansion. In
a frequency range of ± 5 MHz, a reflection coefficient of

In early 2020 a first prototype of the coupler was produced. Several different tests have been conducted at room
temperature and in a cryogenic environment, in order to test
RF and thermic properties. Most of the test activities were
performed on a coupler test bench under high-performance
conditions at room temperature. The prototype of the antenna was provided at the end with a thread so as to allow it
to be connected to another inner conductor; thus, it can be
used with a simple vacuum cross chamber instead of an RF
test cavity, making the test stand (see Fig. 5) compact (1.5 m
long) and simple. For tests in transmission the opposite side
of the vacuum cross-chamber can be equipped with another
antenna and window, that adapts back to a regular RF-line.
For tests in reflection, the cross-chamber remains closed on
one side. Peak power of up to 5 kW in transmission or full
reflection were applied over several months. It was demonstrated that the current design fully meets the requirements
of long term high-power coupler-operation.
For conditioning of the coupler a relatively long time had
to be spend. Getting the coupler into an fully operational
state took several days to weeks, where the process had to
be constantly supervised. To reduce the personnel effort,
software was developed to automate the coupler conditioning process. The diagnostic data of the coupler is read out
permanently, and an appropriate power level is set based on
predetermined criteria. The power is increased gradually until the target level is reached. The status of the test stand can
be read out and the operating parameters can be set remotely
at any time.

Figure 5: Sketch of the coupler test stand for high power operation.
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An RF-window as a key component was cooled down to
4 K in a bath cryostat. In this test the sensitive component remained vacuum-tight regardless of several cold-warm cycles.
In order to obtain the static heat load and the temperature
distribution along the coupler, a prototype was installed on
a dummy-cavity inside the first cryomodule. The couplerprototype was equipped with ten temperature sensors. The
observed heat input of the coupler to 4 K was below the
measurement range of the gauge and is thus well below 1 W.
Apart from minor multipacting issues emerged with at a
few number of prototypes (see next section), the tests showed
that the coupler design fully meets the requirements and is
therefore ready for testing with beam.

VDC = 0

Pf
Pr

VDC = -550 V

2000
1000
0

1 ·10−4

p1

5 ·10−5
1 ·10−5
1.68

1.70

1.72

t/h

1.74

1.76

1.78

Figure 7: Test of the Bias-T with coupler, applying a bias
voltage, RF-power can be switched on at maximum level
without prior conditioning of the coupler.

MULTIPACTING SUPRESSION
In addition to conditionable multipacting thresholds, multipacting incidents also occurred at quasiperiodic intervals
in some prototypes. These events were limited to the area
between the windows and proved not to be conditionable.
This type of multipacting events were observed at power
levels between 1000 W and 3000 W and occurred when
remaining at one power level for a longer period of time. In
some cases, the interlock level of the pressure sensor was
exceeded, resulting in repeated shutdowns. For this reason, a
Bias-T-configuration (see Fig. 6) is applied for multipacting
suppression with the HELIAC couplers. Thereby a DC voltage between −600 V and 600 V can be applied to the inner
conductor, which eliminates the conditions for multipacting.
The DC voltage is supplied via a stub, which is blocked for
the RF field due to a choke coil . On the other hand the DC
voltage is shielded from the RF-generator by a capton foil
on the inner conductor, which acts as a capacitor.

of −550 V, all activities are suppressed, allowing operation
without prior conditioning. It was found, that even with a
completely unconditioned coupler, operation at full power
is possible without any occurrence of multipacting if a sufficient bias voltage is applied. This ensures safe operation of
the coupler and a significantly reduced time span is required
for commissioning the cryomodules.

CONCLUSION AND OUTLOOK
The current design of the HELIAC power coupler underwent extensive testing campaigns. High-power tests verified
the suitability of the design for long-term operation at high
power, whereas tests on the cryomodule showed a static heat
input as low as expected. The first cryomodule (CM1) of
the HELIAC will be equipped with four couplers and is expected to be commissioned with beam in Q3 2023. Serial
production of the coupler components is planed to start after successful coupler performance, confirmed during beam
commissioning of CM1.

REFERENCES
[1] J. Khuyagbaatar et al., “48 Ca + 249 Bk Fusion reaction leading
to element Z=117: long-lived 𝛼-decaying 270 Db and Discovery of 266 Lr”, Phys. Rev. Lett., vol. 112, no. 17, p. 172501,
May 2014. doi:10.1103/PhysRevLett.112.172501
[2] W. Barth et al., “Upgrade program of the high current heavy
ion UNILAC as an injector for FAIR”, Nucl. Instrum. Meth.
Phys. Res., Sect. A, vol. 577, no. 1-2, pp. 211–214, Jul. 2007.
doi:10.1016/j.nima.2007.02.054

Figure 6: Diagram of the Bias-T.
To test the aforementioned multipacting suppression a
deliberately soiled coupler with a vacuum of ∼1 × 105 mbar
was mounted at the test stand. As shown in Fig. 7, the
vacuum pressure increases massively due to strong multipacting activities as soon as the forward power is abruptly
switched on without bias voltage. Hence the interlock immediately interrupts operation. By switching on a bias voltage

Technology
RF power sources and power couplers

[3] S. Lauber et al., “An Alternating Phase Focusing injector
for heavy ion acceleration”, Nucl. Instrum. Meth. Phys. Res.,
Sect. A, vol. 1040, p. 167099, 2022.
doi:10.1016/j.nima.2022.167099
[4] M. Basten et al. “Continuous wave interdigital H-mode cavities for alternating phase focusing heavy ion acceleration”,
Rev. Sci. Instrum., vol. 93, p. 063303, 2022.
doi:10.1063/5.0094859
[5] M. Schwarz et al., “Reference beam dynamics layout for the
SC CW heavy ion HELIAC at GSI”, Nucl. Instrum. Meth.
Phys. Res., Sect. A, vol. 951, 163044, 2020.
doi:10.1016/j.nima.2019.163044

TUPOPA18
457

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOPA18

Pressure / mbar

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOPA18

[6] H. Podlech et al., “Superconducting CH structure”, Phys. Rev.
ST Accel. Beams, vol. 10, p. 080101, 2007.
doi:10.1103/PhysRevSTAB.10.080101
[7] M. Miski-Oglu et al., “Progress in SRF CH-cavities for the
HELIAC cw Linac at GSI”, in Proc. SRF’19, Dresden, Germany, Jun.-Jul. 2019, pp. 1206-1212.
doi:10.18429/JACoW-SRF2019-FRCAA4
[8] F. D. Dziuba et al. “First Cold Tests of the Superconducting
cw Demonstrator at GSI”, in Proc. RuPAC’16, Saint Petersburg, Russia, Nov. 2016, pp. 84–86.
doi:10.18429/JACoW-RuPAC2016-WECBMH01
[9] W. Barth et al., “First heavy ion beam tests with a superconducting multigap CH cavity”, Phys. Rev. Accel. Beams, vol.
21, p. 020102, 2018.
doi:10.1103/PhysRevAccelBeams.21.020102
[10] M. Miski-Oglu et al. “Preparation for Commissioning With
Beam of Advanced Demonstrator Module with Heavy Ion
Beam”, presented at the 31st International Linear Accelerator

TUPOPA18
458

Conference (LINAC’22), Liverpool, UK, Aug. 2022, paper
MOPOPA19, this conference.
[11] F. D. Dziuba et al. “A Superconducting 217 MHz Single
Spoke Cavity for the Helmholtz Linear Accelerator at GSI”,
presented at the 31st International Linear Accelerator Conference (LINAC’22), Liverpool, UK, Aug. 2022, paper MOPOGE21, this conference.
[12] M. Gusarova et al., "Design of the two-gap superconducting
re-buncher”, J. Phys.: Conf. Ser., vol. 1067, p. 082005, Oct.
2018. doi:10.1088/1742-6596/1067/8/082005
[13] R. Blank, "Entwicklung eines 217 MHz Hochleistungskopplers für das cw-LINAC-Demonstrator Projekt”, Master’s
thesis, Goethe-University Frankfurt 2015.
[14] J. List et al., "Modular Power Couplers For 217 MHz superconducting CH-cavities”, in Proc. SRF’19, Dresden, Germany, Jun.-Jul. 2019, pp. 168-172.
doi:10.18429/JACoW-SRF2019-MOP050

Technology
RF power sources and power couplers

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOPA24

DESIGN OF AN X-BAND BUNCHING AND ACCELERATING SYSTEM
FOR THE AWAKE RUN 2
J. M. Arnesano†, S. Doebert, CERN, Geneva, Switzerland
Abstract
In Run2 AWAKE aims to demonstrate beam quality and
increase the accelerating gradient in the plasma even further and in order to be able to serve high-energy physics
experiments. In this framework, a new electron injector,
consisting of an S-band RF-gun and a subsequent X-band
bunching and accelerating sections, able to produce very
short bunches with a small emittance, has been designed.
In this paper, two different configurations of the X-band
section and their corresponding high power distribution
systems are presented. The first one consists of three identical travelling wave cavities to bunch and accelerate the
beam while the second one uses a separate short structure
for velocity bunching followed by three long pure accelerating structures. A discussion of the strengths and weaknesses of each configuration is carried out; the X-band
power distribution systems are described with particular attention to the choice of the high-power klystron, the pulse
compression system and the waveguide distribution.

INTRODUCTION
In 2018, RUN 1 of the AWAKE experiment at CERN
achieved all its milestones, demonstrating for the first time,
the acceleration of electrons to GeV energies using protondriven plasma wakefields [1]. In 2021 the AWAKE Run 2
started, aiming to demonstrate acceleration of high-quality
electron beams appropriate for future high-energy physics
experiments. Preservation of beam quality, emittance and
low energy spread, is the main goal of the Run 2. Therefore, it is necessary to use two plasma cells, one for seeding
the microbunching and one for pure acceleration and a new
electron injector to inject high quality electron bunches
into the second plasma cell.
The new injector has to produce an energy of about 150
MeV, a small emittance and very short bunches to be able
to reach the “blow out regime” during acceleration. The
bunch length has to be a fraction of the plasma wavelength
to keep the energy spread low. In addition, the injector has
to be very compact due to the severe space constraints in
the existing tunnel.
In this framework, a novel injection scheme has been
proposed, consisting of an S-band Rf-gun followed by Xband structures used for velocity bunching and acceleration to ~200 fs and 150 MeV, respectively.
This paper is focused on the new AWAKE injector’s baseline and its RF power distribution system for Run 2c. More
details about the experimental program and its phases are
described at this conference [2]. The main parameters of
the new electron source are listed in table 1. Its installation
is scheduled in 2027 in the AWAKE experimental area
while a reduced prototype of the injector, called ARTI
___________________________________________
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(AWAKE Run 2 test injector), is being developed in collaboration with CLEAR. In the following sections, the injection baseline is explained in detail, an analysis of the XBand power compression system is performed and an estimation of the power required for each system is compared.
Table 1: Injector parameters
Parameter
Energy [MeV]
Charge [pC]
Spread [%]
Bunch length [fs]
Nor. Emittance [mm mrad]

Value
150
100
0.2
200-300
2

INJECTOR BASELINE
Initially, two different configurations for the X-band injection system have been considered and are shown in
Fig. 1. The first configuration consists of three identical
cavities of ~0.9 m; the first one is used for bunching and
the other two for pure acceleration. The second configuration includes a small cavity of 30 cm for bunching and
three cavities of ~0.9 m for pure acceleration. In both cases,
a S-band 1.5 cell photoinjector is used as electron source.
To prevent emittance growth, the buncher has been placed
in the so-called “Ferrario’s working point” and a solenoid
is placed right after the GUN and around the first two cavities [3].

Figure 1: On top the first configuration with 3 identical
cavities, on the bottom the second with the small buncher.
When considering the RF power system, which layouts are
shown in Fig. 2, each configuration presents strengths and
weaknesses. The main advantage of the first layout over
the second, is the use of a single klystron. In the second
layout an additional “small” klystron is required to feed the
buncher. The first choice leads to economic savings and increased simplicity however presents a major disadvantage,
i.e., there is a risk of a high breakdown rate due to the energy requirement of 150 MeV which forces the two acceleration cavities to work with a high gradient of 80 MV/m
in a magnetic solenoid field. In the second case the gradient
of each cavity is only 53 MV/m, significantly reducing the
risk of RF breakdowns [4]. For this reason and the lower
peak power requirements, the second setup has been
TUPOPA24
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chosen as a reference system for the new injector since reliability is a major goal of the design.

iris profile has been chosen to minimize the modify poynting vector and a symmetrical feeding for the couplers has
been designed to cancel the dipole component. The geometry for the 30 cm buncher cavity is shown in Fig. 4.
The mechanical design has been performed at CERN
and its construction is foreseen within the next year.

POWER DISTRIBUTION SYSTEM
Pulse Compressor Optimization

Figure 2: Layout of the first configuration (left), layout of
the second configuration (right).

Gun
For the new AWAKE injector an S-band standing wave
1.5 cell RF-gun is foreseen. A prototype has been constructed by INFN-Frascati and is being tested and commissioned at CTF2 (CLIC Test Facility 2). A photo of the device is shown in Fig. 3.

A pulse compressor is foreseen to feed the acceleration
cavities; three different candidates have been selected for
this purpose. The first one is a SLAC energy doubler
(SLED) designed at CERN [7], with a quality factor
Q=1.7e05 and beta=5.8, the second one is barrel open cavity (BOC) designed at PSI [8] with a quality factor
Q=1.5e05 and beta=7.5 and the last one is still a BOC, under development at CERN [9] with a quality factor
Q=2.34e05 and beta=7.4 An optimization for the pulse
compression system has been performed in order to understand which compressor suits better for the system.
The three compressors are shown in Fig. 5.

Figure 5: SLED @ CERN (left), BOC @ PSI (centre),
BOC @ CERN (right).

Figure 3: Prototype of the gun.
It is part of a new generation of electron guns fabricated
with brazing-free technology [5] and implements a new geometry with 4 pumping ports allowing the cancellation of
the dipole and quadrupole components and the increase of
vacuum pumping speed. A ~1mm UV laser spot size will
be used to produce bunches of ~2ps length with 100 pC
charge.

X-Band LINAC
An X-band traveling wave accelerating structure has
been selected for the three cavities in our reference system.
Its EM design has been performed by INFN-Frascati in the
framework of the EUPraxia project, following a procedure
described in [6].

For a specific set of values of the LINAC (quality factor,
group velocity, shunt impedance) and the compressor (coupling factor and quality factor), one can find a value of the
filling time of the cavity, that maximizes the accelerating
gradient [10]. The accelerating voltage for a constant impedance cavity with pulse compressor is [6]:

𝑉

=

=

𝛾

𝑒

−𝑒

𝛼=

460

+ 𝛼−1 𝑒

−1

(2)
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2𝛽
=2
1+𝛽
𝑄

𝑄
2−𝑒
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Where τs is the section attenuation of the X-band accelerating structure, Q is the quality factor of the single cell, Ql,
Qe and βc are the loaded and external quality factor and the
𝛾 =𝛼 2−𝑒

It consists of a traveling wave, constant impedance accelerating cavity working on the ⅔ pi mode. An elliptical
TUPOPA24

(1)

Where Pk is the power at the compressor input section,
R is the LINAC shunt impedance, Ls is the LINAC length
and Rs is the effective shunt impedance, a parameter which
defines the efficiency of the system [10]. It is clear from
the above formula that Rs is the target parameter to optimize; in [6] has been found that:

Where:

Figure 4: Geometry of the buncher.

𝑃 𝑅𝐿

=2
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coupling factor of the compressor. More details about this
optimization process can be found in [6] and [10]. For a
constant impedance acceleration cavity, the section attenuation is [11]:
𝜏 =𝛼

𝐿

Where αcell is the attenuation constant of the single cell and
Ls is the length of the cavity.
It is then possible to optimize (2) as a function of Ls keeping all other parameters constant.
The plot of the square root of Rs/R as a function of the cavity length is shown in Figure 6.

Figure 6: Optimization curves for the SLED@CERN
(blue), the XBOC@PSI (RED) and the XBOC@CERN
(yellow)
The values of the lengths that maximize the accelerating
voltage and the respective Rs are listed in table 2. The accelerating gradient as a function of the compressor input
power, for a 0.9 m length cavity and for the case of no pulse
compressor are shown in Fig. 7.
Table 2: Injector Parameters
Compressor
Rs [MΩ/m] Opt. Length [m]
SLED @ CERN
350
1.01
BOC from PSI
352
0.89
BOC @ CERN
360
1.07

Figure 7: Acceleration gradient as a function of the compressor input power for 0.9 m length.
In [12], a figure of merit is defined to quantify the performance of the compression system, i.e., the compression
factor M:
𝑉 (𝑤𝑖𝑡ℎ 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛)
𝑀=
𝑉 (𝑤/𝑜 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛)
In Table 3 the compression factor is shown for the three
cases. With M being almost equal in the three cases, all
compressors are a good choice for the system.
Technology
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Table 3: Injector Parameters
Compressor
SLED @ CERN
BOC from PSI
BOC @ CERN

Compression
factor
2.21
2.23
2.23

Input Power Estimation
Using (1), the power required by the klystron can be calculated for the two different schemes. For the second layout in Fig. 2, assuming the three cavities working with an
accelerating voltage of 53 MV/m, the power required at the
compressor input, for a flat pulse of 1.5 us, is ~21 MW
(~7 MW per cavity) while for the small buncher the power
required at its input is 6.6 MW. For the power distribution,
a double-height (DH) waveguide system has been proposed to reduce losses. For a standard WR90 WG the attenuation constant for the TE10 mode is α=0.01 dB/m
while for a DH WG is 0.006 dB/m reducing the losses of
40%. Assuming 30 m of DH WG the losses are in total 1.8
dB or equivalently 34% which implies ~32 MW of output
power from the klystron to feed the acceleration cavities
and ~10 MW for the buncher for a total power consumption
of ~42 MW. The same calculations can be used for the first
layout where the power required by the cavities is 34 MW
(~16 MW per accelerating cavity and 2 MW for the
buncher) for a total power consumption of ~50 MW; another disadvantage for this configuration compared to the
second one.

CONCLUSIONS
The new injector for the AWAKE Run 2 and its power
distribution system have been proposed and studied. Two
different configurations for the X-band bunching and accelerating system have been discussed. The second layout
has been chosen because of its reliability against breakdown pulses and power consumption performances. Three
different compressors for the system have been studied
demonstrating that all of them are good choices.
The prototype of the gun has been installed at CTF2 and
conditioned, reaching an accelerating electric field of 120
MV/m at the cathode and beam tests are forthcoming.
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DESIGN, MANUFACTURING, ASSEMBLY, TESTING, AND LESSONS
LEARNED OF THE PROTOTYPE 650 MHz COUPLERS ∗
J. Helsper† , S. Chandrasekaran, N. Solyak, S. Kazakov, K. Premo, G. Wu,
F. Furuta, J. Ozelis, B. Hanna, FNAL, Batavia, IL 60510, USA
Abstract
Six 650 MHz high-power couplers will be integrated into
the prototype High Beta 650 MHz (HB650) cryomodule for
the PIP-II project at Fermilab. The design of the coupler is
described, including design optimizations from the previous
generation. This paper then describes the coupler life-cycle,
including manufacturing, assembly, testing, conditioning,
and the lessons learned at each stage.

INTRODUCTION
The prototype High Beta 650 MHz (pHB650) couplers
will provide radio frequency (RF) input to the superconducting accelerating cavities housed within the pHB650
cryomodule (CM) [1], which is part of the PIP-II Project [2].
Six pHB650 couplers are used in the pHB650 CM string.
Eight pHB650 couplers with three additional vacuum sides
were procured. These pHB650 couplers are predated by
‘proof of concept’ 650 couplers, which validated the overall
design and testing regime [3].

necessary for transportation and handling. Ti-N coating was
not applied to the Alumina window as a high voltage (HV)
bias of 5 kV suppresses multipacting. The antenna tip (Item
17) has a non-symmetric ‘goose foot’ shape which allows
for modulation of cavity Qext. The antenna assembly (Item
8+13), cold outer conductor (OC) (Item 10), air inner conductor (IC) (Item 5), and air OC (Item 6) were all designed
to be vacuum furnace brazed.

Changes from Previous Design
The two proof of concept coupler designs [3, 4] are
shown in Fig.~2
~ . Design A used solid copper electromagnetic shielding, while design B used copper plating over the
SS outer conductor.

DESIGN
The critical design components of the pHB650 coupler
design are shown in Fig.1.
Figure 2: Section view, proof of concept couplers.
Design B was chosen as the basis for the pHB60 couplers
as it was less complex, easier to assemble, and better for
UHV cleaning. Several features of Design B were changed
for the pHB650 coupler, which included a larger waveguide,
a different electron probe location, inclusion of a vacuum
gauge, increased OC wall thickness, a fully brazed SS tube
within the antenna (previously removable design left the
antenna easily deformed), and thru hole mounting on thermal
straps instead of threaded inserts.

Analysis

Figure 1: The full pHB650 coupler assembly.
Brazed copper sleeves connect the window (Item 8) to its
surrounding components, allowing for thermal expansion
without undue stress. The stainless steel (SS) tube within
the antenna provides an air cooling path and the stiffness
∗
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The RF and Thermal analyses performed for the pHB650
coupler [5] are similar in methods and results to those for the
proof of concept couplers [4,?6], which show the couplers
meet all necessary requirements. Previous structural analysis
verified the thermal stress of the ceramic window sleeves [5],
and recent analysis verified the coupler will have acceptable
resonant frequencies and stress levels during shipment of
the CM [7].

MANUFACTURING
The manufacturing life cycle shown above in Fig. 3 was
driven by Fermilabs’s technical and procurement specifica-
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Figure 3: Manufacturing life cycle.

tions. The entire procurement and manufacturing of the couplers took place during the COVID-19 pandemic with travel
restrictions, and as such, no Fermilab staff were allowed to
visit the vendor. The main points of the manufacturing are
summarized as follows.
Prior to manufacturing release the vendor created high
quality brazed samples and redesigned all brazed joints in
both tolerance and form based on their brazing experience.
Upon manufacturing, several issues occurred, which highlighted the vendor’s inexperience manufacturing couplers,
which was in contrast to Fermilab’s understanding during
the procurement phase. This led to frequent involvement
and oversight from Fermilab staff, and led to issues during
manufacturing, such as damage to sealing surfaces without
traceability, severe oxidation of IC at bellows during 400 ◦ C
vacuum treatment due a fast temperature ramp and poor heat
conduction through bellows, sub-optimal electropolishing
settings, oxidation on the outer conductor due to performing LN2 cold shock after 400 ◦ C vacuum treatment, and
delays receiving parts from subcontractors. Additionally,
the vendor cleanroom was not to Fermilab requirements,
and while the couplers passed 120 ◦ C baking and RGA Scan
criteria, couplers were cleaned and re-baked at Fermilab.
The schedule was impacted due to several of these issues.
Lessons learned from manufacturing primarily revolve
around the need for improved detail within the technical
and procurement specifications. All issues that occurred
during manufacturing, even minor, were documented and
incorporated into the new specification. This experience
reiterated the need for in-person vendor visits during fabrication, which could not be performed on this procurement due
to the COVID-19 pandemic. Design improvements based on
manufacturing include the need changing the copper antenna
shaft to be made from solid stock instead of a tube (this likely
contributed to the poor surface finish), and the mandatory
redesign of brazed joints per vendor best practices using
shoulder fits.

(seen in Fig.?5).?All antennas appeared to ‘bend’ along
their length, but only a few were found to have displacement
at the antenna tip. This observation was later confirmed
with a coordinate measurement machine on one antenna,
which was found to have the tip position within tolerance
while other locations were not. All of these non-conformities
were accepted by Fermilab, and all corrected except for the
antenna straightness, which was deemed acceptable. Other
than these issues, the craftsmanship of the couplers was
excellent, particularly the braze quality, as seen in Fig.4.
Cleaning of the couplers was routine.
Assembly to the RF chamber only saw minor challenges,
such as the 5 K intercept interfering with proper stud installation. The tooling used for installation, while needing some
improvements for stability and ease of movement, served
its purpose. Figure?6 shows the assembly of the rf chamber
in process. The post bake RGA requirements were easily
surpassed during the 48 hour 120 ◦ C bake and subsequent
RGA scan, and the RGA results are shown in Fig.?7.
Lessons learned for this phase include the need for thermal
intercept optimization, that the antenna design must be improved since the bending was found to be caused by buckling
which occurs upon contraction after the 800 ◦ C braze, and
that dedicated inspection tooling should be created for production couplers as manually separating the clean antenna
and OC are a non-trivial procedure.

Figure 4: Antenna braze quality and striations. Left: normal
lighting, Right: with flash.

INCOMING INSPECTION, CLEANING,
ASSEMBLY, AND BAKING
Incoming inspection took place in an ISO 6 cleanroom and
was followed travelers. Inspection of the couplers revealed
the antenna surface was not mirror-like and was instead
striated (as seen in Fig.4), there were often scratches on the
antenna from metal-metal contact, many sealing surfaces
were damaged, the units were not UHV clean, and initial
units of the vacuum OC showed heavily oxidized plating
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Figure 5: Plating oxidation on vacuum outer conductor.
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vacuum activity plots are shown in Fig.9 for coupler pair
8+9. It shows that multipacting occurred in the first two
phases, but afterwards subsided.

Figure 6: Coupler assembly to RF test chamber.

Figure 9: Couplers 8+9 RF power, vacuum and temperature
history.

SUMMARY
Figure 7: RGA scan results before and after 120 ◦ C baking.

WARM RF TESTING AND RESULTS
All assemblies were conditioned, with the exception of
one vacuum side assembly. The RF test stand is shown in
Fig.8. Water cooled thermal straps attached to the ceramic
window flange are used to provide cooling. Temperature
sensors on the ceramic window flange, air outlet, water outlet,
and measurements of vacuum and DC bias were the RF
interlocks.

In summary, even though COVID prevented any visitation
from Fermilab to the vendor, all pHB650 couplers tested
have been successfully qualified for use on cavities without
major incident. Procurement, manufacturing, QC, cleaning,
assembly, testing, and integration have all provided valuable
experiences which will positively influence the production
650 MHz coupler design and specifications, along with those
of the other PIP-II couplers at Fermilab.
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CONCEPTUAL ANALYSIS OF A COMPACT
HIGH EFFICIENCY KLYSTRON
J. P. Edelen, S. D. Webb, RadiaSoft LLC, CO, USA
K. Nichols, LANL, Los Alamos, NM, USA
Abstract
Traditional klystron efficiencies are limited by the output
electron beam harmonic current and energy spread. Increasing the amount of harmonic current produced in the klystron
requires increasing the velocity bunching in the input cavity.
Additional cavities may be used to improve the bunching,
however they do so at additional cost and space requirements
for the klystron. Moreover, at higher currents space charge
counteracts this velocity bunching reducing the amount of
harmonic current that can be produced. Our concept resolves
these challenges by employing a new type of high-efficiency,
multi-beam klystron. Our design consists of a single twofrequency input cavity, a wiggler, and an output cavity. The
two-frequency input cavity approximates a linear function
in time thereby increasing the harmonic content of the beam,
while the wiggler provides strong longitudinal focusing to
mitigate the effects of space charge. In this paper we provide
the theoretical foundation for our design and present initial
numerical calculations showing improved bunching from
the harmonic mode and the wiggler.

INTRODUCTION
In a klystron the efficiency is determined by how much
DC current can be converted into current at the fundamental
frequency of the output cavity (harmonic current). The effectiveness of this bunching is usually limited by nonlinear
velocity bunching and space-charge forces [1, 2]. Two common methods for improving klystron efficiency are the core
oscillation method (COM) and the Bunch-Align-Compress
(BAC) methods [3–5]. The COM method uses gain cavities
spaced at the bunch oscillation length in order to allow the
anti-bunching particles to smoothly merge into the central
bunch. This has been shown in simulation to achieve efficiencies of up to 90%. There is a significant space cost
however in that these klystrons tend to be between 50% and
100% larger than their more traditional counterparts. The
BAC method has recently been a popular alternative to the
COM method due to its more compact design, [6, 7]. Here
cavities are strung together in triplets in order to more efficiently focus the beam longitudinally. These designs have
shown a improvement in efficiency on the same scale as the
COM designs however only a 10% to 20% increase in size
compared to traditional klystrons. In both of these cases
however the klystron design requires a number of bunching
cavities and they tend to be large compared to other sources
such as magnetrons.
Our paper explores a novel klystron circuit that enables
a compact, high efficiency, source to be produced at low
cost. We utilize two-frequency bunching combined with
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wiggler focusing to increase the harmonic current output
while simultaneously decreasing the overall footprint.

THEORETICAL PRINCIPLES
High-efficiency RF amplifiers, such as klystrons, require
harmonic current amplitudes 𝐼1 about equal to the average
input current 𝐼0 . The efficiency of a klystron is roughly
proportional to 𝐼1 /2, therefore a tube with 100% harmonic
current is approximately 50% efficient. To reach 80% efficiency, a harmonic current of about 160% is required. Starting with small-signal modulation of the electron beam from
an input cavity, a klystron uses a series of gain cavities and
large-signal cavities to increase the beam’s harmonic current.
These cavities are all powered parasitically by the beam. An
output cavity at the location of peak harmonic current is
phased to decelerate the bunch and, produces the klystron’s
output power. Ballistic bunching in a two cavity klystron
can be described analytically by propagating a velocity modulated beam over some finite distance.
The velocity of a particle that exits the two frequency
input cavity as a function of time can be described in the
zero current limit by Eq. (1),
𝑣 exit = 𝑣 0 (1 + 𝑋 sin(𝜔𝑡0 ) + 𝑌 sin(2𝜔𝑡0 )) .

(1)

f 𝑒/(𝑚𝑐 2 𝛾 3 𝛽2 ) and 𝑌 =𝑇𝑉 h 𝑒/(𝑚𝑐 2 𝛾 3 𝛽2 ).
Here 𝑋 =𝑇𝑉gap
gap
The time of flight from the cavity to some position 𝑧 can be
approximated by 𝑡 −𝑡0 = 𝑧/𝑣 0 (1− 𝑋 sin(𝜔𝑡0 ) −𝑌 sin(2𝜔𝑡0 )).
Note that here we have both the fundamental, 𝜔, and the
second harmonic, 2𝜔, affecting the beam velocity modulation. We can then calculate the harmonic current at 𝑧 by
decomposing the beam into Fourier harmonics,

∞
∑︁

𝐼 (𝑡) = 𝐼0 +

𝑎 𝑛 cos(𝑛(𝜔𝑡 − 𝜃)) + 𝑏 𝑛 sin(𝑛(𝜔𝑡 − 𝜃)). (2)

𝑛=1

Here 𝑎 𝑛 and 𝑏 𝑛 are the Fourier coefficients and 𝜃 represents a phase shift characterized by the bulk propagation
time of the beam 𝜔𝑧/𝑣 0 . The magnitude of the 𝑎 1 term
gives a first approximation of how efficient the klystron will
be. When solving for the Fourier coefficients it is useful to
define the instantaneous current as 𝐼 (𝑡) = 𝐼0 𝑑𝑡 0 /𝑑𝑡, which
transforms the integrals of 𝑎 𝑛 and 𝑏 𝑛 to be over 𝑡 0 . Then
using a change of variables, we can compute the 𝑎 𝑛 terms
by solving Eq. (3),

𝑎𝑛 =

𝐼0
𝜋

∫

𝜋

cos(𝑛(𝜙 − 𝑋 sin(𝜙) − 𝑌 sin(2𝜙)))𝑑𝜙 . (3)
−𝜋
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Noticing that 𝑏 𝑛 is zero everywhere, we can now write the
harmonic current at some position 𝑧 after the bunching cavity
by numerically integration Eq. (3). This allows us to estimate the efficiency of a two cavity klystron using harmonic
bunching. Figure 1 shows the zero current efficiency as a
function of the strength of the harmonic and fundamental
frequencies in the input cavity. Without additional bunching
cavities we can achieve close to 75% efficiency using the
combination of fundamental and first harmonic fields in the
input cavity.

Here we can see a significant reduction in the bunch length
when the beam passes through the wiggler. Thus the effective harmonic current achieved is higher than the simple
drift case.

CONCEPTUAL CAVITY DESIGN
We have completed a conceptual design for the two frequency RF cavity using SUPERFISH. The cavity structure
follows the typical two frequency structure used in similar
studies. The design is optimized to excite two harmonic
modes that have the same longitudional field profile. Figure 3 shows the result of a simple SUPERFISH simulation for
a two frequency bunching cavity that can operate at 1.3 GHz
and 2.6 GHz in the TM010 mode. The longitudinal field
profiles for these modes are almost identical as is shown in
Fig. 4.

Figure 1: Estimated efficiency of a klystron as a function of
the fundamental and harmonic input strengths.
For a beam with a velocity modulation, we can produce
additional bunching by coupling the transverse and longitudinal dynamics through a magnetic field. Wigglers have
previously been used for focusing in klystrons [8, 9], we
take a similar approach in addition to exploring more exotic configurations such as tapered wigglers and solenoids.
An added benefit of the wiggler is that the inclusion of a
curved path shortens the physical distance needed for velocity bunching. A 1-D example of wiggler enhanced bunching
in a klystron is shown in Fig. 2.

Figure 3: Superfish simulation of two frequency cavity operating at 1.3 GHz (top) and 2.6 GHz (bottom).

Figure 4: Superfish simulation of two frequency cavity operating at 1.3 GHz and 2.6 GHz axis field profiles for the two
modes.

FUTURE WORK
Figure 2: Longitudinal phase space for a beam in a klystron
with and without wiggler enhanced focusing.
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With a solid foundation in theory we plan to expand this
effort into a physics design including space-charge effects
and realistic field maps for the cavity and the wiggler magnet.
We will also design a proper magnetic focusing channel
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to ensure beam confinement. We anticipate this principle
could achieve better than 80% efficiency while maintaining
a compact geometry. Our first order calculations indicate
that harmonic bunching along will increase the efficiency to
greater than 70%. The addition of wiggler focusing lowers
the bunch length by 25% which we expect will increase
the efficiency to greater than 80% without the addition of a
depressed collector.
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DESIGN ENHANCEMENTS FOR THE SNS RFQ COAXIAL COUPLER*
G. Toby†, C. Barbier, S. Lee, A. Narayan, J. Moss, Y. Kang
Oak Ridge National Laboratory, Oak Ridge, USA
Abstract
The H- ion linear accelerator at the Spallation Neutron
Source (SNS) at Oak Ridge National Laboratory operates
with reliability that routinely surpasses 90% during scheduled beam operation. With the ambitious goal of eventually
achieving at least 95% availability, several upgrade and improvement projects are ongoing. One such project is the
modification of the coaxial couplers that transfer radio frequency (RF) power to the accelerator’s Radio Frequency
Quadrupole (RFQ). The proposed modification utilizes
stub sections and capacitive coupling to construct a physically separable assembly with DC isolation. With a separated coupler assembly, the section that includes the magnetic coupling loop can be permanently mounted to the
RFQ which would eliminate the need to re-adjust the couplers after maintenance activities, upgrades, and repairs.
Additionally, the modified design would provide increased
multipaction suppression with DC biasing and potentially
lower thermal gradients across the device. This paper presents the design and simulation results of the project.

INTRODUCTION
Beam acceleration at the SNS starts with the front-end
systems where an ion source, an RFQ and two beam
transport sections are utilized. The 65 keV beam from the
ion source is focused, bunched, and accelerated to 2.5 MeV
in the RFQ [1]. The 402.5 MHz RFQ is powered by two
coaxial couplers that deposit up to 700 kW peak power in
60 Hz, 1 msec pulses. Each coupler is conditioned up to
400 kW, but nominally run at 300 kW during baseline operation [2, 3].
While not a source of significant downtime, the goal of
achieving 95% availability during scheduled beam operation necessitated a coupler improvement project. The design of the current RFQ couplers requires each unit to be
manually adjusted after repairs and maintenance activities
to achieve the proper RF coupling for beam loading. Given
the non-autonomous nature of this task, significant time,
energy, and several iterations are often needed. Figure 1
shows the current coupler design with a permanent connection that forms a loop antenna between the inner and outer
conductors.
RF Systems and Mechanical Engineering personnel at
SNS explored several modification ideas with the goal to
improve the electrical and mechanical performance of the
couplers while reducing accelerator downtime. Of several
potential solutions determined, three were selected as candidates for the next phase.

Figure 1: Cross sectional view of the current coupler.

RF DESIGN
The first target of the improvement project was a design
capable of maintaining fixed coupling with the RFQ. The
coaxial coupler needed to be separated into two subsections, one containing the ceramic, vacuum window and the
other incorporating the coupling loop. This change would
make maintenance activities and some repairs, including
vacuum window replacements, possible without the need
to remove the entire coupler assembly. This separation,
however, would require rigid support for the inner conductor with no RF disruption. The need intuitively derived utilizing transmission line short-circuited stub sections and
capacitive coupling to achieve that goal. Quarter-wave
transmission line sections optimized to transform RF short
circuits to open circuits at the center conductor were employed. This approach was selected based on impedance
matching, mechanical rigidity and heat sinking. Three
types of short-circuited, quarter-wave transmission line
sections capable of meeting the requirements were considered. Of the three types shown in Fig. 2, option 1 was selected for simplicity and proof of concept.

Figure 2: Quarter-wave short-circuited stub design concepts.

___________________________________________

* ORNL is managed by UT-Battelle, LLC, under contract DE-AC0500OR22725 for the U.S. Department of Energy. This research was supported by the DOE Office of Science, Basic Energy Science, Scientific
User Facilities
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RF SIMULATION AND RESULTS
The first step of the simulation process was simplifying
the 3-D model by removing the magnetic coupling loop antenna. Quarter-wave stub sections were added to the model
to support the inner coaxial conductor and the coupling pin
was designed as a quarter-wave open stub working as an
RF short. With the exception of the ceramic window which
was modelled as 96% alumina (same as the current coupler
ceramic window), the rest of the structure was modelled as
pure copper. Figures 3 and 4 show the model and the result
of the RF simulation obtained using CST Microwave Studio.

Figures 7 and 8 show the design and its associated frequency response.

Figure 5: Cross sectional view of the modified coupler
(version B).

Figure 3: Cross sectional view of the modified coupler
(version A).

Figure 4: Frequency domain response of the coupler after
optimization (version A).
With the proof of concept established, further improvement was targeted. By incorporating 96% Alumina
(εr = ~9.4), which is a higher permittivity dielectric into the
model, the length of the stub and coupling pin sections
were shortened by approximately 55% and 67% respectively due to varying geometrical factors. Alumina ceramic
was selected because of its low RF loss, high durability,
and long-standing reliability which has been demonstrated
in the warm and cold sections of the SNS linear accelerator.
Figures 5 and 6 show the second iteration of the design and
the corresponding frequency response. A third, empirical
design that addresses potential surface contact challenges
between metals and ceramics associated with manufacturing limitations has been identified. This iteration utilizes
shorter dielectric pieces in peak electric field regions in the
stub sections for maximum electrical length effect.
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Figure 6: Frequency domain response of the coupler after
optimization (version B).

Figure 7: Cross sectional view of the modified coupler
(version C).

Figure 8: Frequency domain response of the coupler after
optimization (version C).
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MULTIPACTION CONSIDERATION
The DC isolation achieved with the three design iterations could be used to provide increased multipacting suppression. Since multipacting is a relatively low energy phenomenon, a certain DC voltage level could be used to increase electron energies in the structure. This would bias
electron energies to secondary electron yield (SEY) curve
positions with lower multipacting probabilities, thereby reducing multipacting activities [4, 5].

THERMO-MECHANICAL ANALYSIS
When the RF power passes through the coupler, the dielectric loss of ceramic and Joule loss on the surfaces will
cause the temperature to rise. As a result, the material will
deform, and thermal stresses will be generated.
In the following, thermo-mechanical simulations were
performed with ANSYS Mechanical. The material properties used are listed in Table 1. The following boundary conditions were used: connecting flange faces are at 22oC,
connecting faces with the RFQ at 20oC, and the heat fluxes
on the coupler surfaces are provided by the RF simulations
for a power of 400 kW described previously.

Figure 9: Temperature contours in the symmetry plane for
the coupler version B (left) and C (right).

Table 1: Material Properties used for the Thermo-mechanical Simulations
Material
Elastic Modulus
(Pa)
Poisson’s ratio
Density (kg/m3)
Coefficient of
thermal expansion (oC-1)
Thermal Conductivity
(W/m/oC)

Alumina
2.459x1011

Copper C10100
1.26x1011

0.2392
3,475

0.345
8,942

9.042x10-6

1.674x10-5

25

400

Figure 9 shows the temperature contours in the symmetry plane for versions B and C of the coupler. The presence of the ceramic around the conductor pin and the stub
led to slightly higher temperatures in these regions since
the ceramic conducts heat better than vacuum. Using the
temperature distribution, a structural analysis is performed
adding the gravity force and the atmospheric pressure on
the outside. For both versions, the highest stress is found in
the ceramic parts on the stub at about 130 MPa, which is
much lower than the tensile yield strength of the ceramic
(200-300 MPa). The highest stress in the copper is about
109 MPa and 60 MPa in versions B and C respectively
(Fig. 10), which is much lower than the tensile yield
strength for a C10100 bar (275 MPa). Thus, the analysis
suggests that the design is mechanically safe for operation
at 400 kW.
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Figure 10: Thermal stress distribution for the coupler version B (left) and C (right).

SUMMARY
An ongoing project at the SNS seeks to improve the electrical and mechanical performance of the RFQ couplers. To
support improved operational availability and reliability,
RF and Mechanical engineers developed a new coupler design with the goal to reduce machine downtime associated
with maintenance activities, repairs, and upgrades. The design separates the coupler into two subassemblies and
maintains fixed coupling with the RFQ. Simulation results
showed strong RF and mechanical capabilities. Additional
cooling and ceramic surface treatment options are being
considered for the prototype fabrication.
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Abstract
We have designed, built, and tested a new magnetron
tube that generates RF power at 1497 MHz. In the tests so
far, the tube has produced CW 9 kW RF power, where the
measured power is limited by the test equipment. The final
goal is to use it to power superconducting (SC) cavities.

2 liter/s ion pump and connectors for high voltage and filament power input. These elements are shown in
Figs. 2a and 2b.

INRODUCTION
This tube was designed under DOE NP STTR that Mike
Neubauer directed as the PI. The design itself was primarily the work of Alan Dudas working with our advisors from
California Tube Laboratory (CTL), Tony Wynn and Ron
Lentz. The tube, shown in Fig. 1, was constructed by companies in California, but final repairs, reassembly, and testing were done at Richardson Electronics (RELL) in Illinois.

Figure 2a: Picture showing 10 cavities, straps, and antenna
posts attached to the vanes of the anode body.

Figure 2b: Antenna attached to anode body.

Figure 1: Tube at RELL ready to be baked.

DESIGN
This tube is like a 75 kW CW 915 MHz tube designed
and built by CTL. The water-cooled tube has 10 strapped
cavities. Power is extracted using a three-legged antenna
that is enclosed in a ceramic dome. The cathode stalk has a

The design process involved special consideration regarding heat distribution and removal. The biggest concern
with heat dissipation was related to the cathode stalk. After
assembling the filament, the temperature of the helical filament was measured in a Bell jar for several different currents. The conclusion was that 75 amps and around 8 volts
will create conditions for large electron emission.

___________________________________________
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The tube was then shipped to Illinois in May of 2021 and
the first low power test was attempted on 21 Sept of 2021
at RELL. The measurements gave a resonant frequency of
1.64 GHz insead of the design value of 1.495 GHz and the
power coupling was too small. The decision was made to
open the tube again and a short was found on one of the
strapped rings. After repair and before vacuum closing, the
frequency was verified using two loop measurements. The
frequency was 1.53 GHz, the coupling reasonable and the
tube was baked and pinched off.

Figure 5: Anode body and water-cooling T distributions.
Figure 3: Cathode filament temperature distributions.

RF and Thermal Simulations

In low power tests of the tube showed similar characteristics as was seen in simulations. Figure 6 shows the model
of the tube and launcher. Figure 7 shows the Smith Chart
of the first measurements.

To simulate E&M and thermal characteristic of the tube
we use COMSOL [1]. The same program was used in the
design stage. Figure 3 shows the cathode temperature distribution under 600 W of filament power. Figure 4 shows
the E-field of eigen frequency solution for the pi-mode.
Figure 5 shows the anode body temperature distribution including cooling water-flow.

Figure 6: COMSOL model of tube and launcher.

Figure 4: Electric field for pi-mode.
The program has shown its usefulness at initial stage of
low power testing when it, together with measurements, indicated a problem with the tube that stopped us from putting high power into a malfunctioning tube.

Low Level RF Test
Initial assembly of the tube was done in summer of 2020
in California. The test discovered a water leak in the anode
body and the tube was opened and the leak was repaired!
Technology
RF power sources and power couplers

Figure 7: Qs from model and low level ‘measurements’.
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RF POWER TEST
On December 15, 2021, power was generated for the
first time. Due to the lack of cooling on the dome and terminals a decision was made not to run with power more
than 3 kW. Next two months were used to modify the
launcher and terminal connetions. The system has cooling
for power up to 30 kW. As of the middle of March of 2022
we have achieved steady operation (Figs. 8 to 10), with
power up to 8 kW.

calculated using (arbitrary) parameters 1.6 and 0.04 suggested in the Vaughan paper [2]. There was no attempt to
adjust these parameters to reproduce exactly measured
power and efficiency. Assuming that this model is correct,
the internal loss of power is not small, ~ 20% but an improvement of unloaded Q can lead to the increase of tube
efficiency.

V_a(kV), I_a(A), P_rf(kW) & B(T)
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Figure: 10: RF power, anode voltage and current vs. magnet field.

Figure 8: RF signal spectrum and power read while generating CW 7.5 kW for hours.
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Figure 11: Calculated quantities using Vaughan model.
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There is a simple way to understand the results of the
measurements. The power supply is a constant current
source. So, setting the anode DC current to some value, let
say 1.5 Amp, forces the power source to adjust the anode
voltage to some value for a particular magnetic field value.
If the magnetic field is increased, that means electrons are
more squeezed near the cathode, so to be able to pull the
requested current, the power supply has to increase the anode voltage.

Figure 9: RF signal at 7.5 kW, single trace.
All taken data so far can be reproduced using the
Vaughan [2] model, if at ~7.5 kW output power, 10% of
input DC power is spent on cathode back bombardment.
Input in the model is geometry of the tube dimensions and
the Q’s of the tube has used the numbers produced in simulations,
If the model is correct, as can be seen from plot, this tube
can easily produce 20 kW CW RF with efficiency above
70% with a power supply capable of 4 Amps at anode voltage ~9 kV Amps assuming 4% back bombardment of the
cathode. This should be also power level at which the filament input power can be cutoff but the emission maintained by the back bombardment. As can be seen from the
Vaughan model (Fig. 11), the dominant loss is from transverse motion term and back bombardment of cathode is not
the dominate loss mechanism. Displayed quantities are
TUPOPA30
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CONCLUSION
The Muons, Inc. prototype 1497 MHz tube has been
commissioned and factory tested. On May 23, 2022, the
tube was delivered to Jefferson Lab for further tests and to
develop magnetron systems to drive SC RF cavities.
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COMMISSIONING OF THE VECC CRYOMODULE
Z. Yao†, R. Bjarnason, J. Cheung, K. Fong, J. Keir, D. Kishi, S. Kiy, P. Kolb, D. Lang, R.E. Laxdal,
B. Matheson, R.S. Sekhon, B.S. Waraich, Q. Zheng, V. Zvyagintsev, TRIUMF, Vancouver, Canada
Abstract
A quarter-wave resonator (QWR) cryomodule was designed and assembled at TRIUMF for the energy upgrade
of the VECC ISOL-RIB facility to boost radioactive isotopes from 1 MeV/u to 2 MeV/u. The top loading cryomodule was chosen based on the ISAC-II low energy section
design, consisting of four superconducting QWRs and one
superconducting solenoid. The major change from the
ISAC-II concept is separating the RF space vacuum from
the isolation vacuum. The cryogenic commissioning was
recently completed. The cold mass alignments and the cryogenic heat loads were measured. The cavity performance
was qualified in both test regime and operating regime. The
cavity degradations caused by magnetic pollution from solenoid and the recovery procedure were verified. This paper will report the detailed results of the commissioning.

below the beam axis by 0.76 mm at 4 K. The resonant frequency is tuned by adjusting the cavity length on the coaxial axis. The distance from the tip of the inner conductor to
the tuner plate on the bottom is optimized to achieve the
frequency tuning sensitivity at 2.5 kHz/mm. The optimized
RF parameters include Epeak/Eacc = 4.7, Bpeak/Eacc =
8.7 mT/(MV/m), R/Q = 490 Ω and the geometry factor at
21 Ω. The cavity is specified to operate at 6.6 MV/m and
to provide 1 MV effective voltage with < 10 W RF loss.
The cavity is made with RRR > 250 niobium, while the
helium jacket is made with reactor grade niobium to avoid
differential thermal contraction and to act as a Meissner
shield at 4 K against the fringe magnetic field from the solenoid. The cavity is mounted on the strong-back and connected to the helium space via the thick stainless-steel top
flange that also supports the mechanical damper in the inner conductor to mitigate the microphonics.

INTRODUCTION
The radioactive ion beam (RIB) facility at the Variable
Energy Cyclotron Centre (VECC) at Kolkata in India uses
the isotope separation on-line (ISOL) technique to produce
rare isotopes. The post-accelerators consist of a radio frequency quadrupole (RFQ) that accelerates heavy ions with
a mass-to-charge ratio of A/q ≤ 14 to 100 keV/u, and five
IH-type linear accelerator (linac) tanks for further acceleration to 1 MeV/u [1]. The energy upgrade of the VECC
RIB facility will add two superconducting (SC) heavy ion
quarter-wave resonator (QWR) cryomodules (CM) downstream of the IH tank 5 to boost the isotopes with A/q ≤ 7
to 2 MeV/u. TRIUMF has been in collaboration with
VECC to develop the QWR CM.

DESIGN
The VECC CM is a top loading CM based on the ISACII low energy section design. The major change from the
ISAC-II concept is separating the RF space vacuum from
the isolation space. The CM consists of four SC QWRs and
one 7 T SC solenoid. The cavity frequency is specified at
113.61 MHz and the cavity geometry β is selected at 5.5%
for maximizing the transit time factor (TTF) in the energy
range from 1 MeV/u to 2 MeV/u. The general cavity geometry is the same as ISAC-II low β cavity, including a
coaxial structure with a diameter ratio of 1/3 and a flat short
plate that has been demonstrated to eliminate high level
multipacting (MP) barriers (~ 1 MV/m) in ISAC-II [2]. The
beam aperture region has been redesigned to accommodate
the specified geometry β and to minimize the peak surface
field ratio. The iris shape is the axisymmetric nose cone to
simplify the manufacture. The vertical steering effect in
QWR is to be corrected by aligning the cavity aperture axis
___________________________________________
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Figure 1: VECC QWR CM in the dirty assembly area (left),
and the QWR geometry with the electric field distribution
(right).
A few design changes have been developed to accommodate the separated vacuum. Niobium-titanium alloy
(NbTi) flanges are added to the beam pipes and the RF
ports and are sealed with diamond shaped aluminium gaskets. A set of hermetic variable loop RF coupler and RF
pickup has been developed. The cavity bottom assembly is
also redesigned. A 1 mm niobium tuning plate is attached
the cavity bottom flange as ISAC-II QWR to close the RF
volume. A thick stainless-steel flange is sealed with indium
to the cavity bottom flange separately to provide the hermetic seal. The tuning plate connects to the tuner lever via
the bellow assembly in a small space. The cavity beam port
and the tank wall are connected with a warm-cold transition (WCT) with the double-layer bellows and an 80 K intercept with the liquid nitrogen (LN2) shield. The multilayer insulation (MLI) is wrapped on the liquid helium
(LHe) reservoir above the strong back, and on both interior
TUPOGE01
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and exterior surfaces of the LN2 shield. Optical alignment
targets are added to the cavities and the solenoids.
Some special features, such as the frame around the solenoid and the block on the side of the cavity bottom assembly shown in Fig. 1, have been added in the consideration of shipping the CM from Vancouver to Kolkata. They
will be attached to the vacuum tank through a set of the
internal shipping fixtures to stabilize the cold mass. An external double-layer frame with the spring dampers will be
assembled to the outer surface of the vacuum tank to mitigate the mechanical shocks in the transportation.
The project launched in 2018 with the cavity and cryomodule design. The QWRs are processed with 120 μm
buffer chemical polishing (BCP), high pressure rinsing
(HPR) and 48 hours low temperature baking at 120 °C. The
cavity performance was qualified in the cryostat tests in
2020. The hermetic string assembly, the lid assembly and
the final CM assembly were conducted through 2021. The
CM commissioning has been completed in the pit of ISACII cleanroom in 2022 to verify the vacuum, diagnostics,
alignment, cryogenic and RF performance. The beam commissioning will be performed in VECC.

COMMISSIONING
Cryogenic Performance
Before the CM cooldown, the vacuum in the RF space
and the isolation space is established to the acceptance
level at room temperature and three pump and purge cycles
are completed in the helium space. The LN2 pre-cooling is
started 24 hours prior to the LHe cooling. The cavity temperature is above 250 K before LHe. During the LHe
cooldown, the cavities experience between 20 minutes and
70 minutes durations in the temperature range from 200 K
to 50 K, determined by the helium distribution lines in the
CM. The cavities and the solenoid take about 3.5 hours to
achieve 4 K. LHe starts accumulating in the helium reservoir after 7 hours. The CM is fully thermalized after 3 days
at 4 K. Then the heat loads are measured.
The LN2 supply is controlled by a manual valve in the
cleanroom. The valve is adjusted with small steps to reduce
the LN2 flow while maintaining the exhaust temperature
below 100 K. After thermalization, the LN2 consumption
is measured with a gas flow meter at room temperature and
under atmosphere pressure on the exhaust side. The gas
flow is 1 L/s that is equal to 5.1 L/hour liquid consumption.
The LHe static load is measured by the falling level
method. The LHe supply is shut off and after the helium
pressure settles the liquid level in the helium reservoir is
recorded as a function of time. A calibration with a 12 W
heater is performed to crosscheck the vaporization calculation. Both methods result in a 9.3 W static load, which is
30% less than that of the ISAC-II Phase-I CM [3]. The dynamic heat loads are measured in one individual cavity at
the operating gradient in both matching regime and over
coupling regime. The results are included in the following
RF sections.
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Alignments
A telescope, installed in the test bunker, is used to check
warm and cold alignment after full thermalization. The acceptance was verified by the beam transportation simulation with a beam of A/q = 7 and accelerated at -25° phase
in the TRACK code [4]. The emittance growth is around
0.5%, and the beam exits the CM with an angle of 0.5 mrad
in the vertical direction and off-axis by 0.4 mm in the horizontal direction. Steerers downstream of the CM will manage the corrections.

Cavity Qualifications
When the cavities are submerged in LHe, the resonant
frequency is checked, and the frequency tuning range is defined by setting the positions of the limit switches and the
hard stops in the tuner motor assembly. All cavities’ frequencies are on target and each cavity has a tuning range
of 15 kHz with a ±3 mm movement on the tuner plate. The
external Q of the variable loop coupler is verified in the
range from 2 × 104 to > 2 × 109 to accommodate the conditioning, operation and Q measurement purposes.
The RF tests are preceded by MP conditioning. The coupler is pushed all the way in to maximize the coupling. A
few watts forward power is driven to the cavity in continuous wave (CW). Typical barriers occur at gradients of 15
~ 30 kV/m, ~ 35 kV/m and ~ 100 kV/m, and are fully removed in between 40 minutes and 1 hour.

Figure 2: Q0-Eacc curves in CM commissioning. Cavity #1
– #4 are represented in the colour of red, yellow, green and
blue respectively.
The variable coupler allows the critical coupling to the
cavity and to obtain the Q0 versus Eacc curve in the CM
commissioning, shown in Fig. 2. An initial set of measurements is indicated with the cross markers. A second set after helium conditioning is indicated by the circle markers.
The base Q0 of all cavities is > 1.2 × 109. Initially cavity #3
had a rigid field emission barrier with an onset level at
3.5 MV/m and a field of 5.4 MV/m at 10 W RF loss. The
high-power pulse conditioning could not clean the emitter.
Helium is added from vapour boil-off through a leak valve.
The helium pressure in the RF space is adjusted to 3 ×
10 5 Torr. The cavity is pulse conditioned in helium gas
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with ~ 200 W peak forward power and 5% duty factor. The
first field emission barrier was overcome in 30 minutes,
then the second barrier was observed and conditioned in
another 30 minutes. After the cavity #3 performance was
restored, a new field emitter was obtained in the downstream cavity (#4) by means of the vacuum flow. The helium pulse conditioning was also applied to the cavity #4.
After conditioning completed, the helium gas was pumped
out.
All cavities meet the operating requirement of 6.6 MV/m
with < 10 W RF loss. The surface resistance of the cavity
#4 in the low field regime increased by 5 nΩ after the helium conditioning, while other cavities maintained the
same values. The cause of the base Q change is to be uncovered. Regarding to the high field performance, the cavity #1 in red colour quenches at 9.4 MV/m, but the other
three cavities do not quench at the highest gradient points
> 10 MV/m.
The dynamic heat load on cavity #2 at the gradient of
6.6 MV/m with the critical coupling is 1.3 W by the falling
level method and 1.5 W by RF measurement. The pressure
sensitivity and the Lorentz force detuning coefficient are
-1 Hz/mbar and -2 Hz/(MV/m)2 respectively.

In Operating Regime
In the operating regime test, the coupler is used in over
coupling regime to broaden the RF bandwidth (~ 20 Hz)
for the low-level RF (LLRF) control. The forward power
in this regime is adjusted to 200 W, while the RF power
loss in the cavity is a few watts. The RF on the cavity drive
path is in the full reflection regime. The reverse power is
dumped in a dummy load via a RF circulator. The cavity is
regulated by the feedback control of LLRF. The amplitude
loop and the phase loop are locked to an external
113.61 MHz reference signal for > 30 minutes on each cavity. There was no obvious phase error growth during the
tests even without active frequency tuning.
The dynamic heat load on cavity #2 in the operating regime is 1.6 W, compared to 1.3 W in the critical coupling
condition. This indicates that the heat load from the coupler
in the operating regime is within specification (< 1 W LHe
load).

Magnetic Pollution
The SC solenoid achieves 7 T with 79.8 A current with
no cavity performance degradation even after cavity
quench. The niobium jacket as a Meissner shield against
the solenoid fringe field functions as expected.
Thermal cycling tests are done during solenoid testing to
determine the level of trapped flux.
In the first thermal cycle, the solenoid was ramped down
to 0 A current directly after 7 T operation, the LHe supply
was shut off, then the cavities were warmed up above the
superconducting transition by the heaters attached to the
cavity bottom, while the solenoid was maintained below
the critical temperature. After the cavities reached 15 K,
the LHe supply was reopened to cool the cavities back to
4 K. There were measurable Q degradations in all cavities
after the thermal cycle. The reductions in Q were 18%,
Technology
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35%, 31% and 11% respectively from the upstream cavity
to the downstream one. The magnitudes of the degradations were consistent with the distance of the cavity to the
solenoid. It proves that the cavities trap flux due to the
magnetic pollution from the solenoid. However, even the
degraded cavities still meet the requirement of < 10 W at
6.6 MV/m.
Before the second thermal cycle, the solenoid was powered up to 7 T, then ramped down to 0 A through a degaussing cycle. The supplied current of the solenoid was decreased to 0 A, then increased to 75% of the previous value
in the opposite polarity. The cycle was repeated, and the
magnitude of the drive current reduced gradually until it
converged to 0 A. Then the cavities were thermal cycled
again as described above. After the thermal cycle with the
degaussed solenoid, the cavities’ performances were fully
restored to the original values. This 4-hour process is the
recommended restoration procedure in case that a cavity is
degraded by flux trapping during operation.

CONCLUSION
The VECC QWR CM was developed, produced and recently commissioned at TRIUMF. The CM is vacuum tight
both at room temperature and when cooled to 4 K. The
static helium loss is 9.3 W. The LN2 usage is consistent
with 5.1 L/hour. All cavities’ performance exceeded specifications after RF conditioning. Cavities ran in the operating regime for at least 30 minutes without any issue. The
solenoid was commissioned up to 7 T. The impact of the
solenoid on the cavity Q was measured. With the successful commissioning, the SRF team is in the preparation of
shipping the CM to VECC in this year.
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THREE YEARS OF OPERATION OF THE SPIRAL2 LINAC:
CRYOGENICS AND SUPERCONDUCTING RF FEEDBACK
P.-E. Bernaudin†, M. Aburas, M. Di Giacomo, A. Ghribi, P. Robillard, L. Valentin,
GANIL, Caen, France
Abstract
The superconducting LINAC of SPIRAL2 at the GANIL
facility is in operation since October 2019. Its 26 superconducting quarter wave resonating cavities (88 MHz) are operated at a nominal gradient of 6.5 MV/m, but most of the
cavities can be operated up to 8 MV/m. They are integrated
into 19 cryomodules and cooled down at 4 K by a dedicated
refrigeration cryogenic system.
In this paper, we will present a feedback after five years
of operation of the cryogenic system, focusing on the main
problems that have been faced, and on the diverse evolutions performed in order to improve the cryogenic system
and to increase its reliability. We will also provide a feedback of the superconducting cavities performances status
after three years of operation.

THE CRYOGENIC SYSTEM
Cryogenic System Overview
The SPIRAL2 cryogenic system is based on a HELIAL
LT Air Liquide cold box. Fed by two Kaeser screw compressors, this cold box supplies 4 K liquid helium (1.3 kW)
and 60 to 70 K helium gas to cool down cavities and thermal screens respectively.
The cryogenic distribution is composed of a 9 m long
vertical line, linking the ground floor located cryoplant to
the LINAC tunnel, and by 19 cryogenic valves boxes, connected one to the next to form the horizontal cryolines. Five
valves per valves box supplies the cryogenic fluids to each
cryomodule (2 valves for the thermal screen circuit, 2
valves for the liquid helium one, and 1 valve for the cryomodule cool down). Various non insulated, auxiliary lines
are available for conditioning, warm gas collection, etc.
For more details about the SPIRAL2 cryogenics system
please refer to Ref. [1].

LINAC Cool Down
From 2017 up to today, the LINAC has been cooled
down and warmed up once a year. Each cool down lasts
three full weeks, plus a fourth week dedicated to thermalization of cryomodules and various controls and tuning operation. Hence the accelerator’s cryogenics is in nominal
configuration four weeks after the beginning of cool down.
As the niobium cavities have not been baked against the
100 K effect, the LINAC cool down is performed in a way
that minimizes the time spent by each cavity in the 50150 K temperature window. The temperatures of all the
cavitiies are slowly decreased to 150 K, to allow homogeneous cool down of the cold mass, and once the 150 K
___________________________________________
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threshold is reached, the process is accelerated as fast as
possible. The acceleration is applied to only one cryomodule at a time, due to the volumetric flow rate capacity of
the compression station and takes one full day per cryomodule. The volumetric flow rate capacity of the compression station limits the number of simultaneous fast cool
down to one cryomodule at a time, so these phases shall be
properly programmed to avoid any overlap.

Thermo-acoustic Oscillations (TAO)
The cryogenic operation has been hampered by two TAO
(Taconis) issues since 2017 [2].
The cryoplant’s main dewar (5 000 L) suffered from
TAO once connected to the LINAC. This problem was detected early and easily solved using a dedicated buffer volume of a few litres.
More critical was the TAO that appeared on the cryogenic valves boxes. Positioned on the 5 K helium return
line, it was detected only thanks to the cavity RF instabilities. A solution was hastily developed: the helium vessels
inside the cryomodules were linked to the faulty connection point on the valves boxes using a warm line and a needle valve. This solution allowed RF operation, but it has
some drawbacks; thus an alternative, more suitable solution based on a pre-tuned hydraulic RLC circuit, was developed in parallel with operation. After preliminary tests
in 2021, it was installed early this year and successfully
tested in July 2022.

Other Cryogenic Issues
The main cause of downtime over the last five years of
cryogenic operation were linked to utilities. Several air
utility failures were suffered, stopping completely the cryoplant. These failures were overcome thanks to upgrades
performed on the GANIL air utility system in 2020; the
cryogenic team is also working on a backup air supply system, to provide 2-hours autonomy to the cryoplant.
Main electrical power failures cause one cryogenic
emergency stop per year. In particular, the cycle compressors are sensitive to voltage drops. Water refrigeration
stops also caused several compression station trips.
In such cases, 3-5 hours are necessary to recover the
LINAC’s operational status from a cryogenic point of
view.
During the five years of cryogenic operation, only two
failures were caused by the cryogenic system, both in 2021.
During the cool down, the cryoplant stopped. This stop was
caused by mishandling of cryomodules cool down sequence by the cryogenics operators. During cold box restart, another operator mistake caused one turbine break.
Thanks to the availability of spare turbines, the installation
was quickly restarted with no impact on beam schedule.
Technology
Cryomodules and cryogenics

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOGE02

Later in 2021, the main cycle compressor stopped three
times within 36 hours. The cause was the same each time:
the disconnection of a wire to an internal temperature sensor. The problem was definitively fixed during the 2022
winter maintenance.
From a general point of view, cryogenics is a very minor
source of beam downtime, as is evident from Fig. 1. To be
fair, the dozen of downtime hours caused by the 2021 compressor station failure does not appear on these statistics
because the beam was already down due to other reasons.

Advanced Control and Monitoring
The control of the diphasic helium bath pressure is the
critical point of cryogenic stability. Available RF power
margins require a ±5 mbar pressure stability. PID standard
control proved unable to satisfy this requirement and thus
advanced feedback, based on a linearized model and a LQ
controller, was developed. Full details can be found in
Ref. [3].
This modelling effort led to the development of a heat
load observer. This virtual sensor computes in real time the
helium mass flow in and out of each cryomodule, based on
the various sensors and actuators. For more details, please
refer to Ref. [4].

THE SUPERCONDUCTING CAVITIES
Performances and Evolution

Figure 1: SPIRAL2 beam downtime statistics (in percent),
classified by technical cause (in % of beam downtime).

Performances of the superconducting (SC) cavities are
monitored on a yearly basis. Except cavity B13, all cavities
can be operated at 8 MV/m since their installation on the
LINAC. Cavity B13 limitation at 6.2 MV/m (quench gradient) predates its installation on the accelerator.
Figure 3 show the evolution of the cavities performances
since their test stand acceptance. Table 1 show the total
losses (RF and static evolution) over time.

Most cryogenic connexions, both in the cryomodules
and between valves boxes, are CF flanges. Hence helium
cold leak rates are a significant concern; they are monitored
twice a year for each cryomodule and cryogenic lines vacuum section. The result of this monitoring is shown in
Fig. 2. Over time, leaks tend to get more homogeneous (initially, leak tightness was much better inside high beta cryomodules, which is not the case anymore). Only one section (valves boxes section A) shows significant cold leaks.
They remain manageable thanks to the dynamic pumping
system, and only further diagnostic (localization) is intended in a near future.

Figure 2: SPIRAL2 cryomodules and cryogenic lines cold
leaks evolution. For each family (low beta cryomodules,
high beta cryomodules, cryogenic lines), both the total leak
rates and the mean leak rate values of the various volumes
are shown (in mbar.L/s).

Technology
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Figure 3: SPIRAL2 cryomodules deposited heat load at 4
K during acceptance tests, and on the LINAC in years 2019
and 2020. Top: dynamic loads for each cavity; bottom: total
load for each cryomodule. Cavities at nominal gradient in
both cases (6.5 MV/m).
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The decrease of heat load from the test stands to the accelerator are the consequence of three factors: first, on the
accelerator, static load was reduced thanks to the use of 65
to 70 K helium, instead of nitrogen, for the thermal screens
of the cryomodules. Second, it appears clearly on the dynamic load graph that the low beta cavities heat load was
significantly reduced, hence the result of RF conditioning.
This conditioning effect is also observed between 2019 and
2020 for the high beta cavities. Lastly, calibration of the
accelerating gradient is a significant source of error. All
gradients have been calibrated using beam energy during
the 2019 run, showing significant differences with the calibration values used since the acceptance tests.
Only cavity A2 shows a loss of performances since the
beginning of operation; significant field emission is observed, with no consequence as it is only used at low gradient; all other (including A11) cavities performances remain stable.
Table 1: Total Cryomodules Load Evolution
Item

Test Stands

2019

2020

CMA (minus A11)

141.0

97.1

106.5

A11

20.8

>65

66.6

CMB

202.5

172.7

149.8

Total

364.3

338

322.9

Helium was injected inside the cavity using the FPC
pumping port. RF parameters were progressively raised to:





Cavity pressure: 1.2 10-5 mbar
Peak field : 9.2 MV/m (peak)
Pulses length : 3.5 ms
Duty cycle: 35%

In less than 3 hours of such treatment, the BLM hits decreased from 2500 to 50 counts/sec at nominal gradient
(6.5 MV/m).

Cryomodule Maintenance Perspectives
One site maintenance capacity is enhanced in parallel to
regular operation. Early in 2022, the ISO5 GANIL clean
room, its water treatment system and the operator’s proficiency have been qualified. To do so, a low beta spare cavity has been prepared at GANIL (and tested at CEA Saclay,
as the GANIL SC cavities test stand is not yet available).
The performance of the cavity is the same as after the initial
acceptance test, as shown in Fig. 4; hence GANIL has
proved its capacity to treat SC cavities on-site. The same
activity will be performed on a high beta cavity, in order to
qualify the specific tooling and procedures.

A11 Cavity Issue
One cavity does not behave as the other ones: #11 low
beta cavity’s heat load at nominal gradient is extremely
high. While the cavity was compatible to SPIRAL2 specifications when qualified on the tests stands, the dynamic
load was measured around 65 W on the accelerator. Extended tests were performed in order to understand the
origin of the problem. These tests allowed to locate the heat
source on the lower section of the cavity. As the magnetic
field zone is located on top of the cavity, this definitively
proves that the issue is caused by a normal conducting area
on the cavity. This cavity is slightly different from the other
low beta ones: the sealing between the cavity itself and the
removable bottom is different. It is therefore foreseen that
the issue is linked to this sealing method. It is assumed that
only a complete re-assembly in clean room might solve the
issue. As the cavity runs steadily despite its high heat load,
this operation is not foreseen in a near future. Only pressure
control valve’s flow coefficient (Kv) has been modified
successfully to get more operational margin.

In Situ Helium Processing of B2 Cavity
X-ray field emission might be fatal to beam operation,
even if it has no consequence on the cavity operational status. The accelerator Beam Loss Monitors (BLM) are used
to tune the beam acceleration, but they can be blinded if the
X-rays emitted by the cavities are intense enough. This
phenomenon happened in 2021 on high beta cavity #2. It
was therefore necessary to perform the first in-situ helium
processing of a SPIRAL2 SC cavity.
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Figure 4: Spare low beta cavity performances upon reception and after HP rinsing in the GANIL clean room, 2022.
GANIL also participates to a national effort in order to
develop a plasma processing apparatus, compatible with
the SPIRAL2 LINAC. This work involves several accelerator (CEA/DACM, CNRS/IJC Lab) and plasma (IP
Paris/LPP, CNRS/INSP) laboratories and the goal is to deliver an operational system late in 2024.

CONCLUSION
SPIRAL2 cryogenics system is running since 2017 and
experienced no significant problem since. Work is going on
in order to improve its stability and reliability, especially
against potential TAO resurgences.
In the meantime, the 26 SC cavities are running with stable performances, apart from some field emission which
remains low enough not to be a hindrance to beam operation, or weak enough to be helium processed in a few
hours. GANIL is working to improve its maintenance and
test capacity in case of significant cavity failure.
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Abstract

Table 1: SPIRAL2 Beam Specifications

SPIRAL2 is a superconducting accelerator for protons,
deuterons and heavy ions delivering a maximum beam power
of 200 kW at 40 MeV (for deuteron beams). 26 superconducting quarter wave cavities are operated at 4.4 K, plunged
in a liquid helium bath with a drastic phase separator pressure control. Previous years have seen the development of
advanced process control for cryogenics allowing to cope
with high heat load dynamics thanks to an automatic heat
dissipation compensation and a model based control. The
latter is based on models, using the Simcryogenics library,
optimized and linearised in the Programmable Logic Controllers. The SPIRAL2 operation has demonstrated that such
control allows to keep the specified conditions for RF and
beam operation even at levels of heat load dissipation approaching the physical limits of the cryogenic system. These
developments allowed to synthesise a virtual observer of the
dynamic heat load dissipated by the cavities. The present paper summarises the development of such observer based on
the physical thermodynamic model and on machine learning
techniques.

INTRODUCTION
SPIRAL2 [1] at GANIL (Grand Accélérateur National
d’Ions Lourds) is a state of the art accelerator that aims at
delivering some of the highest intensities of rare isotope
beams. Its driver should accelerate protons, deuterons and
heavy ions at intensities up to 5 mA and a maximum beam
power of 200 kW (see Table 1) [2]. The driver is composed of ECR (Electron Cyclotron Resonance) sources, a
RFQ (Radio-Frequency Quadrupole) and a superconducting
LINAC (LINear Accelerator). The latter is made of 26 QWR
(Quater Wave Resonating) independently phased superconducting cavities. SPIRAL2 cavities are of two families: low
beta (𝛽0 = 0.07) and high beta (𝛽0 = 0.12) [3]; where 𝛽0
is the relative velocity of the accelerated particles. The low
beta cavities are the first 12 cavities of the LINAC. They are
made of bulk Niobium for their upper part and copper for
the bottom part. Each low beta cavity is housed in a different cryostat and separated by room temperature quadrupole
magnets. The cryostats, that we call cryomodules, integrate
passive RF, vacuum and other components needed for the operation of the cavities. The last part of the LINAC comprises
∗
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Particles

H+

Q/A
1
Maximum current
5
Maximum beam power 165

3 He2+

3/2
5
180

D+ ions [Units]
1/2 1/3
5
1
200 45

[mA]
[kW]

7 cryomodules, housing 2 high beta cavities each. These cavities are made of bulk niobium. All cavities are operated at
88.0525 MHz. To be operated, the superconducting cavities
are plunged in liquid helium baths with a stringent pressure
control to avoid detuning. Every cryomodule has a dedicated
satellite valves-box that insures liquid helium distribution
and pressure/level regulations. These satellite cryostats form
the cryodistribution. The latter can be decomposed in two
branches: A left branch made of 12 valves boxes (for all
low beta cryomodules) and a right branch made of 7 valves
boxes (for all high beta cryomodules). More details on the
cryoplant and the cryodistribution can be found in Ref. [4].
The last years have seen the commissioning of the different
parts of the accelerators leading to the beam commissioning and the current ramp up to achieve the target requirements [1]. Cryogenics proved more challenging that initially
expected [5]. This pushed the developments of advanced
model based control bringing immunity to high dynamic
heat loads and uneven heat load distributions effects. One of
the consequences was the ability to introduce model based
virtual observers which opened the way to machine learning
based diagnostics. This paper depicts these developments.
The first part details the specific challenges of the cryogenics
of the SPIRAL2 LINAC and the strategies to overcome them.
The second focuses on virtual heat load observers.

CRYOGENIC CONTROL:
CONSTRAINTS AND STRATEGIES
The first purpose of the cryogenic system is to cool down
the superconducting cavities under their transition temperature and keep them in optimal operating conditions. Apart
from the cool down, which poses its own set of challenges
due to Q-disease (see Ref. [5]), maintaining optimal operating conditions can be difficult. Superconducting cavities
operate around a center frequency 𝑓0 with an admissible
bandwidth Δ𝑓0 . Micrometric shape deformations due to surTechnology
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Figure 2: Model based heat load observer architecture.
Figure 1: Heat load distribution in the LINAC showing the
dynamic heat load compensation strategy.
face forces such as Lorentz forces or liquid helium pressure
fluctuations can shift the cavities resonant frequency beyond
their admissible bandwidth. The link between the liquid
helium pressure variations 𝛿𝑃𝑏𝑎𝑡ℎ and the frequency shift
𝛿𝑓 can be translated in term of pressure-frequency sensitivity
𝑆𝑝 with:
𝛿𝑓
𝑆𝑝 =
(1)
𝛿𝑃𝑏𝑎𝑡ℎ
In the case of SPIRAL2, 𝑆𝑝 is comprised between -1 and
-3 Hz/mbar for low beta cavities and between -5 and -7
Hz/mbar for high beta cavities. Considering a cavity phase
shift ΔΦ = 𝜋/12 and a loaded quality factor 𝑄𝐿 ∼ 106 , this
brings the admissible 𝛿𝑃𝑏𝑎𝑡ℎ to ∼ 10 mbars for low beta
cavities, and ∼ 3 mbars for high beta ones.
The cryogenic system of SPIRAL2 is based on a cryoplant
that produces up 120 g/s of bi-phasic helium at 1300 mbars.
The design of the system makes the pressure in the cavities helium baths (turbulence, two-phase flow behaviour)
particularly difficult to control with independently tuned
PID (proportional integral derivative) valves controllers and
uneven helium flow distribution along the cryodistribution.
To overcome these challenges, two strategies have been applied. The first one is to equally distribute the flows between
the LINAC cryodistribution branches and between the cryomodules of every branch. This is done by using heaters
located close to the cavities liquid helium baths to apply a socalled dynamic heat load compensation. This dynamic heat
load compensation not only equally distributes the helium
flows but also keeps it constant with respect to accelerating
fields variations (see Fig. 1). The second strategy was to
use model based MIMO (multiple inputs - multiple outputs)
controllers for simultaneous liquid helium level and pressure
control. These controllers were based on a cryogenic model
of the SPIRAL2 LINAC [6] linearized around a given set of
boundary conditions, kept constant thanks to the dynamic
heat load compensation. Tuned differently, the controllers
also allowed to operate abnormal cryomodules at the limit
of what the physical system allows.
Technology
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Figure 3: Up: density distribution of the estimated heat
load 𝑄ℎ𝑜𝑏𝑠 vs the measured heat load 𝑄ℎ𝑟𝑒𝑎𝑙 . Bottom: density
distribution of residual of estimated heat load. Red: ideal
behaviour. Green: DNN estimator. Blue: model based linear
PI estimator.

STATE OBSERVERS FOR ADVANCED
MONITORING AND DIAGNOSTICS
Model Based State Observers
One by-product of having a model based control is the
ability to estimate hidden parameters of a physical system
from existing instrumentation. In our case, the cryogenic
model of the LINAC has been used to generate a virtual
observer of the dynamic heat load of the cavities. The architecture of such observer is described in Fig. 2. Starting
from the instructions given to the input and output valves
controllers (pressure and liquid helium level control), we
extract the estimated internal energy of the system, its enthalpy as well as the input and output helium mass flows.
Filtered pressure and liquid helium level measurements as
well as estimated model parameters are injected in a PI (Proportional Integral) observer. The latter uses a time invariant
linear system (obtained by linearization around the operation
set-point) and is described by the following equation:
𝑥(𝑘 + 1) = 𝐴𝑥(𝑘) + 𝐵𝑢(𝑘) + 𝐸𝑑(𝑘)
𝑦(𝑘) = 𝐶𝑥(𝑘)

(2)
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Figure 4: Neural network architecture layout used for the machine learning based heat load observer.
𝜌
] ∈ ℝ𝑛𝑥 is the state vector, with 𝜌 the he𝑢𝑖𝑛
𝑃𝑇
lium density and 𝑢𝑖𝑛 the internal energy; 𝑦 = [
] ∈ ℝ𝑛𝑦
𝐿𝑇
is the output vector, with 𝑃𝑇 the measured helium bath
pressure and 𝐿𝑇 the measure liquid helium level ; 𝑢 =
𝑚̇
[ 𝑖𝑛 ] ∈ ℝ𝑛𝑢 the input vector, with 𝑚̇ 𝑖𝑛 and 𝑚̇ 𝑜𝑢𝑡 be𝑚̇ 𝑜𝑢𝑡
ing respectively the input and output helium mass flows ;
𝑄
𝑑 = [ ℎ ] ∈ ℝ𝑛𝑑 the unknown input vector, with 𝑄ℎ the
𝜀𝑚̇
heat load and 𝜀𝑚̇ the error on the estimated helium mass flow.
Considering that the system is stable, the estimated gain of
the PI observer allows to recover the unknown inputs: the
heat load 𝑄ℎ and the mass flow error 𝜀𝑚̇ . Results of linear
PI model based heat load observers are shown in Fig. 3. The
system being non linear, a linear estimator introduces an
error that increases with distance to the operation set-point.
This limits its use for high dynamics fault detection. To
improve the estimation of the mass flow error, a non linear
PI observer is under development. Preliminary results show
a clear improvement with respect to the linear PI estimator
but highlight other non linearities due to measurement noise
and non symmetric behaviour with regard to a positive or
negative heat load dynamic.

where 𝑥 = [

To overcome the limitations of the model based PI heat
load observer, a different yet complementary approach based
on machine learning techniques is being explored. A 4 layers
dense neural network, following the architecture shown in
Fig. 4, has been used. The network was trained during
100 epochs, with a learning rate of 10−5 and a batch size
of 64. A rectified linear unit (ReLu) activation function
has been chosen to account for the non-linearity needed to
reproduce the complex correlations underlying the features
set. Finally, MSE (mean squared error) has been chosen for
the estimation of the loss function with:
2
1 𝑛
∑ (𝑌 − 𝑌𝑖̂ )
𝑛 𝑖=1 𝑖

(3)

where n is the size of the dataset, 𝑌 the observed values
and 𝑌 ̂ the predicted values.
Results of the DNN model with respect to the linear PI
observer can be seen in Fig. 3. While the DNN observer
outperforms the linear PI observer, it remains subject to
important improvements to account for measurement noise.
Features binning optimization and convolution networks
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CONCLUSION
Previous years have seen the success of the cryogenic commissioning of the SPIRAL2 LINAC. The road to operation
poses a whole new set of challenges linked to the reliability
of the systems. Efforts to make the commissioning a success
gave birth to a robust thermodynamic model of the SPIRAL2
LINAC, allowing an efficient model based control. As a result, knowledge of the physical behaviour of the cryogenic
system made possible the synthesis of virtual model based
dynamic heat load observers. However, the inherent reality of everyday operation like valves mis-calibration, cold
helium flow profile, instrumentation measurement noises
as well as internal non linearities limit the use of a linear
observer for diagnostics. A first and successful attempt to
use dense neural networks for heat load virtual observers has
been made. Several improvements on both machine learning
and model based observers will however be necessary to
enable their final integration in the accelerator main control
system for fault detection and diagnostics.

ACKNOWLEDGEMENTS

Machine Learning State Observers

MSE =

are the next steps in improving such observers. The model
remains important for understanding specific abnormal behaviours. In that respect, a physics informed learning is
planned for precise estimation of mass flow errors.

This work has been funded by “Region Normandie” as
well as the city of Caen, CNRS and CEA. This work has been
done in the frame of the SPIRAL2 project and the GRAAL
collaboration.

REFERENCES
[1] A. Orduz et al., “Commissioning of a high power linac at
ganil: Beam power ramp-up,” Physical Review Accelerators
and Beams, vol. 25, no. 6, p. 060 101, 2022.
doi:10.1103/PhysRevAccelBeams.25.060101
[2] M. Dubois et al., “Radioactive and stable ion beam production at ganil,” in Journal of Physics: Conference Series, IOP
Publishing, vol. 2244, 2022, p. 012 070.
doi:10.1088/1742-6596/2244/1/012070
[3] C. Marchand et al., “Performances of Spiral2 Low and High
Beta Cryomodules,” in Proc. SRF’15, Whistler, Canada,
Sep. 2015, pp. 967–972. https://jacow.org/SRF2015/
papers/WEBA04.pdf
[4] A. Ghribi, P.-E. Bernaudin, A. Vassal, and F. Bonne, “Status
of the spiral 2 linac cryogenic system,” Cryogenics, vol. 85,
pp. 44–50, 2017.
doi:10.1016/j.cryogenics.2017.05.003

Technology
Cryomodules and cryogenics

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOGE03

[5] A. Ghribi et al., “First full cool down of the spiral 2 superconducting linac,” Cryogenics, vol. 110, p. 103 126, 2020.
doi:10.1016/j.cryogenics.2020.103126

Technology
Cryomodules and cryogenics

[6] A. Vassal, “Etude d’un réseau cryogénique multi-clients pour
spiral2,” 2019NORMC223, Ph.D. dissertation, 2019. http:
//www.theses.fr/2019NORMC223/document

TUPOGE03
487

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOGE04

AN APPROACH FOR COMPONENT-LEVEL ANALYSIS OF CRYOGENIC
PROCESS IN SUPERCONDUCTING LINAC CRYOMODULES*
C. Lhomme†,2, H. Saugnac, P. Duthil, F. Chatelet, IJClab, Orsay, France
F. Dieudegard, T. Junquera, ACS, Orsay, France
M. D. Grosso Xavier, D. Berkowitz Zamora, SCK•CEN, Mol, Belgium
2
also at ACS, Orsay, France
Abstract
Powerful superconducting linear accelerators feature accelerating sections consisting in a series of cryomodules
(CM), each hosting superconducting radiofrequency (SRF)
cavities cooled by a cryogenic process. Despite the extensive instrumentation used for the tests and validation of the
prototype cryomodules, it is usually very complex to link
the measured global thermodynamic efficiency to the individual component performance. Previous works showed
methods for assessing the global efficiency and even for
allocating performances to sets of components, but few
went down to a component level. For that purpose, we developed a set of techniques based on customized instrumentation, on dedicated test protocols, and on model-based
analysis tools. In practice, we exposed the components to
various operating conditions and we compared the measured data to the results from a detailed dynamic component
model at the same conditions. This method was applied to
the cryogenic debugging phase of the tests of the MINERVA prototype cryomodule, which, despite the liquid
helium shortage, led to an extensively detailed characterisation, for its validation towards the serial construction.

cryogenic process, then we present our diagnostic tool, and
finally we give two use cases of our method.

CRYOMODULE CRYOGENIC PROCESS
In the superconducting accelerating section of most
modern linear accelerators, like GANIL or FRIB, a modular architecture based on a series of up to tens of cryomodules, is chosen [1-2].

INTRODUCTION
One advantage of superconducting cavities over normal
conducting ones is the power savings, which are directly
linked to the amount of heat captured by the cryogenic process. Thus, precise estimate and break-down of the heat
loads of a CM during the prototyping phases are crucial to
further optimize its efficiency for the series operation.
Along its path, a cryogenic loop collects heat from different components. In the cryomodule field, heat load
measuring method based on the knowledge of the mass
flowrate and of the specific enthalpy difference can be as
accurate as +/- 5%, with properly calibrated sensors and
perfect steady-state conditions. One problem is that the
conditions are never steady, as cryogenic operation may
feature long transients, spanning over several days. Another problem is that those methods only provide the total
heat load received by a given heat sink. Without careful
measurements and expensive instrumentation, it is hard to
break them down.
What we propose, instead, is to rely on a model-based
diagnostic tool associated to a specific comparison method.
In the following, we first describe the cryomodule
____________________________________________
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Figure 1: The simplified flow schematics of the MINERVA prototype SPOKE cryomodule.
Over this paper, we consider the MINERVA prototype
cryomodule [3-4] – currently being tested at IJClab in Orsay, France – to illustrate our approach.
This cryomodule contains a pair of SRF cavities which
are maintained at 2 K by a pool of saturated helium at about
30 mbar. To optimize the global thermal efficiency, two
cryogenic lines intercept the incoming heat from the parts
in contact with the 2 K tanks:
 A high-temperature line circulating saturated nitrogen
at about 80 K (in prototype test mode).
 A low-temperature line circulating saturated helium
between 5 and 10 K (in prototype test mode).
All the lines are supplied by a test valve box; the flow
schemes and the cryomodule main components are displayed in Fig. 1.
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CRYOMODULE TEST DIAGNOSTIC
TOOL PRESENTATION
1D Simulation Tool with MATLAB/Simulink
When it comes to analyse heat transfer tests, using Excel
as a model-based tool is possible, but one will certainly
stumble on the lack of flexibility. Instead, we developed a
cryomodule model in the MATLAB/Simulink environment, using tailored Simscape building-blocks which
solves for fluid dynamics and heat transfer equations. Similar modelling platforms do exist in the accelerator cryogenic field, like in [5-6], yet, used for other purposes.
By connecting those blocks, standing for pipes, rods, or
valves for instance, one builds a model of a component,
like a coupler, a heat exchanger or a supporting system.
Generally, some tens of blocks associated to only 1-dimension (1D) discretization are enough to reach the desired accuracy. By connecting the individual components, one
builds-up the global cryomodule model, that physically behaves like the real one. By introducing thermal masses and
fluid reservoirs, one can even simulate transient states. As
the model is kept simple, the run time is about 50 time
faster than the simulated time.

Analysis Method
The method consists in running the model in the same
conditions as the test, then trimming the model “free” parameters so that its outputs match the measured ones.
The cryomodule model contains physical parameters
(conductive lengths, volumes, material …) that match the
real devices and that are not to be trimmed. They are based
on thorough investigations of the real component. By contrast, some parameters involved in complex physics like
3D radiation or thermal contacts can be considered as
“free” and can be trimmed, although reasonably.
The key is finding the set of “free” parameters that minimizes the output error over a large range of operating
points, rather than being 100% accurate on one specific
point. This approach is well-suited to a prototype test
phase, where many preparation tests can feed this procedure: other cryogenic fluids, room temperature tests or
transients due to aborted test. We are now going to look at
two applications of the method.

EXAMPLE #1: HEAT LOAD
DISTRIBUTION TO THE 2K TANK
During the first prototype cryomodule test phase, the
cavities were not installed. Instead, a tube (called the 2K
bottom tank in Fig. 2) closed the main process loop between the cavity lower and upper ports. A frame (called
cavity mock-up in Fig. 2), was installed to mimic the cavity
packaging, and was supported by the same system as foreseen for the cavities: 4 arms each, linked to a table. The
table itself is supported by two feet connected to the vessel
at 300 K. The table is cooled by conduction with the thermal shield. Finally, the cavities are maintained in the longitudinal direction by invar rods. For further details on the
MINERVA prototype cryomodule layout, refer to [4].
Technology
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Figure 2: Cross-section of the MINERVA prototype cavity
string supporting system, and main heat fluxes.
The 2K tanks (bottom and top), containing the liquid helium, receive heat from all the parts of the supporting system. Furthermore, radiative transfer adds heat to the 2K top
tank. The total load to the 2K tanks was indeed measured,
but the lack of time and helium did not allow to achieve
steady-state: a part of the measured heat is transient, due to
parts still being cooling-down.
The challenge is to break-down the heat loads from this
global measurement. By using the Simscape model of the
prototype cryomodule, which accounts for all the previously described effects, including the transient state, we
ended-up with a consistent heat load distribution (Fig. 3).
This diagram shows the instantaneous heat distribution in
the same conditions as the test. The bar to the far right
shows the transient heat load, obtained from the difference
between the model in the same unsteady state as the test,
and the model in steady-state.

Figure 3: Instantaneous heat load distribution on the 2K
tanks, at the same condition as the measurement.
This heat load distribution indeed proved to be consistent, as the model could faithfully reproduce all the
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different test conditions that were carried out along the test
phase: helium at 4 K, helium at 2 K and nitrogen at 80 K,
at different levels and different flow rates.
There was one degree of freedom that needed to be
trimmed: the radiative heat transfer coefficient between the
2K top tank and its surrounding, which is complex because
of a mix of 80 K and 300 K surfaces and non-intuitive view
factors. This contribution was initially estimated to be almost negligible. The method thus enabled to pinpoint this
unexpected effect for further investigation.
This example shows how this kind of simple model can
help setting up a scenario of a complex problem and be a
guideline for prototype investigations. By extension, it can
be used as a continuous reference to follow-up the heat load
evolution along the project, when hardware updates are
performed.

We first roughly estimated the released power from indirect RF measurements. We then applied it in the simulation
at the location where the first sensor temperature rose. Finally, we compared the measured and simulated time evolution (Fig. 5).
We could confirm the amount of released heat, and the
initial location, as TT207 was correctly reproduced. On the
other hand, the mismatch on TT208 and TT209 points toward a migration of the multipacting over time, rather than
a fixed spot, which was confirmed by other indicators. This
example shows how this tool can contribute to address
complex multi-physic phenomena, that would be time-consuming to analyse by just looking at the test results.

EXAMPLE #2: COUPLER
MULTIPACTING HEAT LOAD
The power coupler delivers the power to the cavity, and
consists in an internal conductor (the antenna) and an external conductor. The external conductor is physically connected at one end to the cavity at 2 K, at the other end to a
flange at about 300 K. Two intercept lines reduce the heat
transfer to the cavity, as shown in Fig. 1. The details of the
MINERVA prototype coupler design can be found in [4-7].
On top of those conductive heat loads, the coupler outer
conductor may itself heat-up because of:
 Joule effects from the radiofrequency (RF) waves.
 Electron multipacting events.
While the former usually provides some tens of Watt of
heating and is proportional to the power of the waves that
travel in the coupler [8], the latter can reach several hundreds of Watt and be localised at one specific RF wave
power. During the conditioning of the MINERVA couplers,
in view of their integration in the cryomodule, such events
did occur. We used a Simscape coupler model to investigate on it. Figure 4 displays the model, which is a 1D axisymmetric representation along the coupler axis. As illustrated in the picture, three sensors (TT207, TT208, TT209)
are placed along the coupler outer conductor outside surface.

Figure 4: Simscape model of the MINERVA coupler.
When a multipacting event occurs, all three temperatures
consecutively rise and fall abruptly, within some minutes.
Three questions were investigated:
 How much power is released?
 Where, along the coupler, does it occur?
 Does it move or stay static over time?
TUPOGE04
490

Figure 5: Measured (solid) and Simulated (dotted) temperature evolution after a multipacting event occurred.
This example also shows the versatility of these simulations: although the modelling environment is adapted to
simulate cryogenics, it does also work at room temperature, like in these conditioning tests.

CONCLUSION
To analyse heat load distributions, we created a method
that consists in a 1D digital representation of the cryomodule, in the form of a MATLAB/Simulink model, that we
compare to the tests. The strength of this model-based approach is not the accuracy of the models on one specific
output, but the global consistency over many different outputs and test conditions. This approach is reinforced by the
fact that the models have multi-physic capabilities. One advantage of the method, is that it can seamlessly handle
whatever transients and very poor tests, thus limiting the
experimental time.
Beyond the heat transfer distribution, the method can be
used for other physical analysis that require a global system
approach and 1D discretization, like the pressure drops in
the lines, in order, for instance, to precisely size control
valves in whatever conditions. Finally, the models built for
analysis during the prototype tests can be further used as
references along the project cycle, to assist the design.
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Abstract

Table 1: RF Parameters of QWR and HWR Cavity

Mass production of the HWR (half wave resonator) cryomodules for SCL32 of RAON had been conducted since
2018 and all cryomodules were installed in the SCL3 tunnel in 2021. Total number of the HWR cavities and the
HWR cryomodules are 106 and 34, respectively. Cryomodule performance test was started in September 2020
and finished in October 2021, except for one bunching cryomodule that will be installed in front of the high energy
linac. The detailed procedure and the results of performance test is reported in detail.

βopt
f [MHz]
Leff
R/Q [Ω]
Ep/Eacc
Bp/Eacc [mT/(MV/m)2]
Eacc [MV/m]
Vacc [MV]
QRs

INTRODUCTION
The Rare isotope Accelerator Complex for ON-line Experiments (RAON) has been built for providing beam of
exotic rare isotope of various energies at the Institute for
Basic Science (IBS) [1-2]. The layout of RAON is shown
in Figure 1. The low energy superconducting linac (SCL3)
of RAON is composed of 22 quarter wave resonator
(QWR) cryomodules and 35 half wave resonator (HWR)
cryomodules including two bunching HWR cryomodules
in a post-accelerator to driver linac (P2DT). The high-energy superconducting linac (SCL2) use two types of single
spoke resonator (SSR1 and SSR2). 23 SSR1 cryomodule
and 23 SSR2 cryomodule are required for SCL2. Total
number of the QWR cavity is 22 and that of the HWR cavity is 106 since 15 HWR cryomodules are holds two cavities in them (HWR CMA) while 19 HWR cryomodules
have four cavities in them (HWR CMB). The RF parameters of QWR

QWR
0.047
81.25
173.5
469
5.7
10.4
6.1
1.06
18.1

HWR
0.12
162.5
221.5
295
5.2
9
6.6
1.46
36.8

and HWR cavities are listed in Table 1. Total number of
SSR1 and SSR2 cavities are 69 and 138, respectively. The
mass-production of QWR and HWR cryomodules were already finished and the prototyping of the cryomodules for
SCL2 section are still on-going.
The mass-production of HWR cryomodules was started
in May, 2018. Fabrication of the sub-components such as
cavity, coupler, tuner and cryomodule was done by the domestic vendor and the surface treatment of the cavity and
the assembly of cryomodule were done in both vendor site
and own facility of IBS. The vertical test (VT) and the horizontal test (HT) had been done in two SRF test facilities
of IBS. One is off-site test facility that has 2 VT pits, 2 HT
bunkers, and 70 L/h helium liquefier and another is on-site
test facility that has 3 VT pits, 3 HT bunkers, and 140 L/h
helium liquefier. The cavities that had passed the vertical
test were assembled in the cryomodules. Performance test
of HWR cryomodules was started in September 2020 and
finished in November 2021 except for one cryomodule that
will be installed at the end of P2DT section. The low energy linac of RAON was installed in the tunnel on December 2021. SCL3 will be cooled down in September 2022
and the first beam injection to SCL3 is planned to be in
October 2022[3].

TEST SETUPS AND PROCEDURE

Figure 1: Layout of RAON

Performance test of cryomodules were conducted in the
HT bunkers at both test facilities. Figure 2 shows the test
setups in the bunker. Cryogenic fluid such as liquid nitrogen and liquid helium were supplied from the helium liquefier and LN2 tanks, respectively through the flexible insulated transfer lines. Two RF transmission lines were installed in the bunkers and connected with power couplers.

___________________________________________

* This work was supported by the Rare Isotope Science Project of Institute for Basic Science funded by Ministry of Science and ICT and NRF
of Korea (2013M7A1A1075764)
† ykkim78@ibs.re.kr

TUPOGE06
492

Technology
Cryomodules and cryogenics

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOGE06

Figure 2: Test setups in the HT bunker for HWR cryomodules
The solid state power amplifiers (SSPA) were located
outside the bunker. The DC biases were utilized to suppress the multipaction of the power couplers. 1.5 kV DC
voltage was supplied to the DC bias during the experiments. Two vacuum pumps were used for evacuating cavity string and insulation vacuum. The vacuum pumping
station for the cavity string had slow pump-down system
that can control the initial pumping speed. The micro alignment telescope and reference targets were utilized to measure the displacement of the cavities. Radiation sensor was
installed around the power coupler to monitor the X-ray
due to the field emission of the cavities.
When the cryomodule arrived on the test facility from
the vendor’s assembly site which is approximately 140 km
from the test facility, vacuum of cavities was checked just
after the cryomodule was unloaded from the low-bed
trailer. Then, the cryomodule was moved into the bunker
and the routine installation and check procedure were conducted. Frequency of each cavity was measured and the

Figure 3: P&ID of cryomodule and cryogenic system for
performance test
Technology
Cryomodules and cryogenics

tuner operation test was conducted before evacuating the
cryomodule. The displacement of each cavity was measured before and after the transportation, and it is also measured after the insulation vacuum pump-down and after the
cavity cool-down.
When the room temperature work were finished, cooldown of cryomodule was started. P&ID of the cryomodule
and the cryogenic system for the performance test can be
found in Fig. 3. Cryomodule has two LHe reservoirs. One
is called 4 K reservoir that stores 4.2 K liquid helium to
supply single phase liquid helium to heat exchanger and to
cool the 4 K thermal intercept of power coupler by a thermosiphon. Another one is 2 K reservoir that is installed on
the top of the cavity string and stores superfluid helium at
2.05 K. Two cryogenic valves (4K JT and 2 K JT in
Fig. 3) are utilized to control the helium mass flow rate for
the reservoirs. One valve which is called cool-down valve
(CD v/v in Fig. 3) is utilized only in the initial cool-down
process. The cool-down was started with the supply of liquid nitrogen to thermal shield. Liquid nitrogen was utilized
to cool the thermal shield for the test while 40 K gaseous
helium will cool down the thermal shield in the tunnel. Liquid helium was supplied to the cryomodule approximately
one day after the liquid nitrogen supply. Liquid helium was
initially supplied to the bottom of the cavity string through
the cool-down valves. When the liquid helium reached the
2 K reservoir, the cool-down valve was closed gradually
and the 4 K JT valve was opened to store liquid helium in
4 K reservoir. When the liquid helium level in both reservoirs were observed the two JT valves were started to controlled automatically for maintaining liquid helium level
about 50%. Then, the static thermal load was measured periodically during the experiment.
RF power was supplied to the cavity when the liquid helium level in the both reservoirs were maintained stably.
The HWR cavity has multipacting band below 1.7 MV/m
as shown in Fig. 4. It is known that the cavity in the multipacting band since the transmitted power (Pt) rarely increases even though the forward power (Pf) increases in
stepwise. Therefore, the forward power supplied in early

Figure 4: Multipacting conditioning procedure (Pf: forward power, Pt: transmitted power, Pr: reflected power)
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Figure 5: Conditioning effect during initial RF application
stage of multipacting conditioning was 20 W. It is also
shown that the cavity vacuum level fluctuated up to middle
of 10-8 mbar during the multipacting conditioning. There
are two different aspect of multipacting for HWR cavity
according to the field gradient of the cavity as shown in
Fig. 4. In the second multipacting band which is the field
gradient between 1.2 MV/m and 1.7 MV/m, the transmitted power seems to increase in the same manor when the
forward power is supplied in stepwise. However, the reflected power (Pr) decrease in stepwise and the transmitted
power and the reflected power increase gradually when the
forward power maintains the same value as shown in Figure 4. It means that there exists a loss due to the multipacting in the cavity and it is gradually conditioned.
After the multipacting conditioning was finished, forward power was increased gradually to excite the electric
field of the cavity. It was observed that the radiation started
to be generated at low field gradient during the initial RF
application. It was easily conditioned after the quench or
the breakdown of the cavity as shown in Figure 5. It is
shown that X-ray level was dramatically decreased after
the conditioning event. If the field emission was not
properly conditioned when the field gradient reached
above the operating gradient of the cavity, it was tried to
be conditioned with pulsed RF power. The width of the
pulse was generally 20 ms and repetition of it was adjusted
according the thermal load of the cavity. The peak field
gradient by the pulsed RF power was limited around 1.5
times larger than operating field gradient since the maximum power of SSPA is 4 kW. The X-ray level was carefully monitored during the pulse conditioning. It was easily
recognized that the breakdown or the conditioning event
occurred by the sudden drop or decrease of X-ray level.
The dynamic thermal load of the cavity was measured before and after the pulse conditioning to monitor the performance change of the cavity.
The dynamic thermal load of the cavities in the cryomodule reached reasonably small at 4 K, the 2 K pumpdown were started. It took approximately 30 minutes with
warm-pumping system. The df/dp of the cavities were
measured with around 3 MV/m of field gradient during the
pump-down process. Loaded Q (QL) and s-parameters
were measured with a vector network analyzer to calibrate
the external Q value of pickup (Qt) [4]. The Qt value measured in the vertical test was utilized before the calibration
process. The dynamic thermal load of each cavity was
measured by the boil-off calorimetry. The dynamic thermal
TUPOGE06
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Figure 6: Narrow range tuner test results
loads was measured while each cavity was excited in operating field gradient and the static thermal load was also
measured to know the dynamic thermal load of each cavity.
Then, the tuner operation test and the LFD measurement
were conducted. Tuner test was done in both wide (± 2kHz)
and narrow (± 150Hz) frequency range. The typical results
of the narrow range tuner test are shown in Figure 6. Most
tuner showed linear response but some tuners had hysteresis such as the tuner of HWR #48 in the figure.

TEST RESULTS
The thermal load measurement results are shown in Figure 7. The total thermal load requirement for HWR CMA
and HWR CMB are 14 W and 26 W at 2.05 K and 6.6
MV/m field gradient for every cavity, respectively. Every
cryomodule satisfies the total thermal load requirement.
The dynamic thermal load shown in the figure are the sum
of the dynamic thermal loads of all cavities in the cryomodule. Average dynamic thermal load the HWR cavity is 3 W
and Q0 is 2.4ⅹ109. It is noted that the static thermal loads
in the figure were not measured at the thermal equilibrium
of the cryomodules. It took more than one or two weeks for
the cryomodules to reach their thermal equilibrium as

Figure 7: Thermal load measurement results for HWR
cryomodules
Technology
Cryomodules and cryogenics

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOGE06

Figure 8: Tendency of static thermal load change
shown in Fig. 8. The performance tests were finished when
the total thermal load met the requirements though the
static thermal load did not reach its steady-state. The final
static thermal load that we had measured were 5.6 W and
8.3 W for HWR CMA and HWR CMB, respectively while
the average static thermal load measured during the experiments were 8.0 W and 10.7 W, respectively.
The mechanical properties such as df/dp and LFD of
the HWR cavities were also measured and the results are
shown in Fig. 9. The average values of df/dp and LFD in
horizontal test are -7.2 Hz/mbar and -3.2 Hz/(MV/m)2, respectively. Also, some mechanical properties measured in
vertical test were plotted in the same figure for the comparison. Since the tuner was not installed during the vertical
test, it is kwon that the stiffness of the cavities increased by
the tuner in the cryomdoule. The df/dp and LFD values
measured in the horizontal test reduced more than 45%
compared with those measured in vertical test.
The external Q values were measured with a vector network analyzer and the results are plotted in Fig. 10. These
values are very sensitive to the position of the inner conductor of the pickup and the power coupler. The length of
the inner conductor of the pickup and the coupler were relatively easy to be controlled during the fabrication and the
assembly. It seems that the distribution of the external Q
values are mainly affected by the length of the pickup and
the coupler ports. The pickup external Q (Qt) values are
two orders higher than the average Q0 values of the cavities
as expected. The operating bandwidth and the required RF
power are affected by the coupler external Q (Qc) value.
The average operating bandwidth is 140 Hz while the minimum is 90 Hz.

CONCLUSION
The 15 HWR CMA and the 19 HWR CMB for low energy linac (SCL32) and bending section (P2DT) were successfully fabricated, tested and installed in the tunnel. The
installed cryomodules were connected with the CDS (cryogenic distribution system) including the warm piping and
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Figure 8: df/dp and LFD measurement results

Figure 10: Qt and Qc measurement results
assembled with warm sections. The cryomodules are waiting for the cool-down and commissioning. The performances and the characteristics of 106 HWR cavities were
also tested and measured individually after the cryomodule
assembly.
The preparation and test procedure were well established
and the personnel of RISP were properly trained during the
mass production of SCL3 cryomodules. The lessons
learned will be useful for the development and construction
of the SCL2.
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Abstract
A novel vertical test facility has been developed, commissioned, and entered steady-state operations at the
UKRI-STFC Daresbury Laboratory. The cryostat is designed to test 3 jacketed superconducting RF cavities in a
horizontal configuration in a single cool-down run at 2 K.
A 2-year program is currently underway to test ESS highbeta cavities. Upon completion of this program, the facility
will undertake a testing program for PIP-II HB650 cavities.
In the current configuration, a solution combining passive
and active magnetic shielding has been validated for the
ESS requirement of field attenuation to the level of <1 µT,
although continuous field measurements are not provided.
This paper reports the implementation of passive and active shielding, along with simulation and experimental
measurements thereof.

INTRODUCTION
UKRI-STFC Daresbury Laboratory (DL) houses a Vertical Test Facility (VTF) located in the Superconducting
Radio Frequency (SuRF) Laboratory. This facility is used
for testing and qualifying the performance of jacketed SRF
niobium cavities at 2 K for users before their final installation into cryomodules and subsequent integration into particle accelerators.
For cavity testing, the SuRF lab is equipped with two
cavity support inserts (CSIs) which can mount 3 jacketed
SuRF cavities each, allowing Daresbury to test three cavities per run. The dressed cavities are loaded into the top,
middle and bottom cradle positions as shown in Fig. 1b).
The facility is enabled by a closed cycle warm compression
Air Liquide Helial ML1 cryoplant that provides cold helium gas at 50 K for cooling the cryostat’s thermal shield
and liquid helium at 4 K for cooling the cavities and CSI.
The liquid produced is stored in a 3000 L liquid helium
dewar. The spent (boil-off) helium is recovered at 300 K,
dried, purified, and then stored in a clean gas buffer tank or
reliquefied/cooled depending on the state of the cryoplant.
Once liquid transfer into the cryostat is complete, a set of
2 K pumps pump the vapour pressure above the helium liquid down to 30 mbar which provides the operating temperature of 2 K where RF testing and qualification of the SRF
cavities take place. The dressed cavities are also actively
pumped throughout except when being transferred from
the CSI stand to the VTF bunker. Further detail is given in
Ref. [1].
___________________________________________
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Currently, the SuRF lab is undertaking cavity testing for
the European Spallation Source (ESS) to be built in Lund,
Sweden. The ESS cavity testing specification requires that
the ambient magnetic field present in the test environment
does not exceed 1 µT. The main sources of field within the
lab are the Earth’s ambient field, steel rebar in concrete
used to provide radiation shielding and, stray field from
pumps and other miscellaneous equipment located in the
vicinity. In order to meet the magnetic hygiene requirements of the ESS project, the VTF employs both passive
magnetic shielding (Mu-Metal2) and active magnetic
shielding (tuneable coils). The current system was validated in 2017 to meet the ESS requirement of <1 µT during
the VTF’s commissioning although it does not have the capability for magnetic field measurements during cavity
testing.

EXISTING SHIELDING
The magnetic shielding of the VTF comprises both passive magnetic shielding and active magnetic shielding, in
order to meet the magnetic hygiene requirements of <1 µT
for the ESS project.

Passive Shielding (Mu-metal Shield)
The VTF’s passive shield is a Mu-metal cylinder with an
open lid at the top and 3 side ports as shown in Fig. 1a).
The open lid allows the CSI to be lowered and removed
from the cryostat with ease at the start and end of each test
cycle. The cryostat is housed in the Mu-metal shield with
the largest access for residual magnetic field being located
at the top of the Mu-metal shield where the lid is open.

Active Shielding (Top and Bottom Coils)
The VTF’s active magnetic shielding consists of 2 coils,
one located just above the lid of the cryostat and the other
located on the floor of the cryostat bunker as shown in
Fig. 1b). The two coils are made of tri-rated cable with
2.5 mm2 cross sections. However, the number of turns in
the coils are not identical with the top coil being made up
of 10 turns and the bottom coil comprised of 20 turns.

MAGNETIC FIELD SIMULATIONS
Simulations of a simplified version of the proposed magnetic shield were performed in OPERA3 using a background field strength and direction set according to a Hall
probe survey conducted at the site before installation. The
shield was modelled as an open-topped can of height 3.5 m
and outer diameter 2.2 m, using the material BH curve for
Mu-metal supplied with OPERA (a potential source of erTechnology
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ror as Mu-metal BH curves are highly variable). Simulations investigated the effects of the thickness of the Mumetal shield as well as the effect of position and current in
a coil near the shield top. No bottom coil was included and
was not seen as necessary by the simulation.
a)

b)

would require approximately 240 ampere turns to achieve
the optimal result, a discrepancy from the measured reality
discussed below that highlights the difficulties of using finite element modelling to accurately predict the behaviour
of large but thin structures. A bottom coil was also included
in the final design to give greater control.

MAGNETIC FIELD MEASUREMENTS
2017 Facility Commissioning Measurements

Figure 1: a) CAD of passive Mu-metal shielding on VTF
cryostat with a height of 3.5 m and outer diameter of 2.2 m
b) CAD of CSI with illustration of active coils.
The simulations as shown in Fig. 2 predicted that, as expected, the field inside the cryostat is decreased by increasing the thickness of the Mu-metal however the effect was
small for thicknesses above 1.5 mm. A significant jump in
performance was observed between 1 mm and 1.5 mm
thick shielding. Simulations also predicted that the field
would monotonically increase as a function of height, with
the lowest field being present at the base of the shield.
From measurements this is now known to be a false result
as the field in the real shield reaches a minimum and then
measurably increases near the bottom, likely a result of
small gaps at the feet of the shield, and magnetic steel present in the concrete surroundings which was not present
during the site field survey causing local saturation of the
Mu-metal.

Figure 2: Predicted central flux density as a function of
height for different shield thicknesses. Height 0 is floor
level.
The simulations accurately predicted that the target field
of 1 µT would not be achievable purely by a single layer
passive shield with an open top, with the best achievable
result at the shield base being 2 µT. A series of adapted
simulations included a lip at the top to decrease the diameter of the opening and an active coil to repel flux from entering the shield top. These simulations predicted that a
field below 1 µT at a wide range of positions would be
achievable with a top coil but that using a top coil alone
____________________________________________
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In 2017, UKRI-STFC Daresbury began commissioning
of its vertical test facility (VTF). The compliance of the
VTF’s magnetic hygiene was validated using fluxgates to
measure the magnetic field in the top, middle, and bottom
cradle positions under a range of top and bottom coil current configurations. The addition of the active coils reduces
the magnetic field in the VTF to <1 µT. The results of the
nominal coil configuration (top coil = 6 A) are presented in
Fig. 3.

Figure 3: Magnetic field measurement with Top coil at 6 A.

2021 VTF Magnetic Field Measurements
A second set of magnetic field measurements were made
in 2021 to revalidate the bottom coil after a repair. The
magnetic field measurements were performed at room temperature under atmospheric pressure using three three-axis
(transverse, vertical, and longitudinal) CryoMag4 magnetic
fluxgates with a full directional measurement range of
± 70 µT (Fig. 4). These fluxgates with an ADC of 14 bits
can measure a minimum magnetic field of 8 nT. The dominant uncertainty of these measurements is that of the calibration scaling factor thus all other uncertainties can be neglected. This scaling factor uncertainty is no more than
± 0.5 %. These fluxgates are capable of operating in cryogenic conditions (2 K) and under vacuum and are different
from the fluxgates used in the 2017 commissioning measurements. The fluxgate and its drive electronics are housed
separately. The fluxgates were strapped onto the middle of
the cavity frame for each cavity position to be tested using
Kapton tape and black cable straps as shown in Fig. 5. This
mounting provided a simple, swift, and secure way of
mounting and dismounting the CryoMag fluxgates onto the
cradle positions for our test. The fluxgates’ cryogenic cables (Be-Cu ribbon) were then routed out the top of the CSI
lid where the drive electronic were housed. A DecaPSU
unit was used to activate the fluxgate and produce a ± 10V
analogue output signal. This power supply unit can power
and produce output signals for up to 10 magnetic field
fluxgates.
TUPOGE07
497

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOGE07

Figure 4: CryoMag fluxgate strapped onto middle cradle
position. Diameter: 20mm and length 50mm.
The DecaPSU output signals were read into a 14-bit NI5
ADC and LabVIEW5 script on a PC, which converted the
voltage measured into a magnetic field measurement in µT.
The voltage to µT scaling factor used is 143 mV/µT.
A first set of measurements were taken using 3 CryoMag
fluxgates to quantify the attenuation in the VTF’s magnetic
field as a result of its passive magnetic shielding. The results are presented in Table 1.
Table 1: Magnetic Field Measurement on CSI Stand and
Within Passive Shield Taken in 2021

Top
Middle
Bottom

Total magnetic
field on CSI stand
(µT)
33.03
33.28
33.14

Total magnetic field
in passive shielding
(µT)
1.223
1.194
1.855

Table 1 shows a significant reduction of 96% in the local
magnetic field, from an average of 33 µT on the CSI stand
to an average of 1.44 µT within the passive Mu-metal
shield.
For the active shielding measurements, these were made
by varying the current in the top and bottom coil independently. Both coils started at 0 A with the current in the
top coil kept constant until the current in the bottom coil
had been swept from 0 A to 10 A. The current in the top
coil was then increased by 1 A. The process was repeated
until the top coil reached 10 A and the final measurement
of top and bottom coil = 10 A was made. The results of
measured magnetic field for the VTF’s nominal coil configuration (top coil = 6 A, bottom coil = 7 A) are presented
in Fig. 5. The results show that at top = 6 A, with a current
>4 A in the bottom coil, the field in the VTF in all cradle
positions is <1 µT with minima for each cradle position
achieved between 6 A and 8 A in the bottom coil. A significant improvement was also observed in the field measured
in the middle cradle between 2017 (0.861 µT) and 2021
(0.457 µT) at the nominal bottom current of 6 A. It is suspected from this improvement that not all of the turns on
the originally installed bottom coil were connected correctly.

Figure 5: Total field measurements when top coil = 6 A.

SUMMARY
STFC DL’s Vertical Test Facility is still within ESS cavity testing magnetic field requirement of <1 µT, with a
comfortable margin of safety of 39%. Under the normal
coil operating configuration (top coil = 6 A and bottom coil
= 7 A). The measured magnetic field under nominal coil
configuration in each cradle position is - Top = 0.365 µT,
middle = 0.375 µT and bottom = 0.607 µT. The performance of the Mu-Metal passive magnetic shield also has
not deteriorated significantly since commissioning. A reduction of 96% in the magnetic field from stand to the bunker is still observed and with the active coils on, the field
drops further to below 1 µT in a range of coil configurations.

FUTURE PLANS
After completion of the ESS testing program, the VTF
will be used to test and qualify the HB650 cavities for the
Proton Improvement Plan II (PIP-II) at Fermi National Accelerator Laboratory (FNAL). The PIP-II project has a
more stringent magnetic hygiene requirement of <0.5 µT
thus Daresbury’s VTF will need to be re-validated to evidence it does meet this new requirement.
To meet this new requirement the UKRI-STFC DL plans
to install an additional coil in the middle of the cryostat, a
number of CryoMag fluxgates on the CSI, a DecaPSU into
the control rack and a passive shield degaussing system.
The goal of these additions is to equip DL with the ability
to monitor and tune the magnetic field within its VTF during 2 K cavity testing, demagnetise the existing passive
shield and improve the magnetic hygiene in the VTF such
that it meets PIP-II’s requirement with a suitable margin of
safety.

REFERENCES
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DESIGN OF A TRANSPORT SYSTEM
FOR THE PIP-II HB650 CRYOMODULE
M. Kane, T. Jones, E. Jordan, Science and Technology Facilities Council, Daresbury, UK
J.P. Holzbauer, Fermi National Accelerator Laboratory, Batavia, IL, USA
Abstract

DESIGN

The PIP-II Project at FNAL requires the assembly of
3 high-beta 650MHz cryomodules at STFC Daresbury
(DL) in the UK. These modules must be safely transported
from DL to FNAL in the USA. Previous experience with
cryomodule transport was leveraged at both labs to design
a transport system to protect the cryomodules during
transit. Requirements for the system included mitigation of
shocks, drops, and vibrations, and acting as a lifting fixture.
It is comprised of a tessellated steel frame which encompasses the module with a wire rope isolator arrangement
which the module mounts to. The frame was designed to
withstand the weight of the 12.5 tonne cryomodule in various load cases. Details of shock and vibration profiles
were obtained from MIL-STD-810H and were used to
guide the sizing of passive isolators. The frame and the isolation system were analysed via FEA using the shock and
vibration profiles as an input. The transport system was
found to be suitable for the given isolation, frame stiffness,
and lifting code requirements. The frame has been fabricated and successfully load tested at FNAL. It will now be
road tested with a dummy cryomodule before undergoing
a trial run to DL.

The transport frame was influenced by lessons learnt
from the LCLS-II and ELI-NP projects. These utilised wire
rope isolators mounted between a base frame and inner
frame to isolate the modules from transport forces (Fig. 1).
The stiffness of the inner frame and the positioning of the
isolators was found to be critical [1]. The current design for
the HB650 cryomodule is displayed in Fig. 2. The following features can be identified:
• A tessellated steel outer frame encompassing the module to provide protection and restrict access.
• A removable top section for loading.
• 4 lifting points suitable for a 30° direct lift.
• Isolator mounts welded directly to the cryomodule.
• 7 isolators on each side, one positioned under each
strongback support.
• 7 cradles to link pairs of isolators and ease assembly.
• Frame envelope minimised for transport compatibility.

INTRODUCTION
For the Proton Improvement Plan II project, 3 high-beta
650 MHz (HB650) cryomodules will be assembled at
STFC Daresbury Laboratory (DL) in the UK. The completed modules will be transported to the Fermi National
Accelerator Laboratory (FNAL) in the USA. A transportation system was designed to protect the cryomodules from
forces experienced during transit and facilitate handling
operations.

REQUIREMENTS
The principle design conditions were defined as follows:
1. Transport the 12.5t, 10m long HB650 cryomodule in its
transport configuration from DL to FNAL.
2. Suitable for road and air transport, therefore must fit
within their respective cargo envelopes.
3. Mitigate logistical drops and mishandling events.
4. Isolate cryomodule from external shocks such that
shocks experienced are less than 2.5g peak vertically,
3.5g longitudinal, and 1.5g transverse.
5. Isolate vibrations above 10 Hz by at least 80% relative
to input vibrations.
6. Enable the cryomodule to be lifted via frame lifting
points.
7. Resist sustained transportation loads, e.g., braking, cornering, accelerating.
Technology
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Figure 1: Von-Mises stress in the transport frame during a
200% lift.

Static Loading
BS EN 13155:2003 [2] was referenced to ensure that the
outer frame met the requirements of a lifting fixture. Compliance required the frame to be designed to withstand
200% of the weight of the load, without exceeding the
specified yield stress limits of the welds and main structure. Figure 1 shows the output of the FEA study for the
design, which was used to iterate the design to achieve a
30° lift within the stress limits required.
Static loads associated with transport forces were also
analysed against the lifting yield limits, though no case was
as severe as the 200% lift.
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Figure 2: Transport system with mounted HB650 cryomodule.

Physical Constraints
The most challenging requirement was fitting the
transport system within a Boeing 747-400F cargo envelope, which had a cross-section of 2.4m x 2.4m. It was not
feasible to transport the 2.3m tall HB650 with its top extension port installed in addition to the isolation system.
FNAL designed a transport configuration that reduced the
height to 1.8m, however this was still a limiting constraint
once the lifting eyes and movement of the module on the
isolators had been considered.
Other considerations included the road vehicle envelope,
available lifting height, and assembly requirements. Areas
were also allocated for storing instrumentation and tooling.

1E-1
ASD, g2/Hz
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Vibration
FEA was used to predict the vibration response of the
transport system. Acceleration spectral density (ASD) profiles were obtained from various standards to serve as the
input condition. These included ISO 13355:2016 [3] and
ASTM D4169 - 16 [4] for road transport vibration, and
MIL-STD-810H [5] for air and road transport vibration. To
accommodate all transport environments, an input ASD
profile was generated using the peaks of all 4 reference profiles, as shown in Fig. 2.
A simulation was conducted which included the
transport frame, a mass representing the cryomodule, and
wire-rope isolators modelled as bushing elements. The
bushing elements enabled the entry of the non-linear wirerope data. A modal analysis was conducted which was then
input into a random vibration study with the combined
ASD. This resulted in an expected isolation of the input vibration of at least 90% above 10Hz.
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Figure 2: ASD data from various sources.

Shock
MIL-STD-810H [5] defines shock profiles for a variety
of conditions in Method 516.8 procedure II. For the
transport frame, the worst case on-road transportation
shock was used as the input for the design. This is defined
as a terminal peak saw tooth with 11ms duration and 7.6g
peak.
A transient structural study was conducted which applied
the reference shock to the base of the frame in each of the
three directions separately. This resulted in a maximum response of 0.98g in the transverse direction.

Drop
Handling at each of the laboratories is well controlled,
however, the airport handling operations are not. There is
therefore a significant risk of damage due to logistical
drops, which the transport system was required to mitigate.
This involved sizing the wire-rope isolators to maximise
their impact energy absorption while maintaining the deTechnology
Cryomodules and cryogenics

celeration within the cryomodule specification. This ultimately resulted in the largest isolators that would fit within
the space constraints.
Another design decision to reduce drop risk was to force
the use of a crane by excluding forklift interfaces. ELI-NP
data had shown that shocks during unloading were greater
than those experienced across the journey itself.

VALIDATION
Little information was found regarding the performance
of wire-rope isolators in practice, particularly for drop
events. There was also some uncertainty with the data supplied by the wire-rope isolator manufacturers, therefore a
drop experiment was conducted for clarification and validation of performance. The cryomodule transportation system designed for the HiLumi crab cavity cryomodule was
used in lieu of the PIP-II system, however it was designed
with the same isolators (Fig. 3). Pairs of accelerometers
were mounted on either side of the isolators, and laser sensors were attached to measure the displacement between
the frame, dummy module, and ground.

11.7g
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8
4

2.3g

0
-4
0.4

0.5

0.6

Frame (Input)

0.7
0.8
0.9
1
Time (s)
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Figure 4: Data from a pair of accelerometers, vertical axis.
The PIP-II transport system has now been fabricated and
passed its 200% load test, which proves the design is structurally sound. It has now undergone a road test with a load
representative of the cryomodule to determine its shock
and vibration characteristics [6].

CONCLUSION
A transport system has been designed to carry an HB650
cryomodule from DL to FNAL by both road and air. Analysis and preliminary testing indicates that the design is suitable for the given isolation and lifting code requirements.
Incorporating lessons learnt, dedicating design effort to
transportation, and conducting initial testing, has given the
HB650 the best possible chance of arriving intact.

ACKNOWLEDGEMENTS
The authors would like to thank the DL rigging and technician teams for their considerable effort conducting the
drop test.
Figure 3: Drop test arrangement. Isolators between blue
frame and red arms. Concrete mimics cryomodule mass.
Figure 4 shows vertical test data from a 30mm drop,
where 80% isolation was observed between the base frame
and dummy module. A mean isolation of 82% was
achieved across all accelerometers in all axes. This demonstrated that the isolators could effectively mitigate drops
events. The data also confirmed that the isolator system
modes were generally within 10% of the corresponding
FEA simulation. This gives confidence in the design methodology used and also highlights an opportunity for improvement.
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STEADY-STATE CRYOGENIC OPERATIONS FOR THE UKRI-STFC
DARESBURY SRF VERTICAL TEST FACILITY
A. J. May∗ , A. Akintola, R. Buckley, G. Collier, K Dumbell, S. Hitchen, G. Hughes, P. Hornickel,
C. Jenkins, S. Pattalwar, M. Pendleton, P. A. Smith
UKRI-STFC Daresbury Laboratory, Keckwick Lane, Daresbury, WA4 4AD, UK
Abstract
A novel vertical test facility has been developed, commissioned, and entered steady-state operations at the UKRISTFC Daresbury Laboratory. The cryostat is designed to
test 3 jacketed superconducting RF cavities in a horizontal
configuration in a single cool-down run at 2 K. The cavities
are cooled with superfluid helium filled into their individual
helium jackets. This reduces the liquid helium consumption by more than 70% in comparison with the conventional
facilities operational elsewhere. The facility is currently
undertaking a 2-year program to qualify 84 high-beta SRF
cavities for the ESS (European Spallation Source) as part
of the UK’s in-kind contribution. This paper reports on the
steady-state operations, along with a detailed discussion of
the cryogenic performance of the facility, including that of
the cryoplant.

support insert (CSI) where three cavities are mounted horizontally inside LHe jackets below a header tank, each fed
by a common fill/pumping line; this may be seen in Fig. 1
which shows a photograph of an assembled insert. By using
this design approach, far less LHe is required per testing
run (∼1500 L, all of which is recovered) compared with the
conventional designs.

INTRODUCTION
The UKRI STFC Daresbury Laboratory Vertical test Facility (VTF) [1] has now been operating regularly for over
a year. The VTF supports 2 K characterisation of three
jacketed SRF cavities in a single cool-down run, with the
2-year ESS high-beta cavity testing program well underway.
Measurements of HOMs and passband modes are made at
low power. 𝑄 vs 𝐸 field measurements are made at higher
accelerating gradients (up to 200 W input power). A novel
cryogenic architecture is used to significantly reduce the liquid helium (LHe) consumption compared with conventional
facilities.

VTF CRYOSTAT DESIGN
The standard architecture for vertical SRF cavity testing
is to fully submerge cavities in a large LHe bath, and then
cool to ≤2 K using a vacuum pump/cold compressor to reduce the partial pressure over the bath. RF characterisation
is then carried out. This method has been used successfully for many programs, including testing XFEL cavities
at DESY [2]. Whilst well-proven, this technique requires
both a large cryoplant and, for the activities at UKRI STFC,
would require ∼8500 L of LHe per test cycle.
Given the ever-diminishing global supply of He, and associated rise in cost, an alternative cryostat architecture has
been developed for vertical testing of jacketed SRF cavities
which requires significantly less LHe and a much smaller
cryoplant throughput [1,3]. The cryostat is based on a cavity
∗
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Figure 1: Photograph of CSI on stand with three jacketed
cavities (top and middle cavities dressed in MLI jackets).
The insert is mounted into a cryostat vessel which comprises the outer vacuum chamber, magnetic shielding, and
thermal radiation shields. The cryostat was manufactured
by Criotec1 .

SAFETY
In the operation of any cryogenic facility, safety is
paramount. Accordingly, significant efforts have been devoted to understanding potential failure modes for the facility
as described above, and introducing mitigation strategies
in consideration of the relevant regulations. For a detailed
report on the safety of this system, the interested reader is
directed to Ref. [3].

CRYOGENIC INFRASTRUCTURE
An ALAT Hélial ML cryoplant, commissioned in 2018,
supplies 50 K gaseous helium (GHe, produced by the first
1
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heat exchanger stage of the liquefier) and 4.2 K LHe. The
first stage heat exchanger of the cold box is precooled using
liquid nitrogen (LN2 ) and is hence able to provide a cold gas
supply rate of ∼2 g/s and a liquefaction rate of ∼130 L/hour.
LHe is stored in a 3000 L capacity dewar. The plant is
currently operated with a total helium inventory of 2700 L
liquid equivalent.
The supply of liquid and gaseous cryogens to the shield
and CSI circuits is managed by a 2 K valve box immediately
adjacent to the VTF cryostat.
Pumping of the helium boil-off gas from the cryostat is
provided by a single 2 K pump stack comprising a Leybold2 RA7001 SO roots blower booster pump backed by an
SV1200 rotary vane main pump.
The helium from the liquid and gas cooling circuits is
recovered in a gas bag, compressed through to high pressure
storage, purified by the cold box internal purifier, and then
reliquefied, providing a completely closed-loop system.

CRYOGENIC PERFORMANCE
Following the commissioning of the facility [1], regular
operations are well underway and facility is operating in
steady-state. As of August 2022, 35 commissioning and
cavity test runs have been carried out, with 73 cavity tests
being conducted for the ESS high-beta cavities project.
The following section reports some of the observations,
lessons learnt, and improvements from the transition from
commissioning to steady-state.

Testing Cycles
Two identical cavity support inserts (CSIs) are operated
to support high testing throughput; one can be prepared
whilst the other is under test and then the two swapped to
begin Run n+1 immediately following the completion of
Run n. Test cycles are now reliably carried out on a twoweek schedule; runs are divided into the following modes,
each with clearly defined procedures and quality control
checks:

• Mode-9 CSI removal from bunker
• Mode-10 Cavity disassembly on CSI stand (then return
to mode-1)
It may be seen that overlap is possible between modes 2-8
and modes 9-1 on the alternate CSI, improving the throughout of the facility.

Pressure and Temperature Stability at 2 K
The 2 K pumping system provides >1 g/s at 30 mbar
(2 K). A PID control loop operates on a bypass valve in
parallel with the pump stack (shown in Fig. 2) which has
been demonstrated to provide pressure stability under static
loading at the level of ±0.1 mbar in the CSI; this corresponds
to a temperature stability of ±1 mK of the LHe. Planning
is currently underway to install an additional pump set to
provide additional pumping capacity as well as redundancy
for the facility. The demonstrated cryogenic performance
is sufficient to allow ∼40 s of RF power dissipation up to
200 W during high-gradient testing.

Figure 2: Bypass valve (CV2213) shown operating on PID
control in parallel with 2 K main pump (P6320A) and booster
pump (P6310A) (NB: direction of flow is left to right through
pumps and right to left through bypass valve).

Shield Cooling

• Mode-4 Cavity cooldown with LHe to 4.2 K; typical
cooldown and fill time is 6 hours

The thermal shields are cooled by ∼50 K GHe from the
coldbox, which is fed from the clean gas buffer. When the
liquefier is running, there is an additional demand on the
clean gas buffer which the purifier throughput cannot match
and so it is not possible to run both the shield cooling with
gas and liquefier simultaneously for periods in excess of a
few hours.
As such, a scheme has been developed whereby GHe is
is used to cool the shields from room temperature down to
∼100 K, and then switching to cooling with LHe boil off
<100 K which is run during cold testing.

• Mode-5 RF operations at 4.2 K

Plant and VTF Reliability

• Mode-1 Cavity assembly on CSI
• Mode-2 CSI loading into bunker cryostat
• Mode-3 Shield and cavity cooldown to 50 K using cold
GHe; typical cooldown time is 48 hours

• Mode-6 Cavity cooldown to 2 K utilising subatmospheric pumps; typical fill and cooldown time
is 5 hours
• Mode-7 RF operations at 2 K
2

• Mode-8 Warmup to 300 K; here, heaters along with
recirculation pumps on each cryogenic circuit are used
to increase the warm up speed, typically 72 hours

leybold.com
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During the move from commissioning to steady-state operations, a range of interlocks have been added and a number of
engineering controls have been implemented to substantially
improve the reliability of the system.
As shown in Fig. 3, the number of out-of-hours interventions required to support continuing operations has steadily
decreased since August 2019.
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During operation in the accelerator, the RF input coupler will be cooled directly by LHe; in this setup however,
copper straps are used to thermally anchor the input flange
(described in detail in Ref. [1]). The 2 K pump is sufficient
to allow ∼40 s of RF power dissipation during high-gradient
testing; several minutes are required between applications
of RF power to allow the input coupler flange to cool as a
result of this lack of direct cooling.
Figure 3: Call-out statistics for the cryogenic team supporting VTF operations.

Impact of COVID-19
Commissioning of the system and the move to steady-state
operations was successfully completed despite the COVID19 pandemic. Site-wide measures were implemented to
minimise the risk of transmission, with most systems set up
to allow remote operation.

Maintenance
A comprehensive maintenance plan has been developed
and fully implemented to support continuing reliable operation of the facility. The following fall under the responsibility
of the cryogenics team:
• Weekly Oil removal system drained, Kaeser compressor3 shaft seal leak rate measured, recovery compressor
filter drained
• Monthly Plant-wide leak check, cryoplant helium inventory analysis
• Quarterly Coldbox warmup, conditioning of HP lines,
LP lines, and purifier
• Annually Cryoplant maintenance by Air Liquid Cryogenic Services4 , vacuum equipment maintenance by
Leybold5 , pressure equipment inspections

Thermal Modelling and Comparison with Experimental Data
Details of hand calculations and finite element analyses
of the steady-state static heat loading on the system along
with a comparison to experimentally-determined values are
reported in Ref. [4].

RF TESTING
As described in detail elsewhere [1, 5], measurements of
HOMs and passband modes are made at low power (fixed
temperature), measurements of 𝑄 against temperature are
made by allowing the temperature of the LHe bath to drift
and sampling the 𝑄 periodically at low power, and 𝑄 vs 𝐸
field measurements are made at higher accelerating gradients
(up to 200 W input power).
3
4
5

kaeser.com
advancedtech.airliquide.com
leybold.com
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CONCLUSION
The Vertical Test Facility (VTF) at the UKRI STFC Daresbury Laboratory has entered steady-state operations. The
VTF reliably supports 2 K characterisation of three jacketed SRF cavities in a horizontal configuration in a single
cool-down run lasting 2 weeks. Measurements of HOMs
and passband modes are made at low power. 𝑄 vs 𝐸 field
measurements are made at higher accelerating gradients
(up to 200 W input power). Cavity data obtained is entirely consistent with those from collaborating facilities. A
novel cryogenic architecture is used to significantly reduce
the LHe consumption compared with conventional facilities. Excellent pressure and temperature stability has been
demonstrated at 2 K and cryogenic performance validated
for high-power testing at 2 K.
The facility is well into a 2-year testing program for the
high-beta cavities being provided by the UK as part of its
in-kind contribution to the ESS project. Work is currently
ongoing to study the modifications to the facility that will
be necessary to support HB650 cavity testing for PIP-II.
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A FINAL ACCEPTANCE TEST KIT FOR
SUPERCONDUCTING RF CRYOMODULES
A. J. May∗ , A. Akintola, S. Pattalwar, A. A. J. White,
UKRI-STFC Daresbury Laboratory, UK
Abstract
UKRI-STFC Daresbury Laboratory is currently undertaking several projects involving assembly of superconducting
RF cryomodules, including HL-LHC crab cavities and PIP-II
HB650 cavities. As part of the final acceptance tests before
shipping of the modules, extensive leak testing, pressure testing, and thermal cycling with gaseous and liquid cryogens
must be performed. A Final Acceptance Test kit (FAT-kit)
has been developed to support these tests. The FAT-kit, designed as a single portable unit, sits as an interface module
between the cryomodule under test and the required utilities
(liquid cryogen supply and return, gaseous cryogen supply
and return, warm gas supply and return, vacuum pumps, leak
detectors, etc.). The kit features a valve manifold to make
or break connections to, from, and between circuits in the
cryomodule, safety groupings to provide protection for the
circuits as required, and various instrumentation. We report
here on the design and commissioning of the kit.

INTRODUCTION
Several projects to assemble and test superconducting
radio frequency (SRF) cryomodules for forthcoming accelerators are underway at UKRI-STFC Daresbury.
In 2018, operation of the prototype DQW crab cavity cryomodule was successfully demonstrated in CERN’s Super
Proton Synchrotron (SPS) as part of the HL-LHC project [1].
Following on from this, STFC Daresbury are working closely
with CERN to assemble first the preseries RFD cryomodule
and subsequently four series DQW cryomodules [2].
STFC-Daresbury are also responsible as part of the PIP-II
project for the assembly of HB650 cryomodules [3].

FINAL ACCEPTANCE TESTING

mechanical integrity after thermal stresses have been experienced. As nearly all thermal contraction occurs above
80 K, this thermal cycling may be done using liquid nitrogen
(LN2 ).

FAT-KIT DESIGN
In order to support final acceptance testing of cryomodules at Daresbury, an interface module (FAT-kit) has been
developed to sit between the assembled cryomodule and the
required utilities for the tests. Originally, this design was developed for the HL-LHC crab cavity cryomodule, but can be
modified as required for HB650 tests. The main goal of the
kit is to improve consistency between, as well as safety and
quality of FAT tests compared with connecting the various
utilities in an ad hoc manner. The module is required to be
portable between different experimental areas. The utilities
required to interface to are as follows:
• High-pressure/low-pressure room-temperature He gas
• High-pressure/low-pressure room-temperature N2 gas
• 80 K N2 gas
• LN2
• Vacuum pumping station
• Leak detector
• Vent lines
Figure 1 shows the top-level piping and instrumentation
diagram (P&ID) with the FAT-kit between the utilities as
described and the cryomodule.

After completion of assembly of the aforementioned cryomodules, final acceptance testing is required before shipping from STFC-Daresbury to their onward destinations.
These tests vary by project [4, 5], but generally include the
following cryogenic and vacuum tests:
• Leak testing of the insulating vacuum and various cryogenic circuits
• Pressure testing of the various cryogenic circuits
• Thermal cycling of the cryogenic circuits
Leak and pressure tests are generally to be repeated after thermal cycling back to room temperature to confirm
∗

andrew.may@stfc.ac.uk
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Figure 1: Top-level P&ID showing the FAT-kit sitting between utilities and cryomodule
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Figure 2: P&ID for FAT-kit module showing all internal circuits and components
Fig. 2 shows the detailed P&ID for the FAT-kit module
(i.e., the internal P&ID for the central block in Fig. 1). All
utilities are shown down the left-hand side. Connections to
the cryomodule and auxiliary outlets are shown down the
right-hand side.
The green-shaded section of Fig. 2 shows the diagnostics
and safety devices; these are dial gauges (denoted DG), corresponding pressure transducers (PT), and pressure relief
valves (OP).
In the yellow-shaded section, room-temperature helium
is connected to the FAT-kit and supplies low-pressure and
high-pressure regulators (GR). These supplies are used for
pressurising the cryogenic circuits of the cryomodule for
leak and pressure testing respectively.
The white-shaded section shows the vacuum circuits;
these are for pumping the insulating vacuum, cryogenic lines
as part of pump and purge procedures, and connecting a leak
detector operating in vacuum mode. Vacuum relief valves
protecting these circuits are denoted VR.
The blue-shaded section shows the cold circuits, which
are supplied by LN2 and GN2 from the dewar shown in Fig. 1.
A solenoid control valve on the dewar (not shown) allows
control of pressure/flow rate of cryogens to the FAT-kit and
hence the cryomodule cryogenic circuits. Cryogenic valves
are denoted CV. The construction of these valves is such that
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they must be mounted with the handles vertically above the
valve bodies; as such, a “piano” type arrangement has been
devised as described in the following section and shown in
Fig. 3. The outlets of the cryogenic circuits are routed back
into the FAT-kit and directed to a vent line for personnel
protection. Furthermore, it may be seen that the outlet of the
shield cooling circuit may be redirected back into the inlet
of the cavity cooling circuit; the motivation for this is to give
the option of supplying LN2 to the shield cooling circuit
and using the boil-off gas to cool the cavities. This allows
cooling of the cavities without the level of thermal shock
that would be experienced if LN2 was introduced directly to
the cavity cooling circuit (as well as being a more efficient
use of the LN2 as it makes use of the enthalpy of the cold
gas).
A separate instrumentation rack (not shown) houses the
monitors for pressure gauges, thermometry, vacuum gauges,
fluxgates, and liquid level probes from both the FAT-kit
and cryomodule. The data acquisition system that is being
developed will allow real time monitoring and logging of
data from these monitors. Data will be visualised via EPICS
(including plotting tools) and archived.
As part of cold cycling, it will also be possible to carry out
functional tests of the various valves, tuners, rf components,
heaters, and cavity position monitors in the cryomodule. If
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desired, experimental measurements of heat loads to the
circuits at 80 K may be made with minimal adjustments
to the FAT-kit (i.e., installation of additional pressure and
temperature sensors at the outlet of these lines).

The instrumentation rack has been assembled and is currently being populated with monitors as described in the
previous section.

FAT-KIT MANUFACTURE
The FAT-kit fabrication is being undertaken by an industrial partner. Fig. 3 shows a photograph of the kit during
assembly. Pressure gauges are visible at the top of the image.
Needle valves are visible in the centre and on the right hand
side of the image. The “piano” structure described in the
previous section is visible at the bottom of the image where
the LN2 valve handles can be seen to be mounted vertically.

CURRENT STATUS AND FUTURE PLANS
The FAT-kit fabrication is nearing completion with the
contractor as described above. Commissioning of the system
is planned for September 2022. Final Acceptance Testing
of the HL-LHC preseries RFD cryomodule is planned for
November 2022. Beyond that, the FAT-kit will be utilised for
the HL-LHC series DQW cryomodules and PIP-II HB650
cryomodules.
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APPLICATION OF THE ASME BOILER AND PRESSURE VESSEL CODE
IN THE DESIGN OF SSR CRYOMODULE BEAMLINES FOR PIP-II
PROJECT AT FERMILAB∗
J. Bernardini† , M. Parise, M. Chen, D. Passarelli
FNAL, Batavia, IL 60510, USA
Table 1: PIP-II Alignment Requirements

Abstract
This contribution reports the design of the main components used to interconnect SRF cavities and superconducting
focusing lenses in the SSR Cryomodule beamlines, developed in the framework of the PIP-II project at Fermilab. The
focus of the present contribution is on the design and testing
of the edge-welded bellows according to ASME Boiler and
Pressure Vessel Code. The activities performed to qualify
the bellows to be assembled in cleanroom, for operation in
high vacuum, cryogenic environments, and their characterization from magnetic standpoint, will also be presented.

INTRODUCTION
The PIP-II linac [1] will include a total of nine Single Spoke Resonator Cryomodules (SSR CMs), two SSR1
CM [2, 3] and seven SSR2 CM [4]. The SSR section of
the linac will accelerate H- ions from 10 MeV to 185 MeV.
The PIP-II beam optics design requires that each SSR1 CM
contains four focusing lenses (solenoids) and eight SSR1
cavities, and each SSR2 CM contains three focusing lenses
and five SSR2 cavities. Each cavity is equipped with one
high-power RF coupler, and one tuner, and each solenoid is
followed by one Beam Position Monitor (BPM). Cavities,
solenoids, and BPMs, together with their interconnecting
elements, define the string assembly. The string assembly
operates in a high vacuum cryogenic environment and in
operation cavities and solenoids need to be aligned within
the PIP-II permissible alignment error, reported in Table 1.
Therefore, flexible interconnecting elements are needed in
the string assembly to compensate for fabrication errors during the mechanical alignment, and to allow for the thermal
contraction and expansion of the string’s components during
cool-down and warm-up cycles.
Edge welded bellows are the element of choice to make
such interconnections. They are designed according to
ASME Boiler and Pressure Vessel code satisfying all loading scenarios during assembly, cool-down, operation, and
warm-up. The bellows are also deigned to be cleanroom
compatible, being the SSR strings assembled in an ISO 10
cleanroom [5]. The focus of the present contribution is on
the design and testing of the bellows weldments used in the
SSR2 string.
∗
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Cavities

Value

Transverse cavity alignment error, mm RMS
Angular cavity alignment error, mrad RMS

<1
≤10

Solenoids

Value

Transverse cavity alignment error, mm RMS
Angular solenoid alignment error, mrad RMS

<0.5
≤1

BELLOWS DESIGN
Edge welded bellows have a higher stroke and can be
moved laterally more than hydro-formed or expansionformed bellows of equal length. These features make them
a suitable choice for SSR CMs strings [6], where the space
is limited and cavities and solenoids are supported from the
bottom by the strongback, which stays at room temperature
during operations. Lateral movement and stroke are determined by the bellows diameter and number of convolutions.
Two different bellows geometries, type 1 - long and type
2 - short, are used among four different weldments in the
SSR2 string. Figure 1 shows the four weldments, Table 2
summarizes the characteristics of short and long bellows.

Figure 1: SSR2 edge welded bellows sub-assemblies. A,
beamline end flange kit - B, cavity to cavity bellows weldment - C, cavity to BPM bellows weldment - D, cavity to
solenoid bellows weldment.
The requirements on the axial stroke and lateral movement
are driven by the thermal contraction of the string’s components during cool-down / warm-up cycles (up to 1 mm),
cavity tuning (up to 2 mm), fabrication errors (up to 4 mm),
and installation misalignment. The internal diameter is choTechnology
Cryomodules and cryogenics
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Table 2: Edge Welded Bellows Characteristics
Free
Length
[mm]

Min.
Length
[mm]

Max.
Length
[mm]

Lateral
Disp.
[mm]

ID
[mm]

OD
[mm]

Wall
Thickness
[mm]

Spring
Rate
[N/mm]

Life
Cycle

Number of
convolutions

77
35

30.4
20.5

84.2
42.8

5.3
2.8

39
39

59
59

<0.2
<0.2

1.17
2.56

>5’000
>5’000

35
16

Type 1
Type 2

sen to be within the beamline aperture, which equals 40 ±
1 mm for SSR1 and SSR2 CMs. The requirement on the
life cycle is dictated by the number of cool-down and warmup cycles that the CM may undergo in a 40 years lifetime
(<100).
The maximum allowable working pressure that the bellows weldment shall sustain is 1.5 bar abs external pressure,
and 2.05 bar abs internal pressure. The values of the MAWPs
are determined by the pressure setting of the CM’s relief
valve and the beamline burst disk, respectively. The MAWP
that the bellows can sustain is calculated as shown in Eq. (1)
(ASME Section VIII, Div. 1 para. UG-101 (m)) [7], where
P is the maximum pressure reached in a hydro-static proof
test, 𝑆 𝜇 = 463 MPa is the minimum tensile strength at the
test temperature specified by ASME Section II, Part D, 𝐸
= 0.6 is the efficiency of the welded joint (no radio-graphic
or ultrasonic inspection is performed on the single-welded
butt joint without use of backing strip), and 𝑆 𝜇𝑎𝑣𝑔 is the
average actual tensile strength of the test specimen at the test
temperature. The value of 𝑆 𝜇𝑎𝑣𝑔 is determined by means
of tensile tests performed according to ASME Section VIII
Div. 1 para. UG-101 (j).
𝑀 𝐴𝑊 𝑃 =

𝑆𝜇 𝐸
𝐵
×
4 𝑆 𝜇𝑎𝑣𝑔

(1)

According to ASME Section VIII, Div. 1, para. UG-101
(p) vessels having chambers of special shape, subject to collapse, shall withstand a hydro-static pressure test of not less
than three times the MAWP without excessive deformation.
The total bellows deformation with a 6.15 bar (MAWP ×
3) internal pressure gauge is estimated with finite element
analysis [8]. Results are shown in Fig. 2 for long bellows.

2K circuits. Figure 3 shows the temperature distribution
along the bellows weldment with (Fig. 3, A) and without
(Fig. 3, B) bellows.

Figure 3: Temperature distribution along the Fig. 2,C bellows weldment. A, type 1 bellows and 15 K thermal intercept
- B, no bellows - C, bellows with 45 convolutions and no
thermal intercept
The effect of radiation and conduction was considered in
the comparative analysis whose results are shown in Fig. 3.
The heat reaction on the 15K surface in case A is 91 mW,
the heat reaction on the same surface in case B is 455 mW.
Figure 3, C shows the temperature distribution in case the
thermal intercept at 15K was removed and a bellows with 45
convolutions was used. The heat reaction in case C is 107
mW, while the heat reaction in case A is 61 mW.

BELLOWS TESTING

Figure 2: Type A bellows total deformation with 6.15 bar
internal pressure gauge
The type 1 bellows used in weldment A in Fig. 1 serves
also the purpose to reduce the heat load on the CM 5K and

Technology
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Hydro-static burst test is performed on short and long bellows, pneumatic pressure test and leak checks are performed
on the bellows weldments B, C, and D.
The burst test is performed at room temperature, namely
the temperature at which the MAWP of 2.05 bar would
be reached in case a failure happens during the CM
warm-up. The bellows does not burst up to a pressure
P = 16.3 bar for long and P = 15.4 bar for short bellows
(the hydro-static pressure is hold for 10 minutes). The
bellows material is Stainless Steel 316L (UNS S31603 /
EN 1.4404), the average actual tensile strength is 𝑆 𝜇𝑎𝑣𝑔
= 521 MPa. The MAWP resulting from Eq. (1) is 2.27
bar for type A and 2.14 bar for type B bellows. The
pneumatic test pressure is 2.4 bar gauge, which is greater
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than 1.1 × MAWP as required by ASME Section VIII Div. 1,
para. UG-100. The test pressure is hold for 10 minutes
before performing the leak check. The resulting leak rate is
less than 1 · 10−9 mbar · liter / sec for each bellows weldment.

will be used in the string assembly. Aluminum hexagonal
gaskets, SS 316L rods, and Silicone Bronze nuts are used to
seal the flanged connections. Nuts are tightened in a star
pattern in 3 steps: the tightening torque is 17 Nm in the first
step, and 30 Nm in the remaining two steps.The bellows
assembly are then cold shocked in liquid nitrogen for three
times, and leak checked in between each cold shock. No
leak has been detected on all the three bellows weldments
with a minimum sensitivity of 2 · 10−10 mbar · liter / sec.
Table 3: Relative Magnetic Permeability and Residual Magnetic Field. Weldments B,C, and D according to Fig. 1

Figure 4: Edge welded bellows weldment dry blowing in
ISO 10 cleanroom with filtered nitrogen
The bellows weldments are wet cleaned, cold shocked, and
leak checked in a ISO 10 cleanroom. The cleaning procedure
includes rinsing in DI water and 99.9% isopropyl alcohol,
followed by ultrasonic cleaning, and then dry blowing with
filtered nitrogen. A particles counter is used when blowing
the outside and inside of the bellows weldment, as shown in
Fig. 4. The counter is set to a 7 second cycle with 75 SLPM
pumping speed, and the blowing process takes place till the
total number of particulates > 0.3 µm is less than ten in one
standard cubic feet of air.

Weldment

Location

𝜇𝑟

Residual
Magnetic Field
[mG]

B

Pipe
Bellows
Flange

1.000
1.007
1.039

<0.1
6
12

C

Pipe
Bellows
Flange

1.000
1.006
1.041

<0.1
4
20

D

Pipe
Bellows
Flange

1.005
1.007
1.210

<0.1
5
42

The bellows weldments shall have a relative magnetic
permeability 𝜇𝑟 < 1.02 and a residual magnetic field less
than 5 mG. Relative magnetic permeability and residual
magnetic field after the application of 10 G magnetic field
are measured at different locations along the bellows weldments. Results are reported in Table 3. Relative magnetic
permeability and residual magnetic field of the flanges are
significantly higher than the requirements. The value of 𝜇𝑟
can be decreased either by using SS 316LN flanges, or by
annealing the flanges after machining and welding.

CONCLUSION

Figure 5: Edge welded bellows weldments and hardware in
ISO 10 cleanroom after wet cleaning
Flanges and tubes included in the bellows weldments are
electropolished, so that a cosmetic finish and a smoother,
easier to clean, surface is obtained. The same cleaning
procedure is also performed on the hardware needed for
the subsequent tests, as shown in Fig. 5.
A retaining cage and two SS316L flanges are assembled
on the bellows weldment by using the same hardware that
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Three samples of SSR2 beamline edge welded bellows
weldments were designed, procured, and tested. The bellows
weldments were made compliant to ASME Section VIII Div.
1 code by means of hydro-static burst test and pneumatic
pressure test. They were cleaned, cold shocked, and leak
checked in an ISO 10 cleanroom: all the three weldments
successfully passed the leak check and resulted to be easily
cleanable. The relative magnetic permeability and residual
magnetic field, after the application of 10 G, measured on the
flanges of the bellows weldments are higher than allowable.
SS316LN flanges shall be used in place of SS316L ones, or
annealing shall be performed after machining and welding.
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FINAL DESIGN OF THE PRE-PRODUCTION SSR2 CRYOMODULE FOR
PIP-II PROJECT AT FERMILAB∗
J. Bernardini† , D. Passarelli, V. Roger, M. Parise, J. Helsper, G. V. Romanov, M. Chen,
C. Boffo, M. Kramp, F. L. Lewis, T. Nicol, B. Squires, M. Turenne
FNAL, Batavia, IL 60510, USA
Abstract
The present contribution reports the design of the preproduction Single Spoke Resonator Type 2 Cryomodule
(ppSSR2 CM), developed in the framework of the PIP-II
project at Fermilab. The innovative design is based on a
structure, the strongback, which supports the coldmass from
the bottom, stays at room temperature during operations, and
can slide longitudinally with respect to the vacuum vessel.
The Fermilab style cryomodule developed for the prototype
Single Spoke Resonator Type 1 (pSSR1) and the prototype
High Beta 650 MHz (pHB650) cryomodules is the baseline
of the current design, which paves the way for production
SSR1 and SSR2 cryomodules for the PIP-II linac. The focus
of this contribution is on the results of calculations and
finite element analysis performed to optimize the critical
components of the cryomodule: vacuum vessel, strongback,
thermal shield, and magnetic shield.

INTRODUCTION
A total of seven production SSR2 CMs will be used in the
PIP-II linac [1] to accelerate H- ions from 35 MeV to 185
MeV. One ppSSR2 CM will be built during the prototyping
and validation stages.
The design of the ppSSR2 CM is based on a novel concept
developed at Fermilab [2, 3], the Fermilab style cryomodule,
which was validated by cold testing the pSSR1 CM for PIPII [4]. It also takes into account the standardization strategy
set for the PIP-II CMs [5]. To minimize the movement of
the beamline components and ancillaries during cooldown
and to facilitate the assembly, the coldmass and the beamline components are based on a full-length strongback that
is designed to be maintained at room temperature during
operations. A High Temperature Thermal Shield (HTTS)
and Low Temperature Thermal Source (LTTS), along with
connections for intercepts are made available between the
inner surface of the vacuum vessel and the 2 K helium to
reduce radiation and conduction heat transfers. The current
PIP-II beam optics design requires that each SSR2 cryomodule contains three focusing lenses and five identical SSR2
cavities, where each cavity is equipped with one high-power
RF coupler, and one tuner.
Cavities and focusing lenses are supported by individual
support posts, which are mounted on the strongback, located
between the vacuum vessel and the HTTS. A two-phase
∗
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Figure 1: ppSSR2 CM transverse cross section showing the
main components and subsystems (dimensions in mm).
helium pipe, running the length of the cryomodule, is connected to cavities by means of Ti-SS transition joints, and
to the focusing lenses by means of thermal straps. The twophase pipe is connected to the relief line through the top
hat, and to the pumping line through the bayonets on the
lateral extension of the vessel. The heat exchanger and the
interfaces with 2 K relief line and pressure transducers are
located on the top hat of the vacuum vessel. The interior of
the vessel features an inner frame, which supports a global
magnetic shield.

Figure 2: ppSSR2 CM longitudinal cross section showing
main components and subsystems (dimensions in mm).

MAIN CRYOMODULE COMPONENTS
Vacuum Vessel
The vacuum vessel consists of a cylindrical shell in carbon steel (ASTM A-516) anchored to the floor with bottom
supports and equipped with lugs for lifting purposes. The
vessel shell is closed at the upstream and downstream side
with endcaps, and it has ports for input RF power couplers,
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access, instrumentation, vacuum pump-out, and safety relief. The vacuum vessel provides a structural support for
the strongback tray, which can slide in the vessel by means
of a system of rails and bushings, as shown in Fig. 1. The
strongback tray can be locked to the vessel with a central
lock-out stud, as shown in Fig. 2.
Finite element analyses (FEA) were performed [9] to evaluate the effect of the external atmospheric pressure, with
vacuum inside, on the alignment of cavities and solenoids.
A vessel shell thickness of 11.2 mm was considered for this
analysis (the nominal thickness being 12 mm). The displacement of the beamline axis resulting from coldmass load and
external pressure was probed at 16 discrete locations along
the beamline’s axis. Results are shown in Fig. 3. The num-

Figure 3: Cavities and solenoids transverse misalignment
after pump down. The admissible misalignment is 0.5 mm
RMS.

ber and position of the vessel’s stiffening rings is optimized
to reduce as much as possible the displacement of the beamline components. The results shown in Fig. 3 are obtained
with 2 stiffening rings, which allows having a maximum
displacement in the ’x’ direction of 0.1 mm. The maximum
displacement along ’x’ with only 1 stiffening ring was calculated to be 0.25 mm. The permissible alignment errors
are 1 mm RMS for the cavities, and 0.5 mm RMS for the
solenoids.
Elastic stress analysis was used to validate the design against
plastic collapse during CM lifting. The maximum vertical
deformation of the vessel during lifting is 1.1 mm, and the
highest equivalent stress occurs on the lifting bracket’s weldment (each weld was modeled with a volume derated by
55%: the minimum joint efficiency specified in Table UW12 of ASME Section VIII, Division 1 [6]). The maximum
membrane plus bending stress resulting from the analysis
equals 75 MPa. This value is to be compared with 1.5 times
the maximum allowable stress from ASME Section II, part
D, which equals 207 MPa.
Buckling analysis was performed to predict instability of the
vessel under external atmospheric pressure with vacuum inside. The first mode load multiplier is 22.2, which is higher
than the minimum acceptable load multiplier of 2.5.
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Strongback
The ppSSR2 strongback consists of an Al-6061 T6
extrusion bolted to two carbon steel parallel rails and
stiffened with two stainless steel I-beams. The strongback
tray is designed to be pulled into the vacuum vessel by
sliding the rails into open plain bearings (bushings) bolted
to the vacuum vessel. A central pin prevents the strongback
tray from sliding on the rails during handling, transportation,
and operations. A total of 16 bushings are used in the
vessel, located on the right and left of each cavity and
solenoid. The number of bushings is optimized to facilitate
the coldmass insertion into the vessel, and to make the
strongback stiff enough to meet handling and transportation
requirements.
Regarding the coldmass insertion, the maximum static
deflections of the rails resulting from FEA is 0.3 mm at
the most critical step of the insertion phase, as shown in
Fig. 4. The bushings selected for this application have a self

Figure 4: Strongback maximal static deflection during the
insertion of the coldmass into the vessel.
aligning feature that make the 0.3 mm deflection acceptable.
Stresses in the strongback, rails, and stiffeners are well
below the yield strengths of the materials.
Concerning handling and transportation requirements,
the full CM assembly shall not have resonant frequencies
below 15 Hz. The strongback’s first resonant frequencies,
evaluated in free-free conditions, are near 25 Hz. The 25 Hz
limit is imposed by the resonant frequency of the support
post, thus making the strongback stiffer would not further
increase the resonant frequencies of the full CM assembly.
To maintain the alignment achieved in the string assembly
phase in operation, the strongback’s average equilibrium
temperature needs to be T𝑎𝑣𝑔 > 283K with a maximum
temperature differential Δ𝑇 < 5 K. One thermal strap
will be installed at each coupler port location connecting
the vacuum vessel to the strongback. Additionally, the
bottom surface of the strongback will be painted with
a high emissivity coating (expected emissivity 𝜖 = 0.8).
Thermal analyses were performed to evaluate the effect of
the thermal straps and the high emissivity coating on the
strongback’s equilibrium temperature. Analyses’ results are
summarized in Table 1, where 𝜖 is the emissivity of the
aluminum surface. The analyses were performed by setting
the emissivity of the internal surface of the vessel 𝜖 = 0.1
and by imposing a 1.62 W/m2 heat flux from the strongback
to the HTTS.
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Table 1: Strongback Equilibrium Temperature
Boundary Conditions
𝜖=0.03 / No Straps
𝜖=0.03 / Straps
𝜖=0.80 / No Straps
𝜖=0.80 / Straps

𝑇𝑎𝑣𝑔 [K]

Δ𝑇 [K]

285.5
287.2
291.6
291.8

0.8
1.2
0.5
0.4

The strongback temperature will be monitored continuously
during CM testing with five temperature sensors. The
movement of cavities and solenoids will be monitored
continuously during the cooldown by using H-BCAMs [7,8].

Thermal Shield
The HTTS aims to reduce heat loads on the LTTS and
2K volume by providing thermal intercepts and stopping
radiation from room temperature components. The HTTS
is composed of aluminum alloy Al 1100-H12 for the sheets
and aluminum alloy Al 6061 T6 for the extrusion (the pipe
carrying the helium gas). The extrusion is welded to the
HTTS’ sheets by means of finger welds, which are designed
to reduce thermal stresses during the cooldown. The HTTS
structure is supported only from the bottom: it lays on the
aluminum rings shrink fitted on the support posts. The
shield can slide along the longitudinal direction on seven
posts and it is fully constrained on one post only. The
HTTS is convection cooled by helium gas flowing in the
HTTS extrusion with a nominal inlet temperature T𝑖𝑛 = 40
K and pressure P𝑖𝑛 = 13 bar. The temperature differential
across the HTTS in operations shall be less than 30 K and
the temperature at the interface with current leads shall be
less than 65 K. A variability of ±5 K is expected in the
linac on the nominal He supply temperature. Moreover, the
He inlet temperature differential between the 1st and 7th
cryomodule in the linac is expected to be lower than 1K.
Therefore, a maximum helium inlet temperature of 46 K
shall be expected for the production SSR2 CM. FE thermal
analysis shows that the minimum He mass flow rate that
would allow having a temperature lower than 65 K at the
interface with current leads is 3.5 g/s, as shown in Fig. 5.
The resulting temperature differential across the shield is 20
K.
The HTTS will be cooled down at rate of 10 K/hour.

Figure 5: Thermal shield temperature distribution with a
46 K He supply temperature and 3.5 g/s mass flow rate.
Transient thermal analysis shows that the resulting maximum temperature differential across the shield during the
cooldown is 85 K, which results in a maximum membrane
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plus bending stress in the fillet welds of 105 MPa. The
resulting stress is below the allowable limit of 130 MPa.

Global Magnetic Shield
The ppSSR2 CM features a global magnetic shield which
is designed to attenuate the Earth’s magnetic field, and the
magnetic field generated by all the components internal and
external to the CM, below 15 mG at the cavity surface.
The upper portion of the magnetic shield is bolted to a frame
welded to the inner surface of the vacuum vessel, while the
lower portion is bolted to the strongback. All the openings
in the upper and lower portions will be closed as much as
possible with shunts. The magnetic shield material is a 3 mm
thick 80% Nickel-Iron alloy sheet, which conforms to ASTM
A753-85, Type 4.
For the purpose of simulations, the magnetic permeability of the shield’s material is set to 𝜇 = 40, 000, and all
the components internal to the cryomodule are considered
nonmagnetic. The numerical optimization of the magnetic
shielding design has achieved the design goal by reducing
the maximal magnetic flux density on the cavity surface
down to 13.5 mG. This value further reduces to 11.7 mG
when the effect of the carbon steel vacuum vessel is considered, as shown in Fig. 6.
After fitting the strongback and the magnetic shield into

Figure 6: Magnetic flux density distribution on the surface
of the cavities.
the vessel, measurements will be taken with a flux-gate type
gaussmeter at the height of the portion of the cavities which
is expected to see the highest amount of magnetic flux.

CONCLUSION
Finite elements analysis and calculations were performed
to verify that the design of the critical components of the
ppSSR2 CM meets the technical requirements specifications.
The design of the vacuum vessel was optimized to minimize
the misalignment of cavities and solenoids during the pump
down. The vacuum vessel was also proven to be safe during
lifting and against buckling. Structural and thermal analyses on the strongback tray were performed to verify the
feasibility of the coldmass insertion and the strongback’s
temperature distribution in operation, which should allow
maintaining the alignment of cavities and solenoids. The
HTTS design was demonstrated to meet the technical requirements given the He supply temperature and mass flow
rate that can be expected in the PIP-II linac. The magnetic
shield design allows having a maximal magnetic flux density
of 11.7 mG on the surface of the cavities.
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NIOBIUM TO TITANIUM ELECTRON BEAM WELDING FOR SRF
CAVITIES∗
M. Parise† , D. Passarelli, J. Bernardini, Fermi National Accelerator Laboratory, Batavia, IL, USA
Abstract
Titanium and niobium are the main materials used for
the fabrication of Superconducting Radio Frequency (SRF)
cavities. These two metals are usually joined , using various
welding techniques, using a third material in between. This
contribution focuses on the development of an innovative
electron beam welding technique capable of producing a
strong bond between these two different materials. Several
samples are produced and tested to assess the mechanical
strength at room and cryogenic temperature as well as the
composition of the resulting welded joint. Also, the first
units of the Single Spoke Resonator type 2 (SSR2) cavities
for the Proton Improvement Plan-II (PIP-II [1]) have been
fabricated joining directly various grades of titanium to niobium and results gathered through the fabrication will be
reported.

INTRODUCTION
SRF cavities used in particle accelerators are, for the
most part, manufactured by forming, machining and Electon
Beam (EB) or Tungsten Inert Gas (TIG) welding materials
such as Niobium, Titanium and Stainless Steel. Niobium,
and in particular high purity niobium, is the metal used for
the fabrication of the superconducting resonators because of
its high transition temperature, high critical magnetic field
and its availability in the forms of sheets and rods/tubes.
Given the low operating temperatures of the superconducting structures (around 2 - 4 K) and, in case of the need
for proper heat dissipation, liquid helium is required. An
external vessel (also called helium jacket), joined to the niobium resonator, is therefore needed. The search for vessel’s
materials that preserve appropriate strength and ductility
at cryogenic temperatures and, among other characteristics,
are also paramagnetic, commercially available and machinable/weldable sees the titanium as the one mostly used. One
of the challenges of the cavity design is the development of
the transition from the niobium resonator to the helium tank.
Niobium resonators with titanium helium jackets, are historically joined using a third material that is an alloy of the
2: Nb55Ti. This approach increases the number of welded
joints, and thus, the cost of the overall project with respect
to joining the 2 materials directly together. While designing the new pre-production SSR2 (ppSSR2) cavity [2–4]
for PIP-II it was decided to develop an EB welded joint between high purity niobium and 2 different types of titanium
to prove that such joints can be suitably used for the fabrication. Such joints are mechanically characterized at Room
∗
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Temperature (RT) and at Liquid Nitrogen (LN) temperature.
Energy Dispersive X-ray Spectroscopy (EDS) is also used
to check if the titanium can diffuse into the niobium as part
of the welding process and following heat treatment.

MATERIALS AND JOINT TYPES
The materials used for the weld development are:
• High purity niobium (Nb) (Residual Resistivity Ratio
>300)
• Titanium Grade 2 (Ti Gr.2) (UNS R50400)
• Titanium Grade 5 (Ti Gr.5) (UNS R56400)
The Ti Gr.2 is a material that can be used for the construction of pressure vessel according to the ASME Boiler
and Pressure Vessel Code [5]. Its characteristics are well
suited for the fabrication of SRF cavities and it was chosen
as helium jacket material for the ppSSR2 cavities. The Ti
Gr.5 one of the most used titanium alloys and it has superior
mechanical strength however is not a code [5] compliant
material. The flanges outside the pressure boundary of the
ppSSR2 cavities are fabricated using this titanium alloy so
that the sealing surfaces of the Ultra High Vacuum connection have improved resistance to wear and require minimal or
no maintenance throughout their lifecycle. Welded samples
are prepared joining Nb to Ti Gr.2 and Nb to Ti Gr.5. The
joint types for both material combinations are 2: butt welded
joint 4.0 mm thick obtained welding in a straight line from
one side only and a butt welded joint of a 1" Nb rod to a Ti
flange (for both titanium grades). These 2 joint types serve
to develop the EB welding parameters on the simplest joint
configuration possible (straight line on flat sheets) and to be
able to cut specimens for tensile testing and analysis at the
Scanning Electron Microscope (SEM). The tensile testing
is needed to assess the structural performance of the welded
joint. The SEM analysis allows to obtain macrographs of
the grain structure, and using the EDS technique we are able
establish the chemical composition of the joint and its Heat
Affected Zone (HAZ). Also, flanges are used to verify the
leak tightness and to reproduce the geometry of the real joint
as present on the ppSSR2 cavity flanges. A total of 14 sheets
4" x 2.5" (8 made of Ti Gr.2 and 6 of Ti Gr.5) are EB welded
to 14 Nb sheets with exact same dimensions. A total of 4
titanium flanges (2 made of Ti Gr.2 and 2 of Ti Gr.5) are EB
welded to 4 Nb rods.

SETUP AND WELDED SAMPLES
All the EB welds are performed using a Sciaky 60kV EB
welding machine capable to deliver 30 kW. The vacuum
level in the welding chamber at the beginning of each weld
is better than 10−4 Torr. Fig. 1 shows the test setup as
described for the 2 joint types. Before welding each niobium
part is lightly etched using an acid mixture to remove the
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oxidized layer and bagged in plastic bags backfilled with
nitrogen gas to prevent oxidation. The titanium parts are
ultrasonically cleaned only.

Figure 1: Setup Used for the EB Welds of the 2 Joint Types.
On the left: Butt Weld 4.0 mm Thick with Same Base Metal
Thickness Welded from 1 Side Only in a Straight Line; on
the Right: Butt Weld of the Nb Rod on the Titanium Flange.
A total of 27 welds are performed on the sheets. A total of 4 on the flanges and rods. To begin with, multiple
welds are performed on the same welded coupon trying to
maximize the number of trials. The parameters used for the
joints between Ti Gr.2 and niobium are optimized for a full
penetration 4.0 mm thick joint with a smooth underbead
and top surface avoiding sputtering on the back side. The
parameters used for the joints between Ti Gr.5 and niobium
are optimized for maximum penetration (ideally 0.5" deep)
as narrow as possible. The two different strategies reflects
the joint types on the SSR2 cavity [3, 4]. Fig. 2 shows welds
no. 18, 19 and 29 between Nb and Ti Gr.2 and welds 26, 27
and 30 between Nb and Ti Gr.5. Welds 18, 19, 26 and 27
are deemed visually acceptable and satisfying the objectives
set for the two different titanium grades. The parameters for
the flanges/rods setup are slightly tweaked using the sheets’
parameters to achieve full penetration given the different
volume of material. Weld 29 is a 4.0 mm deep weld and by
examining the back of the flange it is possible to verify that
the weld is full penetration. Weld 30 should be 13 mm deep
but the weld did not penetrate on the whole circumference.
Table 1 shows some of the parameters used for the welds of
Fig. 2. Given the different melting temperature between Nb
and titanium, to obtain a symmetric weld, the beam should
have an offset toward the metal with the higher melting point
(niobium). Oscillation of the beam are used for welds 18,
19 to get a smooth underbead and a Cosmetic Pass (CP) is
used to get a smooth top surface.

TENSILE TESTS
The base materials (Nb, Ti Gr.2 and Ti Gr.5) used to
produce the welded coupons are cut according to ASTM
standard dimensions [6] into tensile specimens and tested
at RT and LN temperature. Tensile specimens are also cut
from the welded coupons. Half of all the samples is Heat
Treated (HT) in a vacuum furnace at 650 °C for 10 hours
while the other half do not go through any heat treatment.
Tests are carried out at RT and LN temperature. Average
(Av.), maximum and minimum yield and tensile strengths
are reported in Tables 2 and 3.
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Table 1: Weld parameters used for the welded joints shown
in Fig. 2
Weld
No.

Voltage Current
kV
mA

Offset

Oscillation
@200Hz

18/19

50

50

26/27
29
30

50
50
50

40
165 40 CP
55 40 CP

0.02"
no CP
0.02"
0.02"
0.02"

0.05”/0.05”
0.16”/0.16” CP
0.05”/0.05”
0.16”/0.16" CP

Table 2: Tensile Test Results: Yield Strength (MPa)

Nb
Nb HT
Ti Gr.2
Ti Gr.2 HT
Ti Gr.5
Ti Gr.5 HT
Nb-Ti Gr.2
Nb-Ti Gr.2 HT
Nb-Ti Gr.5
Nb-Ti Gr.5 HT

Av.
RT

Max Min
RT RT

Av.
LN

Max Min
LN LN

76
66
328
289
1077
1070
101
92
97
82

81
70
333
292
1082
1077
106
97
98
86

578
451
594
632
1617
1606
595
546
432
379

636
552
613
649
1669
1696
609
469
440
398

72
64
319
286
1072
1062
93
87
95
79

533
355
585
615
1565
1503
579
586
425
359

Table 3: Tensile Test Results: Tensile Strength (MPa)

Nb
Nb HT
Ti Gr.2
Ti Gr.2 HT
Ti Gr.5
Ti Gr.5 HT
Nb-Ti Gr.2
Nb-Ti Gr.2 HT
Nb-Ti Gr.5
Nb-Ti Gr.5 HT

Av.
RT

Max Min
RT RT

Av.
LN

Max Min
LN LN

191
186
498
486
1107
1102
199
200
193
191

192
189
505
484
1082
1109
202
202
194
192

674
578
954
986
1779
1712
646
631
496
523

687
593
958
986
1793
1737
655
639
508
558

190
182
492
488
1072
1097
197
195
192
190

662
565
951
986
1765
1696
637
625
484
487

All welded coupons show yield and tensile strengths (on
average) greater than the weaker of the base materials (Nb).
The specimens cut from the welded coupons all broke on the
Nb side outside the welded area and HAZ both at RT and
LN temperature. The Heat Treatment at 650 °C for 10 hours
slightly reduce the strength of the base material:Nb [7] and
Ti Gr.2. The tensile tests prove that the joints are structurally
sound both at RT and LN temperature and HT does not affect
the strength of the welded joint more than the base material.

MACROGRAPHS AND EDS ANALYSIS
Samples are prepared using a diamond saw before mechanically polishing the cross section of the weld. Images
are acquired with the usw of a SEM.The EDS elemental
characterization is also performed. Fig. 3 shows the cross
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Figure 2: Front and Back of some acceptable welded joints between Nb and Ti Gr.2/Ti Gr.5
section of the weld between Nb and Ti Gr.2. On the right
the elemental composition can be observed for a selected
scan area covering the HAZ on the Nb side. No titanium
contamination is measured on the Nb side of the weld for
all the samples analyzed. Half of the samples received the
heat treatment at 650 °C for 10 hours to verify that the process does not promote titanium diffusion. The heat treatment
does not affect the grain size of the HAZ and the morphology
of the welded area.

LEAK CHECK AND COLD SHOCK
A total of 3 out 4 welded flanges go through cleanroom
cleaning, which involves ultrasonic cleaning with UPW and
detergent, and dry cleaning using ionized nitrogen. The
flanges are then sealed with a blanks using the same hardware that will be used on the SSR2 cavities, which includes
threaded rods made of 316L Stainless Steel (SS), Silicon
Bronze nuts and an aluminum gasket with hexagonal cross
section. The blanks used to mate the welded ones are made
of 316L SS as the flanges of the bellows that will be assembled on the SSR2 beamline [8]. Sealed flanges are pumped
down and a Helium Mass Spectrometer leak check is used
to perform an initial leak check. Subsequently, the subassemblies are cold shocked in LN for 10 minutes before
another leak check. The whole process is repeated 3 times
disassembling the flanges in between and using a new gasket
but without changing the SS flanges or the hardware. All
flanges passed the leak check before and after any of the
cold shocks.

CONCLUSION
A new type of EB welded joint is developed at Fermilab
using Nb and 2 titanium grades. This allows to join directly
the SRF cavities’ most used materials enabling a step forward
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Figure 3: Image acquired with SEM and EDS Analysis of
a Nb to Ti Gr.2 Welded Joint. The underbead is on top of
the picture and the sample was welded with the underbead
looking down as opposed to the orientation of the picture.
On the right the EDS elemental characterization ensures no
titanium contaminated the niobium side. On the left it is
possible to appreciated the HAZ extending for a couple of
mm beyond the welded area after that the Nb grain sizes do
no show any enlargement compared to the one present in the
base material.
in the fabrication and design processes. The joints welded
as part of this work showed structural integrity before and
after HT and also at LN temperature. Titanium does not
appear to contaminate the Nb side of the weld and the HT
does not affect its morphology. The welded flanges passed
cold shock in LN and leak check. The technology is deemed
solid and is implemented for the fabrication of the SSR2
cavities at Fermilab [3, 4].
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BEAMLINE VOLUME RELIEF ANALYSIS FOR THE PIP-II SSR2
CRYOMODULE AT FERMILAB ∗
M. Parise† , D. Passarelli, J. Bernardini, Fermi National Accelerator Laboratory, Batavia, IL,USA
Abstract
The beam volume of the Pre-Production Single Spoke
Resonator type 2 (ppSSR2) cryomodule for the Proton Improvement Plan-II (PIP-II) project will be protected against
over-pressurization using a burst disk. This contribution
focuses on the analysis of the relief of such trapped volume
during a catastrophic scenario with multiple systems failures.
An analytical model, able to predict the pressure in the beam
volume depending of the various boundary conditions, has
been developed and will be presented along with the results.

INTRODUCTION
Superconducting Radio Frequency (SRF) cavities are the
core of linear particle accelerators like PIP-II [1]. The new
pre-production SSR2 (ppSSR2) cavities [2–5] as well as Single Spoke Resonator Type 1 (SSR1) [6], Low Beta (LB) [7]
and High Beta (HB) [8] 650 MHz cavities and cryomodules [9] for PIP-II use liquid helium to cool the SRF cavities
down to 2 K in order to harness the superconducting advantages. Figure 1 shows a generic section, transversal to
the beam axis, of a PIP-II cryomodule. In operation the
insulating volume and beamline volume are under vacuum
(high vacuum and ultra-high vacuum respectively). The support post is made of insulating material and interface room
temperature with the beamline components at 2 K. The liquid helium is contained in a circuit that encompasses the
beamline components and at the operating temperature of
2 K is in a two-phase state. The circuit is connected with
relief devices installed outside the vacuum vessel that are
set to relieve the pressure above 4.1 bar-g when in operation.
A thermal shield, maintained at a temperature around 50K
screen the beamline components from the radiation coming
from the vacuum vessel. A leak between the liquid helium
circuit and the beamline volume may occur during the life
of the PIP-II project. If this leak goes undetected, liquid
helium may accumulate in the beamline volume. Once the
insulating vacuum is spoiled the liquid helium trapped in
the beamline volume may vaporize rapidly increasing the
pressure in this space. To protect the cavities and beamline
components from over-pressure, a burst disk is installed on
the beamline outside of the cryomodule.

INPUTS AND ASSUMPTIONS
To purpose of this work is to analytically evaluate the
pressure inside the beamline volume as a function of the
time given the applied boundary conditions under certain
∗
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Figure 1: Schematic Section of a Generic PIP-II Cryomodule.
assumptions. Figure 2 schematically shows the main elements that are recalled in this section. The inputs used for
the calculation are therefore:
• Geometry: the ppSSR2 cryomodule is chosen as geometry for the analysis. It includes 5 cavities and
3 solenoids connected by bellows and tubes. The
solenoid beamline volume has the same shape and Internal Diameter (ID) of the interconnecting elements
therefore it will be considered as straight pipe and the
cavities are modeled as cylinders for the purpose of
this analysis. The beamline volume is considered to
be closed by 2 gate valves at each ends. The beamline volume is interfacing the insulting volume (the
helium circuit is not included. This is a conservative
assumption). The complex geometry that goes from
the beamline to the burst disk is decomposed in several
elemental shapes for which the resistance coefficient
can be easily calculated.
• Defect: a defect with a determined leak rate connects
the helium circuit with the textitbeamline volume. Liquid helium fills the volume for a certain amount of
time.
• Heat load to helium: the insulating vacuum is lost in
1 minute of time. As a consequence, a convective heat
load is establish between the air in that volume and
the helium. The presence of a thermal shield is also
neglected and the helium therefore sees a radiative heat
load from 300 K. The conductive heat load from the
support posts is included as well. All these heat loads
are absorbed 100% by the helium.
All the described assumptions and the one used as part of
the calculation to establish diameter changes, simplify the
geometry, etc. are conservative and contribute to increase
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temperature, 𝑄𝑒 is the heat transported out of the system
from the helium, 𝑉 is the helium volume, 𝑎 and 𝑏 are gas
constants, 𝑛 is the number of moles and 𝑅 is the gas constant.

Figure 2: Schematic Geometry Used for the Analysis.
the pressure in the system. This is done on purpose so that,
even if the developed mathematical model is intrinsically
inaccurate because unable to capture the complexity of the
geometry and heat transfer mechanisms, the result represents the worst case possible in the presence of the most
unfavorable conditions.

PROBLEM DESCRIPTION
Given the underlinegeometry of the beamline volume, the
underlineleak rate and the underlinetime during which the
leak goes undetected (6 months which equals to 2 warm-ups
of the cryomodule each year) is possible to calculate the
volume of liquid helium at the initial condition. At t = 0 s:

⎧
(𝑄𝑐𝑣 + 𝑄𝑟 + 𝑄cd ) ⋅ 𝑡 =
{
{
(𝑀he − 𝑊 ⋅ 𝑡) ⋅ 𝐶𝑉 ⋅ (𝑇he (𝑡) − 𝑇𝑖 ) + 𝑄𝑒 ⋅ 𝑡
⎨
{
𝑛2 ⋅𝑎
{
(𝑃
ℎ𝑒 (𝑡) + 𝑉 2 ⋅ (𝑉 − 𝑛 ⋅ 𝑏) = 𝑛 ⋅ 𝑅 ⋅ 𝑇he (𝑡)
⎩

(1)

The quantity 𝑊 is calculated using Eq. (2) from [11] which
is the Darcy formula:
𝑊 = 1.111 ⋅ 10−6 ⋅ 𝑌 ⋅ 𝑑 2 ⋅ √

Δ𝑃 ⋅ 𝜌
𝐾

(2)

Where 𝐾 represents the sum of the ratio between the resistance coefficients at each section and 𝑑 4 (where 𝑑 is the local
outlet diameter at the end of each section) along the relief
line, 𝜌 represnet the fluid density and 𝑑 the outlet diameter.
𝑌 is the net expansion factor and in this case, for helium gas
and for a choked flow, is set to 0.6 which represent a conservative assumption. Figure 3 shows the resistance coefficient
along the beam line. The last portion, which includes several
tees and diameter changes through valves as well as the burst
disk dominate the contribution.

• the insulating volume pressure start rising rises with an
exponential law so that at t = 60 s the pressure is within
5% of the atmospheric pressure.
• liquid helium and vapor coexist in the closed beamline
volume at the temperature of 2.17 K and correspondent saturation pressure (all thermophysical properties
are taken from the National Institute of Standards and
Technology (NIST) [10].
• Heat from convection, radiation and conduction starts
to transfer in the closed helium system. The convection
and radiation contributes depends on the temperature
of the helium, the conduction contribution is orders of
magnitude smaller compared to the convection therefore it is assumed constant an equal to the maximum
possible throughout the calculation (8 W total).
As a result of the heat load, the temperature and pressure
of the closed system increases until all liquid helium evaporate and, as the pressure reaches the burst disk set point, the
system opens and the helium starts to flow outside.
At t > 0 s, the temperature and pressure of the helium
can be calculated imposing the energy balance and using
the Van der Waals equations when the helium is outside the
saturation vapor curve or extracting the saturation pressure
at a given temperature when both the liquid and vapor phases
co-exists. A code is written that solves the system of Eqs. (1)
in an iterative manner at each time step. Where: 𝑄𝑐𝑣 is
the convective heat, 𝑄𝑟 is the heat from radiation, 𝑄𝑐𝑑 is
the heat from conduction, 𝑀he is the mass of helium in the
system, 𝑊 is the helium mass flow rate exiting the system,
𝐶𝑉 is the specific heat constant for helium, 𝑇he is the helium
Technology
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Figure 3: Schematic Geometry Used for the Analysis.

Heat Transfer
The convective heat transfer from the air to the helium
are calculated simplifying the geometry in a basic shape
(cylinder) with different diameter depending on the element:
cavity, solenoid or beam tube. The equation for the Nusselt
number for natural convection around a cylinder is taken
from [12] and it is shown in Eq. (3) where 𝑅𝑎 and 𝑃𝑟 are the
Rayleigh an Prandtl number respectively. The thermophysical properties of air are also taken from the NIST [10].
1

0.387 ⋅ 𝑅𝑎 6
⎛
⎞
⎟
𝑁𝑢 = ⎜
⎜0.6 +
9
8 ⎟
0.559 16
27
[1
+
(
)
]
⎝
⎠
𝑃𝑟

2

.

(3)

The contribution of the flat faces of the cylinders are also
considered in the calculation using the appropriate formula
for the Nusselt number (proportional to the Rayleigh and
Prandtl numbers) also taken from [12].
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The heat load to the helium is then simply calculated using
Eq. (4):
𝑄cv = ℎ ⋅ 𝜋 ⋅ 𝐴 ⋅ Δ𝑇 ,

(4)

where ℎ is the heat transfer coefficient proportional to the
appropriate Nusselt number, 𝐴 is the surface and Δ𝑇 is the
temperature difference from ambient to helium.
The radiation heat transfer is calculated from Eq. (5)
𝑄𝑟 =

𝜖1 ⋅ 𝜖2
⋅ 𝜎 ⋅ (𝑇14 − 𝑇24 ) ⋅ 𝐴 ,
𝜖1 + 𝜖2 − 𝜖1 ⋅ 𝜖2

(5)

Figure 4: Pressure of and Heat Load to the Helium.

where 𝜖 is the emissivity, 𝜎 is the Boltzmann constant and
𝑇 is the temperature. Whilst this contribution is included
in the calculation, even considering 1 layer of Multi Layer
Insulation (MLI) the radiative heat transfer is negligible
compared to the convective heat transfer.
The conduction heat transfer through the solenoids is
simply calculated with the appropriate material properties
and the geometry (tube) using Fourier’s law. As for the
radiation heat transfer this contribution is included in the
calculation but is negligible even compared to the radiation
heat transfer.

RESULTS
Figures 4 and 5 shows the results of the analytical calculation. A total of 3 different leak rates are selected ranging
from 1.6 · 10−2 mbar⋅l
to 27.9 · 10−2 mbar⋅l
s
s . The burst disk set
pressure is also noted in Fig. 4 (1 bar above atmosphere).
The leak size below which the burst disk does not open corresponds to 1.6 · 10−2 mbar⋅l
s . In this case the pressure rises
until the burst disk set point and the temperature continue to
rise until it reaches the ambient temperature. In correspondence of the biggest leak size selected, the pressure rises
until approximately 5.1 bar absolute, which corresponds to
4.1 bar across the thickness of the cavity material. This represent the Maximum Allowable Working Pressure (MAWP)
for the PIP-II cavities at cryogenic temperature and therefore
this is the limit pressure allowed to consider the system safe.
In the figures is also possible to appreciate the heat load
transferred to the helium, the trend of the pressure in the
insulating vacuum (Fig. 4) and the mass of the helium in the
system (Fig. 5).

CONCLUSION
From the results, given: the selected burst disk, the beamline volume geometry and the conservative assumptions, the
leak rate of the defect above which the safety operation of
the ppSSR2 cryomodule is compromised is 27.9 · 10−2 mbar⋅l
s .
All the beamline components go through rigorous inspections at multiple steps of the fabrication and assembly operations, including leak checks performed using an helium
mass spectrometer leak detector with a sensitivity better
than 2 · 10−10 mbar⋅l
s . Given that there are no dynamic loads
during operation, that the applied thermal cycle goes from
room temperature to cryogenic operation (thus closing any
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Figure 5: Temperature and Mass of Helium.
possible crack or defect), the leak checks performed before
operating the machine and the time considered during which
the leak goes undetected (6 months), it is safe to assume
that such defect, even if present will not compromise the
structure and that the burst disk is correctly sized.
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PROTOTYPE HB650 TRANSPORTATION VALIDATION FOR
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Abstract
The PIP-II Project at Fermilab (FNAL) is centered around
a superconducting 800 MeV proton linac to upgrade and
modernize the Fermilab accelerator complex, allowing increased beam current to intensity frontier experiments such
as LBNF-DUNE. PIP-II includes strong international collaborations, including the delivery of 13 cryomodules from
European labs to FNAL (3 from STFC-UKRI in the UK
and 10 from CEA in France). The transatlantic shipment of
these completed modules is identified as a serious risk for
the project. To mitigate this risk, a rigorous and systematic
process has been developed to design and validate a transport system, including specification, procedures, logistics,
and realistic testing. This paper will detail the engineering
process used to manage this effort across the collaboration
and the results of the first major validation testing of the
integrated shipping system prior to use with a cryomodule.

INTRODUCTION
The PIP-II SRF linac is composed of five types of cryomodules at 3 sub-harmonics of 1.3 GHz (162.5, 325, and
650 MHz) [1]. The 650 MHz section of the linac is composed of two cryomodule types, Low-Beta (LB) and HighBeta (HB). The PIP-II Project has significant international
contributions in almost every part of the machine, and the
650 section is no exception. The LB modules are being
designed and produced by CEA in France while the HB
modules are produced by STFC-UKRI in the UK as in-kind
contributions to the project. The PIP-II project has adopted
the design philosophy of convergent design, aligning the
techniques and technologies between different modules as
much as possible. This philosophy extends to transportation
of the LB and HB modules from the partner labs in Europe to
FNAL. Transportation experts at all three labs have worked
closely to ensure that a consistent and systematic approach
is used for assessing and mitigating the risks of these critical
cryomodule transports.

TRANSPORT SYSTEM VALIDATION
STRATEGY
A conservative approach to transportation and transport
validation has been adopted by PIP-II driven by past experience with cryomodule shipping for LCLS-II [2]. This
∗
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includes the choice to forego sea and rail, relying on air
transport for the transatlantic segments. The following major stages are chosen to systematically validate the integrated
transport system design (cryomodule plus shipping frame)
while minimizing risk to critical equipment.
• Design, fabrication, and integration of HB650 transport
frame with cryomodule analog (Dummy Load)
• Local road testing with Dummy Load to validate isolation and handling performance
• Realistic transport of Dummy Load from FNAL to
STFC-UKRI to validate air transport and handling
• Local road testing with a cold-tested and validated prototype HB650 (pHB650) to reverify isolation performance as well as any module-internal resonances
• Realistic transport of the pHB650 module from FNAL
to STFC-UKRI and back, concluding with second coldtest to assess impacts of transatlantic shipment on cavity
performance.
The transportation scope of each partner is distributed
based on many factors which are outside the scope of this
document. The diversity of activities and design details of
both transport systems and cryomodules means that it is
critical that the transportation approaches are aligned and
designs and lessons learned are shared strongly as early as
possible within the project to minimize duplicated effort or
increased risk.

VALIDATION RESULTS
PIP-II uses a formal systems engineering approach, including strong documentation and review philosophies. Detailed
risk assessments are matched to systematic risk mitigation
and detailed validation efforts. All work is documented formally and reviewed, both internally and, periodically, by
external transportation experts. This process and associated
documentation is described below.

Risk Assessment and Planning
The foundational documents for the transport process
are the Failure Mode and Effect Analysis (FMEA) and Prevention through Design (PtD) tables. The FMEA gathers
all technical risks including human factors during all procedures (e.g., incorrect installation of shipping supports),
design failure modes (e.g., resonant excitation and fatigue
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of a thin-walled bellows), and external failure modes (e.g.,
delays in shipping, mishandling by third parties). The PtD
table is the equivalent assessment but for personnel safety
risks. Both tables assess likelihood of each event, their severity, and likelihood of detecting after they occur. Each risk
includes a mitigation plan to be implemented (e.g., design
change, calculation, procedural change). The implementation of those mitigations is tracked via updates to these
documents.
In addition to the FMEA and PtD tables, a Transport Specification and Transport Plan were created in collaboration
with partners. The Transport Plan was a codification of the
validation strategy, scope, and roles outlined in the previous
sections. The Transport Specification provided requirements
for the shipping system, including:

design report [7], both verifying that the respective components met their parts of the overall design transportation
system requirements. The designs as well as fabrication and
validation plans were reviewed prior to start of procurement.
The approved frame design package was sent to a vendor
who modified the design for fabrication and code compliance.
The fabricated frame was load tested by the vendor shown
in Figure 1.

• Shipping envelopes including cryomodule drawings
and interface references
• Vibration and shock requirements of the shipping frame
and the cryomodule (what environment the frame must
provide, and what the cryomodule must survive)
• Handling and logistics requirements (e.g., no fork
trucks, no rail or sea handling) including use of the
frame as a certified lifting fixture for the full transported
system and providing internal storage space for instrumentation equipment and protection from elements and
unintended access.
The uncertainty involved in wire-rope isolator designs
leads to the inclusion of margin in the shock isolation requirements, seen in Table 1. This separation of design was
critical because separate teams would be designing the frame
and the cryomodule itself. This strategy allowed these designs to proceed independently.
Table 1: Transport System Shock Specifications (Coordinates are Beam Coordinates, X is Transverse, Y is Vertical,
Z is Longitudinal)
X

Y

Figure 1: Transport frame 200% load test, or 30.4 tons.
The vendor, based on calculations and load test, certified
the frame to both US (ASME B30.20, BTH-1) and EU (BS
EN 13155:2011) lifting codes to 110% of the expected cryomodule weight. This should ensure that lifting from the
frame alone, without spreader bar, during handling and loading steps at airports by third parties is procedurally simple.
The mating interface between frame and cryomodule is
14 transportation weldments directly on the cryomodule
vacuum vessel at 45◦ below horizontal. In order to simplify
integration, cradles were introduced (see Figure 2) to align
opposing springs and fasteners.
All side and top openings are covered with plywood panels
in transport with plexiglass access doors on either side for
instrumentation and rigging storage.

Z

Frame Isolates to Better than 1.5g 2.5g 3.5g
Cryomodule can Survive
1.5g 3.0g 5.0g
Additional specifications for vibration were included to
drive the designs, including a designed 80% isolation of
shocks above 10 Hz for the frame, and all major resonances
with vulnerable components in the cryomodule above 20
Hz. The shock validation procedures were taken from the
US Military transportation standard [3], and input spectra
for road and air were taken as a worst case envelope from
several standards [3–5].

Design and Fabrication
The transport frame was designed by STFC-UKRI to the
agreed specification [6]. The frame design report and drawing package were matched by a cryomodule transportation

Technology
Cryomodules and cryogenics

Figure 2: Isolator (gray), cradle (aqua), cryomodule interface (green) detail with mounted instrumentation packages
(orange).

System Integration
The dummy load was designed as cryomodule analog,
matching the cryomodule feet and transportation interfaces.
The strongback, (seen in Fig. 3) was procured from the same
vendor as the frame, and supports two concrete shielding
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blocks, giving accurate module interfaces and mass. The
concrete blocks are secured to the strongback via chain and
turnbuckles at each isolator pair mounting site.

not lead to large peak shocks, the isolation system design did
not indicate any resonances around the observed frequency
(roughly 20 Hz). Two isolator pairs were removed with no
observed change in behavior, and a third test with a more
detailed sensor array was performed to give better spatial
information of the motion. Detailed modal analysis was
done both at FNAL and STFC-UKRI, and non-linear mechanical analysis of a spare wire-rope isolator was done at
the University of Pisa. This body of evidence indicates that
the resonance observed is the vertical bucking mode of the
dummy load driven by the tractor engine vibration. Given
the dummy load-internal nature of the mode, it is expected
that this will not be present in the cryomodule.

CONCLUSION AND OUTLOOK
Figure 3: Transport Frame during Dummy Load installation.
Assembly of 14 interfaces at 45◦ was a point of concern,
but careful preparation ensured that integration tests went
smoothly, only requiring minor effort with a jack to roll the
load slightly during tests.

Local Validation
After final assembly and static displacement checks, the integrated transport system (21.9 tons) was loaded on a flatbed
trailer and driven on local freeways known to provide a
rough ride. No speed or handling restrictions were given
to the driver beyond the route, which was approximately 3
hours long. Three road tests were performed this way. Pairs
of tri-axial accelerometers were mounted across isolators
to give comparative acceleration. A summary of the test
configurations can be seen in Table 2.
Table 2: Transportation Test Configurations
Test Isolator Count Sensor Pairs Trailer
1
2
3

14
10
10

3
3
8

A
A
B

Shock performance for all tests met specification in all
axes, as seen in Table 3. The peak shock events seen were
all found to be singular events of short duration (<40 ms).
Table 3: Peak Shocks on Load During Local Validation
Test

X

Y

Z

1
2
3
Specification

1.33
1.21
0.74
<1.5

0.93
0.85
1.47
<2.5

0.38
0.35
0.56
<3.5

Multiple tests were conducted in an effort to diagnose
resonant behavior observed during transport. While this did
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The design, fabrication, and local validation of the HB650
transport system is proceeding well. Planning is well underway to ship the system with dummy load to STFC-UKRI
in preparation for the shipment of the pHB650 cryomodule
early next year as final validation. Lessons learned from all
stages are being collected and integrated into future designs.
The resonant behavior observed on the dummy load will be
monitored during first local testing with the pHB650 module
to confirm our assessments.
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Abstract
The prototype High Beta 650 MHz cryomodule
(pHB650 CM) has been designed by an integrated design
team, consisting of Fermilab (USA), CEA (France), STFC
UKRI (UK), and RRCAT (India). The manufacturing and
assembly of this prototype cryomodule is being done at
Fermilab, whereas the production cryomodules will be
manufactured and assembled by STFC-UKRI. As the first
PIP-II cryomodule for which standardization was applied,
the design, manufacturing and assembly of this cryomodule led to significant lessons being learnt and experiences
gathered. These were incorporated into the design of the
pre-production Single Spoke Resonator Type 2 cryomodule (ppSSR2 CM) and the pre-production Low Beta
650 MHz cryomodule (ppLB650 CM). This paper presents
the pHB650 CM lessons learned and experiences gathered
from the design to the lower coldmass assembly and how
this cryomodule has a positive impact on all the next Proton Improvement Plan-II (PIP-II) cryomodules due to the
standardization set up among SSR and 650 cryomodules.

INTRODUCTION
After the completion of the PIP-II prototype [1] Single
Spoke Resonator 1 (SSR1) cryomodule [2, 3], a design
strategy was set up among the 650 and SSR cryomodules
to reduce the cost, to increase the quality and performances, and to mitigate risks [4]. This design strategy led
to the standardization of several components, tooling, assembly processes, and procurements.

STANDARDIZATION
The PIP-II SSR and 650 cryomodules are designed
adopting the Fermilab style cryomodule that uses a room
temperature strongback as foundation. Due to the design of
the cavities and requirements being different for SSR and
650 cryomodules, the strongback design has been optimized for each cryomodule type. With the 650 cryomodules being transported overseas, rigid connections in between the vacuum vessel and the strongback as presented
in Fig. 1 were required to meet the specifications. Thus, it
was necessary to insert the strongback into the vacuum vessel, then to adjust it up to its nominal position before locking it down using 14 studs, set of screws and pins [5, 6].
The SSR cryomodules being assembled at Fermilab, thus
not requiring overseas transportation, it was allowed to
ease the interface strongback/vacuum vessel. Calculations

have shown that bushing screwed to the vacuum vessel
with rails connected to the strongback as presented in
Fig. 2 met the requirements. The longitudinal position of
the strongback is fixed using a central pin, and no lifting is
needed [7].

Figure 1: 650 vacuum vessel - strongback interface.

Figure 2: SSR vacuum vessel - strongback interface.
The 650 cavities are aligned using C-shape brackets
[5, 8] at the interface with the cavity lugs, whereas SSR
cavities use an alignment plate positioned at the bottom of
the cavities. This concept was validated during the alignment of the prototype SSR1 string assembly [9].
All SSR and 650 cryomodules share the same cryogenic
layout and the size of the cryogenic lines are identical for
all cryomodules (Fig. 3). With the 650 production cryomodules manufactured in Europe and the SSR cryomodule assembled in the USA, it was decided to use ISO pipes
which also match imperial pipe size to allow the procurement from the international market maintaining equivalency.

___________________________________________
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Figure 3: Schematic of the cryogenic lines.
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Figure 4: Standardized interfaces on the SSR and 650 cryomodules.
The external interfaces of the cryomodules have been trols time and make sure that the quality of production vacstandardized to simplify the design of the Cryogenic Dis- uum vessels will be equivalent or better than the prototype
tribution System (CDS) and to share tooling among SSR vessel, we are requesting the manufacturer to prepare a deand 650 cryomodules (Fig. 4). Identical or similar compo- tailed Manufacturing and Inspection Plan (MIP) that will
nents or features:
list the sequence of manufacturing steps including hold
points as well as the associated inspections:
 Cryogenic port
 Visual inspections
 Vacuum vessel relief valve
 Dimensional inspections
 2K relief port
 Leak checks
 Interface with the cryomodule stand
 Magnetic permeability measurements
 Interface with the cryomodule movers
 Pressure transducer port
Room Temperature Global Magnetic Shield
 Instrumentation and access ports
The HB650 room temperature magnetic shield has been
 Vacuum port
designed
based on the lessons learned of the prototype
 Cryomodule lifting points
SSR1 cryomodule. To ease the assembly process of this
Thanks to this standardization many components can be shield on the vacuum vessel an inner skeleton with thread
re-used from one cryomodule to another, and the lessons holes has been welded on the inside of the vacuum vessel
learned applied through design, procurement and assembly [4]. However, the bending radius of the plates were signifphases can be shared across cryomodule types and part- icantly off, and a gap was visible in between this skeleton
ners. In addition, the standardization will have a positive and the vacuum vessel (Fig. 5). This led to some of
threaded holes on this skeleton being off by more than
impact on the operation by providing:
15 mm. To avoid similar issues during production, very
 Similar ways to cool down the cryomodule
long slots and large clearance holes have been added to the
 Similar ways to regulate helium in the two-phase
design of the production room temperature magnetic
helium pipe
shield.
 Easier maintenance (tooling and spare parts can
be used for different cryomodule types)

LESSONS LEARNED OF THE PROTOTYPE HB650 CRYOMODULE
Many lessons learned have been gathered during the design and assembly of the pHB650 CM. The main lessons
learned applied to the design are listed below.

Vacuum Vessel
The overall quality of the vacuum vessel is excellent
with some minor non-conformances which could have
been avoided if trips to the manufacturer would have been
possible during the pandemic. To reduce the quality conTUPOGE16
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Figure 5: Gaps in between the skeleton and the vacuum
vessel.
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In addition, it has been noticed during the assembly process that some magnetic shield plates had been bent in the
wrong direction. These issues could have been detected by
utilizing a simple inspection performed by the manufacturer or Fermilab using sheet templates. This quality control step will be set for the production units.

Vented Screws
During the assembly of this prototype, we realised that
some small volumes were not vented which could introduce virtual leaks into the insulating vacuum. Vented
screws have been added to increase the insulating vacuum
quality.

Brazing
The Low Temperature Thermal Source (LTTS) is used
to provide thermal intercepts to minimize the heat loads to
the 2 K source from the following items: couplers, tuners,
beam pipe end assemblies, and relief line. To ensure the
efficiency those intercepts, copper blocks are brazed to the
stainless-steel cryogenic pipe. To allow the quality controls
(i.e. visual inspection) of the brazed joint in terms of continuity and uniformity of the braze material, holes will be
added as show in Fig. 6.








The vacuum vessel assembly
The room temperature magnetic shield
The strongback, G11 support posts and cavity
supports
The thermal shield with all the piping
The targets frame assemblies
The thermal straps

CONCLUSION
As the first “standardized” cryomodule, the pHB650 CM
has a very big impact on the ppLB650 CM and SSR CMs.
Lessons learned shared between cryomodule types and
Partners are key elements of the design strategy. In the past
months, the design of the ppSSR2 CM and ppLB650 CM
already profited from the design of the pHB650 CM. In the
coming years, we expect to continue benefiting from the
standardization of the several types of cryomodules needed
for PIP-II at Fermilab.
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Figure 6: Holes added on the copper block to check the
quality of the brazed joint.

Alignment Strategy
Laser trackers are employed throughout the different
phases of the assembly process to align and check that
beam line components are within the project requirements.
Even if at first it seemed a good plan since this will improve the alignment quality of the beam line, it comes with
a cost as well. The assembly process takes more time, and
the laser tracker work cannot always be done in parallel
with assembly work.
For the production cryomodule, and after a full review
of the alignment of this prototype cryomodule, the plan is
to minimize the number of alignment checks.

Procurement Strategy
Our procurement plan did not as planned due to the restrictions and supply chain issues that followed the pandemic. It has been necessary to manufacture several assemblies on-site at Fermilab to mitigate schedule delays and
costs increase.
For the production cryomodules, the cryomodule will be
divided in bigger assemblies in order to minimize the number of procurements and quality controls. This approach
has been already adopted for the ongoing procurement of
parts and sub-assemblies for the pre-production SSR2 cryomodule. The main procurement sub-assemblies will be:
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FABRICATION EXPERIENCE OF THE PRE-PRODUCTION PIP-II SSR2
CAVITIES AT FERMILAB∗
M. Parise† , D. Passarelli, P. Berrutti, V. Roger, FNAL, IL, USA
D. Longuevergne, P. Duchesne, CNRS, IJCLab, France
Abstract
The Proton Improvement Plan-II (PIP-II) linac will include 35 Single Spoke Resonators type 2 (SSR2). A total of
eight pre-production SSR2 jacketed cavities will be procured
and five installed in the first pre-production cryomodule. The
mechanical design of the jacketed cavity has been finalized
and it will be presented in this paper along with fabrication
and processing experience. The importance of interfaces,
quality controls and procurement aspects in the design phase
will be remarked as well as lessons learned during the fabrication process. Furthermore, development studies will be
presented together with other design validation tests.

INTRODUCTION
The Radio-Frequency (RF) volume final design and the
advanced (but not final) mechanical design of the preproduction Single Spoke Resonators type 2 (SSR2) cavities,
for the Proton Improvement Plan-II (PIP-II, [1]), was presented 3 years ago at the 19th International Conference of
RF Superconductivity (SRF’19) [2, 3]. An internal project
Final Design Review was held in November 2019 and the
procurement of niobium initiated shortly thereafter. The
procurement of the jacketed cavities, to be manufactured
in industry, initiated at the beginning of 2021 with the first
bare cavity completed at the end of the same year. After
bulk Buffered Chemical Polishing (BCP), High Pressure
Rinse (HPR) of the RF volume and High Temperature Heat
Treatment (HTHT) the jacketing and room temperature tests
of the first unit were completed in July 2022. The next units
are expected to be completed soon.

DESIGN OVERVIEW
Some of the main parameters used for the design of the
SSR2 cavities are reported in Table 1. The RF volume is
optimized to enable the best Electro Magnetic (EM) performance and to mitigate multipacting. The result is the
starting point for the mechanical design: a multi-objective
optimization problem revolving around not only the structural soundness but also involving RF parameters such as
frequency sensitivity and Lorentz Force Detuning (LFD).
The design of the SSR2 bare cavity and the helium jacket is
carried out simultaneously as a integrated system opposed
to trying to optimize the bare cavity first and only secondly
the helium jacket which may have led to unnecessary design
iterations. Lessons learned from the previous generation
∗
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of spoke resonators are also considered carefully as of this
process [4, 5]. Figure 1 shows the finalized design of the
cavity and a section defining the helium space and beam
volume.
Table 1: Parameters of the SSR2 Cavity.
Parameter

Value

Nominal Frequency, MHz
Hz
df/dp, mbar
Target Frequency Allowable Error, kHz
Maximum Allowable Working Pressure
(MAWP) RT / 2 K, bar

325
<25
+/-50
2.05 / 4.1

Figure 1: Cavity final design.

Design Choices with an Impact on the Fabrication
As a result of the multipacting mitigation, the endwalls of
the cavity present an elliptical profile with an inflection point
and overall high depth to radius ratio making the part difficult
to form. Moreover, the structural soundness, in compliance
with Fermilab internal guidelines and the ASME Boiler and
Pressure Vessel Code [6], whenever possible, required to
procure niobium sheets with a minimum thickness close to
5 mm. This value is the maximum used among all superconducting cavities of PIP-II and above the usual thickness
that cavity fabricators are used to. Thick material implies
a more difficult forming and Electron-Beam (EB) welding
operations. To simplify the procurement and reduce the
number of joint types, the SSR2 cavities are manufactured
only from 2 materials: high purity niobium and titanium.
Not using nb-ti alloys means directly joining niobium and
titanium through EB and Tungsten Inert Gas (TIG) joints, a
practice that has never been used not only for PIP-II but at
Fermilab in general.

BARE CAVITY FABRICATION
Figure 2 shows the first pre-production SSR2 cavity as
fabricated. The cavity mostly consists of niobium sheets
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that are formed and joined together through EB welding.
Titanium reinforcements are also cut from sheets, formed
and welded to the niobium.

Figure 4: Average Percentage Thickness Reduction on the
Endwalls used to Fabricate the first 3 SSR2 Cavities.

Figure 2: Pre-production SSR2 Bare Cavity.

Niobium Forming and Welding
The most critical components to form are the endwalls,
the spokes and the spoke collars. Copper sheets are used
in-lieu of the precious niobium to verify that the forming
technique and equipment is capable of producing components within the mechanical tolerances. Once the process
is verified to produce the expected results, the same steps
are put in place to obtain the final components. The endwalls are fabricated using the metal spinning technique while
the spokes and spoke collars are obtained using deep drawing. The most severe thickness reduction takes place on the
endwalls. The thickness post spinning is measured at 36
different locations (9 points spaced by 90 degrees as shown
in Fig. 3) and the results are reported in Fig. 4 as an average
(over 6 endwalls) percentage thickness reduction at each
location. The error bars extremities represent the maximum
and minimum values over the 6 endwalls. The maximum is
20 % in correspondence of the inflection.

joint on each component is also visually inspected and radiographs are taken for the most criticals. Fig. 5 provides
some details of the thickest nionbium to niobium EB welded
joints face and root and also shows one of the EB welded
joints between niobium and titanium. The smoothness and
uniformity of the joints’ surfaces is essential for the cavity
to work properly in presence of EM fields.

Figure 5: EB welded joints niobium to niobium on the RF
and no-RF sides and titanium to niobium EB welded joint.

Frequency Trimming and Inelastic Tuning

Figure 3: Points’ Location where the Thickness is Measured.
All the bare cavity components are joined using exclusively the EB welding technique for a total of 59 joints that
can be divided in 8 different types. The helium vessel is
welded together and to the bare cavity using a mix of TIG and
EB welding technique (this brings the total type of EB joints
to 11 and additional 2 types of TIG welds). The challenges
specific of the SSR2 cavities are: the presence of 4 mm
thick full penetration niobium-niobium EB joints performed
from 1 side only and of niobium to titanium EB and TIG
direct joints. Each of the 13 types required a Welding Procedure Specification (WPS) a Procedure Qualification Record
(PQR) and a Welder Performance Qualification (WPQ) according to the Code [6] and to Fermilab guidelines. Each

Technology
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To achieve the required operating frequency of 325 MHz
in operation, several target frequencies are established at
different step of the cavity fabrication and processing. The
targets are based on past experience [4] and on simulation results. Given the operational elastic tuning range that the tuner
can provide, each target frequency has a +/- 50 kHz accuracy
range. If at any manufacturing step, the resonant frequency
is outside this range and inelastic tuning is performed. The
first manufacturing step during which the resonant frequency
can be measured is the so called frequency trimming: the 2
endwall sub-assemblies and the main shell sub-assembly are
pre-assembled (see Fig. 6) and the resonant frequency of
the cavity is measured. The main shell is therefore trimmed
on each side to meet the target frequency and finally the 2
final circumferential EB welds are performed.
Table 2 reports the frequency shifts observed during the
frequency trimming operation on the first 3 cavities as well
as the first leak check. On the first cavity, in order to reduce
the uncertainty of the process, the welding operation is divided into 2 steps: only one endwall is welded to the shell,
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Figure 6: SSR2 Cavity Pre-Assembled Using a Fixture to
Perform a Frequency Measurement.

Figure 8: The Weld between the Cone RE and the Inner
Coupling Ring is Generating the Greatest Frequency Shift.

the cavity is removed from the EB welding machine and
the frequency is measured and compared to the simulation
results, after the second endwall is welded.
Table 2: Frequency Shifts during Frequency Trimming and
Leak Check. Values are in MHz.
Step

Cav. 1

Cav. 2

Cav. 3

1st Trim
2nd Trim
1st EB Weld
Cav. Welded
Leak Check

-1.396
-1.552
-0.135
-0.090
-0.004

-1.418
-1.595
-0.155
-0.007

-1.306
-2.053
-0.332
-0.005

JACKETING
After the bare cavity goes through the processing steps
the jacketing operation starts. Figure 7 shows the trend
of the resonant frequency at different discrete steps during
this process for the first SSR2 cavity as well as the final
pressure test and leak check. The greatest frequency shift
of about 100 kHz occurs welding the cone Ring End (RE)
and the Inner Coupling Ring (see Fig. 8). This welds rigidly
connects 2 areas of the bare cavity and this was expected.
On the other hand, the weld between the side ports and the
helium vessel (another rigid connection between bare cavity
and helium vessel) generates a very minor frequency shift
due to the clever solution adopted to connect the parts [3],
see Fig. 9.

Figure 7: Resonant Frequency Shifts during the Jacketing
operation of the first SSR2 Cavity.
Table 3 represent the frequency shifts during the procedure. The pressure is gradually incremented until the 117 %
of the MAWP at room temperature (2.4 bar-g). At each step
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Figure 9: SSR2 Jacketed Cavity.
the pressure is held for 1 minute and 10 minutes at the step 10
while checking for leaks or pressure drops at the minimum
scale of the pressure gauge. This cavity succesfully passed
the pressure test also showing minimal overall frequency
shift. SSR2 cavities are designed to have a low sensitivity to
pressure fluctuation (see Table 1) of the helium bath which,
if left unchecked, may result in the largest source of perturbation. The value of 𝑑𝑑 𝑝𝑓 can be extrapolated from step 4 and
Hz
it is equal to -6 mbar
well within the range required.
Table 3: Frequency Shifts during Pressure Test. Values of
Frequency are in kHz. Pressure is in bar-g
Step

Pressure

Freq.

1
2
3
4
5
6
7
8
9
10
11

0
0.5
0
1
0
1.5
0
2
0
2.4
0

-2
1
-6
0
-8
0
-11
1
-14
0

CONCLUSION
The first ppSSR2 jacketed cavity is manufactured and
others are soon to be completed. The cavity is within the
frequency target range and passed the pressure test.
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OPERATIONS OF COPPER CAVITIES AT CRYOGENIC TEMPERATURES∗
H. Wang† , U. Ratzinger, M. Schuett, IAP, Frankfurt University, Germany
Abstract
This work is focused on the anomalous skin effect in
copper and how it affects the efficiency of copper-cavities
in the temperature range 40-50 K. The quality factor Q of
three coaxial cavities was measured over the temperature
range from 10 K to room temperature in the experiment. The
three coaxial cavities have the same structure, but different
lengths, which correspond to resonant frequencies: around
100 MHz, 220 MHz and 340 MHz. Furthermore, the effects
of copper-plating and additional baking in the vacuum oven
on the quality factor Q are studied in the experiment. The
motivation is to check the feasibility of an efficient, pulsed,
ion linac, operated at cryogenic temperatures.

INTRODUCTION
The RF loss in copper is given by
∫
1
𝑅𝑠 · 𝐻02 · 𝑑𝐴
𝑃=
2

(1)

where 𝐻0 is the magnetic field amplitude and 𝑅𝑠 the surface
resistance, which is given by
√︁
𝑅 𝑠 = 𝜋 𝑓 𝜇 0 𝜇𝑟 𝜌
(2)
where 𝜌 is the specific electrical resistivity.
√
From Eq. (2) we can see that 𝑅𝑠 is proportional to 𝜌. 𝜌
decreases as the temperature decreases, see Fig. 1 [1].

electrons becomes
√︁ comparable to or even greater than the
skin depth 𝛿 = 2𝜌/𝜔𝜇0 𝜇𝑟 , the anomalous skin effect starts
to play an increasing role and will reduce the advantage of
rising conductivity. Below this temperature the RF resistivity
will not changes like the DC resistivity shown in Fig. 1. It
still decreases with the temperature but more slowly.
The definition of the quality factor 𝑄 0 of a cavity is
𝑄0 =

𝜔𝑊
𝑃

(3)

where 𝑊 is the stored energy. According to Eqs. (1), (2) and
√
(3), 𝑄 0 ∝ 1/𝑃 ∝ 1/𝑅𝑠 ∝ 1/ 𝜌, which means, 𝑄 0 increases
with decreasing temperature. However, it increases slower
in the cryogenic temperature region due to the anomalous
skin effect. Even so, there might be still a potential for the
cryogenic cavities at modest rf frequencies and at low duty
factor such like in case of heavy ion synchrotron injectors.
The goal of this work is to find out in which this approach
might be attractive.

TEST CAVITY GEOMETRY
For this work three simple 𝜆/4 coaxial cavities have
been designed and were fabricated at the workshop in IAP.
They have the same structure, see in Fig. 2, but different lengths, which correspond to the resonant frequencies:
around 100 MHz, 220 MHz and 340 MHz. The designed
parameters for the cavities are listed in Table 1.

Figure 2: Structure of the shortest 𝜆/4 coaxial cavity and
the cover.
Figure 1: The electrical resistivity dependence on the temperature of very pure copper (RRR ≃ 550).
Figure 1 shows how the electrical resistivity changes with
temperature in the case of direct current (DC) with a high
RRR value. This curve is still applicable for the RF case
when the temperature drops to a certain value for a specific
frequency. Below this temperature the mean free path of
∗
†
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Table 1: Design Parameters of the Cavities
𝑓 (Design) (MHz)
100
220
340

Length (mm)

Gap (mm)

735
324
201

54
54
54

The main parts of the cavities were made of copper and
the top cover was made of stainless steel. The inner side of
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the cover was copper plated with the thickness of 100 µm in
the company Galvano-T. A teflon ring and an aluminum ring
were used for the sealing. The size of the gap between the
top of the inner cylinder and the inner side of the top cover
is the same for all three cavities, which is 54 mm.

CAVITY MEASUREMENTS
In the experiment the quality factor 𝑄 over the temperature from about 10 K up to 300 K was measured after a
conditioning procedure to 50 W cw mode. The measurements of the quality factor were performed in transmission
mode at very weak coupling.

Weak Coupling
Two small loops with effective coupling areas of a few
𝑚𝑚 2 each were used for the input and output couplers for
the inductive coupling. 𝛽𝑒 and 𝛽𝑡 are the coupling strengths
of the input and output couplers. The loaded quality factor
𝑄 𝐿 and 𝑄 0 are related by
𝑄 0 = 𝑄 𝐿 (1 + 𝛽𝑖𝑛 + 𝛽𝑜𝑢𝑡 )

(4)

The qualtity factor measured directly from the experiment
is 𝑄 𝐿 , what we need is 𝑄 0 . But if 𝛽𝑒 and 𝛽𝑡 are both very
small, according to Eq. (4), 𝑄 0 is approximately equal to
𝑄 𝐿 . The measured coupling strengths of the couplers were
about 4.2 × 10−4 at room temperature, which satisfies the
condition of weak coupling even at cryogenic temperatures.

Measurement of 𝑄 factor
After all the preparations the cavities were cooled down to
about 10 K with liquid helium. The Q factor was measured
then over the temperature from about 10 K to room temperature during the warming up process. To study how the
copper plating affects the quality factor, the shortest cavity
(340 MHz) was matt copper plated with the thickness about
50 µm in the company Galvano-T. Additionally, the vacuum
annealing can further improve the conductivity of the copper
plated layer [2]. So the shortest cavity was sent to GSI for
the vacuum annealing at 400°C during one hour. All the
measured results are plotted in Fig. 3.
In order to better compare the results, the curves show the
ratio of the quality factor at different temperatures against the
room temperature value. If the RRR value of the copper is
smaller than 15, the anomalous skin effect does not occur [3].
Therefore, this effect doesn’t occur at 100 MHz, 220 MHz
and the original 340 MHz cavity measurements on bulk
copper1 .
After the copper plating and the vacuum annealing, the
RRR of the copper is improved significantly. The ratio of
the quality factor at the cryogenic temperatures is smaller
1

As the ratio 𝑄 (𝑇 )/𝑄𝑟𝑜𝑜𝑚 is less pronounced at lower frequencies, we
′
assume a massively RF acting alloy in this copper-like ion with 𝜇𝑟 and
′′
𝜇𝑟 increasing at lower frequencies. At room temperature the 𝑄 factor
for the 100 MHz cavity is 11803, the 220 MHz cavity 15812 and the 340
MHz cavity 17569. That means, the bulk copper shows reasonable RF
conductivity at room temperature operation.
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Figure 3: Measurements of the Q factor for the temperature
range from about 10 K to room temperature.
than the ratio of the DC resistivity due to the anomalous
skin effect for these two cases. The RRR of copper after the
copper plating and the vacuum annealing can not be directly
measured to compare it with the results of the quality factor
measurements. However, one can calculate the RRR from
theory.
The vacuum annealing process can improve the RRR of
the copper additionally, but only slightly in our case.

Theoretical Calculation of RRR
The ratio of the surface resistance 𝑅 with and without the
anomalous skin effect is given by [4]
𝑅(𝑇)
𝑄𝑎
=
=
𝑅 𝑎 (𝑇)
𝑄

√︂

1.93 · 𝑝 1/3
𝜌
0
=
𝜌 𝑎 1 + 1.157𝛼 −0.276

(5)

where the index 𝑎 denotes quantities including the anomalous skin effect. The parameter 𝛼 is equal to 1.5/𝑝 20 and 𝑃0
is defined as
𝑝0 =

𝛿 1.7 · 106
𝜌
=
· ( ) 3/2
𝑙
𝜌𝑛
𝑓 1/2

(6)

where 𝜌 𝑛 is the electrical resistivity at room temperature and
𝑙 is the mean free√︁path of electrons. According to Eq. (5)
and (6), the ratio 𝜌 𝑛 /𝜌 can be calculated and is plotted in
Fig. 4.
Eq. (5) holds with high accuracy only by 𝛼 > 3. Therefore, the calculated
curves are just plotted to 𝛼 = 3. The
√︁
calculated 𝜌 𝑛 /𝜌 at 10 K is 9.48 after the vacuum annealing, while the 𝑄 factor ratio 𝑄/𝑄 𝑛 is only 6.18 at 10 K due
to the anomalous skin effect. Nevertheless, the ratio of the
quality factor at 40 K is still 5.37 and at 50 K is 4.5. Accelerators operated around these temperatures still have a lot of
potential: the RF power losses are reduced by these factors.
Additionally, measurements at cryogenic temperature operation of copper cavities showed a higher electric surface field
limit [5–7]. This should allow for an optimum accelerator
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Figure 6: Surface temperature response with time at 𝑇𝑠𝑡 𝑎𝑟𝑡 =
40𝐾. Pulse length: t, power P/A=0.816 𝑀𝑊/𝑚 2 .

Figure 4: Calculated ratios of the electrical resistivity compared with the ratios of the quality factor.
layout with respect to RF power amplifiers and compactness
of the linac.

THERMODYNAMIC CALCULATION
The temperature response that results from a short, instantaneous pulse of energy 𝑄 0 = 𝑃𝑑𝑡 at the surface is given
by [8]
Δ𝑇 = [𝑄 0 /𝐴𝜌𝑐(𝜋𝛼𝜏) 1/2 ]𝑒𝑥 𝑝(−𝑥 2 /4𝛼𝜏)

Figure 7: Temperature distribution along the heat flux immediately at the end of the pulse. Same conditions as shown
in Fig.5.

(7)

where Δ𝑇 is the temperature change, 𝐴 the Area of the inner
surface, 𝜌 the density of the solid, 𝑐 the heat capacity, 𝛼 the
thermal diffusivity and 𝑘 the thermal conductivity.

Figure 8: Temperature distribution along the heat flux immediately at the end of the pulse. Same conditions as shown
in Fig.6.

CONCLUSION
Figure 5: Surface temperature response with time at 𝑇𝑠𝑡 𝑎𝑟𝑡 =
300𝐾. Pulse length t, power P/A=5 𝑀𝑊/𝑚 2 .
All the results (see Fig. 5, 6, 7 and 8) are calculated for
copper parameters as reached after the vacuum annealing.
Figures 5 and 6 show that Δ𝑇 depends on the copper starting
temperature. Figures 7 and 8 show that the heat expansion
into the wall is faster in case T=40 K than at T=300 K. The
difference between these two cases is mainly due to the
temperature dependence of the heat conductivity and the
specific heat.
In a technical application, it is suggested to use helium
gas as a coolant, efficiently precooled by liquid nitrogen.
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This work shows us that the RRR of copper can be greatly
improved by the copper plating and the vacuum annealing,
thereby improving the efficiency of the accelerators. Although the quality factor has declined due to the anomalous
skin effect at the cryogenic temperatures, there is still quite
a potential of the pulsed ion linac, operated at cryogenic
temperatures between 40-50 K.
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STATUS OF THE NEW INTENSE HEAVY ION DTL PROJECT
ALVAREZ 2.0 AT GSI
L. Groening∗ , S. Mickat, T. Dettinger, X. Du, M. Heilmann, M.S. Kaiser, E. Merz, A. Rubin, C. Xiao
GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
Abstract
The Alvarez-type post-stripper DTL at GSI accelerates intense ion beams with A/q ≤ 8.5 from 1.4 to 11.4 MeV/u. After more than 45 years of operation it suffers from aging and
its design does not meet the requirements of the upcoming
FAIR project. The design of a new 108 MHz Alvarez-type
DTL has been completed and series components for the 55 m
long DTL are under production. In preparation, a first cavity
section as First-of-Series has been operated at nominal RFparameters. Additionally, a prototype drift tube with internal
pulsed quadrupole has been built and operated at nominal
parameters successfully. High quality of copper-plating of
large components and add-on parts has been achieved within
the ambitious specifications. This contribution summarizes
the current project status of Alvarez 2.0 at GSI and sketches
the path to completion.

Figure 1: New post-stripper DTL Alvarez 2.0 being under
construction at GSI.

The existing post-stripper DTL at GSI is in operation since
more than 45 years. Accordingly, it suffers from increased
failure rates especially of the e.m. quadrupoles inside the
drift tubes. Its design has some conceptual shortcomings
with respect to the high intensity demands of the upcoming
FAIR facility [1]. These issues are addressed by the construction of a completely new DTL section. Subsequently,
the DTL’s design features are briefly summarized followed
by description of extensive prototyping of critical components and procedures. Finally, the status of series production
is reported, followed by an outlook on the future project
planning.

-30o along the first three cavities and -25o along the last two
ones. Cavities are separated by four identical inter-tank sections which serve for 3d beam envelope matching by three
quadrupoles and one re-buncher. The inter-tank sections
provide also for a beam current and phase probe, a sector
valve, and a transverse beam profile measurement set-up.
Although the machine is mainly designed as an injector
for the synchrotron SIS18, several low-energy experiments
shall be served as well. The DTL design allows for switching
off the RF-power of the last cavities while the transversely
focusing quadrupoles inside the drift tubes remain switched
on. Accordingly, the DTL output energies correspond to
the individual cavity exit energies of 3.212, 5.173, 7.142,
9.237, and 11.318 MeV/u. The quadrupoles are pulsed,
such that the focusing can be adapted individually to each
ion species and design energy; the latter can be changed
between the individual DTL pulses, i.e., within less than
100 ms. The DTL design is described in detail within the
dedicated Technical Design Report [3] and the main design
parameters are listed in Table 1.

GENERAL DESIGN

Table 1: Main Design Parameters of GSI’s New Post-stripper
DTL Alvarez 2.0

INTRODUCTION

Like the current DTL, the new section will accelerate
ions up to the injection energy of the subsequent synchrotron SIS18. All species up to the mass-to-charge ratio
of A/q=8.5 are accelerated, corresponding to FAIR’s reference ion of 238 U28+ . Five cavities with lengths of about
11 m each are operated at 108.4 MHz with peak powers of
up to 1.35 MW including beam loading. Figure 1 plots the
new DTL together with some RF-design details of the first
cavity. The normal conducting DTL covers a beam repetition rate of up to 10 Hz with flat top RF-pulse length of up
to 1.0 ms corresponding to the beam pulse length. Within
the cavities, transverse FDDF focusing is provided with a
zero current phase advance of 65o . The large intensities
cause transverse tune depressions of up to 40% along the
first cavity [2]. Longitudinal focusing is from RF-phases of
∗

Parameter
Ion A/q
Input beam energy
Output beam energy
Electrical beam current
Transv. tune depression
Beam pulse duration
Beam repetition rate
Number of cavities
RF-frequency
max. RF-power per cavity
RF-sources per cavity
Transv. focusing scheme
Total length

Value
≤ 8.5 (238 U28+ )
1.358 MeV/u
3.212 −11.318 MeV/u
1.76 emA⋅ A/q
≤ 40 %
0.2 −1.0 ms
≤ 10 Hz
5
108.408 MHz
1.35 MW
1
FDDF
55 m

la.groening@gsi.de
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PROTOTYPING
Prior to launching series production, the critical steps in
production and assembly were investigated by the design,
construction, and RF-operation of a First-of-Series (FoS)
cavity section, namely the first of five sections comprising
the first cavity (Fig. 2 left). The most critical issue in cavity

with cooling water. In order to assure reliable operation for
many decades, the electrical current lead and coils shall be
realized without solder joints and simultaneously well-fixed
in order to withstand mechanical vibrations from Lorentz
forces during pulsed operation.
Along the first cavity the beam aperture radius is 15 mm
and along the other cavities it is 17.5 mm. Quadrupoles are
grouped into seven families with two different yoke apertures.
The shortest drift tube of the DTL (first cavity) has been
successfully built and tested last year. This study provided for
realistic figures on the cost and timeline for the production of
the series (about 200 tubes). Figure 3 shows two photographs
taken during production of this tube. Production of the
longest DTL tube (last cavity) will start in Fall.

Figure 2: First-of-Series cavity section used for prototyping.
production is provision of the correct inner cavity radius.
From MWS simulations it has been concluded that the mean
inner radius (first cavity 972.8 mm) is to be met with a precision of better than 0.15 mm and the maximum deviation
from this value along the circumference must not exceed
2.0 mm. These requirements are to be met for a total of
25 cavity sections at reasonable cost. Figure 1 illustrates in
more detail the first cavity, being equipped with 36 static and
four dynamic tuners allowing for a tuning range of ±270 kHz.
The cavities’ tight mechanical tolerances have to be combined with huge cavity dimensions and the strong demands
on the final inner surfaces’ roughness of 𝑅𝑧 6.3.
Each drift tube must be suspended by two stems for provision of a cooling channel for the RF-heating and for water
flux leads to the internal quadrupole. The stem’s suspension
serves also as a mean for alignment of the drift tube’s axis
along the beam axis (Fig. 2 right). Installation of the stems
is from the cavity’s inside and accordingly each cavity is
equipped with a maintenance opening of 500 mm in diameter for human access and to pass the stem. Suspension
and alignment of the tubes are other critical issues to be
addressed during the prototyping phase.
The drift tube caps feature free-hand shapes [4], i.e., not
comprising just constant radii and straight sections. This
shape has been optimized for each cavity individually and
is defined by 486 fixed points 𝑟(𝑧). Compared to simpler
shapes, it allows for higher shunt impedance at given surface
field strengths or vice versa. The latter has been set to a
maximum of 1.0 𝐸𝐾 . The low RF-duty cycle allows for
restriction of tube cooling to the mantle, i.e., the end caps
are cooled indirectly. Testing of this simplified cooling has
been part of the prototyping. A first set of tubes without
quadrupoles has been produced in-house [5] and was used
for RF-testing described in detail in [6].
Production of the 200 drift tubes including the internal
quadrupole is one of the most critical project paths. Space
boundaries are very tight, especially at the beginning of the
DTL. The quadrupole must meet field requirements, be wellfixed and aligned inside the tube, and finally be supplied
Proton and Ion Accelerators and Applications
Ion linac projects

Figure 3: Production of the first drift tube of the first tank
including an internal e.m. quadrupole.

COPPER PLATING
The total inner cavity surfaces sum up to about 400 m2
and must be copper plated with a layer of about 120 𝜇m
inhabiting the conductivity of about 96% IACS. GSI’s workshop has plated cavity mantles of comparable size more
than 20 years ago. Since then, regulations, procedures, and
electrolytes have been modified. Accordingly, the process
needed to be re-validated using a dedicated dummy cavity of
equivalent size. This comprised heavy handling, tailoring,
positioning, and fixation of the anodes as well as defining
the different bathes compositions. Finally, the duration and
strength of the applied electric currents needed to be determined. Figure 4 illustrates some of the various steps of
plating the dummy cavity.
Since GSI’s in-house galvanic facility will be fully loaded
with the 25 cavity sections’ mantles and 10 end plates, all
additional parts (especially the 200 stems and drift tubes)
need to be plated externally. This add-on part plating is
another critical project path. Within the realization of the
FoS cavity, a potential partner has been identified and the
resulting fully coppered cavity is shown by the photograph
of Fig. 5.
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Figure 6: Rolling and welding of a cavity section.

Figure 4: Illustration of the copper plating procedure of a
dedicated dummy cavity at GSI’s galvanic facility.

Figure 5: Finally copper plated and assembled First-ofSeries cavity section prior to high power RF-testing.

SERIES PRODUCTION
RF-testing is described within the dedicated contribution [6]. It shall be briefly mentioned that all design RFparameters have been met and even exceeded. Visual inspection of the FoS cavity afterwards did not reveal any damages
to the copper surface. Cooling of the cavity mantle and
the drift tubes worked as expected even at power levels that
exceeded the design values by 40%. These tests have been
completed in late 2021. Within the same year, tendering
of the series production of the cavities has been prepared.
Accordingly, RF-testing finished in-time to place the order
for series cavity production in early 2022. The order comprises the 25 cavity sections as well as the 5×2 cavity end
plates. Production of the mantles and end plates is ongoing
and Fig. 6 depicts rolling and welding of a cavity section at
the beginning of August. Copper plating is planned to take
place upon arrival of each cavity section on-site, respectively.
The sections comprising the first cavity shall be delivered
in Spring 2023 and all sections shall be on site at the end
of 2025.
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Tendering of the 52 drift tubes including internal
quadrupoles of the first cavity (15 mm of aperture) has been
started in Spring. Two bidders have been identified and the
order shall be placed in January 2023. The orders for the
tubes with 17.5 mm of aperture will be placed upon successful testing of the according prototype in Spring 2023.
Currently, a production rate of about one tube per week is
anticipated and series delivery is expected to last from 2023
to 2026. This must be well matched to the tubes’ copper
plating and according negotiations with potential providers
are ongoing.
Tendering and ordering of various add-on parts has been
started. Seven ground bodies of high power RF-coupling
loops were ordered in late 2021. Sealing and alignment of
the stems is by 400 bellows which are under production as
well as 12 RF-pick-up probes. A total of 200 tuners will be
installed of which 10% are dynamic. Single components for
tuners have been ordered. Their final immersion lengths will
be determined from low-level RF-measurements at each of
the assembled cavities. During these measurements, tuning
and field optimization [7] is done using 40 manual dummy
tuners per cavity made from aluminium. These tuners will
be ordered soon.
Current planning foresees the DTL to be ready for installation in 2027. However, the exact time slot for installation
will be determined in view of the overall FAIR project status
at that time.

REFERENCES
[1] H. Gudbrost (Ed.), “FAIR Baseline Technical Report Volume
2 Accelerator and Scientific Infrastructure”, GSI Darmstadt,
Germany, Rep. GSI-2013-04791, p. 12, Mar. 2006.
[2] A. Rubin, L. Groening, and I. Hofmann, “Simulation study
of a high-intensity linear accelerator operated at longitudinal
phase advances above 90°”, Phys. Rev. Accel. Beams, vol. 23,
p. 124202, 2020.
doi:10.1103/PhysRevAccelBeams.23.124202
[3] L. Groening et al., “Technical Design Report of the Alvarez 2.0 post-stripper DTL (V13b) for the UNILAC”, GSI
Darmstadt, Germany, Rep. ALV_note_20210915, 2021.
[4] X. Du, A. Seibel, S. Mickat, and L. Groening, “Alvarez DTL
Cavity Design for the UNILAC Upgrade”, in Proc. 6th Int.
Particle Accelerator Conf. (IPAC’15), Richmond, VA, USA,
May 2015, pp. 2786–2788.
doi:10.18429/JACoW-IPAC2015-WEPMA017

Proton and Ion Accelerators and Applications
Ion linac projects

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOGE19

[5] M. Heilmann et al., “FOS Cavity of the Alvarez 2.0 DTL as
FAIR Injector”, in Proc. 10th Int. Particle Accelerator Conf.
(IPAC’19), Melbourne, Australia, May 2019, pp. 871–874.
doi:10.18429/JACoW-IPAC2019-MOPTS015
[6] M. Heilmann et al., “RF Commissioning of the First-of-Series
Cavity Section of the Alvarez 2.0 at GSI”, in Proc. 31st Linear
Accelerator Conf. (LINAC’22), Liverpool, UK, Aug. 2022,

Proton and Ion Accelerators and Applications
Ion linac projects

paper MOPOPA17.
[7] C. Xiao, X.N. Du, L. Groening, M. Heilmann, and S. Mickat,
“Investigation of impact of Alvarez-type cavity RF-field
tuning on final beam quality using a longitudinal tracking method”, Nucl. Instrum. Methods Phys. Res. Sect. A,
vol. 1027, p. 166295, 2022.
doi.org/10.1016/j.nima.2021.166295

TUPOGE19
541

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPOGE20

OBSERVATION OF CURRENT-DRIVEN FEATURES OF 2.5 MeV ION
BUNCH WITH COMPLETE AND EFFICIENT 5D MEASUREMENTS AT
THE SNS BEAM TEST FACILITY∗
K. Ruisard† , A. Aleksandrov. S. Cousineau, A. Hoover, A. Zhukov
Oak Ridge National Laboratory, Oak Ridge, TN 37830, USA
Abstract
The SNS Beam Test Facility (BTF) research program is
focused on detailed studies of beam distributions for mediumenergy ion beams, with the goal of reconstructing realistic
6D bunch distributions to enable halo prediction. For complete characterization of the initial distribution, scan time
scales exponentially with scan dimension. Currently, a full
6D measurement with about 10 points across most dimensions requires 24 hours. However, measurement of the 5D
distribution 𝑓 (𝑥, 𝑥 ′ , 𝑦, 𝑦′ , 𝑤) can be done very rapidly using a hybrid slit/screen method. This approach requires
approximately 4 hours to obtain at least 32 points/dimension, with very high resolution (0.5 keV) in the energy distribution. This presentation reports on the approach and
results for 5D characterization of the initial RFQ-formed
bunch. This includes higher-resolution views of previously
reported transverse-longitudinal dependence and additional
interplane dependencies that were not previously reported.

INTRODUCTION
Precise, predictive modeling of high current hadron beams
is difficult, due to the complexity of accelerator systems.
This complexity is a result of beamline elements, as well as
the beam distribution itself. This complexity limits model
accuracy. Model/measurement discrepancies are often attributed to incomplete knowledge of the initial beam distribution (e.g., [1]). Work at the Spallation Neutron Source
(SNS) Beam Test Facility (BTF) is focused on directly mapping the 6D distribution of the bunched beam after the RFQ.
The goal of this work is to enable predictive modeling of
downstream beam distributions with halo.
Full and direct 6D measurement allows reconstruction of
a realistic, fully-correlated phase space without imposing
assumptions on the shape of the distribution. The feasibility
of 6D measurement was demonstrated in Ref. [2]. More
recently, high resolution measurements in a 5D phase space
allow more detailed views of the space-charge driven correlations in the BTF H− bunch.

all identical to the components in the SNS front-end. This
is followed by a 2.5 MeV MEBT (medium energy transport).
This MEBT is much longer than the SNS design, contains no
re-bunching cavities, and includes a 4 meter, 9.5-cell FODO
line consisting of permanent magnet quadrupoles.
The BTF is equipped for full-and-direct measurement
of the 6D phase space distribution f(𝑥, 𝑥 ′ , 𝑦, 𝑦′ , 𝜙, 𝑤). The
6D apparatus is described in Ref. [2]. To summarize here,
the measurement apparatus consists of 3 vertical slits, a
90-degree dipole, 1 horizontal slit and a bunch shape monitor with a horizontal wire for secondary electron emission.
In order to fully map the 6D space, the 4 slits and 1 wire
are scanned in a 5D grid pattern. For each coordinate in
5D space, the phase distribution 𝑓 (𝜙) is measured instantaneously using a camera and viewscreen in the bunch shape
monitor.
This is an inherently lengthy measurement, as a rectilinear scan with n points per dimension will record roughly
n5 data points. (Only roughly, because one slit is ”flying”
and the number of points recorded during a pass varies). A
recent 6D measurement on a 10x10x32x10x258x12 grid in
(𝑥, 𝑥 ′ , 𝑦, 𝑦′ , 𝜙, 𝑤) coordinates required 24 hours of measurement time for beam at 5 Hz. Due to the high dimensionality,
if the data rate were doubled the resolution would only improve by 15%.
Reducing scan dimension is a much more effective method
to increase resolution. The geometry for a 5D phase
space measurement is shown in Fig. 1. Here, 3 slits
and a viewscreen are used to map the distribution 𝑓5𝐷 =
∫ d𝜙f(𝑥, 𝑥 ′ , 𝑦, 𝑦′ , 𝜙, 𝑤). Because this measurement takes
advantage of both viewscreen axes, a 3D scan can make
a complete mapping of the 5D space with n3 data points.
Holding duration fixed and increasing scan resolution, a 5D
2
scan should have n 3 times more points per dimension. The

MEASUREMENT APPROACH
A detailed description of the BTF is available in Ref. [3].
The system consists of an RF-driven H- ion source, 65 keV
LEBT and 402.5 MHz radiofrequency quadrupole (RFQ),
∗
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Figure 1: Geometry of 5D measurement apparatus, reproduced from Ref. [4].
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scaling is actually stronger than this, closer to but not quite
equal to factor n improvement, due to the flying slit.
The 5D data discussed here was collected over a duration
of 7.6 hours on 7 /15 /2022 at 26.73±0.06 mA. This data was
collected on a grid of 43x43x43x612x512 in slit coordinates
(𝑥1 ,𝑥2 ,𝑦1 ,𝑦2 ,𝑤). The dimension 𝑦1 is sampled by the “flying
slit” and has irregular spacing between points.

Stability During Measurements
The stability of beam parameters pulse-to-pulse is critical
to permit accurate reconstruction of bunch parameters. RMS
variation of the beam current as recorded by a beam current
monitor downstream of the RFQ is low, less than 0.3% with
maximum variation of 1% during the scan duration.
Stability over long scan duration is also important, as drifts
could dilute the phase space volume. Figure 2 illustrates the
consistency of the long, high-dimensional scan with a more
rapid, 2D phase space measurement. Two data sets, recorded
14 days apart, show excellent agreement. The slightly higher
sensitivity of the 2D measurement (black contour) is due
to the dependence of dynamic range on the number of slits
inserted.

Figure 2: Comparison of 2D vertical phase space, using
logarithmic-scale contours at the levels 10−0.5 , 10−1 , 10−2 ,
10−3 , 10−4 of peak density. The red contour is a projection
of the 7.6-hour 5D measurement discussed in this paper. The
black contour is the result of a 7.7 minute 2D phase space
measured one week prior, on 7/1/2022.

ANALYSIS
The measured data takes the form of a sequence of images
of size 512x612, recorded for a distinct coordinate in the slit
positions 𝑥1 , 𝑥2 , 𝑦1 (see annotations in Fig. 1). The 𝑦1 slit
sweeps continuously across the beam. Between each sweep,
the 𝑥1 and 𝑥2 slits are stepped in a grid pattern. At 5 Hz
pulse repetition rate and 2.5 mm/s maximum sweep speed,
the spacing between points in 𝑦1 coordinate is at most 0.5
mm.
To fully examine slice and projection views, the data must
be converted from raw slit coordinates to phase space coordinates using matrix transformations. There are no quadrupole

fields between the first slit and the viewscreen. The transformations are:
𝑥 = 𝑥1 (1)
𝑦 = 𝑦1 (2)
= (𝑥2 − 𝑥1 )/𝐿1 (3)
𝑦′ = (𝑦2 − 𝑦1 )/(𝐿1 + 𝐿2 + 𝜌 + 𝐿3 ) (4)
𝐿
(𝐿 + 𝐿2 )𝐿3 ′
𝛿𝑝
1
=
(𝑥 + 3 𝑥 − (𝜌 − 1
) 𝑥 ) (5)
𝑝
𝐿3 + 𝜌 3 𝜌
𝜌
𝑥′

where 𝐿1 = 0.95meters is slit-slit spacing, 𝐿2 = 0.57 meters
is slit-dipole drift length, 𝐿3 = 0.13 meters is dipolescreen drift length, and the 90∘ dipole bending radius is
𝜌 = 0.356 meters.
The slit actuators give a very precise reading of slit position in millimeters that is synchronized with the pulse timing.
The size of the camera pixels, 0.03 ± 0.002 mm/pixel, is
calibrated against the upstream slit positions. This can be
done using the fact that the vertical phase space distribution
𝑓 (𝑦, 𝑦′ ) should be the same whether measured in a slit-slit
or slit-screen configuration.
Use of the viewscreen could support a minimum energy
resolution of 0.3 keV (given the field of view and camera resolution). This is slightly below the resolution limit dictated
by finite slit sizes (0.2 mm) for resolving 𝑥1 and 𝑥2 , which
is estimated to be 0.4 keV in [5]. The vertical momentum
coordinate 𝑦′ is also measured at a very high resolution. In
this case the resolution limit is dominated by the width of
the upstream slit 𝑦1 , which contributes a point spread of
0.1 mrad. This is halved from the slit-slit geometry, as the
slit-screen distance is more than twice the slit-slit distance.
For the data shown here, the camera resolution is reduced
by a factor of 9 to reduce array size. This is still an improvement from the 6D scan, which most recently ran with steps
of 14keV and 2mrad in 𝑤 and 𝑦′ .
After the transformations in Equations1 - 5 are applied,
the resulting density is linearly interpolated onto a regular
grid in the phase space coordinates. This interpolation is
done in two parts; first every 3D slice 𝑓 (𝑦1 , 𝑦2 , 𝑥3 ), which
is a sequence of images 𝑓 (𝑦2 , 𝑥3 ) recorded during one pass
of flying slit 𝑦1 , is transformed to 𝑓 (𝑦, 𝑦′ , 𝑥3 ). In this step,
the irregularly-spaced 𝑦1 points are interpolated to regular spacing in 𝑦. Second, each 3D slice 𝑓 (𝑥1 , 𝑥2 , 𝑥3 ) is
transformed to 𝑓 (𝑥, 𝑥 ′ , 𝑤) and interpolated onto a regular
grid. The data shown here is interpolated to a grid of size
45 x 45 x 45 x 50 x 80 in units (𝑥, 𝑥 ′ , 𝑦, 𝑦′ , 𝑤).

RESULTS
Some views of the measured 26 mA distribution are shown
in Figs. 3 and 4. In both figures, frame (a) shows a 2D
slice through the core of the 5D distribution, while frame
(d) shows a fully-projected view. Frames (b) and (c) show
slices through a 4D and 3D projection, respectively. The
fully projected views suggest that there are no correlations
between the planes. In contrast, the high-dimensional views
reveal dependencies between the coordinates, in the form of
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Figure 3: Distribution f(x,w) for different slices through
the beam core. The percentage of signal within the slice is
indicated. (a) Particles are constrained by 𝑥 ′ = 0 ± .1mrad,
𝑦 = 0 ± .1mm, 𝑦′ = 0 ± .1mrad, (b) by 𝑦 = 0 ± .1mm,
𝑦′ = 0 ± .1mrad, (c) by 𝑦 = 0 ± .1mm. (d) is fully-projected.

Figure 5: 1D distributions of a slice through the 3D projection: 𝑓1𝐷 (𝑥) = ∫ 𝑑𝜙𝑑𝑥 ′ 𝑑𝑦′ 𝑓6𝐷 (𝑥, 𝑥 ′ , 𝑦 = 0, 𝑦′ , 𝜙, 𝑤 = 0).
This captures the hollowing visible in Fig. 4, frame (c). The
data shown here at 26 mA RFQ output is compared to two
other 5D datasets at 30 mA and 7 mA. The difference in
current values is due to different ion source output.

DISCUSSION AND OUTLOOK

Figure 4: Distribution f(x,y) for different slices, constrained
by (a) 𝑥 ′ = 0 ± .1mrad, 𝑦′ = 0 ± .1mrad, 𝑤 = 0 ± 0.4keV (b)
by 𝑦′ = 0 ± .1mrad, 𝑤 = 0 ± 0.4keV (c) by 𝑤 = 0 ± 0.4keV.
(d) is fully-projected.

hollowing in the longitudinal and horizontal planes. There
is an 𝑥, 𝑦 asymmetry, as no vertical hollowing is observed.
The longitudinal hollowing has previously been reported
and is shown to be dependent on bunch charge [2]. The
transverse hollowing is a more recent observation enabled
by the very fine transverse resolution obtained in the 5D
measurement. Simulation studies suggest the transverse
hollowing is also space-charge driven. This is supported by
preliminary measurement at three different beam currents,
summarized in Fig. 5.
Unlike the SNS MEBT, the BTF does not contain rebuncher cavities and the beam rapidly debunches after the
RFQ. At the measurement location, there is a large linear
𝑤, 𝜙 correlation.As a result, examining slices in the energy
distribution also has the effect of localizing particles in phase.
For example, the slice at 𝑤 = 0 ± 0.4keV will only contain
particles within a spatial range of 𝜙 = 0 ± 5∘ .
The 5D measurement does not include any information
about the phase distribution. However, due to the large
correlation we expect that at the measurement location, the
3D spatial distribution 𝑓 (𝑥, 𝑦, 𝜙) will look very similar to
𝑓 (𝑥, 𝑦, 𝑤). Frame (c) in both Figs. 3 and 4, which show crosssections of the 3D distribution 𝑓 (𝑥, 𝑦, 𝑤), suggest that the
beam is spatially hollow at this point in the transport line.
This means that the peak density at the beam core is lower
than might be assumed by examining only full projection
views.
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This paper discussed the results of measurement of the
5D distribution 𝑓5𝐷 = ∫ 𝑑𝜙f(𝑥, 𝑥 ′ , 𝑦, 𝑦′ , 𝜙, 𝑤) of the 𝐻 − ion
bunch produced by the RFQ in the SNS BTF. Much higher
resolution is possible in 5D compared to 6D measurements,
sufficient to resolve the high dimensional distribution. We
observe there is longitudinal hollowing visible in the transverse beam core, as well as transverse (horizontal) hollowing
in the longitudinal core. These correlations are understood
to be a result of space charge forces.
While the 5D measurement is useful for visualizing the
beam distribution, there is not sufficient information to seed
macroparticles for simulation. Future efforts will focus on
increasing 6D resolution by reducing scan dimension. A
2D bunch shape monitor[6] capable of measuring 𝑓 (𝜙, 𝑤)
instantaneously opens up the possibility of using 4D scans
to fully map the 6D phase space. Alternative strategies
include inferring the missing dimension (phase) from a 5D
measurement, as proposed in [7].
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Abstract
The TRIUMF ion source and injection system beamline is
used to transport the 300 keV H− beam from the ion source
to the injection into the 500 MeV cyclotron. The vertical
section of the beamline, upgraded in 2011, is very robust and
reliable, while the horizontal section, now 50 years old, is
very demanding in maintenance, and it presents a high risk
of downtime due to ageing. The horizontal beamline is being
re-designed with well-proven optical concepts, and modern
UHV technologies already used in the vertical section, and
in the ARIEL RIB transport system; this will produce a
more efficient system that is easier to maintain and tune.
The beamline will use electrostatic optical modules like
matching, periodic, and 90-degree achromatic bend sections;
updated elements include bunchers, a high-energy pulser, a
5:1 selector, and a new set of diagnostics. A crucial aspect
of the new beamline is a magnetic shield, to compensate the
cyclotron’s stray field, comprised of a µ-metal in-vacuum
liner allowing HV feedthroughs and diagnostics insertion
without breaking the shield’s continuity. The new injection
beamline will be controlled via EPICS. This paper presents
the status of the project.

INTRODUCTION
The ion source and injection system is an electrostatic
beamline that transports a 300 keV H− beam from the ion
source terminal to the injection point, the inflector, of
TRIUMF 500 MeV cyclotron [1]. At the moment a single
ion source terminal, I1, is in operation since 1974, while a
second terminal, I2, is being developed. One of the project
requirements is having the capability of feeding the H− beam
into the new transport section from two redundant terminals.
The beamline, from the ion source terminal to the inflector,
is divided into a horizontal and a vertical section for practical
purposes. The vertical section of the beamline was upgraded
and commissioned in 2011 [2,3], and, since then, it operates
very reliably. The horizontal beamline, which still is the
original installation, needs to be updated as well since it
requires significant routine maintenance, and it presents
a high risk of downtime due to ageing equipment (optics,
diagnostics, vacuum, etc.). The overall layout of the new
horizontal installation is represented in Fig. 1.
The re-design is taking advantage of the recent experience
with the ARIEL RIB transport system [4], which is also a
complex of electrostatic beamlines. New technologies are
∗
†
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Figure 1: New injection beamline 3D model (including existing vertical section).
to be adopted including metal seals (ConFlat® flanges), and
ultra-high vacuum (UHV) materials and assembly procedures in order to reach a lower pressure (10−8 Torr) with
respect to the present installation, and hence reduce beam
losses due to residual gas interaction.
The new injection beamline is planned to be controlled via
EPICS like all the ISAC/ARIEL accelerator systems. The
vacuum system of the present installation has already been
migrated to EPICS. It is foreseen though that some cross
talking with the original Central Control System (CCS) will
still be necessary to exchange information and/or interlock
signals from the cyclotron.

BEAM OPTICS
Basic beam transport requirements for the horizontal injection beamline are specified in table 1.
The injection beamline consists of electrostatic optics
modules such as periodic sections, 90-degrees achromatic
bend sections and matching sections. The electrostatic optical elements (quadrupole, bender and steerer) have been
modelled in OPERA® to calculate the realistic electric fields
to be used in the beam dynamics simulations.
The ion beam transport calculations have been performed
for the given beamline layout (see figure1) at the I1 and
I2 injection terminals. The position of the ion source at I1
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Table 1: Summary of Basic Beam Transport Requirements

0.8

Parameter

Requirement

0.6

Beam species
Beam energy
Maximum beam current
Beam emittance at 300 keV
Pulser Frequency
Beam duty cycle
Bunching frequency
Localized maximum beam loss
Vacuum

H−
300 keV
1 mA
12.0 µm
375 Hz–1.126 kHz
0.1% – 99.0%
23.06 MHz
<10 µA
≪ 1 × 10−7 torr

0.4

x-Envelope (vertical) [cm]
y- Negative Envelope (horizontal) [cm]
x-Dispersion [m]
y- Negative Dispersion [m]

0.2
0
-0.2
-0.4
I1 horizontal
bend section

-0.6
-0.8
0

and I2, as well as the horizontal section with respect to the
vertical section has been measured and fixed. This gives
a constraint on the new horizontal beamline layout and its
total length, which is approximately 34 m.
The beam envelope calculations have been performed
from the beam waist at the exit of the 300 keV I2 terminal
accelerating column up to the common periodic section for
I2 and I1, and then up to the vertical beamline. The optics
out of the I1 terminal is a copy of the I2 section. In these
envelope calculations, the space-charge effect is taken into
account for a 295 keV ion beam with a current up to 1 mA.
Figure 2 shows the calculated beam envelope from the
I1 terminal through the horizontal injection beamline, up
to the exit of the 90◦ vertical bend section. A 90◦ bend is
achieved by means of two 45◦ electrostatic benders, and
eight quadrupoles to maintain achromaticity. The second
45◦ bender of the I1 horizontal bend section is hollow to
allow the beam from I2 to pass straight through, when the
high voltage on this bender is turned off.
The beamline downstream of the I1 horizontal bend section is a common beamline for transporting the H− beam
from either the I1 or I2 terminal. Switching transport from
one to the other terminal requires a polarity switch in the
last quadrupole of the I1 horizontal bend section.
The concept of the optical modules is similar to the optics
modules in the existing beamline, however, the length of the
optical module differs from the existing one. Each periodic
section has a 45◦ phase advance.

Vertical
bend section

Focal power [arb.]

500

1000
s [cm]

1500

2000

Figure 2: Calculated beam envelope (2RMS, positive for 𝑥,
negative for 𝑦) for an extracted beam of 1 mA 295 keV H−
beam from the I1 terminal through the section of horizontal
injection beamline with 𝜀 4rms =6 µm.
Multi-particle simulations have been conducted, using
realistic fields calculated in COMSOL® , to compare the new
approach versus the current configuration. The longitudinal
phase, displayed in Fig. 3, shows that the multi-harmonic
buncher (right) perform as well as two separate bunchers
(left). Furthermore a single buncher reduces operational
overhead.
To maintain the current capabilities, a 300 keV highvoltage pulser operating at 3 kHz is going to be installed
to generate macro-pulses at the experimental stations, and,
in addition, an updated 4.6 MHz chopper to increase bunches
separation is foreseen. The chopper selects one out of five
bunches (5:1 selector) using a sine-wave mode similarly to
the ISAC MEBT chopper [6].

STRAY FIELD COMPENSATION
One of the major issues to be addressed is the fact that the
beamline is located in the cyclotron’s stray magnetic field.
This background field has been measured [7], and it follows
fairly close the theoretical model of a single coil loop [8].

Longitudinal Beam Dynamics
The main feature of the longitudinal dynamics is the
buncher, operating at the fundamental frequency of 23 MHz,
to bunch at the cyclotron injection. The current configuration
has two (double-drift) double-gap single-harmonic bunchers
4 m apart, the second operating at 46 MHz. In the new installation we are using only one “single-gap” multi-harmonic
buncher (𝛽𝜆 = 0.33 m for the fundamental), like in the ISAC
facility or in other laboratories [5]. The “single-gap” is
referred to the space between two conical RF electrodes,
but, unavoidably, there are two additional gaps between each
electrode and the respective ground side, which are designed
to efficiently optimize the TTFs considering all harmonics
while fitting within the available insertion distance of 35 cm.

Figure 3: Longitudinal phase space at the cyclotron injection
for the current double-drift (left) and for new single multiharmonic buncher (right) configuration.
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Figure 4: Measured stray magnetic field: the horizontal
scale represents the distance from vertical beamline (z=0)
along the horizontal section.
The measurements are represented in Fig. 4 (right); spikes
in the data are attributed to soft steel elements in the existing
beamline.
The vertical is the strongest component of the magnetic
field, and it reaches a peak of about 35 G close to the vertical
injection line. The horizontal component is on average less
than 5 G, while the longitudinal one, with a peak of about
20 G, does not affect the beam transverse dynamics. The
transverse components (vertical and horizontal) must be
compensated as per requirements to avoid beam losses along
the beamline. The compensated residual field should be, on
average, below 1 G.
A passive compensation system (versus an active one) has
been developed consisting of a 2 mm thick µ-metal shielding
liner fitted inside the vacuum chamber as represented in
Fig. 5 (in blue). Dedicated openings are implemented for
the HV feedthroughs (1.33 ′′ CF) and diagnostic devices
(8 ′′ CF). Optical elements (quadrupoles and steerers) are
located inside the liner. Liners of adjacent vacuum chambers
are magnetically (and mechanically) connected to form a
single shielding unit for the whole length of the beamline.
The shielding design has been simulated in OPERA® ,
and two µ-metal mock-ups have been fabricated, and mea-

OPERA®

Figure 6:
simulation (O) compared to µ-metal
mock-up on-axis measurement (M): z=0 corresponds to the
center of the mock-up and hence the diagnostic port openings, z=±20 correspond to the HV feedthrough openings,
z=±27 correspond to the edges of the mock-up.
sured in the cyclotron stray field along the existing horizontal
beamline about 1 m eastward close to the vertical section.
OPERA® simulations and the mock-up on-axis measurements are in agreement, as represented in Fig. 6, showing
an average field suppression to < 1 G, with a peak at the
diagnostic port location (z=0 cm), as expected.

DIAGNOSTIC
The new diagnostics is mostly going to be an upgraded
version of the ARIEL RIB transport system [4]. The upgrade
is for higher power beam, up to 300 W. Such diagnostics
includes: Faraday cup, wire profile monitor, selection slits
and Allison emittance scanners. In addition ACCT nonintercepting current monitor are going to be installed.
The selection slits are an essential feature because they
select the beam current from 0 to 1 mA. This allows for the
source to run always at the same settings, hence producing
the same beam output in the terms of intensity (space charge)
and beam dynamic parameters. On the other hand, this
requires the slits to be able to sink a full mA. Controlling
the beam current with slits also allows to benefit from the
reduced emittance when reduced current is required.

MACHINE PROTECTION SYSTEM
As in the current installation, the main component of the
machine protection system is the current read-back of the optical element (quadrupole, steerers and benders) skimmers,
which are the front and back protection plates with round
beam aperture, see Fig. 5 (in green).
The skimmers are biased at 300 V; this provides an absolute current readback of the 300 keV H− beam lost on the
skimmers. The readback from all the skimmers, combined
with the ACCT readings, allows for beam loss detection.

SUMMARY
Figure 5: Model of the µ-metal shielding liner (blue) inside
the vacuum chamber. Quadrupole skimmers (green) and
ceramic protection plates (brown) are biased to 300 V.
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The new injection beamline is in an advanced stage of
detailed design. Critical components have been developed.
Assembly is expected in the second half of 2023, while
installation is planned for the 2024 winter shutdown.
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MODEL COUPLED ACCELERATOR TUNING WITH AN ENVELOPE
CODE∗
O. Shelbaya† , R. Baartman, O. Kester, S. Kiy, S.D. Rädel, TRIUMF, V6T 2A3 Vancouver, Canada
Abstract
Frequent linac re-tuning is needed at TRIUMF-ISAC for
the delivery of rare isotope beams at a variety of mass-tocharge ratios and beam energies. This operation is of appreciable complexity due to the nature of the accelerator,
consisting of a separated function, variable output energy
DTL paired with an RFQ. Reference tunes, computed from a
variety of beam and accelerator simulation codes, are scaled
according to the beam properties, though changing beam parameters at the sources requires manual tuning of matching
section quadrupoles. Using an end-to-end envelope model
of the machine in the code TRANSOPTR, these tunes can
now be rapidly computed, and using beam diagnostic inputs
to reconstruct the beam matrix, the model can be used to
dynamically re-optimize the machine tune on-line.

INTRODUCTION
Unlike multiparticle (ray-tracing) simulations, which treat
beam envelopes as emergent quantities, the infinitesimal
transfer matrix approach is better suited for optimization
of the ion-optics settings needed to configure the machine
for optimum beam quality. At TRIUMF-ISAC, the heavyion post-accelerator which drives nuclear science investigations, consists of an RFQ-DTL pair, which can be configured at a variable output energy, for a range of 2≤ 𝐴/𝑞 ≤6,
shown in Fig. 1. By its design, this machine is constantly
being re-tuned to produce the various requested beam properties by the network of experiment stations it services. To
date, the operational tuning methodology has called for the
manual establishment of reference machine configurations,
whose optics settings are in turn scaled for mass and charge.
Though this is informed by beam simulations, it is a decidedly empirical tuning approach. As the demands upon the
apparatus have increased, thanks to a competitive and highly
subscribed experiment schedule, the overhead time associated with empirical machine tuning have become difficult to
sustain.
This has motivated the development of a full model of the
ISAC linac in the envelope code TRANSOPTR[1], which is
now capable of performing start to end envelope simulations
and constrained optimizations. The lightweight nature of
the computation means that full machine optimizations can
be done in roughly one minute, using a conventional pc. In
turn this enables the writing of software which performs
start-to-end optics optimizations, by locally isolating groups
of 4 to 6 parameters such as quadrupoles, or any element representable by an analytic Hamiltonian. Recent beam devel∗
†
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opment investigations have aimed to use a parallel envelope
simulation, fed with real-time machine setpoints and using
information on the beam distribution obtained from diagnostic readings. The envelope code is then used to compute
optimized tunes, subject to user defined constraints upon
the beam or transfer matrices, with setpoints then loaded
back into the accelerator on-line. This interplay between
apparatus and simulation is the premise for model coupled
accelerator tuning, now under development at TRIUMF.

ENVELOPE MODEL
TRANSOPTR tracks a reference particle in a sliding FrenetSerret frame, with trajectory 𝑠. Particles in this frame are
located as X = (𝑥, 𝑃 𝑥 , 𝑦, 𝑃 𝑦 , 𝑧, 𝑃 𝑧 ). The beam distribution is
represented through its covariance matrix 𝝈; The evolution
of the rms size of the beam depends on the linear components
of the forces[2]. Over a small displacement d𝑠, 𝝈 transforms
through the infinitesimal transfer matrix M = I − Fd𝑠, and I
is the identity. This connects to the Hamiltonian via M′ =
FM. The matrix F(𝑠) = JH(𝑠), where J is the elementary
symplectic matrix and H(𝑠) is the Hessian matrix of the
𝑠-independent Hamiltonian. The continuous evolution of 𝝈
along the trajectory is given by the envelope equation:
d𝝈
= F(𝑠)𝝈 + 𝝈F(𝑠) 𝑇 .
d𝑠

(1)

Figure 1: Overview of the ISAC-I component of the rare
isotope beam (RIB) postaccelerator at the TRIUMF-ISAC
facility. Stable pilot beams are provided by the OffLine Ion
Source (OLIS). Movable stripping foils located at A & B.
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TRANSOPTR numerically solves both 𝝈(𝑠) and M(𝑠), along
with the energy and time of the reference:
d𝐸 0 𝜕𝐻𝑠
𝜕 𝐴𝑠
=
= −𝑞
,
d𝑠
𝜕𝑡
𝜕𝑡

(2)

𝜕𝐻𝑠 𝐸 0
d𝑡0
1
=−
=
.
=
d𝑠
𝜕𝐸
𝑃0
𝛽0 𝑐

(3)

Coordinates 5 and 6 of X are scaled values for energy and time, an equivalent distance and momentum:
(𝑧, 𝑃 𝑧 ) = (𝛽𝑐Δ𝑡, Δ𝐸/(𝛽𝑐)). This enables the correct treatment of accelerated beam envelopes[3, 4].

OPTIMIZATION WITH CONSTRAINTS
Figure 2 shows a 6-parameter envelope optimization in
the code, which found setpoints for an Einzel lens and 5
electrostatic quadrupoles for the OLIS terminal[4] (Fig. 1).
The constraints include narrow horizontal waists at the collimators defining the entrance and exit from the 60◦ dipole
and a match to specific Twiss parameters at the simulation
end, at the bottom of the figure. The optimization proceeds
by minimizing the sum of the squared differences betwen
the computed and desired characteristics. This method is of
course not exclusive to TRANSOPTR, however its advantage
stems from its structure. Written in FORTRAN, simulations
are built by calling a sequence of subroutines representing the various transformations upon the 𝝈-matrix: drifts,
dipoles, quadrupoles, but also elements defined by electric
fields along 𝑠 such as the Einzel lens, RFQ[3] and DTL[4]
accelerators. Since each element is treated in the same framework, computations may include any available device in the
code’s library, producing a powerful tool for the rapid calculation, analysis and optimization of tunes on the machine.

20->26
Q4
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Q6
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foc. str.
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Q1
Q2
Q3
Faraday-3

-y-env./cm
Faraday-1

1.5

Einzel-1

x-env./cm
2

AUTOGENERATION
An elements repository in the XML language is used to
store the dimensions, parameters and location of the various
ion-optical components along the accelerator’s path. Software has been written to enable the programmatic, automatic
generation of TRANSOPTR sequence files from this repository[5], enabling the user to define a starting and ending
location, in addition to beam parameters and device setpoints, if desired. This changes the paradigm of modelling
and analysis work, from maintaining authoritative versions
of simulation files, to instead controlling the exactitude of
the information in the XML repository. This way, file autogeneration at model execution guarantees that simulations
always represent the up-to-date status of the lattice.

SEQUENTIAL TUNE OPTIMIZATION
The model can be used to compute full machine tunes
from first principles, if beam parameters are available. The
latter can either be obtained from reference values, or measured on-line and provided to the envelope model for interpretation, discussed in the next section. In the case of an
available initial beam distribution at 𝑠 = 0, long sequences
of elements are optimized by dividing the problem into subsegments, each containing up to six elements which ensures
a sufficiently high likelihood of convergence. Figure 3 shows
this applied over 5 optimization steps, from the OLIS terminal up to the ISAC-RFQ. To further enable automation, the
𝝈- and transfer-matrix constraints are themselves stored in
the XML repository, ensuring they are systematically included
in each file generation.
x-env./cm
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Figure 2: TRANSOPTR (𝑥, 𝑦) 2rms envelope optimization,
with labeled emittance 𝜖x,y . Optimum Einzel lens and
quadrupole set points (relative focal strengths in grey) are
returned producing the match at the simulation end after 26
steps. Size constraints are imposed at the location of horizontal slits. Selected iterations are displayed and labeled
by number. Fit Twiss parameters labelled at bottom of plot,
Twiss-𝛽 units are [cm/rad].
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Figure 3: Sequential optimization of beamline segment from
exit of OLIS dipole to ISAC-RFQ injection, for three different scenarios. In each case, beam energy is displayed.
Relative focal strengths shown in black, optimization steps
labeled in red.
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Figure 4: TRANSOPTR is used to find the source extracted distribution (Optimization-1) subject to transverse fit constraints
consisting of the measured beamsizes at profile monitors. In Optimization-2, the model is used to compute the MEBT
section quadrupoles necessary to cause a round waist at the location of the MEBT stripping foil, where the simulation ends,
with dotted envelopes for the forward tune computation. Beam accelerates through the ISAC-RFQ from 𝐸/𝐴 = 2.04 keV/u
∗ . Longitudinal
to 153 keV/u. Final Twiss parameters shown at the bottom of the plot, with starting normalized emittance 𝜖x,y
parameters chosen for an approximate z-focus into the RFQ, causing synchrotron oscillation, which TRANSOPTR has
minimized. Scaled focal strengths of the elements are shown in grey for visual reference. Simulation ends on Fig. 1, A.

MODEL COUPLED
ACCELERATOR TUNING

𝝈-matrix values using a tomographic method[6], providing
multiple means to measure the beam matrix on-line.

Beam profiles in one section can be used by the model to
compute the tune in a forward section. Figure 4 shows measured beamsizes in the low energy section (Fig. 1, LEBT)
used to first find the initial 𝝈-matrix at the OLIS terminal given the realtime tune (Fig. 4, Operation-1). Next, a
forward tune computation finds the magnetic quadrupole setpoints in the MEBT section required for a round beamspot at
the location of the stripping foil (same fig., Operation-2).
This includes model simulation and optimization of the envelopes through the ISAC-RFQ. This method is general and
can be applied to any device in TRANSOPTR. The finding
of the initial source extracted beam parameters and subsequent computation of optimized tune through the RFQ and
into MEBT can be automated in software, using the sequential optimization method. In such a scheme, the operator
controls the beam by supplying the diagnostic inputs, then
selecting which particular model operation to perform:

OUTLOOK

1. Fitting initial beam conditions to measured profiles
2. Re-optimizing optics in measurement section
3. Model-computing optics in forward sections
The first case enables imaging of the source parameters using the beam transport system. The second case enables
correction of the tune for example in cases where the source
distribution changes unexpectedly. Finally, the third case
enables computation of the downstream optics based on
the measured on-line conditions, providing responsive and
flexible tune computations for the linac. In any case, beam
transmission through the low energy section’s profile monitors must be high. Alternatively, the model can be supplied
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Together with the variable energy ISAC-DTL autofocusing capability reported in [4] and ongoing work at the ISACII linac[7], the methods of model coupled accelerator tuning
are being developed at TRIUMF, additionally informing future beam diagnostic needs. This includes the exploration of
machine learning, which complements this work by using a
neural network to perform beam centroid corrections.
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CAVITY FAILURE COMPENSATION STRATEGIES IN
SUPERCONDUCTING LINACS
A. Plaçais∗ , F. Bouly†
Univ. Grenoble Alpes, CNRS, Grenoble INP‡ , LPSC–IN2P3, Grenoble, France
Abstract
RF cavities in linear accelerators are subject to failure,
preventing the beam from reaching it’s nominal energy. This
is particularly problematic for Accelerator Driven Systems
(ADS), where the thermal fluctuations of the spallation target
must be avoided and every fault shall be rapidly compensated for. In this study we present LightWin. This tool under
development aims to create a database of the possible cavity failures and their associated compensation settings for
a given accelerator. We apply it on the MYRRHA ADS,
with a scenario including various faults distributed along
the accelerator, and compare the settings found by LightWin
to those found by the code TraceWin. We show that both
tools find different compensation settings. We also outline
the limitations of LightWin and explain the upcoming improvements.

INTRODUCTION
The efficiency, availability and reliability of particle accelerators is an important issue for high power linacs. In
particular, accelerator-driven systems (ADS) have very stringent beam availability requirements. Their principal application is the transmutation of long-lived radioactive waste
into shorter-lived fission products. To this end, they provide
a continuous high-energy proton beam that subsequently
produces a neutron flux thanks to a spallation target [1]. Repeated beam interruptions affect the ADS availability and
sustainability: thermal stress, long restart procedures among
others [2]. As an illustration, the Multi-purpose Hybrid Research reactor for High-tech Applications (MYRRHA) shall
not exceed ten beam interruptions longer than three seconds
per three-month operating cycle [3].
Consequently, such ADS machines require a robust linac
design, to operate with margins and provide a large longitudinal acceptance. Mitigation strategies have been implemented to anticipate failure of RF cavities and their associated systems [4]. In such situations, the other cavities may
be re-tuned to compensate for the malfunctioning ones [5].
The new tunings must achieve the same beam energy and
must limit the increase in emittance. Plus, they must be set
in a very short amount of time.
In the first Section, we introduce LightWin, a tool under development to rapidly find compensation settings. In
the second Section, we present the results obtained by using LightWin to calculate multiple failure scenarios in the
MYRRHA linac. The last Section is dedicated to the review
∗

†
‡
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of LightWin as well as to the compensation strategies and
optimisation algorithm that should be implemented in the
future.

PRESENTATION OF LIGHTWIN
Several beam dynamics codes enabling to find compensation settings already exist, such as TraceWin [6]. They
have been used and validated by the accelerators community
for several years. However, they are multi-purpose and thus
are not particularly optimised for compensation. In addition,
there is only a limited choice for numerical solvers and methods. Thus, we have been developing a tool called LightWin,
dedicated to finding cavity failure compensation tunings
and revising the work presented in [7]. It aims at providing
precise retuning settings as fast as possible and is focused
on the longitudinal bean dynamics description (envelope
mode). It uses 1D RF field map and space charge effects are
neglected as for now. LightWin uses the same linac description file format as TraceWin, and was designed to be used in
combination with TraceWin for the 3D studies. LightWin
is implemented in Python, and the most time-consuming
routines are implemented in Cython.1

Computation of the beam and linac properties
The compensation process starts by the calculation of the
energy and phase of the synchronous particle as well as of
the longitudinal transfer matrix components, in absence of
any fault (nominal linac).

Compensation zone
The second step is the set up of the compensation zone
around every fault; it encompasses all the cavities to be
retuned, all other cavities remaining untouched. It is the
local compensation process – in the global compensation
process, all the cavities after the faults are rephased. The
global method should be less demanding in terms of RF
power margins. However, it requires that a high number of
cavities are rapidly rephased.
When two compensation zones overlap, the corresponding
faults are fixed together. It corresponds in particular to the
situation where a full cryomodule fails. When the scenario
involves several faults, they are fixed in sequential manner
starting from the linac entry. The choice of the number of
compensating cavities per fault is up to the user. If a lattice
period includes a least one compensating cavity, all other
cavities of the lattice period will be compensating too. Fig. 1
represents the compensation zone strategy we adopted in
this study.
1

https://cython.org
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Match energy, phase,
transfer matrix here.

Period 𝑛 − 2

Period 𝑛 − 1

Period 𝑛

Period 𝑛 + 1

Period 𝑛 + 2

Compensation zone

Figure 1: Scheme of a failed cavity (red) at the lattice period
𝑛. The 𝑘 = 5 neighboring cavities (orange) compensate for
the fault; cavity settings outside of the compensating zone
remain in nominal tuning (green).

Optimisation process
The last step is the proper compensation. An optimisation algorithm is used to match the energy and phase of
the synchronous particle as well as the longitudinal transfer
matrix components at the end of the compensation zone.
The variables are the entry phase and electric field of every
compensating cavity.
From the mathematical point of view, finding a compensation setting is a multi-objective optimisation problem. The
variables are the RF amplitude 𝐸 0 and the RF phase 𝜙0 of
every compensating cavity. There is no bound on the phases,
but lower and upper limits on the amplitude are given by
the cavity technology, the multipacting limits and the maximum heat load that is acceptable for the cryomodules. We
introduce constraints on the synchronous phase 𝜙 𝑠 of each
compensating cavity; lower limit is −90°. Upper limit was
chosen 40 % above the nominal 𝜙 𝑠 value to keep an acceptable longitudinal acceptance. The objectives are the phase
and energy of the synchronous particle and the four components of the longitudinal transfer matrix, evaluated at the exit
of the last compensating lattice period. The optimization is
realized with a least-squares algorithm.
This whole process can be time-consuming. Hence it
is provided that LightWin will pre-compute compensation
settings for a variety of fault scenarios, creating a database
of faults and of associated settings.

COMPARATIVE STUDY ON A MULTIPLE
FAILURE SCENARIO
Presentation of the MYRRHA linac
This superconducting linac is designed to accelerates a
4 mA proton beam from 16.6 MeV to 600 MeV (maximum
power of 2.4 MW). It contains three different types of cavities [3]:
• single spokes at 352.2 MHz in the first section (MINERVA) [8–12];
• double spokes at 352.2 MHz in the second;
• 5-cell elliptical cavities at 704.4 MHz in the third and
last section.

Presentation of the fault scenario
The studied multiple failure scenario comprises a representative panel of the different faults that can occur [13]:
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• Section 1:
– a spoke at the beginning of the linac;
– the penultimate single spoke;
• Section 2:
– the second double spoke;
– a double spoke in the middle of the section;
• Section 3:
– the first elliptical cavity;
– a full cryomodule (four cavities) in the middle of
the section;
– a cavity at the end of the linac.
In total, ten cavities are faulty.

Methodology
We calculated fault compensation settings with both
LightWin and TraceWin codes and compared the results.
We use the local compensation method and the maximum
electric field norm is set to 30 % above the nominal electric
field, following MYRRHA’s design [3]. In LightWin study,
synchronous particle is tracked with a fourth-order RungeKutta algorithm. The least-squares algorithm used for the
optimisation is from SciPy library2 ; the convergence criterion has it’s default value. TraceWin study requires much
more time and dedication, as we have to manually hint the
optimisation code with the synchronous phase and emittance
that the beam should match. We realise this optimisation
with the Owner algorithm.

Results
We represented in Fig. 2 the accelerating voltage and
synchronous phase of the cavities for the nominal setting and
for LightWin’s and TraceWin’s compensation settings. We
can notice that the optimisation algorithms of LightWin and
TraceWin converged towards different solutions. It means
that several local optimum exist for every fault; finding the
best among them is a fundamental issue.
We represented in Fig. 3 the difference of absolute phase
between the nominal linac and the two fixed machines. Both
tools managed to retrieve a null phase difference after every
faults, which is a necessary condition for the beam to keep
being synchronised with the following cavities. The only
exception is the full cryomodule error in Section #3, where
the absolute phase is not fully recovered with LightWin.
However, it is compensated by the last failure compensation
and the beam envelope remains well controlled.

DISCUSSION
LightWin enables automatic calculation of failure compensation, while for TraceWin the compensation required
several manual adjustments. Still, there are several physics
improvements that shall be implemented in LightWin. First
of all, we try to match the four components of the longitudinal matrix; this could be reduced to three using the symplecticity properties of the transfer matrix. Alternatively, we
2

https://scipy.org
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Figure 2: Accelerating voltage and synchronous phase of the cavities.
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Finally, the tool should enable to carry out systematic
studies to calculate every single cavity failure scenario to
provide a retuning database. LightWin should be adaptable
to different linacs and enable to use different strategies, e.g.
use more cavities with less or no margins on the accelerating
field. It could also allow the rephasing of full linac sections.
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20

CONCLUSIONS
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Figure 3: Error with the absolute nominal phase for
LightWin and TraceWin.

could make a match on the Twiss parameters. Also, we introduced an arbitrary upper bound on the synchronous phases;
it could be more relevant to adjust this bound for each cavity
as function of the required longitudinal acceptance.
In Section #3, for the full cryomodule compensation, the
LightWin solution did not fully match the required precision
on the absolute phase. As a matter of a fact, the number of
variables is too important for the least-squares algorithm.
We could circumvent this problem by manually tuning the
initial guess and bounds of the least-squares algorithm, but
this approach is incompatible with the automatic creation of
a database. A lot of different optimisation algorithms may
suit our needs better and should be investigated: Downhill
simplex, genetic algorithms, particle-swarm optimisation,
Hooke and Jeeves, Rosenbrock.

In this paper, we presented our compensation tool,
LightWin. We showed that it enables to automatically recalculate the cavity settings for a variety of failure scenarios.
It is however still under development and several improvements should be implemented. In particular, the control of
synchronous phases and longitudinal acceptance and other
optimisation algorithm than the least-squares to explore the
full space of parameters as to avoid local minima.
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Abstract
As various experimental reactors in Europe are already
or will be decommissioned over the next years, new neutron
sources will be necessary to meet the demand for neutrons
in research and development. The High Brilliance Neutron
Source is an accelerator driven neutron source planned at the
Forschungszentrum Jülich . The accelerator will accelerate
a proton beam of 100 mA up to an end energy of 70 MeV,
using normal conducting CH-type cavities. Due to the high
beam current, the beam dynamics concept requires special
care. In this paper, the current status of the beam dynamics
for the drift tube linac is presented.

OVERVIEW HBS, REQUIREMENTS AND
BOUNDARY CONDITIONS
The HBS drift tube linac [1] will accelerate the 100 mA
proton beam coming out of the MEBT2 section with an
energy of 2.5 MeV up to an end energy of 70 MeV using
CH-type normal conducting cavities [2]. The top level requirements and most important parameters of the HBS linac
can be found in Table 1.
Table 1: General Parameters and Top Level Requirements
for the HBS Linac
Design Parameters
Input energy
End energy
Beam current
Particles
Resonance frequency
Number of cavities
Peak beam power
Average beam power
Duty cycle (beam/RF)
Beam pulse length

Value
2.5 MeV
70 MeV
100 mA
Protons
176.1 MHz
45
7 MW
336 kW
4.8 / 10 %
167/667 µs

The beam dynamics concept is carefully chosen to keep
the emittance growth along the beam line as low as possible,
which is the most challenging aspect concerning the beam
dynamics calculations, due to the high beam current and
the resulting space charge forces involved. Furthermore
the linac is designed to accelerate the beam as efficient
as possible, minimizing the number of cavities, required
equipment and infrastructure.
∗
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Three rebunching cavities will provide longitudinal
focussing, while the transversal focussing lattice consists of
quadrupole triplets installed between the cavities.
It can be observed that at low energies, the longitudinal
phase spread of the beam will increase in the drift after an
accelerating cavity to an extend so that the longitudinal
acceptance of the next cavity would have to be much to high
for efficient acceleration. Therefore, the three rebunchers
are necessary to guarantee efficiency and stability. Another
conclusion from this observation is that the distance between
cavities should be kept as short as possible. Therefore,
the lengths and transversal geometry of the quadrupole
triplets are chosen to be identical and as short as technically
feasible.
However, there are further boundary conditions concerning
the feasibility of the parts. The length of the cavities
should not exceed 1.5 m and the maximum magnetic field
strength of the quadrupole lenses should be 1.2 T. All beam
dynamics calculations have been performed with LORASR
[3], a beam dynamics code developed at the IAP, Frankfurt,
Germany.

AUTOMATION OF CALCULATION USING
PARTICLE SWARM OPTIMIZATION
The high number of cavities naturally leads to a high number of free parameters for the beam dynamics concept. Therefore the beam dynamics calculations for the HBS DTL section have been largely automated using python programmes.
For optimization of the beam dynamics layout, particle
swarm optimization (PSO) has been chosen. This optimization algorithm has several advantages: It does not use gradients. This is necessary when optimizing beam dynamics,
because one can not assume that a chosen cost function is
differentiable. Furthermore, it is possible to parallelize the
calculation of the candidate solutions in one iteration, which
saves an considerable amount of time.
A particle swarm optimization algorithm which supports
multithreading has been coded in python. The parameters
to be optimized are the cavity phases and the magnetic field
strengths of the lenses. The candidate solutions are fed to
several instances of LORASR run in batch mode and calculated on different cores of the processor at the same time.
The results are read out and the cost function is calculated.
The python code runs over a fixed number of cavities at once,
after which it moves automatically on to the next cavities.
This way, creating the beam dynamics concept for the HBS
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linac as been automated to a high degree with already satisfying results.
One of the main aspects of optimization is the choice of
the cost function. Several possibilities have been tested, of
which the following, simple function proved to provide the
best results:
𝑓𝑐𝑜𝑠𝑡 = 𝑤 𝑥 + 𝑤 𝑦 + 𝑤 𝐸 + (𝐿 + 10) 3 + | 𝑓 − 60%| · 𝑐 1 , (1)
with the percentage growth of the emittance 𝑤, the occurring
losses 𝐿, the maximum filling factor of the cavities 𝑓 and
a constant 𝑐 1 , which is set to 0 when the maximum filling
factor is below 60 %, thus avoiding solutions with very large
beam diameters. The number of cavities optimized at once
is set to three for the following results.
The above function has the advantage of leading straight to
a solution with very good beam quality. However, it might
provide a solution that hardly or not at all can be injected
into the next cavity, e.g. a defocussed beam coming out of
the last of the three cavities. To avoid this behaviour of the
algorithm, three cavities are optimized at once, but only the
results for the first two cavities are being used. After those
two optimized cavities, the beam will naturally be matched
to be injected into a following cavity.
For the next iteration along the beamline, the third cavity
becomes the first one of the three cavities to be optimized.
With this method, a more complex and therefore more sensitive cost function can be avoided.
The performance of the PSO has been tested. An optimization of the first three cavities has been tested (using the
parameter range explained in the next chapter) using different numbers of swarm sizes. For each swarm size, three
different optimization runs have been performed, with different numbers of iterations. The results are shown in Fig. 1.
It can be observed that the lowest found minimum of the cost

Figure 1: Performance test of the PSO.
function is about 95, varying only a few percent. A solution
of this magnitude is definitely found with a swarm size over
640 and 10 iterations or more. Therefore, those values are
chosen for the current optimization approach to get a good,
yet time saving result.
TUPORI05
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BEAM DYNAMICS CONCEPT
The beam dynamics have been calculated using the PSO,
with a swarm size of 640 and 10 iterations. The voltages of
the cavities have been chosen moderately for the first cavities
and then set up to maximum possible voltage for the later
ones. The number of gaps is determined by the transversal
focussing at low energies and the maximum length of 1.5 m
at higher energies. The phases are optimized in an range between −20 ◦ and −40 ◦ for accelerating and −80 ◦ and −95 ◦
for bunching cavities. The gradients of the quadrupoles are
optimized in a range varying with the beam energy. The
generation of a beam dynamics concept up to 70 MeV beam
energy takes about four days of calculation for the optimization code.
A 4D-Waterbag distribution created by LORASR serves as
input distribution. The resulting beam design consists of
45 cavities, of which three are rebunching cavities. The linac
is 67 m long, from beginning of the first to the end of the
last cavity. Table 2 lists the resulting rms emittances.
Table 2: Input and output values for the current beam dynamics design of the HBS linac
Value

Input

Output

Energy /MeV
𝜖𝑟 𝑚𝑠, 𝑥 /mm mrad
𝜖𝑟 𝑚𝑠,𝑦 /mm mrad
𝜖𝑟 𝑚𝑠,𝐸 /keV ns

2.5
1.67
1.82
18.64

70.0
2.28 ( +36.53 %)
2.47 ( +35.7 %)
23.7 ( +27.25 %)

The corresponding emittance ellipses can be found in Fig 2.
Here, a beginning filamentation in longitudinal space and a
few halo particles can be observed.

Figure 2: Longitudinal and transversal beam input and output emittances.
The transversal and longitudinal beam envelopes can be
found in Fig. 3. The energy gain, synchronous phases and
effective voltages of the cavities for the current design are
shown in Fig. 4. Here, the moderately chosen voltages for
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the first cavities, especially for the rebunchers can be seen.

Figure 3: Longitudinal and transversal beam envelopes.

SUMMARY AND OUTLOOK
An optimization algorithm for the automation of the
beam dynamics calculations for the HBS drift tube linac has
been coded. A design approach up to 70 MeV end energy
consisting of 45 cavities has been presented, with optimized
phases and focussing strengths only leading to moderate
emittance growth for a beam current of 100 mA.
For further optimization of the concept the next step will be
to add the voltages of the cavities to the parameters to be
optimized. More parameters will extend the time needed
for the optimization, but will hopefully also result in a even
more efficient and reliable design, providing even better
beam quality.
In parallel to this, an EQUUS design approach for cavities
with higher input energy will be tested and both approaches
will be compared regarding beam quality and efficiency.
Because of the sensitivity of the beam dynamics to variation
of the density of the input distribution originating in the
high space charge forces, reliability studies are planned
for various distribution densities. Additionally, studies are
planned to test the adaptiveness of the design with already
fixed geometrical properties to above mention variation of
the input distribution, as well as other possible occurrences,
such as cavity failure.
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HARMONIC BUNCH FORMATION AND OPTIONAL RFQ INJECTION
E. Sunar ∗ , U. Ratzinger, M. Syha and R. Tiede
Institute of Applied Physics, Goethe University, Frankfurt, Germany
Abstract
With the aim of reduced beam emittances, a pre-bunching
concept into an RFQ or a DTL has been developed. The
structure has been designed by using a two harmonics double
drift buncher which consists of two bunchers: the first one is
driven by a fundamental frequency whereas the other is excited with the second harmonic including a drift in between.
This well-known "Harmonic Double-Drift-Buncher" is reinvestigated under space charge conditions for RFQ, cyclotron,
and for direct DTL-injection. There are significant benefits
for this design such as to catch as many particles as possible
from a dc beam into the longitudinal linac acceptance, or
to reduce/optimize by up to an order of magnitude the longitudinal emittance for low and medium beam currents. In
accordance to these advantages, a new multi-particle tracking beam dynamics code has been developed which is called
"Bunch Creation from a DC beam - BCDC". In this paper
we present this new code and some stimulating examples.

INTRODUCTION
A source generates continuous particle beams, which need
to be bunched before injection into the main part of an rf
accelerator. This task can be performed either by a stand
alone buncher cavity or by an RFQ. Both alternatives must
fulfill certain design requirements like high transmission
rates combined with low beam emittance. RFQs are common bunch forming systems. However, harmonic bunchers
especially for low and medium current proton and ion beams
at linac injection have also some potentials at special requirements like providing really small longitudinal emittance or
a shorter length than the RFQ. Besides of this, the RF power
need of a buncher cavity is in general much smaller than for
an RFQ, which leads to an attractive, cost efficient alternative. Multi harmonic buncher systems have already been
used at Argonne ANL-ATLAS [1] and by many others like
FRIB at MSU in East Lansing [2, 3]. Based on the existing experience, we developed a two-harmonics double drift
buncher (DDHB) scheme including a compact transverse focusing concept. In this paper, the DDHB concept as well as
a new code for mutli-particle tracking, BCDC, are explained
briefly and an optimized example obtained by this new tool
is presented in detail. The motivation of the development
for the new beam dynamics code is the detailed study of the
space charge action during bunch formation.

CONCEPT OF DOUBLE DRIFT
HARMONIC BUNCHING SYSTEM
The ideal energy modulation is achieved by a saw-tooth
waveform. A saw-tooth signal of amplitude 𝑉𝑠𝑡 leads to
∗
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the following energy spread when starting with a monoenergetic and continuous beam:
Δ𝜙𝑖
(1)
𝜋
As seen in the formula, there is a linear dependence between
the particles’ energy Δ𝑊𝑖 and its relative phase, Δ𝜙𝑖 . However, generating a direct saw-tooth waveform is not possible
Bunching
due to Ideal
incapability
of power electronics with current techV1 , f-gap
nologies. An approximate saw-tooth voltage can be obtained
with a combination of a sine-wave and its superposition of
higher harmonics. One option is to overlap the fundamental and the higher harmonics in one buncher cavity at one
location, which mathematically corresponds to the Fourier
analysis of the sawtooth [4]. However, the technical realiza-z = 0
tion of such multi-harmonic bunchers (e.g. by combination
of two or three 𝜆/4 resonators [1]) is quite ambitious. Instead
of that, the DDHB concept [5] adopted in our proposal is
to use two bunching cavities each operated at one harmonic
frequency ( 𝑓 or 2 𝑓 ) and separated by a drift space 𝐿 1 , as
schematically shown in Fig. 1. The length 𝐿 2 serves as an
additional parameter for a longitudinal beam focus at the
position 𝑧 = 𝐿 1 + 𝐿 2 .
Δ𝑊𝑖 = 𝑞 · 𝑉𝑠𝑡 ·

V1 , f-gap

V2 , 2f-gap

L1
z=0

L2
z = L1

z = L1+L2

Figure 1: Schematic of the DDHB with four specific parameters.
In the simplified model as shown in Fig. 1, the first buncher
cavity operated at the fundamental frequency 𝑓 and the
synchronous phase −90 deg is located at position 𝑧 = 0 and
has the gap voltage 𝑉1 . This pure sinusoidal signal leads to
the following energy variation for an initially mono-energetic
and continuous beam [6]:


Δ𝑊𝑖 Δ𝜙𝑖 (0) = 𝑞 · 𝑉1 · sin Δ𝜙𝑖 (0)
(2)
Along the drift 𝐿 1 between the buncher cavities only the
relative particle phases Δ𝜙𝑖 are transformed due to the energy
modulation of the beam, described by the following formula
(with beam current effects neglected):


𝜔 𝐿 1 Δ𝑊𝑖 Δ𝜙𝑖 (0)
Δ𝜙𝑖 𝐿 1 = Δ𝜙𝑖 (0) − 3 2 ·
(3)
𝑊𝑠
𝛽𝑠 𝛾𝑠 𝑐
The effect of the second accelerating gap at double harmonic
2 𝑓 with a synchronous phase of +90 deg is given as:



Δ𝑊𝑖 Δ𝜙𝑖 (𝐿 1 ) = Δ𝑊𝑖 Δ𝜙𝑖 (0) − 𝑞 · 𝑉2 · sin 2Δ𝜙𝑖 (𝐿 1 ) (4)
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where 𝑉2 is the applied voltage of the second buncher
cavity.
Finally, the contribution of the drift 𝐿 2 causes one more
time a transformation
on the "new" relative particle phases

Δ𝜙𝑖 𝐿 2 by following the same Equation 3.
The study of the concept is based on finding a correlation between these four variables. As can be seen from the
Equations 2 to 4, a good synthesis of the voltages 𝑉1 and
𝑉2 in combination with ratio of 𝐿 1 toWiggle
𝐿 2 defines the degree
of filamentation or "wiggling" of a beam which is an indicator for output emittance and determines the number of
particles of that beam into an acceptance ratio for the next
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Figure 2: The graphs show the output of longitudinal phase
spaces for a 60 keV, 0 mA proton beam fulfilling the different
aims for various applications of the subsequent accelerator
units.
In addition to all, this simplified setup can be extended by
using multi-gap resonators (2 to 4 gaps each, typically) with
total voltages in the range of the single gap voltages 𝑉1 and
𝑉2 .

BCDC
A multi-particle tracking code, BCDC, has been developed for the dedicated task of simulating the bunch formation
at low energies including space charge calculations and considering the effects of the next neighbored bunches (NBB).
Moreover, a partial or up to 100% space charge compensation degree can be defined in all sections except those with
rf electric fields. There is no such a tool available, which
combines all the above-mentioned properties.
The main BCDC code components are the particle generator, which provides several basic particle distributions such
as waterbag 6d, uniform 4d+2d, etc., the implementation of
essential accelerator elements which are the accelerating gap
(thin gap approximation), the drift space as well as the magnetic quadrupole lens and finally the space charge routine.
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Figure 3: The graphs show the longitudinal phase spaces
Z-Zpand
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with
without the effects of neighbored bunches (NBB)
for a 60 keV, 15 mA proton beam in 30 mm radial and
62.7 mm longitudinal sizes of the grid box.

The space charge algorithm is based on a direct Coulomb
grid-grid interaction: The macro particles are distributed on
− 30a− 20
− 10 0
10 grid
20 30 and the electric field components are calcuCartesian
lated on the grid points from the charge density on the grid.
In this way, the complexity of the algorithm can be reduced
and is depending on the number of grid points and not on the
macro particle number. The effect of the next neighbored
bunches is calculated by extending the main grid box longitudinally to the next and to the previous cell. The total field
of the main box is then calculated by superposition with the
neighbored cell fields. This of course increase the calculation complexity by the factor of three. The importance of the
next neighbored bunches effect is clearly visible by the example shown in Fig. 3: As soon as a continuous beam starts
getting bunched, the particles at the top and the bottom of
the bunch will "see" the full space charge and build some artificial "satellites" in the particle distribution (Fig. 3a). With
the contribution of the next neighbored bunches included,
this artificial effect is almost fully compensated (Fig. 3b). It
is important to note that all steps during programming have
been validated by two well-known beam dynamics codes;
TraceWin [7] and LORASR [8].

SIMULATION AND DESIGN
One simulation example applied on a 60 keV, 15 mA proton beam demonstrating an effective phase focusing by a
second harmonic double drift buncher is shown in Fig. 4,
with the corresponding parameters listed in Table 1. The
transverse focusing is provided by a quadrupole triplet array.
Very compact layouts could be realized by using permanent
magnets. The longitudinal beam focus with very small emittance and high capture rate is achieved within less than 0.7 m
only. One application for such a setup is the injection into a
cyclotron. In this case, the DDHB could be partially embedded into the cyclotron yoke. This system is very well suited
for increasing the cyclotrons’ injection efficiency, since it
delivers a well-focused, low emittance and high current input
beam.
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Figure 4: An example of a DDHB design simulated with the BCDC code. The upper plot shows the transverse beam
envelope. The six plots in Cartesian coordinates at the middle indicate bunching formation through the traveling direction.
The graphs at the bottom are longitudinal phase spaces at the critical positions.
Table 1: Parameters of the example shown in Fig. 4.
Parameter
𝑊𝑠
Frequency
𝐼𝑏𝑒𝑎𝑚
𝐿1, 𝐿2
𝑉1 , 𝑉2
Capture Ratio
𝜖 𝑥,𝑛,rms
𝜖𝑙,𝑛,rms

at section 1

at section 2

60 keV
54 MHz
15 mA
73.35 mm
2.6 kV
—
in

—
108 MHz
15 mA
458 mm
1.2 kV
72.24 %
out

0.268 mm.mrad
0.0287 keV.deg

0.273 mm.mrad
1.515 keV.deg

CONCLUSION
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Abstract
A muon linac is under development for future muon
g-2/EDM experiments at J-PARC. The linac provides a
212 MeV muon beam to an MRI-type compact storage ring.
After the initial acceleration using the electrostatic field created by mesh and cylindrical electrodes, the muons are accelerated using four types of radio-frequency accelerators. To
validate the linac design as a whole, end-to-end simulations
were performed using General Particle Tracer. In addition,
error studies is ongoing to investigate the effects on beam
and spin dynamics of various errors in the accelerator components and input beam distribution. This paper describes
the preliminary results of the end-to-end simulations and
error studies.

INTRODUCTION
Muon g-2 is arguably one of the most important observables in modern particle physics. The long-standing existence of anomalies of more than three standard deviations between experimental values of muon g-2 measured by
Brookhaven National Laboratory (BNL) [1] and the Standard
Model (SM) predictions [2] has attracted many physicists,
who believe that they suggest the existence of new physics
beyond the SM. Recently, Fermilab’s experimental group
improved BNL’s experimental equipment and new experiment now running in a similar method. The first result of the
group was consistent with the previous experiment, and the
discrepancy between the average of the two experiments and
the SM prediction was updated to 4.2𝜎 [3]. As a result, there
is even more hope for the discovery of new physics. However, since the two experiments were performed using the
same experimental method, it is very important to confirm
the discrepancy by measuring with another new technique.
Therefore, to verify the discrepancy, an experiment using
a completely different method from the two previous experiments is being planned at the Japan Proton Accelerator
Research Complex (J-PARC).
The J-PARC experiment aims to measure the muon g-2
with a precision of 0.1 ppm [4]. To reduce the muon beam∗

takeuchi@epp.phys.kyushu-u.ac.jp

derived systematic uncertainties that have dominated previous experiments, in this experiment, a beam obtained by
accelerating low-emittance muons produced by laser ionization of muonium is required. In addition, to reduce decay
loss, the muons must be accelerated in a time sufficiently
shorter than the muon lifetime of 2.2 𝜇s. The linear accelerator was our choice because it is efficient in this respect. For
highly efficient acceleration, muons are accelerated from
thermal energy to relativistic energy using four RF structures, depending on the beam velocity. Figure 1 shows the
configuration of the muon linac. The muon linac starts with
an ultra-slow muon source which generates a muons by the
laser ionization of thermal muonium with an extremely small
momentum of 3 keV/c (kinetic energy W=25 meV). The generated muons are accelerated to 5.6 keV by electrostatic field
and injected to a radio frequency quadrupole (RFQ). The
acceleration is performed up to 0.34 MeV by a 324 MHz
RFQ. Then, the energy of the muon beam is boosted to
4.5 MeV with a 324 MHz interdigital H-type drift tube linac
(IH-DTL). Following the IH-DTL, a 1296 MHz disk-andwasher coupled cell linac (DAW CCL) structures are used
to accelerate to 40 MeV. Finally, the muons are accelerated
from 40 MeV to 212 MeV by using a 2592 MHz disk-loaded
traveling wave structure (DLS). Details of the linac design
are described in this separate paper [5].
Considering the injection of accelerated muon beams into
the storage ring, beam parameters such as emittance and
momentum spread at the exit of linac are important factors,
since they directly affect the efficiency of injection into the
storage ring. The exact muon beam parameters required for
the experiment are currently being investigated in detail, but
the results of the latest injection simulation studies suggest
that a beam quality at the end of linac with a transverse
rms emittance of ∼ 0.3 𝜋 mm mrad and a rms momentum
spread of ∼ 0.04% are desirable. Hereafter, in this study,
these values will be used as reference values to evaluate
beam parameters. The muon spin properties are also very
important because they can be a source of systematic errors in this experiment. Therefore, it is necessary to fully
understand how properties such as spin polarization and
spin-momentum correlation, which is the correlation be-
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Figure 1: The configuration of muon linac.
tween the momentum of each of the rotation angles in the
ZX plane (𝜃 𝑧 𝑥 ) and in the ZY plane (𝜃 𝑧𝑦 ) with respect to
the z-axis, are affected by acceleration with a linac. To this
end, an end-to-end simulation using the General Particle
Tracer (GPT) [6] are being developed to fully investigate
the effects of acceleration by linac on the emittance, momentum spread, and spin properties of muon beams. With
the current design, under error-free conditions (referred to
as the ideal machine), a multi-particle simulation from the
RFQ to the end of the linac was performed using GPT to
investigate the aforementioned beam and spin characteristics
and the following results was obtained. Figure 2 shows the
evolution of the transverse rms emittance in linac. There is
no significant increase during acceleration, and at the exit of
linac, the horizontal and vertical normalized rms emittance
are 0.278 𝜋 mm mrad and 0.219 𝜋 mm mrad, respectively,
which are below the reference values. The rms momentum
spread of 0.036% is also below the reference value. The spin
depolarization is found to be 1.0 × 10−5 and has no effect on
the statistical accuracy of the experiment. Moreover, there is
no spin-momentum correlations in ideal machine case (absolute value of correlation coefficient is less than 0.02). These
properties are greatly affected by the distribution characteristics of the RFQ input, i.e., laser ionization and electrostatic
acceleration conditions, although it should be noted that this
study focuses only on the accelerator components from the
RFQ to the DLS.
1RUPDOL]HG506HPLWWDQFH>πPPPUDG@
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Figure 2: Transverse normalized rms emittance evolution
in the ideal machine. The traces show horizontal (red) and
vertical (blue) emittance.

ERROR STUDIES
Even if it works well in the ideal machine case, in real
situation, various errors can cause beam characteristics to
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Table 1: The Elements and the Amplitude of the Errors
Examined in This Studies
Error type
1
2
3
4
5
6

Description

Amplitude

Magnet Δ𝑥 (mm)
Magnet Δ𝑦 (mm)
Magnet Δ𝜃 𝑧 (mrad)
Magnet gradient (%)
Cavity RF phase (deg)
Cavity RF amplitude (%)

0.1
0.1
5
0.5
1
1

RESULTS & DISCUSSION






deteriorate. Therefore, as the next step, the effects of misalignment such as transverse offset and rotation errors of
the quadrupole magnets, and gradient errors of quadrupole
magnets, and RF amplitude and phase fluctuations of the
cavity on beam characteristics were investigated. For each
case, the amplitude of the error was given, the maximum
value of the error was set in five steps (20, 40, 60, 80, and
100%) relative to the amplitude, and the value of the error
given to each element, quadrupole magnet or RF source,
was randomly generated uniformly within the set maximum
value. Hundreds of runs with a beam distribution of approximately 2×104 macro-particles were simulated for each step.
The output beam parameters were statistically averaged over
100 runs. The effect of the errors on the ideal machine was
evaluated by examining their impact on the normalized rms
emittance, rms momentum spread, and polarization, at exit
of the linac. The spin-momentum correlation is also being
considered. Table 1 lists the elements and the amplitude of
the errors examined in this studies.

While there are still aspects of the error study that need
to be considered, this paper discusses preliminary results.
Figure 3 shows normalized rms emittance ratio defined as
𝜀 𝑒 /𝜀 𝑖 between the error case 𝜀 𝑒 and the ideal machine case
𝜀 𝑖 at end of the linac at maximum amplitude (100%) for
each error case. To achieve the reference value of transverse
normalized rms emittance, 𝜀 𝑒 /𝜀 𝑖 must be less than 1.08 and
1.37 for x-plane and y-plane, respectively.
Figure 4 shows the ratio of the error case to the ideal
machine case in the rms momentum spread at the end of
linac at maximum amplitude (100%) for each error case. As
can be seen in Figure 3, magnet alignment errors tend to
strongly affect transverse emittance, while RF errors tend
to strongly affect longitudinal emittance. Deviating from

Beam dynamics, extreme beams, sources and beam related technologies
Beam Dynamics, beam simulations, beam transport

1.6

x

CONCLUSION

Preliminary

y

1.5

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPORI08

z
1.4
1.3

1.2
1.1
1
0.9

1

2

3

4

5

6

Error type

Figure 3: The normalized rms emittance ratio of the different
single errors with 100% amplitude (preliminary results).

Error case / Ideal machine

this trend, the error type 6 shows an increase in vertical (y)
emittance. In addition, the emittance increase rate tends to be
larger for y than for x. In IH -DTL, not only the longitudinal
electric field but also the vertical electric field causes a shift
in the vertical phase space distribution at the IH-DTL exit,
and steering magnets are placed in MEBT2 to compensate
for this. However, in this error study, the steering magnets
were set to nominal values, and changes in RF amplitude
may cause changes in the vertical phase space distribution,
and the correction may not be optimal. It is possible that this
trend was observed for these reasons, but a detailed study of
the changes in beam parameters during the linac acceleration
is required to determine this. Cases with 100% of amplitude
exceeding the reference value of emittance are error types 1,
3, and 8 for which the tolerances are 60, 60, and 80% of the
maximum error value.
1.5

Preliminary

dp/p

1.4

1.3

1.2

A muon linac is under development for future experiments
at J-PARC to measure muon g-2. The linac beam dynamics
was studied with the reference values such as transverse rms
emittance of ∼ 0.3 𝜋 mm mrad and momentum spread of
∼ 0.04%. An end-to-end simulation was developed using
GPT to investigate in detail how the muon beam parameters
are affected by the acceleration by the linac. In the ideal
case without errors, the reference values are expected to be
achieved, and a detailed study including errors is in progress.
The preliminary tolerances were examined based on the rate
of increase in the normalized rms emittance and the rms momentum spread at the end of the linac. This study focused
only on the beam parameters at the exit of the linac. However, it may be possible to increase tolerance by examining
the changes in the beam parameters at each section of the
linac to identify the causes of the beam quality degradation
in detail and implementing appropriate countermeasures.
The correlation between spin and momentum, which can
be a source of systematic errors in the experiment, was also
found to be possible due to errors. We plan to conduct a
more detailed beam and spin dynamics study including these
factors.
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BEAM DYNAMICS FOR THE MAX IV TRANSVERSE DEFLECTING
CAVITY BEAMLINE
N. Blaskovic Kraljevic∗ , L. Isaksson, E. Mansten, S. Thorin, MAX IV Laboratory, Lund, Sweden
Abstract
The MAX IV 3 GeV linac delivers electron beams to two
synchrotron rings and to a dedicated undulator system for
X-ray beam delivery in the Short Pulse Facility (SPF). In
addition, there are plans to use the linac as an injector for
a future Soft X-ray Laser (SXL). For both SPF and SXL
operations, longitudinal beam characterisation with a high
temporal resolution is essential. For this purpose, a transverse deflecting cavity (TDC) system has been developed and
is being installed in a dedicated electron beamline branch located downstream of the 3 GeV linac. This beamline consists
of two consecutive 3 m long transverse S-band RF structures,
followed by a variable vertical deflector dipole magnet used
as an energy spectrometer. This conference contribution
presents the beam dynamics calculations for the beam transport along the TDC beamline, and in particular the optics
configurations for slice emittance and slice energy spread
measurements. The operation of an analysis algorithm for
use in the control room is discussed. The aim is to provide
1 fs temporal measurement resolution to access the bunch
duration of highly compressed bunches and slice parameters
for sub-10-fs bunches.

INTRODUCTION
The MAX IV light source in Lund, Sweden, consists of a
3 GeV electron linac, a 1.5 GeV storage ring and a 3 GeV storage ring [1]. The linac is used both as an injector for the two
storage rings and as a source of short electron pulses for the
Short Pulse Facility (SPF). The linac has also been designed
as an injector to a future Soft X-ray Laser (SXL) [2].
For both SPF and SXL operations, longitudinal beam characterisation with a high temporal resolution is critical. For
this purpose, a transverse deflecting cavity (TDC) system has
been installed in a new, dedicated electron beamline branch
located downstream of the 3 GeV linac. This TDC beamline (Fig. 1), which will be commissioned with beam in the
coming months, contains two consecutive TDCs (TDC1 and
TDC2), each of which is a 3 m long transverse RF structure
operated at the zero crossing of the 2.9985 GHz linac RF.
The TDC structures have been manufactured by Research
Instruments (Fig. 2); further details of the RF design can be
found in [3]. Initially, the deflecting TM110 mode will streak
the beam horizontally, but, in the future, adjustment of the
RF signal phases fed to the TDC structures will allow both
horizontal and vertical beam streaking [4].
The TDC structures are followed by a variable vertical
deflector dipole magnet, to be used as an energy spectrometer, deflecting the beam vertically down by 0◦ , 2.8◦ or 5.6◦
into three distinct beamline branches as shown in Fig. 1.
∗
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The beamline also contains five quadrupoles (QH) for optics control, five stripline beam position monitors (BPL),
five horizontal and five vertical corrector magnets (CODBX
and CODBY, respectively) for trajectory correction and ten
insertable YAG screens (SCRN) as shown in Fig. 1.

BEAMLINE OPTICS
The optics through the TDC beamline has been optimised,
using the beam tracking code elegant [6], for the end-of-line
screens (SCRN9 and SCRN10 in Fig. 1).

Beta Function
The horizontal beta function is maximised at the midpoint of the TDC structures (Fig. 3) in order to maximise
the imparted horizontal kick [2], whilst the beta function is
minimised both horizontally and vertically at the end-of-line
screens to have a beam that is fully contained on the screen.
For aperture considerations, the maximum beta function is
limited to 1000 m throughout the TDC beamline.

Phase Advance
In order to maximise the horizontal deflection imparted by
the TDC structures [2], as viewed on SCRN9, the horizontal
phase advance from the mid-point of the TDC structures to
SCRN9 has been optimised at 𝜋2 (Fig. 4).
The TDC beamline will be used to perform beam emittance measurements by scanning the strength of quadrupole
QH2 and measuring the vertical beam size at SCRN9. In order to maximise the change in vertical beam size at SCRN9
over the QH2 strength scan, the optimum vertical phase
advance from QH2 to SCRN9 is set to 𝜋2 .
As the beam will be streaked horizontally by the TDC
structures, the optimum horizontal phase advance from QH2
to SCRN9 is 𝜋 in order to minimise the effect of the change in
QH2 strength on the horizontal beam properties at SCRN9.

SCREEN IMAGES
A beam consisting of 200 000 particles has been tracked
along the full MAX IV linac and the TDC beamline using
the code elegant [6]. Figure 5 shows the beam intensity on
SCRN9, with the TDC and spectrometer magnet both off.
Figure 6 shows the result of turning the TDC on. The
colour-coding shows the particle arrival time, and the relationship between the horizontal beam coordinate and time
is clear as expected.
Turning the TDC off, but turning the spectrometer magnet
on, displays the energy structure of the beam, where the
vertical position on the screen is correlated to the energy
offset (Fig. 7).
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Figure 1: TDC beamline layout as viewed on the MAX IV Control Room computers [5]. The electron beam travels from
left to right.

Figure 2: TDC structure installed in the beamline. The electron beam travels from left to right.

CALIBRATION
The calibration of the horizontal position on the screen to
the bunch arrival time, with the TDC on, will be performed
by scanning the TDC RF phase by ±1◦ around the zero
crossing and measuring the mean horizontal position on the
screen. The TDC RF phase offset can be converted to a
time offset given the known RF frequency, producing the
calibration plot in Fig. 8.
The calibration of the vertical position 𝑦 on the screen to
the fractional beam energy offset 𝑑𝑝𝑝 will be given by the
dispersion 𝜂, calculated for example in elegant:
𝑦=𝜂
Figure 3: Horizontal 𝛽 𝑥 (blue) and vertical 𝛽 𝑦 (red) beta
functions along the TDC beamline. The five black bars
correspond to the locations of the five quadrupoles.

𝑑𝑝
.
𝑝

In the case of SCRN10, 𝜂 = 0.95 m.

EMITTANCE MEASUREMENT
The emittance measurement consists in scanning the QH2
strength, with the TDC on and the spectrometer magnet off,
and recording beam images on SCRN9. The analysis is
analogous to that already used in the MAX IV linac [7], only
that the beam is now sliced into tall narrow slices, and the
analysis is performed on each slice independently.
For each slice, the vertical beam size squared 𝜎𝑦2 is plotted
against 𝑘𝑙 of QH2 (where 𝑘 is the quadrupole’s strength K1
value and 𝑙 = 0.2 m is its length). A parabola is fitted according to 𝜎𝑦2 = 𝑎(𝑘𝑙 − 𝑏) 2 + 𝑐 where 𝑎, 𝑏, 𝑐 are fit constants.
The slice emittance 𝜖 is then given by [7]:
√
Figure 4: Horizontal 𝜓 𝑥 (blue) and vertical 𝜓 𝑦 (red) phase
advance along the TDC beamline. The five black bars correspond to the locations of the five quadrupoles.

𝜖=

where 𝑆 is the 6 × 6 transfer matrix from the downstream end
of the quadrupole to the screen. The simulated parabolas for
a streaked beam, sliced into 61 slices, is shown in Fig. 9.
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Figure 5: Simulated beam on the final screen, with both
TDC and spectrometer magnet off, colour-coded according
to beam intensity

Figure 6: Simulated beam on the final screen, with TDC
on and spectrometer magnet off, colour-coded according to
beam arrival time 𝑡. Negative time corresponds to the head
of the bunch.

Figure 8: Simulated mean horizontal beam position on the
final screen vs. beam arrival time at the TDC, relative to
the RF zero-crossing, for an RF phase scan of ±1◦ . The
straight-line fit has a gradient of −0.0156 m/ps.

Figure 9: Quadratic fits to vertical beam size squared 𝜎𝑦2
versus the product of quadrupole QH2’s K1 value and length.
Each parabola corresponds to a given beam slice as indicated
in the colour bar.

CONCLUSIONS

Figure 7: Simulated beam on the final screen, with TDC
off and spectrometer magnet deflecting the beam by 2.8◦ ,
colour-coded according to the fractional energy offset 𝑑𝑝𝑝 .

A new electron diagnostics beamline has been installed
at the end of the MAX IV 3 GeV linac, and will be commissioned with beam in the coming months. The beamline
consists of a TDC and a spectrometer dipole, allowing the
longitudinal bunch properties and bunch energy structure to
be determined.
The present conference contribution shows the beam transport simulations through the beamline, the optics design and
the expected beam images on the end-of-line screens. It also
presents the screen axes calibration techniques to extract
both bunch time and energy, and the analysis for the sliced
beam emittance measurement.
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BEAM LOADING SIMULATION FOR RELATIVISTIC AND
ULTRARELATIVISTIC BEAMS IN THE TRACKING CODE RF-TRACK
J. Olivares∗1,2 , A. Latina1 , N. Fuster 2 , B. Gimeno2 , D. Esperante2
1 CERN, Geneva, Switzerland
2 Instituto de Física Corpuscular (IFIC), CSIC-University of Valencia, Paterna (Valencia), Spain
PDE THEORETICAL DERIVATION

Abstract
Medical and industrial electron linacs can benefit from
the X-band accelerating technology developed for the Compact Linear Collider (CLIC) at CERN. However, when highintensity beams are injected in such high-gradient structures
(>35 MV/m), the beam loading effect must be considered
by design since this beam-cavity interaction can result in a
considerable gradient reduction with respect to the unloaded
case. Studying energy conservation, a partial differential
equation (PDE) has been derived for injected beams in both
the relativistic and ultrarelativistic limits. Making use of
this, a specific simulation package within RF-Track has been
developed, allowing realistic tracking of charged particle
bunches under this effect regardless of their initial velocity.
The performance of this tool has been assessed by reproducing previously obtained beam-loaded fields in CLIC main
linac and CLIC Drive-Beam linac structures. In this paper,
we present the analytic PDE derivation and the results of the
tests.

INTRODUCTION
Accelerating cavities exhibit an ohmic response when
electromagnetic waves travel through the structure, leading
to energy losses. Furthermore, when a beam of charged
particles enters the accelerating structure, it excites the cavity,
and such excitation diminishes the stored energy and thus the
accelerating gradient. This is called beam loading effect [1].
Previous attempts to model the beam loading effect rely
on simplifications of the structure and beam properties. The
most general analytic study is reference [2], which describes
the beam-loading effect in arbitrary structures and shows that
this interaction beam-cavity follows a transient model. However, [2] is limited to the ultrarelativistic case and focuses
on the structure gradient rather than its implementation in a
tracking routine.
So far, the way of performing tracking under this effect was using a beam-loaded precomputed field obtained
from finite-difference solvers such as HFSS. This approach
presents the inconvenience of being both computationally
demanding and static, i.e. no transient behaviour can be
retrieved.
To design a quick, flexible and non-ultrarelativistic tool to
study the beam loading effect, the starting point is deriving
a PDE describing the energy conservation in such a general
scenario. Its numerical solution will be implemented in
RF-Track, allowing tracking under the beam loading effect.
∗
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Energy Conservation in Accelerating Structures
Instantaneous energy conservation can be studied starting
from the differential version of Poynting’s theorem [3]:
−

𝜕𝑢(𝒓, 𝑡)
= ∇ · 𝑺(𝒓, 𝑡) + 𝑬 (𝒓, 𝑡) · 𝑱(𝒓, 𝑡),
𝜕𝑡

(1)

where:
• 𝑢 is the volumetric electromagnetic energy density
stored in the accelerating cavity, defined in terms of the
electric (𝑬) and magnetic (𝑯) fields as:
1
1
𝜀 0 ||𝑬 (𝒓, 𝑡)|| 2R3 + 𝜇0 ||𝑯(𝒓, 𝑡)|| 2R3 [J/m3 ],
2
2
(2)
with 𝜀0 the electric permittivity and 𝜇0 the magnetic
permeability in vacuum (empty cavity).
𝑢(𝒓, 𝑡) =

• 𝑺 is the Poynting vector defined as 𝑺 = 𝑬 × 𝑯. Its flux
takes into account power flow (𝑃flow ) and dissipation
(𝑃diss ) along the structure as it has been reported in [3].
In an arbitrary volume bounded by a surface S, its flux
can be described as:
∮
𝑃total (𝑧, 𝑡) =
𝑺(𝑧, 𝑡) · dS = 𝑃diss (𝑧, 𝑡) + 𝑃flow (𝑧, 𝑡).
S

(3)

• 𝑱 is the current density flowing along the structure,
defined in terms of the volumetric charge density 𝜆 𝑞
and the particle’s velocity 𝒗 as:
𝑱(𝒓, 𝑡) = 𝜆 𝑞 (𝒓, 𝑡)𝒗(𝒓, 𝑡) [A/m2 ].

(4)

Accelerating Gradient
The main quantity whose evolution is aimed to be studied
is the effective accelerating gradient, defined as the average
electric field that affects a particle. In a given cell of length
𝐿 located at position 𝑧, it can be described as:
∫ 𝑧+𝐿

1
𝐺 eff = Re
𝐸˜ 𝑧 (𝜁, 𝑡)𝑒 𝑗 𝜔𝑡𝑞 (𝜁 ,𝑡0 ,𝛽 (𝜁 ,𝑡 ,𝑡0 ,𝛽0 ) ) d𝜁 [V/m],
𝐿
𝑧
(5)
√
with 𝜔 the RF angular frequency, 𝑗 = −1 the imaginary
unit, and 𝑡 𝑞 the time of flight of a particle with charge 𝑞
entering the structure at a time 𝑡0 , calculated as [4]:
∫ 𝑧
𝑑𝜁
𝑡 𝑞 (𝑧, 𝑡0 , 𝛽(𝑧, 𝑡, 𝑡 0 , 𝛽0 )) = 𝑡0 +
[s]. (6)
0 𝛽(𝜁, 𝑡, 𝑡 0 , 𝛽0 )𝑐
Here, 𝑐 refers to the speed of light and 𝛽 to the ratio of 𝑣 to
𝑐, which evolves with the particle’s energy gain.
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Since the variation of the gradient with time is much
slower than the RF field oscillation, one can consider the
electric field phasor (𝐸˜ 𝑧 ) dependency with time [5]. This is
called the “quasi-static” assumption.

Figures of Merit
The description of the energy flow along the structure
requires the presentation of three figures of merit:
• Normalized effective shunt impedance per unit length
(𝜌eff ): measures the efficiency of a structure in providing a high gradient field for a given RF power dissipation in the structure [6]. It is defined as:
𝐺 eff (𝑧, 𝑡, 𝛽(𝑧, 𝑡, 𝑡 0 , 𝛽0
𝜌eff (𝑧, 𝛽(𝑧, 𝑡, 𝑡 0 , 𝛽0 )) =
𝑄(𝑧)⟨𝑝 diss (𝑧, 𝑡)⟩

)) 2

[Ω/m],

(7)
is the dissipated power per unit
∫ 𝑡+𝑇
length and ⟨ 𝑓 ⟩ = 𝑇1 𝑡
𝑓 (𝑡 ′ )d𝑡 ′ denotes the time
average over an RF-period (𝑇 = 2𝜔𝜋 ) of an arbitrary
time-dependent function 𝑓 .

where 𝑝 diss =

𝜕𝑃diss
𝜕𝑧

• Quality factor (𝑄): the bigger its value is, the less power
is dissipated at the cavity. It is defined as:
𝑄(𝑧) =

𝜔 ⟨𝑤(𝑧, 𝑡)⟩
,
⟨𝑝 diss (𝑧, 𝑡)⟩

(8)

where 𝑤 stands for the linear density
∫ of EM energy per
unit length, defined as 𝑤(𝑧, 𝑡) = S 𝑢(𝒓, 𝑡)dS [J/m].
• Group velocity (𝑣 𝑔 ): indicates the speed at which the
energy flows along the structure. It is defined as:
𝑣 𝑔 (𝑧) =

⟨𝑃flow (𝑧, 𝑡)⟩
[m/s].
⟨𝑤(𝑧, 𝑡)⟩

(9)

For the sake of its analytical manipulation, the figures of
merit have been presented as continuous functions of 𝑧 as it
is exposed in [2].

The General Relativistic Case
In order to obtain a PDE for 𝐺 eff in the variables (𝑧, 𝑡),
Eq. (1) must be time-averaged and integrated over the structure section (S) so that the previous figures of merit can be
substituted.
As a first approximation, the gradient is calculated for
a witness particle characterized by the average properties
of the considered bunch travelling on axis. Therefore, the
paraxial approximation (𝑣 𝑧 ≫ 𝑣 𝑥 , 𝑣 𝑦 ) is assumed as well as
the previously mentioned quasi-static assumption. Doing so,
one gets the following PDE:

The Ultrarelativistic Case for a Train of Bunches
Let us consider the case of a train of 𝑁 ultrarelativistic
bunches, each of them with charge 𝑞, time width 𝜎 and timespacing given by an entry frequency 𝑓𝑏 synchronous with
𝜔.
In this case, 𝛽 ≃ 1, 𝜕𝛽
𝜕𝑡 ≃ 0, 𝜌eff = 𝜌 and Eq. (10) reads:


𝑣 𝑔 𝜕 𝜌 𝜔 𝜕𝑣 𝑔 𝐺 eff
𝜕𝐺 eff
𝜕𝐺 eff 𝜔𝜌 𝐼˜
−
= −
+ +
+ 𝑣𝑔
+
,
𝜕𝑡
𝜌 𝜕𝑧 𝑄
𝜕𝑧
2
𝜕𝑧
2
(11)
where 𝐼˜ is:
𝐼˜(𝑧, 𝑡, 𝑡 0 ) =

𝑁
∑︁

2 2
𝑞
𝜒(𝑛, 𝑡 − 𝑡 𝑞 (𝑧, 𝑡0 )) 𝑒 − 𝜔 𝜎 /2 ,
𝑇
𝑛=1

(

1 if the 𝑛th bunch is at 𝑧 at a time [𝑡, 𝑡 + 𝑇]
0 otherwise.
Equation (11) matches the expression found at [2]. In addition, it can be seen that Eq. (11) is a linear PDE and therefore
the loaded case can be decoupled from the unloaded case [1].

with 𝜒(𝑛, 𝑡) =

RF-TRACK FOR BEAM LOADING
SIMULATIONS
The ultrarelativistic case for travelling wave accelerators
has been implemented into RF-Track [7], a code which tracks
particles under given field maps including space charge effects and wakefields, among other phenomena. It has the
advantage of tracking multiple species (regardless of their
charge or mass) and is written in parallel C++, significantly
reducing the computation time.

Pre-computing the Beam Loading Effect
The linearity of Eq. (11) allows the computation of the
beam loading effect by calculating separately the beam induced field. This can be implemented in RF-Track [7] as a
collective effect that can be superposed to an already existing
field with the command add.collective.effect().
The implementation is designed to solve Eq. (11) a priori.
For that, knowledge of the beam (q, 𝜎, 𝑡0 , N, fb) is required
as a user-input for the calculation of the intensity. Information about the accelerating structure, namely 𝑣 𝑔 , 𝑄 and 𝜌eff
at some given positions, is also needed so that they can be
cubic-interpolated along the structure.
However, combining Eqs. (7) and (8), one can find an
alternative method for the computation of 𝜌eff based on the
field-map integration as well as ⟨𝑤⟩ calculation [2]:
𝜌eff =



−



𝑣 𝑔 𝜕 𝜌eff 𝜔 𝜕𝑣 𝑔 𝐺 eff
𝜕𝐺 eff
1 𝜕 𝜌eff 𝜕 𝛽
= −
−
+ +
𝜕𝑡
𝜌 𝜕 𝛽 𝜕𝑡
𝜌eff 𝜕𝑧
𝑄
𝜕𝑧
2
𝜕𝐺 eff 𝜔𝜌eff 𝐼˜
+𝑣 𝑔
+
,
(10)
𝜕𝑧
2

with 𝐼˜(𝑧, ∫𝑡, 𝛽) = ⟨𝐼 (𝑧, 𝑡)𝑒 𝑗 𝜔 [𝑡 −𝑡𝑞 (𝑧,𝑡 ,𝑡0 ,𝛽 (𝑧,𝑡 ,𝑡0 ,𝛽0 ) ) ] ⟩ [A] and
𝐼 (𝑧, 𝑡) = S 𝑱(𝒓, 𝑡) · 𝑒ˆ𝑧 dS [A].

𝐺 2eff
.
𝜔⟨𝑤⟩

(13)

Finally, the PDE is solved numerically by the finitedifference method and the solution for 𝐺 eff is obtained for a
given space and time-mesh. Such space-mesh is fine enough
so that the solution matches the limit as 𝐿 → 0 of Eq. (5).
From there, the electric field phasor (𝐸˜ 𝑧 ) is retrieved and
the beam loading effect can be computed as an additional
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longitudinal kick (𝐹𝑧 ) when a particle located at 𝑧part at a
time 𝑡 part is tracked. Such kick considers short-range effects
by cubic-interpolating 𝐸˜ 𝑧 in the variables 𝑡 and 𝑧 as follows:


𝐹𝑧 = 𝑞Re 𝐸˜ 𝑧 (𝑧 part , 𝑡part )𝑒 𝑗 𝜔𝑡part .
(14)

Comparing with [2], where this case is studied analytically,
excellent agreement can be found both for the filling time
and the strength of the accelerating gradient.

RESULTS AND DISCUSSION

CLIC’s novel acceleration scheme is based on a 2-beam
model in which the power needed for its main beam acceleration is obtained from a drive beam deceleration [8].
The PETS are passive structures where CLIC’s drive beam
decelerates due to the pure beam loading effect.
The energy distribution resulting from the tracking of the
drive beam is shown in Fig. 2. In this simulation, being
the PETS passive structures, the beam loading effect has
simply been added to an element of type “drift”. It can be
seen how a transient response leads to a non-homogeneous
energy distribution between bunches.

The performance of the new RF-Track collective effect
has been assessed by studying the beam-loading implementation in CLIC’s main beam accelerating structure (CLIC
AS) and CLIC’s Power Extraction and Transfer Structures
(PETS). The parameters used for both simulations are shown
in Table 1.
Table 1: Structure and beam specifications [2, 8, 9]
Magnitude

Unit

CLIC AS

PETS

𝜌average
𝑄 average
𝑣 𝑔,average
𝑓0
𝑓0 / 𝑓 𝑏
𝑁bunches
𝜎
⟨𝐼⟩
𝐸0
𝑡0
𝐿 total

Ω/m
%𝑐
GHz
mm/𝑐
A
MeV
ns
mm

16178
5636
1.21
11.9936
6
312.0
0.3
1.20
0
213

2294.0
7200
45.3
11.9936
1
2930
1.0
101
2400
0
211

CLIC Accelerating Structure
The beam-induced gradient for CLIC AS has been calculated and its superposition with an inital gradient of 120
MV/m is shown in Fig. 1.

CLIC Power Extraction and Transfer Structures

Figure 2: Energy distribution after the deceleration of a train
of bunches at the PETS (see Table 1).
The minimum energy reached per bunch is 241.6 MeV,
which differs a 0.67% with respect to reference [9]. Moreover, stabilization occurs at the 11th bunch in both studies,
which confirms the good agreement between the filling times.

CONCLUSIONS & OUTLOOK

Figure 1: Time evolution of 𝐺 eff for CLIC AS. The left plot
corresponds to the results exposed in [2]. The right plot
shows beam-loaded field calculated with RF-Track.
It can be seen that, as the beam enters the structure, there
is a transient response of the cavities, and a decelerating
gradient is created which translates into a decrease of the
available accelerating gradient. This stabilizes at a filling
time 𝑡 𝑓 when the steady state is reached.
Such filling time corresponds to the time that it takes the
excitation of the first cell to propagate through the structure:
∫ 𝐿total
d𝑧
𝑡𝑓 =
= 62.2 ns
(15)
𝑣 𝑔 (𝑧)
0
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Starting from basic principles, the response of accelerating cavities to beam loading has been modelled in a selfconsistent way, and a generic PDE has been proposed. For
the ultrarelativistic case, its linearity shows that this effect
can be superposed to the already existing fields. A module
has been developed in RF-Track with fast computation times
and it has shown excellent performance in two different cases.
This opens new simulation scenarios for high-intensity machines, including Energy-Recovery Linacs and others.
The present RF-Track feature will be upgraded to solve Eq.
(10) for relativistic bunches so that electron photo-injectors
can be studied, among other accelerating structures.
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Abstract
The CompactLight collaboration designed a compact and
cost-effective hard X-ray FEL facility, complemented by a
soft X-ray option, based on X-band acceleration, capable
of operating at 1 kHz pulse repetition rate. In this paper,
we present a new simple start-to-end optimisation strategy
that is developed for the CompactLight accelerator beamline, focusing on the hard X-ray mode. The optimisation is
divided into two steps. The first step improves the electron
beam quality that finally leads to a better FEL performance
by optimising the major parameters of the beamline. The
second step provides matched twiss parameters for the FEL
undulator by tuning the matching quadrupoles at the end
of the accelerator beamline. A single objective optimisation method, with different objective functions, is used to
optimise the performance. The sensitivity of the results to
jitters is also minimised by including their effects in the final
objective function.

INTRODUCTION

1. A SXR FEL light source with wavelengths ranging
from 5.0 nm to 0.6 nm (0.25 keV to 2 keV) with up to
1 kHz repetition rate.
2. A HXR FEL light source with wavelengths ranging
from 0.6 nm to 0.08 nm (2 keV to 16 keV) with maximum 100 Hz repetition rate.
yongke.zhao@cern.ch
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Table 1: Main Parameters of the CompactLight FEL
Parameter

As the fourth and latest generation of synchrotron light
source, free-electron-laser (FEL), can produce extremely
high brightness radiation, based on linear electron accelerators and undulators. The CompactLight collaboration
designed an X-ray FEL facility that is innovative, compact
and cost effective, and recently published the Conceptual
Design Report (CDR) [1]. In order to significantly reduce
the cost and increase the efficiency of the facility, the design aims to bring together recent advances in many of the
important technical systems that make up an X-ray FEL.
To meet the requirements from the user community that
spreads across a multitude of scientific and engineering disciplines, the facility is supposed to be operated with a large
flexibility, with different combinations of soft X-ray (SXR)
and hard X-ray (HXR) operating modes, at high and low
repetition rates. Two separate FEL beamlines are developed
for this purpose:

∗

The configuration and operation of the CompactLight FEL
are proposed in three stages, including a baseline option and
two upgrade options. The baseline configuration satisfies the
majority of the user requirements, being able to generate two
synchronised photon pulses in Self-Amplified Spontaneous
Emission (SASE) mode [2], with either 250 Hz SXR or
100 Hz HXR. Upgrade-1 increases the SXR repetition rate
to 1 kHz by using additional klystron power supplies for the
accelerating structures while the average RF power is kept
constant. Upgrade-2 allows the simultaneous generation of
SXR and HXR FEL pulses at 100 Hz.
The required main parameters of the CompactLight FEL
are summarised in Table 1. To achieve a good FEL performance and simplify the FEL design, some extra requirements are also considered in the optimisation, such as small
transverse shears or offsets (in 𝑥, 𝑦, 𝑥 ′ , 𝑦 ′ ) so that the beam
centroid is steered on longitudinal axis.

Unit

SXR

HXR

Electrons
Beam energy
GeV 0.97–1.95 2.75–5.5
Peak current (minimum)
kA
0.35–0.925 1.5–5
RMS sliced energy spread
%
0.02
0.01
RMS sliced emittance
mm·mrad
0.2
Bunch charge
pC
75
Photons
Photon energy
Wavelength
Repetition rate

keV
nm
Hz

0.25–2
2–16
5–0.6 0.6–0.08
250–1000 100

This report presents an optimisation of the accelerator
beamline for the HXR mode at the highest beam energy of
5.5 GeV. The beamline to be optimised is displayed in Fig. 1.

Figure 1: Schematic layout of the beamline to be optimised.
LN0 is Linac-0, consisting of 6 C-band structures, located
downstream of a laser heater (LH) and upstream of a K-band
lineariser. BC1 and BC2 are magnetic bunch compressors.
LN1–3 are Linac-1 to Linac-3, all composed of X-band structures. The designed input beam energy for the optimised
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beamline is ∼120 MeV. TMC is a timing chicane followed
by the FEL undulators.
Octave [3], RF-Track [4] and PLACET [5] are used for the
start-to-end simulation and optimisation. The same configuration and simulation code are used as in the CDR, which
has already been preliminarily optimised in ELEGANT [6].
The simulation also takes into consideration the full 6D particle tracking, the space charge effects, coherent synchrotron
radiation (CSR) in the bunch compressors, the wakefield effects in the RF linacs and the chromatic effects. We used the
“Nelder-Mead simplex method” [7] as the optimisation algorithm, which is a single objective optimisation method in a
multi-dimensional space and is named as the “Fminsearch”
function in Octave. Therefore, to fulfill all the requirements,
different objective functions are defined and combined into
one, which is minimised by the optimisation.

OPTIMISATION STRATEGY
The final objective function used in the optimisation is
defined as the quadratic mean (𝑀2 ) of different “separate”
objective functions:
v
t 𝑛 2
∑︁ 𝑓
𝑖
𝐹=
,
(1)
𝑛
𝑖=1
where, 𝑛 is the number of objectives required in the optimisation, and 𝑓𝑖 (𝑖 = 1, 2, ..., 𝑛) represents the “separate”
objective functions defined for different FEL requirements.
The objective functions that are minimised in the optimisation are defined as follows:
1. Energy: 𝑓 = 30 · |Δ𝐸 |/GeV (if Δ𝐸 ≤ 0) or 20 · Δ𝐸/GeV
(if Δ𝐸 > 0), where Δ𝐸 = ⟨𝐸⟩ − 5.5 GeV is the difference between the mean energy, ⟨𝐸⟩, of simulated
electrons and the required energy 5.5 GeV.
2. Peak current: 𝑓 = 4 · |Δ𝐼peak |/kA (if |Δ𝐼peak | ≤ 0.5 kA)
or 6 · |Δ𝐼peak |/kA (if |Δ𝐼peak | > 0.5 kA), where Δ𝐼peak =
𝐼peak − 5 kA is the difference between the peak current
of simulated electrons and the required value 5 kA. The
peak current is defined as the mean value of the current
at the plateau of the sliced distribution.
3. Flat-top: 𝑓 = 12 · 𝜎𝐼sliced /⟨𝐼 sliced ⟩, where 𝐼 sliced is the
sliced current at full bunch length. The flat-top or linearised current profile is required such that a maximum
number of electrons contribute to the FEL lasing and
achieves the maximum FEL brightness. Usually the
“Kurtosis” function can be used as the objective function (for example, kurtosis = 1.8 corresponds to a uniform distribution in Octave), but it is found not always
to be the case in our study, especially when the bunch
is only partially linearised. Therefore a more robust
objective function based on the sliced current or bunch
charge is used.
4. Energy spread: 𝑓 = max{0, 1.2 × 104 · Δ 𝜎𝐸𝐸 }, where
Δ 𝜎𝐸𝐸 = 𝜎𝐸𝐸 −0.01% is the difference between the sliced

energy spread of simulated electrons and the required
value 0.01%.
5. Emittance: 𝑓 = max{0, 25·Δ𝜖 𝑥,𝑦 /(mm·mrad)}, where
Δ𝜖 𝑥,𝑦 = 𝜖 𝑥,𝑦 − 0.15 mm·mrad is the difference between
the transverse normalised RMS emittance of simulated
electrons and the required value 0.15 mm·mrad, which
is taken to be an approximation of the input emittance,
such that the emittance growth is minimised.
6. Small transverse shear or offset: 𝑓 = 0.4 · ⟨|𝛿sliced
𝑥,𝑦 |⟩/µm
sliced
or 0.4 · ⟨|𝛿sliced
|⟩/µrad,
where
𝛿
is
the
sliced
′
′
′
′
𝑥 ,𝑦
𝑥,𝑦,𝑥 ,𝑦
transverse beam centroid offset.
The objective functions are defined such that the optimised
function values are not much higher than 1 if all requirements
are fulfilled, and smaller function values always mean better
optimisation results. The number of slices is 100, given
that 100,000 electrons are simulated. In addition to the FEL
requirements mentioned above, the twiss parameters of the
bunch at the end of the beamline need to be matched to
the FEL section precisely. Such a requirement is taken into
account by combining an additional objective function in a
similar way as other requirements, which is defined properly
to minimise the difference in twiss parameters.
In case of jitter sensitivity optimisation, jitters are taken
into account by extending the final objective function to:
±𝜎𝑚
𝐹 = ⟨[2 · 𝐹0 , ⟨[𝐹1±𝜎1 , 𝐹2±𝜎2 , ..., 𝐹𝑚
]⟩]⟩ ,

where 𝐹0 is the objective function for a nominal run, and
𝐹1 , 𝐹2 , ..., 𝐹𝑚 are for jittered runs. To simplify the optimisation, 2 jittered runs are considered for each source of jitter
with ±1𝜎 variations, where 𝜎 is the RMS jitter error. The
jitters considered in this report include: charge variation
with 𝜎 = 2%, timing error with 𝜎 = 25 fs, RF gradient error
with 𝜎 = 4%, RF phase error with 𝜎 = 0.05 ◦ . The jittered
function is defined such that the optimisation is dominated
by the nominal run but also significantly affected by jitters.
The optimisation is mainly divided into two steps, for
either a nominal optimisation or jitter sensitivity optimisation. The first step focuses on the beam quality or FEL
performance optimisation by removing the final matching
section from the beamline which is located downstream of
the TMC. The twiss matching is therefore not considered in
the first step. The second step focuses on the twiss matching to the FEL section by optimising only the quadrupoles
in the final matching section. This is due to the fact that
the twiss parameter matching is required to be precise and
therefore donimates the optimisation. The free parameters
used in the optimisation include the dipole bending angles,
quadrupole strengths and distances between quadrupoles of
the matching sections.

OPTIMISATION RESULTS
The optimisation of the beamline improves the electron
beam quality and the FEL performance, especially in transverse phase spaces. The normalised beam emittance growth
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is reduced from 0.06 mm·mrad (43%) and 0.01 mm·mrad
(7%) to 0.02 mm·mrad (14%) and 0, in horizontal and vertical planes respectively. The beam size and beam centroid
offsets along the beamline axis are also reduced significantly,
as presented in Fig. 2. The jitter sensitivity is also reduced
after the optimisation, especially in transverse phase spaces.
With 1000 random jittered runs, the RMS fluctuation of
the horizontal beam emittance and beam center offset are
reduced from 22.5 µm·mrad and 2.74 µm to 16.8 µm·mrad
and 1.56 µm, respectively.

Figure 3: Comparison of FEL pulse energy as a function
of the distance through the undulator. Bunch 1: before
optimisation. Bunch 2: after optimisation. The shot noise
realisations are shown in light colors, while the average
values are shown in dark colors.

Figure 2: Comparison of electron bunches in transverse
phase spaces. Left: before optimisation. Right: after optimisation.
Nominal distributions, before and after optimisation, are
imported into the FEL code Genesis 1.3 (v4) [8]. Centroids
in 𝑥 and 𝑥 ′ are steered onto the undulator axis. For each
distribution, 50 independent FEL simulations are performed
with different shot noise seeds. After optimisation, the averaged FEL pulse energy at saturation, which is achieved
approximately at a distance through the undulator of 27 m,
is increased by about 10%, as shown in Fig. 3. The fainter
blue and red lines show the individual simulations for Bunch
1 (before optimisation) and Bunch 2 (after optimisation),
while the darker lines show the averaged values. Figure 4
shows the characteristic increase in fluctuations as the FEL
power develops, then reduction towards saturation [9]. It is
seen that the stability of the SASE output is improved after
optimisation, with the RMS fluctuation reduced by about
20% at saturation. The reason for this is thought to be that
the shot-to-shot stability for SASE is inversely proportional
to the square root of number of SASE spikes, and after optimisation the FEL pulse length is longer so that there are
more SASE spikes.
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Figure 4: Comparison of FEL pulse energy stability as a
function of the distance through the undulator. Bunch 1:
before optimisation. Bunch 2: after optimisation.

SUMMARY
A start-to-end optimisation strategy is developed for the
CompactLight accelerator beamline, which is divided into
two steps, with the first step focused on the electron beam
quality improvement, while the second step focused on the
matching to the FEL section. Different objective functions
are defined properly for different FEL requirements, and
are finally combined into a single function which is then
minimised in the optimisation. The sensitivity of the results
to jitters is also minimised with an extension of the final
objective function. Optimisation results are presented for
the hard X-ray mode and show significant improvements in
beam quality, jitter sensitivity and FEL performance.
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Abstract
(P3

The PSI Positron Production project
or P-cubed) is a
demonstrator for a novel positron source for FCC-ee. The
high current requirements of future colliders can be compromised by the extremely high positron emittance at the
production target and consequent poor capture and transport
to the damping ring. However, recent advances in hightemperature superconductors allow for a highly efficient
matching of such an emittance through the use a solenoid
around the target delivering a field over 10 T on-axis. Moreover, the emittance of the matched positron beam can be
contained through large aperture RF cavities surrounded
by a multi-Tesla field generated by conventional superconducting solenoids, where simulations estimate a yield higher
by one order of magnitude with respect to the state-of-theart. The goal of P3 is to demonstrate this basic principle
by implementing the aforementioned solenoids into a prototype positron source based on a 6 GeV electron beam from
the SwissFEL linac, two RF capture cavities and a beam
diagnostics section.

INTRODUCTION
The Future Circular Collider (FCC) study group published
in 2019 a Conceptual Design Report for an electron-positron
collider (FCC-ee) with a centre-of-mass energy from 90 to
365 GeV and a beam current up to 1.4 A [1]. This high current requirement depends largely upon an injector complex
(see Fig. 1) consisting of two separate sources and linacs
for electrons and positrons up to 1.54 GeV, a damping ring
(DR) to cool the positron emittance and a common linac up
to 6 GeV [2].

a similar positron source is that of the SuperKEKB factory,
allowing for 0.5 N𝑒+ /N𝑒− , based on a 3.2 GeV electron drive
beam with a bunch charge of 10 nC [4]. By contrast, the
FCC-ee injection requires yield of 1 N𝑒+ /N𝑒− at the DR,
plus a safety factor of 2 in the design [5].
The PSI Positron Production project (P3 or P-cubed) was
proposed as a demonstrator for a novel solution for the FCCee positron source and capture linac. The baseline design
of P3 (see Fig. 2) consists of an adiabatic matching device
(AMD) based on high-temperature superconducting (HTS)
solenoids surrounding the target with a max. field on-axis
of 12.7 T and two standing-wave (SW) capture RF cavities
in S-band with a large iris aperture of 20 mm radius surrounded by conventional superconducting solenoids with a
max. 1.5 T field on-axis. A beam diagnostics section will
provide the first exprerimental estimations of the positron
yield, which according to simulations is expected to improve
the SuperKEKB record by one order of magnitude.
P3 will use a 6 GeV drive electron beam generated at the
SwissFEL linac. On the one hand, SwissFEL can provide
the desired beam energy and transverse size with extreme
precision. On the other hand, due to the radioprotection
limitations at SwissFEL, the drive beams of P3 and FCC-ee
show substantial differences regarding bunch charge and
time structure (see Table 1). This results in a significantly
lower radiation load in the P3 target, excluding any thermomechanical studies from the scope of the experiment.
Table 1: Main Drive Linac Parameters
P3 (SwissFEL)

FCC-ee
Energy [GeV]
𝜎𝑥,𝑅𝑀𝑆 [mm]
𝑄 𝑏𝑢𝑛𝑐ℎ [nC]
Reptition rate [Hz]
Bunches per pulse
1 Based

0.88 - 1.171
200
2

6
0.5 - 1.0

0.20
1
1

on 5.0 - 5.5 nC requirements at booster ring and preliminary

yield estimations of 4.7 - 5.7 N𝑒+ /N𝑒− .

Figure 1: Latest proposal for the FCC-ee Injector Complex.
The principle method for positron production at FCC-ee is
based on a 6 GeV electron beam impinging a 17.5 mm-thick
(or 5𝑋0 ) amorphous W target, which generates a positron
yield around 13 N𝑒+ /N𝑒− at the target exit [3]. However, the
extremely high emittance and energy spread of the secondary
distribution can lead to poor capture rates, compromising the
yield of positrons accepted at the DR. The state-of-the art for
∗
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KEY TECHNOLOGY
HTS Adiabatic Matching Device
HTS solenoids will be used to deliver a peak on-axis field
of 12.7 T around the target in order to match the extremely
high positron emittance. This technology can lead to significantly higher yields with respect a conventional, normalconducting flux concentrator (FC) [6]. The solenoids will be
implemented with non-insulated ReBCO tape, which does
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Figure 2: Baseline design of the P3 experiment.
Table 2: Main Parameters of the SW Cavities

not require a high-temperature or high-pressure treatment,
and can be assembled in-house [7]. A reliable operation
over 20 T in the conductor at 20 - 30 ◦ K of a 4 ReBCO coil
prototype (see Fig. 3) has been demonstrated experimentally
at PSI, whithout the need of helium cooling, and showing a
great self-protection against quenching. In addition, simulation studies show no critical radioprotection issues with
the FCC-ee beam [8]. At this stage, major advances have
been made towards a technical design of the AMD for P3 ,
including of 5 HTS coils and a relatively compact cryostat
(see Fig. 3).

Parameter

Value

Length [m]
RF frequency [GHz]
Nominal gradient [MV/m]
Number of cells
𝑅/𝐿
Aperture [mm]
Mode separation (in 𝜋 mode) [MHz]
RF Pulse length [µs]
Coupling factor

1.2
2.9988
18
21
13.9 MΩ/ m
40
5.3
3
2

BEAM DYNAMICS

Figure 3: AMD cryostat (left) and HTS demonstrator (right).

Figure 4 shows the P3 beam simulated with ASTRA [9]
according to the reference working point, where experiment
parameters have been optimized to provide a maximum yield
of 8 N𝑒+ /N𝑒− at the DR1 . The key techniques to obtain this
high yield are elucidated below.

S-band, SW Cavities

Emittance Matching and Containment

The capture of secondary positrons into stable RF buckets is provided by two SW RF cavities in S-band, the main
parameters of which are shown in Table 2. The SW design
allows for a large aperture of 20 mm radius and a good RF
efficiency without the need of a pulse compressor. The operation in S-band was chosen based on the availability of
commercial klystrons and conventional waveguide components, instead of the L-band baseline for the FCC-ee injector.
A single klystron modulator can provide the required peak
power and RF pulse length to fill the two cavities and reach a
gradient of 18 MV/m. A waveguide coupler placed centrally
is used to increase the mode separation.

HTS solenoids work as an AMD, matching the positron
emittance through an adiabatically decreasing 𝐵 𝑧 profile.
The matching power is maximized with the remarkably
high magnetic strength (12.7 T), which leads to a significantly better yield with respect to conventional solutions
(see Refs. [6, 10]). In order to contain such emittance and
avoid beam explosion, a strong and flat magnetic channel
around the RF cavities is applied. Simulation studies show a
great impact of the field strength and flatness: first, normalconducting solenoids at 0.4 T would imply a factor 3 reduction of the capture efficiency as compared to the 1.5 T
superconducting scheme; in addition, Figs. 4g and 4e show
how small variations in the magnetic field profile cause significant positron losses. These losses tend to decrease after
a few RF cavities as the beam energy increases, and the
emittance reaches a stable value. The P3 simulations show a
capture efficiency rate of 76% and an RMS emittance around
15 000 π · mm · mrad after the second cavity.

Superconducting Solenoids around RF Cavities
The use of NbTi, a conventional low-temperature superconductor, remains the preferred technology the solenoids
around the RF cavities. A concept design for this superconducting solution is depicted in Fig. 2, where the goal is
to generate a flat, 1.5 T field on-axis, as shown in Fig. 4g.
However, the feasibility and cost-effectiveness of NbTi is
under study, and the use of normal-conducting solenoids
providing a 0.4 T field on-axis is still under consideration.

1

Yield at DR is estimated by simulating the beam to 200 MeV (10 Cavities)
and applying an analytical transformation of the longitudinal plane to
1.54 GeV and a rectangular filter of ±3.8 % in energy and ±𝜆 /2 in z
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Figure 4: Longitudinal profile of P3 beam at z = 2.85 m a to c) and evolution of main parameters (d to g).

Bunching by Deceleration
Due to the extremely high energy spread at the source, the
beam is non-relativistic over the first RF cells, which allows
for bunching through RF deceleration [11]. Simulations
show that yield is maximized through partial deceleration
over the first cavity and on-crest acceleration over the second
(see Fig. 4d). This working point leads positrons to bunch
around the second bucket (see Fig 4a).

BEAM DIAGNOSTICS
Broadband Pick-ups
Broadband pick-ups (BBPs) placed after the second RF
cavity can provide a high resolution measurement of the
time structure of the beam that would allow to distinguish
consecutive electron and positron bunches [12].

Faraday Cups
As seen in Fig. 2, electrons and positrons will be separated by a spectrometer and dumped into independent Faraday cups that will provide a charge measurement integrated
over many bunches. In pursuit of a compact design, these
faraday cups are implemented through a 25 Ω coaxial layout,
matched to the standard 50 Ω through two parallel coaxial
guides. Due to the significant losses in the spectrometer
walls and the rather small size of the faraday cups, only 68%
and 65% of captured positrons and electrons are eventually
measured.

Narrow Charge Detector
The spectrum of the longitudinal momentum (𝑝 𝑧 ) of the
beam can be measured through varying the spectrometer
field strength and placing a screen of narrow width within
the vacuum chamber. The obtained distribution of measurements can be transformed into a histogram of 𝑝 𝑧 by
applying the magnetic rigidity law. The optimum position
(x = -350 mm, z = 3800 mm) of the charge detector has been
determined and preliminary simulations show an accurate
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reconstruction of the 𝑝 𝑧 spectrum through a scan up to 0.3 T
of the dipole field. The technology of the detector is still
under discussion.

CONCLUSION
Major advances have been made regarding the development of P3 . On the one hand, the highly advanced design
stage allows to initiate the material purchase of the RF cavities and the AMD. Regarding the latter, a reliable operation
of HTS solenoids at fields above the P3 requirements on-axis
has been demonstrated and no prohibitive radiation protection issues have been found [8]. On the other hand, while
the technology of the solenoids around the RF cavities is
still under discussion, superconducting (1.5 T) and normal
conducting (0.4 T) options have been studied, the first being
the baseline option due to the outstanding capture efficiency
provided. The same conclusion applies to the beam diagnostics section, where despite absence of a final technological
choice, preliminary simulations show a reliable performance
of the arrangement of BBPs, two faraday cups and a narrow charge detector. For all these reasons, we can conclude
that the delivery of a full technical design is feasible and
on-schedule for the next few months.
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Abstract
A test beam using a Radio Frequency Quadrupole (RFQ)
operating at 800 MHz, to accelerate a 1.5mA proton beam
to 2 MeV energy has been designed, manufactured and is
currently being commissioned at KAHVELab, Istanbul. The
beam from the microwave discharge ion source (IS) must be
matched to the RFQ via an optimized Low Energy Beam
Transport (LEBT) line. The LEBT line consists of two
solenoid magnets, two stereer magnets and a beam diagnostics station named MBOX. All the beamline compo- nents
are locally designed, simulated manufactured and tested with
local resources. The MBOX should be able to measure the
beam current and profile, as well as the beam emittance, to
ensure an accurate match between IS and RFQ. It includes
a number of diagnostic tools: a Faraday Cup, a scintillator
screen, and a pepper pot plate (PP). An analysis software is
developed and tested for the PP photo analysis. This contribution will present the proton beam- line components and
will focus on the MBOX measurements, especially on the
PP emittance analysis.
This study is supported by Istanbul University Scientific
Research Commission Project ID 33250 and TUBITAK
Project no: 119M774.

INTRODUCTION
The proton beamline at KAHVELab consists of an ion
source, a low energy beam transport (LEBT) section and a
radio frequency quadrupole (RFQ). A simplified schema of
the proton beamline can be seen in Fig. 1 [1].
The ion source consists of 3 sections: a transmission line
to transfer 2.45 GHz microwaves from magnetron to the
plasma chamber, a plasma chamber where ions are produced
and an extraction system which transfers ions from plasma
chamber to the beam line for a current of about 1.5 mA.
In this 140 cm LEBT line, there are two water-cooled
solenoid magnets with the same physical dimensions and
designs, different number of turns, two identical steerer magnets and a measurement box (MBOX). The sensors in the
MBOX are moved into and out of the beam line by means
of pneumatic motors. The solenoids are used to focus the
beam to fit into the RFQ acceptance, and steerers are used
∗

duygu17.dh@gmail.com

TUPORI17
582

Figure 1: The schematic (Top) and the picture (Bottom) for
the Proton test beam line at KAHVELab.
to direct the beam into the reference line of the RFQ. Simulation studies were carried out with DemirciPRO [2] and
in-house software in Python3 [3] to optimize the solenoid
positions and fields.
The MBOX vacuum chamber is designed and manufactured to keep the vacuum volume as small as possible, with
a wall thickness of 5 mm and a polygonal geometry of
369 × 130 × 215 mm from stainless steel alloy material.
The MBOX upper cover houses the pneumatic controls. One
can see the design of the system in Fig. 2. MBOX is used
to measure the beam profile, beam spread, and the beam
current. The Pepper Pot method is used for emittance measurement as it allows measuring beam emittance, both the
𝑋 and 𝑌 components at once, simultaneously [4].

Figure 2: LEBT line components and their positions.
The simulated data taken at the exit location of the ion
source was generated via IBSIMU program.Simulated with
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Figure 3: Simulation of ions withdrawn from plasma using
a two-electrode system (with IBSIMU).

a two-electrode system you can see Fig. 3 [5]. The beam
profiles and phase space of the data were demonstrated as in
Fig. 4) and the normalized emittance with Twiss parameters
are given in Table 1.

Figure 5: Beam spot in diagnostics station (left) and after
Sol-2 (right).

PROFILE & EMITTANCE
MEASUREMENT
The real images of the beam spots as shown in Fig. 5
were taken from the inside of the MBOX and the exit of the
LEBT line, respectively. The diameter of the beam spot was
calculated with the method of finding the FWHM and the
results are shown in Fig. 6. The simulation and measurement
results are given in Table 2.

Figure 4: Beam profile and phase space simulation graphics
at the entrance to the LEBT line [6].

Table 1: Emittance and Twiss Parameter Values
Figure 6: The analysed graphs for the real beam spot.
𝜀 𝑛 (𝜋 mm.mrad)
𝛼
𝛽 (mm /𝜋.mrad)

PlotWin

DemirciPro

Python

0.0299
-6.41
0.47

0.0297
-6.41
0.47

0.0298
-6.41
0.47

PEPPERPOT EMITTANCE
MEASUREMENT
The main components of the Pepper Pot are the pinhole
mask, a phosphorus screen, a plane mirror, and a camera
attached to the glass window. The pinhole mask is made
of a 250 um thick stainless-steel by UFOLab at Bilkent
Univ. Pinholes with a diameter of 100 um are spaced 2 mm
horizontally and vertically and cover an area of 50 × 50 mm.
To prevent thermal deformation of the pinhole mask, it
is sandwiched between two frames of 500 um thick aluminium. The phosphor screen was made in the laboratory
on 300 um thick glass with 60 × 60 mm dimensions using
fluorescent powder. The mirror was mounted at the behind
of the phosphor screen with a 45◦ angle. The image reflected
from the mirror through the glass window was taken by the
camera [7].

Table 2: Comparison of the Simulated Data Emittance and
Twiss Parameter Values

𝜀 𝑛 (𝜋 mm.mrad)
𝛼
𝛽 (mm /𝜋.mrad)
BeamSizembox
BeamSize after sol-2

Measurement

0.031
-4.5
1.33
14.8 mm
2 mm

0.0297
-18.9
2.13
15 mm
2 mm

IMAGE PROCESSING FOR EMITTANCE
MEASUREMENTS
An image processing analysing program was developed
in-house. The process for a pepper pot measurement was
done in 3 stages (as shown in Table 3). The first stage was
to take two density profiles in 𝑥 and 𝑦-directions from the
image as shown in Fig. 7. As the center locations of holes on
the plate were mechanically fixed, the mean positions of the
peaks at the profiles were assumed as the gaps’ centers on
the plate. The following step was to reconstruct transversal
phase spaces and to calculate emittance and Twiss parameters with the help of these position information. The last
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stage was the comparison of the computed essential parameters from the image and simulated data, as seen in Fig. 8.

Figure 9: The schematic of the charge measurement.

circuit is used to protect the oscilloscope device while measuring (Fig. 9). Figure 10 shows that each pulse width is 8
ms and the pulse duration is 20 ms in the image taken from
the oscilloscope. Therefore, the duty factor can be calculated
as d.f. = 8/20 = 0.4. Similarly, the instantaneous current was
0.03 mA and the average current was 0.012 mA.
Figure 7: Beam image after the pepperpot plate.

Figure 10: FC signals on the oscilloscope screen

RESULT AND OUTLOOK

Table 3: Comparison of Simulation and Image Analysis

Simulations and measurements were performed for the
20 keV proton beam. The beam profile and charge measurements from the LEBT line are consistent with their simulations. The Pepper Pot emittance calculation software results
were compatible with DemirciPRO predictions. The beam
profile measurements were taken with the handmade phosphor screens. LEBT line measurements showed that the
beam could match the RFQ [8] with the specified configurations. The RFQ [9] is being manufactured for beam tests in
late 2023.

Simulation
X-Y

Measurement
X-Y
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0.029 - 0.033
-18.9 -13.54
2.13 1.83

0.029 0.030
-6.38 -6.37
1.34 1.33
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Figure 8: Image processing for the pepper pot measurement.
The column with label A is the plots of density profiles in 𝑋
and 𝑌 directions. The mid column with label B shows the
re-constructed phase spaces in transverse directions. The
graphs at the right, label C, are the simulated transversal
phase spaces.

𝜀 𝑛 (𝜋 mm.mrad)
𝛼
𝛽 (mm /𝜋.mrad)

CHARGE MEASUREMENT
The outer cover of the Faraday container used for beam
current measurement is made of Teflon material to provide
insulation, and the inner part is made of copper. An oscilloscope is used for signal monitoring, and a voltage divider
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THE DESIGN OF THE FULL ENERGY BEAM EXPLOITATION (FEBE)
BEAMLINE ON CLARA
D. Angal-Kalinin, A. R. Bainbridge, J. K. Jones, T. H. Pacey, Y. M. Saveliev, E. W. Snedden
ASTeC, STFC Daresbury Laboratory, UK
Abstract
The CLARA facility at Daresbury Laboratory was originally designed for the study of novel FEL physics utilising
high-quality electron bunches at up to 250 MeV/c. To maximise the exploitation of the accelerator complex, a dedicated full energy beam exploitation (FEBE) beamline has
been designed and is currently being installed in a separate
vault on the CLARA accelerator. FEBE will allow the use
of high charge (up to 250 pC), moderate energy (up to
250 MeV), electron bunches for a wide variety of accelerator applications critical to ongoing accelerator development in the UK and international communities. The facility
consists of a shielded enclosure, accessible during beam
running in CLARA, with two very large experimental
chambers compatible with a wide range of experimental
proposals. High-power laser beams (up to 100 TW) will be
available for electron-beam interactions in the first chamber, and there are concrete plans for a wide variety of advanced diagnostics (including a high-field permanent magnet spectrometer and dielectric longitudinal streaker), essential for multiple experimental paradigms, in the second
chamber. FEBE will be commissioned in 2024.

INTRODUCTION
The Compact Linear Accelerator for Research and Applications (CLARA) is an ultra-bright electron beam test
facility being developed at STFC Daresbury Laboratory.
CLARA has been designed to test advanced Free Electron
Laser (FEL) schemes that could be later implemented on
existing and future short wavelength FELs, such as a UK
XFEL.
CLARA is being constructed in stages: Phase 1 was
completed in 2018 and consisted of the CLARA Front End:
electron bunch production at 50 MeV, 100 pC at 10 Hz.
Bunch charge up to 250 pC was achieved from the upgraded gun at 10 Hz with a hybrid Cu-photocathode. Design and commissioning of the CLARA Front End is detailed in Reference [1]. Phase 2 is currently under construction, and elevates the beam to 250 MeV/c, 250 pC at
100 Hz. A novel 100 Hz photo-injector gun [2] is currently
being commissioned on the Versatile Electron Linear Accelerator (VELA)[3], situated adjacent to CLARA, and
will be swapped over to the CLARA line when fully characterised. Phase 3 will allow installation of an FEL, seeding laser and modulators along with associated photon diagnostics. Phase 3 of CLARA is not yet funded.
During the construction of CLARA, in Phases 1 and 2,
access to electron beams at ~35 MeV/c was made available
to users from academia and industry. This enabled the testing of novel concepts and ideas in a wide range of disciplines, including development of advanced accelerator
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technology, beam diagnostics, medical applications and
novel particle beam acceleration and deflection concepts
[4]. Based on increasing user demand for access to the
CLARA high brightness electron beam, a decision was
made to design and build a dedicated beamline for user applications at the full CLARA beam momentum of
250 MeV/c.
The FEBE beamline is being built to transport
250 MeV/c beam to a dedicated hutch area, containing two
experimental chambers, for user access. As a key component of the design, the hutch will be accessible without
switching off the accelerator, allowing users to set up and
access their experiments as required. The total beam power
within the hutch is limited to ~6 W, which offers sufficient
flexibility with available bunch charge (maximum 250 pC),
bunch repetition rate (maximum 100 Hz) and beam momentum (up to 250 MeV/c).
The interaction of high-quality electron bunches with
high instantaneous power laser light (>100 TW) is foreseen
as a key component of the FEBE beamline exploitation,
and will enable research in novel acceleration areas including LWFA, PWFA and dielectric laser acceleration (DLA).
Beams accelerated inside the hutch can be accommodated
up to 2 GeV/c.

FEBE DESIGN
The top-level overview of the CLARA and FEBE beamlines is shown in Fig. 1. The FEBE experiment hutch is a
large (10x5.4x3m3), shielded, and versatile area for performing electron beam exploitation experiments. Within
the hutch, the beam transport is designed to deliver a strong
focusing interaction point (IP) at two locations. Each IP is
located within a large-volume (~2 m3) vacuum experiment
chamber.
A double-IP design is used to enable flexibility in experimental design and implementation, with most experiments
having experimental apparatus situated in the first FEBE
experimental chamber (FEC1) and diagnostics and other
monitoring equipment situated in the second chamber
(FEC2). A high power laser co-propagates with the electron
beam to a common focus (IP1) in FEC1, with this capability included through a dedicated laser mirror box chamber
(FMBOX1) upstream of the first experiment chamber, and
a second mirror box (FMBOX2) between chambers to extract the laser following interaction.
The experimental hutch is connected to the main
CLARA accelerator using a series of FODO arc cell structures optimised for minimal CSR emittance growth. The
FEBE transverse offset is achieved using four 14° dipoles,
which enables both sufficient space for an FEL seeding chicane, and fits within the existing CLARA shielding.
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Figure 1: Overview of the CLARA and FEBE beamlines. The proposed CLARA FEL location is highlighted in red.
This solution leads to a strong focusing, non-isochronous arc with large natural 2nd-order longitudinal dispersion, requiring correction by sextupoles located at points of
high dispersion. A post-hutch transport line is designed to
provide transport to the beam dump, whilst also providing
energy spectrometry of the electron beam(s). A 20° dipole
magnet is used to bend the beam through to a large aperture
YAG for beam imaging. The nominal beam momentum for
the FEBE experimental hutch is 250 MeV/c. However, it is
envisaged that some experiments, such as novel acceleration techniques, may produce beams of higher momenta.
To allow for the possibility of transporting such beams, all
of the post-FEC1 IP magnets are specified for beam momenta up to 600 MeV/c which allows for high energy beam
transport to the spectrometer and momentum measurements using the dump YAG station. Higher energy beam
spectrometry measurements (up to 2 GeV/c) are also possible in FEC2 using a dedicated PM spectrometer. Bunch
properties at the FEC1 IP are expected to achieve >4 kA
peak current with transverse spot-sizes of ~20 µm or less
at 250 pC. Standard beam operation modes for different experiment classes are currently being refined, and for some
modes additional permanent-magnet quadrupoles may be
installed in-chamber for plasma-cell matching etc.

FEBE DIAGNOSTICS
FEBE Arc

transformer is located in the final straight for bunch charge
measurement before the experimental hutch.
The CTR-based diagnostic will provide an online bunch
compression monitor (BCM) by simply collecting and
measuring the CTR pulse energy with a pyroelectric detector; it can be extended later to include spectral characterisation and bunch length estimation. Both a solid disc CTR
target and a target with a small clear aperture in the centre
will allow for non-destructive online monitoring using coherent diffraction radiation (CDR).

Figure 2: Mask design (left) and desired energy spectrum
of the electron bunch at the position of the mask to generate
drive-/main-bunch pairs (right).

FEC2 Diagnostics
The design of FEC2 provides a great degree of flexibility
allowing addition or removal of specific diagnostic components and re-positioning of translation stages. A generic
experimental diagnostic station in FEC2 is shown schematically in Fig. 3, and consists of:
1. A bespoke broadband dielectric wakefield
streaker for measuring a wide range of bunch
lengths including ultra-short (<10fs)
2. Multiple translation stages and YAG screens for
measurement of beam optics
3. Additional space for installation of horizontal and
vertical slits for emittance measurements and
electro-optic components
Following the FEBE hutch there is an OTR station for high
resolution imaging and beam emittance measurement [5].

The arc is instrumented using two BPMs and one YAG
station per cell. The YAG station is placed at a location of
roughly symmetric transverse beta-function, simplifying
commissioning set-up. The BPMs are located directly before each YAG for cross-calibration, with a second BPM
located just prior to the dipole. One YAG station, at a point
of high dispersion, also includes a mask array, for shaping
of the bunch longitudinal distribution. Layout of the shaping mask array is shown in Fig. 2, enabling generation of a
variety of longitudinal bunch distributions:
• Drive/main bunch-pairs with variable delay,
• A single ultra-short (~fs), low charge, bunch,
• A drive bunch with a train of witness bunches.
Spectrometer Dipole
A beam arrival monitor (BAM) is located in the preFor broadband momentum spectrometry a purpose-built
hutch beamline for electron-laser timing synchronisation
and monitoring. A coherent transition radiation-based lon- PM dipole can be used in FEC2, as shown in Fig. 4.
The spectrometer dipole design mimics a traditional Cgitudinal diagnostic for relative bunch length measurement
is also included before the hutch. Each of the arc dipoles core dipole magnet allowing all beam energies to be imincludes ports for extraction of CSR. An integrated current aged simultaneously. The flux is provided by a series of
Beam dynamics, extreme beams, sources and beam related technologies
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NdFeB blocks with a Ni-Cu-Ni coating to ensure vacuum
compatibility. The magnet design gap of 20mm is chosen
as a compromise between flux and potential beam damage
from highly divergent electron bunches.

Figure 3: Proposed experimental diagnostic layout in FEC2.

Figure 4: Spectrometer with screen and cameras for wideenergy spectrometry in FEC2.
Finite element modelling in OPERA has been performed
in both 2D and 3D, achieving a uniform field of 0.72 T,
which is sufficient to achieve good performance over the
~100-2000 MeV/c momentum range. The magnet, shown
in Fig. 5, is modular in design, being split lengthwise into
up to 6 identical sections, slotted together with a series of
precision metal dowels, and allowing an alignment repeatability of ~10 um.

e.g., plasma wakefield acceleration, generating a plasma
channel or driving a plasma wake); the laser is delivered
directly to FEC1 without prior manipulation, and prepared
electron interaction in the chamber (for e.g., THz acceleration and laser-driven particle beam diagnostics).

Figure 6: Laser transport schematic in the FEBE hutch.
Laser focussing is achieved using an off-axis parabola
(OAP) in FMBOX1, along with adaptive optics components (deformable mirror, DM, and wavefront sensor, WS).
A motorized mirror within FMBOX1 can be used to bypass
the OAP and deliver laser light to FEC1 via a connecting
vacuum pipe.
Leakage through one of the transport mirrors is used to
seed online diagnostics, including the WS, which must be
placed at a conjugate plane to the DM. A separate in-air
diagnostics line includes diagnostics for pulse energy,
spectrum, and duration.
Following IP1 the laser expands before being separated
from the electron beam using a holed mirror in FMBOX2.
The laser transport is symmetric about IP1 (in FEC1) and
allows the return beam to either be dumped in FMBOX2
or transported to a second in-air diagnostics platform.
Longer-term use of FEBE may support delivery of laser
light to FEC2, to maximise use of the available area and
potentially facilitate two-pulse experiments: for example,
characterisation of novel accelerated beams using laserdriven diagnostics.

CONCLUSIONS

Figure 5: Modular permanent magnet spectrometer design
with precision metal dowels.

LASER SYSTEM
The FEBE project includes funding for a ~100 TW
Ti:Sapphire laser system. The laser transport system inside
the FEBE hutch is shown in Fig. 6 and facilitates two primary classes of experiment: laser light propagates collinear
with the electron beam to a common focus in FEC1 (for
TUPORI18
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Construction of the FEBE beamline, transporting a 250
MeV/c CLARA beam to a dedicated experimental hutch, is
under way at Daresbury Laboratory. The FEBE arc allows
for a separate shielded hutch, whilst retaining space for a
future CLARA FEL. In addition to flexibility in the upstream beamline (velocity bunching, variable bunch compressor), the FEBE arc can be used for longitudinal manipulation of CLARA bunches through beam masking. The
FEBE hutch incorporates two large experimental chambers
and transport for ~100 TW laser for laser-electron beam interactions in the first chamber, enabling a suite of novel acceleration experiments. The second chamber incorporates
novel diagnostics, such as dielectric streakers, to fully characterise post experiment beams.
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Abstract
In this paper, we present a generalised analytical framework for beam dynamics studies and lattice designs, while incorporating longitudinal acceleration of bunches of charged
particles. We study a ‘FODO-like’ scheme, whereby we have
an alternating array of focusing and defocusing quadrupoles
and study how this differs from a standard FODO lattice
due to acceleration. We present optimisation techniques to
provide quadrupole parameters, cavity lengths, and required
drift lengths under different constraints.

INTRODUCTION
In the recent decades improvements in particle accelerator technology and understanding have allowed a surge in
applications to medicine. Two areas to have benefited from
such improvements are cancer Radiotherapy and Medical
imaging [1, 2]. An important figure of merit of a single RF
cell is the shunt impedance, which wants to be maximised.
A common method to increase shunt impedance for a given
frequency is to reduce the beam aperture. The beam aperture can not be reduced indefinitely as peak surface fields,
coupling requirements and most importantly, beam losses,
limit the aperture radius. The premise of this paper is to calculate the minimum beam aperture that can be realised with
respect to beam losses in a FODO-like scheme factoring in
longitudinal acceleration. An accelerating RF cavity map is
produced to allow for longitudinal acceleration of protons.
Space-charge effects and electromagnetic field effects are
ignored. The Twiss parameter mapping matrix is redefined
to account for the increase in energy as a proton beam passes
through a cavity. The mapping matrix as a function of the
betatron phase advance, 𝜇 is also redefined to be consistent
with increasing momentum. The method implemented minimises the beta function, 𝛽, at the cavity entrance and exit
in order to maximise beam acceptance transversely.

TRANSVERSE BEAM DYNAMIC RESULTS
WITH ACCELERATION
RF Cavity Map
Consider a particle traveling along the z axis and that
𝑝 𝑥 << 𝑝 𝑧 . If the particle is given a longitudinal kick, 𝑝 𝑥
is unchanged ad 𝑝 𝑧 increases by 𝛿 𝑝 𝑧 . If it is assumed the
∗
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particle Lorentz factor, 𝛾𝑟 , increases linearly in an RF cavity
from z = 0 to z = 𝐿 𝑐𝑎𝑣 a transverse phase space map for an
RF cavity can be shown to take the form of Eq. (1)

 
1
𝑥1
=
𝑥1′
0

𝛽𝑟0
𝑙 𝑐𝑎𝑣 𝛾𝛾𝑟1𝑟0−𝛾
𝑙𝑛
𝑟0



𝛾𝑟1 𝛽𝑟1 +𝛾𝑟1
𝛾𝑟0 𝛽𝑟0 +𝛾𝑟0

𝛾𝑟0 𝛽𝑟0
𝛾𝑟1 𝛽𝑟1

!  
𝑥0
𝑥0′

(1)

where 𝛽𝑟0 /𝛽𝑟1 is the normalised longitudinal velocity of a
particle before/after the cavity. The determinant of this map
is non-unit and therefore it is non symplectic. A bunch of
particles in phase space occupying an area, A, will not be a
constant of motion along a cavity [3].
The Twiss matrix defines the evolution of the Twiss parameters [4] 𝛽, 𝛼, 𝛾 from some point in a system. The matrix
elements are strictly a function of the transfer map between
the two points. Considering a system of maps where the
only non-symplectic map is a cavity map, the Twiss matrix
takes the form of Eq. (2).
The phase advance of a beam element represents the increase in the action angle variable of a particle. Normalising
the transverse phase space ellipse using the normalising matrix will produce a phase space circle with the same area.
The phase advance can be described as the rotation angle
around the phase space circle. A transfer map of an element
can, in general, be written as a function of the phase advance.
When a cavity map is part of a beam line the total transfer
map accumulates an additional term due to acceleration and
takes the form shown in Eq. (3).

HALF-FODO CELL
The aim of this paper is to provide the quadrupole magnet
strength and length such that the beam size is minimised at
the cavity entrance for a FODO-like scheme.
The starting point of this scheme assumes that we at a
point where 𝛼 𝑥 is 0 in the x transverse direction and 𝛽 𝑥 is
at an extremal. We are free to define 𝛽 𝑥 = maximum. It is
convenient to fix the transverse y beam dynamics to be minimum at this exact point: 𝛼 𝑦 = 0, 𝛽 𝑦 = minimum. Our starting
point is therefore some point in a focusing quadrupole of
length 𝑙 𝑞1 and k-strength 𝑘 1 . We can produce the Twiss parameters at any point in a half-FODO cell, such as the cavity
entrance, as well as the Twiss parameters at the end of the
half-FODO at which point 𝛼 𝑥 = 𝛼 𝑦 = 0. A schematic of a
half-FODO cell is shown in Fig. 1.
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(2)

(3)

this and the fact det(𝑀 𝑥 ) = det(𝑀 𝑦 ) provides useful insight
into transfer map element constraints:
𝑀12 = ±𝑀34 ,

𝑀21 = ±𝑀43

𝑀11 𝑀22 = 𝑀33 𝑀44

(8)
(9)

where 𝑀 represents a (4x4) transfer map for propagating
through any odd number of half-FODO cells. We simplify
the problem by implementing the semi-thin lens approximation, which expands trigonometric and hyperbolic functions
𝑛+2 and 𝑘 𝑛 𝑙 𝑛+2 .
truncating terms of the order 𝑘 𝑛 𝑙 𝑞1
1 𝑔𝑎 𝑝
Figure 1: Schematic showing 2 half-FODO cells and the
beta functions.

where the centre modified cavity map is a cavity map
sandwiched between two drift lengths. The map is similar
to Eq. (1) with the 12 element replaced with 𝐿 𝑒 𝑓 𝑓 :


𝛾𝑟0 𝛽𝑟0
𝐿 𝑒 𝑓 𝑓 = 𝑙 𝑔𝑎 𝑝
+1 +
𝛾𝑟1 𝛽𝑟1


(4)
𝛾𝑟1 𝛽𝑟1 + 𝛾𝑟1
𝛾𝑟0 𝛽𝑟0
𝑙𝑛
𝑙 𝑐𝑎𝑣
𝛾𝑟1 − 𝛾𝑟0
𝛾𝑟0 𝛽𝑟0 + 𝛾𝑟0
The beta function at the cavity entrance in x is given
2
𝛽 𝑥𝑐0 = 𝑅11
𝛽 𝑥0 +

2
𝑅12
𝛽 𝑥0

(5)

where R is a transfer map from combining a focusing
quadrupole and drift length.
We enforce the beam size in x at the cavity entrance, 𝜎𝑥0 ,
is equal to y beam size, 𝜎𝑦1 , at the end of the half-FODO.
Requiring the beta function to increase with longitudinal
momentum, see Fig. 2.
𝛾𝑟1 𝛽𝑟1
𝛽 𝑥0 = 𝛽 𝑦1 ,
𝛾𝑟0 𝛽𝑟0

𝛾𝑟1 𝛽𝑟1
𝛽 𝑦0 = 𝛽 𝑥1
𝛾𝑟0 𝛽𝑟0

𝛽 𝑥0
𝛽 𝑦0

The constraints lead to the following requirements for a
half-FODO cell.
𝑙 𝑞1 =

(7)

The form of the Twiss parameters at the end of a halfFODO cell are found using Eq. (2). Using the results from

(10)

𝑘2

(11)

𝛾𝑟0 𝛽𝑟0
𝛾𝑟1 𝛽𝑟1

2

𝛾𝑟0 𝛽𝑟0
𝑘 1 𝑙 𝑞1 = 𝑘 2 𝑙 𝑞2
𝛾𝑟1 𝛽𝑟1

(12)

The above results also hold true if the calculation is carried
out to full order. The value of the beta functions at the start
of the half-FODO cell can be shown as:
√ √︄
𝑙 𝑞1
𝑟
𝛽 𝑥0 =
1+
(13)
𝑘 1 𝑙 𝑞1
𝐿 𝑒 𝑓 𝑓 ,1

Beam dynamics, extreme beams, sources and beam related technologies
Beam Dynamics, beam simulations, beam transport

𝛾𝑟0 𝛽𝑟0
𝑙 𝑞2
𝛾𝑟1 𝛽𝑟1

𝑘1 = 

(6)

It is useful to define the ratio of the transverse beam sizes
at any point, r, which we require stays constant at the start
and end of any half-FODO cell:
𝛽 𝑦1 𝛽 𝑥2
=
=
= ... = 𝑟
𝛽 𝑥1 𝛽 𝑦2

Figure 2: Plot displaying calculated value of 𝛽 𝑥 along
FODO-like beam line comprised of 4 FODO cells for both
accelerating and non accelerating scheme.
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1
=√
𝑟 𝑘 1 𝑙 𝑞1

√︄
1+

𝑙 𝑞1

(14)

𝐿 𝑒 𝑓 𝑓 ,1

A solution is achieved by forcing
𝑙 𝑞2,2 =

In order to find the minimum aperture possible for a given
cavity length, a form of the beta function must be found at
the start of the cavity in x, and end of the cavity in y. We
minimise 𝛽 𝑥𝑐0 (Eq. (5)) by differentiating with respect to
𝑘 1 (we can also minimise with respect to the quadrupole
length) and keeping 𝑙 𝑞1 and 𝑙 𝑔𝑎 𝑝,1 as user defined variables.
Substituting and simplifying produces a cubic in 𝑘 1 that
can be solved analytically [5] to give the lattice parameters
that minimise the beam size and keep it constant at any cavity
entrance/exit. See Fig. 3.

𝑙 𝑞1,2
𝛾𝑟0 𝛽𝑟0
𝛾𝑟1 𝛽𝑟1

and 𝐿 𝑒 𝑓 𝑓 ,2 =

𝐿 𝑒 𝑓 𝑓 ,1
𝛾𝑟0 𝛽𝑟0
𝛾𝑟1 𝛽𝑟1

This special case solution ensures 𝑙 𝑞𝑛,1 = 𝑙 𝑞𝑛,2 and sets
the maximum beam size to occur directly at the midpoint of
a quadrupole as is the case in the non-accelerating FODO
scheme. The term on the RHS can be solved by equating each
term in 𝐿 𝑒 𝑓 𝑓 (relating 𝑙 𝑔𝑎 𝑝 and 𝑙 𝑐𝑎𝑣 ) to give 𝑙 𝑐𝑎𝑣,2 , 𝑙 𝑔𝑎 𝑝,2 .
We also required that the total energy meets the design requirements. As cavity lengths are functions of previous
cavity lengths, we can sweep the first cavity length until
the sum of cavity lengths provides the correct energy gain.
When incorporating longitudinal acceleration, the value of
lattice parameters change across a FODO beam line, which
can be seen in Fig. 4.

Figure 3: Plot displaying calculated value of 𝜎 along FODOlike beam line comprised of 4 FODO cells in accelerating
scheme.

BOLTING MULTIPLE HALF-FODO CELLS
Ensuring the constraints found are met for any half-FODO
cell we can form propagating equations. We first re-define
quadrupole lengths to incorporate a second index that describes if it is the first or second half of a quadrupole magnet
𝑙 𝑞1 = 𝑙 𝑞1,2 , 𝑙 𝑞2 = 𝑙 𝑞2,1
where the second index describes which section of the
quadrupole the length describes (first or second).
As each half-FODO cell is made up of 2 half quadrupoles,
we can define the
𝑘𝑁

𝑘1 =
Π𝑖𝑁




𝛾𝑟 (𝑖−1) 𝛽𝑟 (𝑖−1) 2
𝛾𝑟𝑖 𝛽𝑟𝑖

(15)

𝛾𝑟 (𝑛−1) 𝛽𝑟 (𝑛−1)
𝑙 𝑞 (𝑛+1),1
(16)
𝛾𝑟 𝑛 𝛽𝑟 𝑛
We use the fact 𝑘 2 = 𝑘 3 ; as they are two sections of
the same quadrupole, separated into two half-FODO sections. Equation (16) tells us the relationship between the
quadrupole lengths in the 𝑛th half-FODO cell.
We now calculate the first quadrupole length in the next
half-FODO cell by re-indexing Eqs (13, 14) to describe 𝛽 𝑥1
and 𝛽 𝑦1 as functions of 𝑘 3 , 𝑘 4 , 𝑙 𝑞2,2 , 𝑙 𝑞3,1 , 𝑙 𝑐𝑎𝑣,2 , 𝑙 𝑔𝑎 𝑝,2 .
𝑙 𝑞𝑛,2 =
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Figure 4: Plot displaying how the lattice parameters vary
along a FODO beam line of multiple FODO cells.

CONCLUSION
In this paper, we present a generalised analytical framework for transverse beam dynamics studies and lattice designs incorporating longitudinal acceleration. A ‘FODOlike’ focusing scheme is studied and the quadrupole lengths
and k-strengths are calculated such that the beam size is
minimum at a cavity entrance. The Twiss beta function must
increase with longitudinal momentum in order to keep the
minimum beam size constant for any given cavity entrance.
We solve for a specific case by defining the first quadrupole
length, drift length and cavity gradient. By calculating the
𝑘 1 that minimises the beam, we can use a set of iterative
equations that define all FODO beam line parameters that
also produce the required energy gain.
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THE IMPACT OF BEAM LOADING TRANSIENTS ON THE RF SYSTEM
AND BEAM BREAKUP INSTABILITIES IN ENERGY RECOVERY LINACS
S. Setiniyaz1, 2∗ , R. Apsimon1, 2 , M. Southerby1, 2 , and P. H. Williams2
1 Engineering Department, Lancaster University, Lancaster, UK
2 Cockcroft Institute, Daresbury Laboratory, Warrington, UK
Abstract
In multi-turn Energy Recovery Linacs (ERLs), the filling pattern describes the order that which bunches are injected into the ERL ring. The filling patterns and recombination schemes together can create various beam loading
patterns/transients, which can have a big impact on the RF
system, namely the cavity fundamental mode voltage, required RF power, and beam breakup instability. In this work,
we demonstrate one can lower the cavity voltage fluctuation
and rf power consumption by carefully choosing the right
transient by using an analytical model and simulation.

INTRODUCTION
Recirculating Energy Recovery Linac (ERL) is a promising technology as it combines the high brightness of conventional linacs with the high average powers of the storage
rings. Unlike conventional linacs, the used bunches are not
deposed directly, but rather decelerated in accelerator cavities [1], and their kinetic energy (KE) is recovered as the RF
field energy of the cavities. As a result much less RF power
is required to operate the ERLs compared to conventional
linacs.
The accelerating and decelerating bunches in the multiturn ERL can be grouped differently [2] to form various beam
loading transients (or patterns) as shown in the examples
in Fig. 1. The red/blue circles are accelerated/decelerated
bunches and the number indicates their turn number. The
sub-figure (a) shows a beam loading pattern where 3 accelerated bunches are followed by 3 decelerated bunches,
while (b) shows accelerating and decelerating bunches come
alternatively. In a 6-turn (3 accelerating and 3 decelerating)
ERL, 6 bunches form a bunch packet, and many of these
packets fill up the ring.

(a)

(b)

Figure 1: Beam loading patterns: (a) {123456} and (b)
{142536}.
We will show one can minimize cavity voltage fluctuations and required RF power by carefully selecting the right
beam loading patterns [3]. Lower cavity voltage fluctuations
∗
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would improve beam stability and lower required RF power
would reduce the energy consumption of the ERL. This has
significant implications on beamline design as the beam
loading patterns are determined primarily by the beamline
topology and bunch recombination schemes.

BEAM LOADING PATTERNS
Beam loading patterns can be of two types depending
on whether the bunches change their RF buckets. Generally, bunches are injected in every 𝑥 RF cycle, and we refer
to this 𝑥 RF cycle as one RF bucket (or one intra-packet
block). If the bunches don’t change their RF buckets, the
turn order in the bunch packet changes turn by turn, and we
refer to this as the First In First Out (FIFO) scheme. In this
scheme, bunches are injected into different RF buckets in
every turn, which would require a complicated bunch injector with variable injection intervals. Currently, ERLs use
various recombinations to maneuver the bunches between
different RF buckets to maintain the bunch orders so we will
refer to this as Sequence Preserving (SP) scheme. Recombination is achieved through path-length-differences to delay
bunches differently, as can be seen in Fig. 1.
For FIFO schemes, the beam loading pattern changes
turn by turn, so it is convenient to describe FIFO schemes
by their filling pattern, which describes their filling order.
We will use square brackets to indicate filling patterns. For
example, filling pattern [123456] would describe the 1st
bunch is injected to the 1st RF bucket, 2nd bunch is injected
to the 2nd bucket, and so on so forth. Filling pattern [142536]
would describe the 1st bunch is injected to the 1st RF bucket,
2nd bunch is injected to the 3rd bucket, and so on so forth. The
number in the bracket is the bunch number, which describes
the injection order. The index in the bracket is the RF bucket
number.
In SP patterns, however, it is convenient to use beam
loading patterns to describe them as the beam loading pattern
does not change. We will use curly brackets to indicate
beam loading patterns. For example, beam loading pattern
{142536} would describe the 1st bunch passing through the
cavity is at the 1st turn, the 2nd bunch is at 4th turn, and so on
so forth. The number in the bracket is a bunch turn number,
which describes the injection order. The index in the bracket
is the RF bucket number.
If we call 1st bunch’s RF bucket as the 1st RF bucket,
for a 𝑁-turn (𝑁/2 up and 𝑁/2 down turns) ERL, there are
(𝑁 − 1)! permutations of patterns. Therefore, there are 120
FIFO filling patterns and SP beam loading patterns for a
6-turn ERL. The pattern number 𝑖 is used to indicate 120
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Table 1: Simulation Parameters
Machine Parameters
bunch charge 𝑞 𝑏𝑢𝑛𝑐ℎ
RF cycles per bucket
bunches per packet
number of bunch packets
circumference
revolution time
number of turns tracked
tracking time duration
Cavity Parameters
cavity voltage (𝑉0 )
R/Q
RF frequency
LLRF Parameters
latency
digital sampling rate
closed-loop bandwidth
proportional controller gain 𝐺 𝑝
integral controller gain 𝐺 𝑖
maximum amplifier power

Figure 2: Cavity voltage fluctuations by different beam loading patterns.
permutations of [2 3 4 5 6] and related to the filling pattern
𝐹𝑖 as
𝐹1 = [1 2 3 4 5 6],
𝐹2 = [1 2 3 4 6 5],
..
.

(1)

𝐹120 = [1 6 5 4 3 2].
Similar naming convention also applies to the beam loading
pattern 𝑃𝑖 .

value
18.4 nC
10
6
20
360 m
1.2 µs
96
121 µs
18.7 MV
400
1 GHz
1 µs
40 MHz
2.5 MHz
1000
1
800 kW

BEAM LOADING
The accelerated bunches take energy away from the cavity and lower cavity voltage, and conversely, decelerating
bunches increase cavity voltage. As each packet has equal
numbers of accelerating and decelerating bunches, the net
beam loading effect of all packets is zero. However, the
cavity voltage fluctuation within a packet can vastly differ
depending on the patterns, as shown in Fig. 2. The {123456}
pattern has larger cavity fluctuation than {142536} as it has
3 consecutive bunches taking energy from adding energy
to the cavity. The RF power required can also be pattern
dependent, but the interaction between cavity voltage and RF
system is more complicated as it contains feedback between
the two and needs to be studied by beam loading simulations.
The stored RF energy 𝑈𝑠𝑡𝑜𝑟 𝑒𝑑 in the cavity is
𝑈𝑠𝑡𝑜𝑟 𝑒𝑑 =

2
𝑉𝑐𝑎𝑣
 ,
𝑅
𝜔 𝑄

(2)

2𝑉𝑐𝑎𝑣 𝛿𝑉𝑐𝑎𝑣
 
= −𝑞 𝑏𝑢𝑛𝑐ℎ𝑉𝑐𝑎𝑣 cos (𝜙).
𝑅
𝜔 𝑄

(3)

Therefore, the change in cavity voltage from beam loading
is given as
𝛿𝑉𝑐𝑎𝑣

 
𝑞 𝑏𝑢𝑛𝑐ℎ
𝑅
=−
𝜔
cos (𝜙),
2
𝑄

Figure 3: Cavity voltage (a) and average amplifier power (b)
with (w/ FF) and without (w/o FF) feed forward.
The cavity voltage is expressed with a complex number,
where the real part is the electric field and the imaginary
part is a magnetic field. Therefore, 𝛿𝑉𝑐𝑎𝑣 is added to the
real part of the RF field. When 𝜙 = 0, the cavity accelerates
the bunches and 𝑉𝑐𝑎𝑣 drops. Conversely, when 𝜙 = 90◦ , the
cavity decelerates bunches, and hence its voltage increases.

(4)

Setup
The simulation parameters are shown in Table 1 for a
6-turn ERL. A high bunch charge is used to accentuate the
beam loading effect.

Simulation Results
RF Control System With and Without Feed Forward
Simulation results with and without feed forward are given
in Fig. 3 for all SP patterns. The cavity voltage fluctuations 𝜎𝑉𝑐𝑎𝑣 and amplifier power 𝑃 𝑎𝑚 𝑝 are smaller with feed
forward.
We plotted the cavity voltage and amplifier power for
pattern number 51 with and without feed forward in Fig. 4.
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(b)

SIMULATION

𝑅
with 𝑉𝑐𝑎𝑣 being the cavity voltage and 𝑄
being the shunt
impedance of the cavity divided by its Q-factor. The change
in stored energy from a particle bunch passing through at
phase 𝜙 is

𝛿𝑈𝑠𝑡𝑜𝑟 𝑒𝑑 =

(a)
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Figure 6: Comparison of pattern number 1 and 51. (a) and
(c) are cavity voltages and (b) and (d) are average amplifier
powers.

Figure 4: Simulation results with and without feed forward
pattern number 51. (a) and (c) are Cavity voltages. (b) and
(d) are amplifier powers.
Figure 7: BBU frequency scan results. (a) I𝑡 ℎ as a function
of HOM frequency for different patterns. (b) I𝑡 ℎ,𝑎𝑣𝑒 of 120
patterns.

BEAM BREAKUP INSTABILITIES
(a)

(b)

Figure 5: Comparison of SP and FIFO patterns: (a) cavity
voltage and (b) average amplifier power.
The initial cavity voltage 𝑉𝑐𝑎𝑣,0 is 18.7 MV. As can be seen,
without feed forward any deviation from this voltage would
be treated as noise and the LLRF system will be triggered to
react, which causes the amplifier power to fluctuate. The feed
forward takes the beam loading into account, so it will not
trigger the LLRF. Without feed forward, the cavity voltage
needs to center around 18.7 MV.
FIFO vs SP Simulation results of the SP and FIFO
patterns are given in Fig. 5. Feed forward is used in both.
The SP patterns are superior as it has lower cavity voltage
fluctuations 𝜎𝑉𝑐𝑎𝑣 and require much less amplifier power
𝑃 𝑎𝑚 𝑝 .

Pattern Dependence
We also observe the cavity voltage and amplifier power
are pattern dependent in Fig. 5. We selected two patterns
(number 1 and 51) plotted their 𝑉𝑐𝑎𝑣 and 𝑃 𝑎𝑚 𝑝 in Fig. 6.
We used feed forward and SP patterns. Pattern number 51 is
superior as it has lower cavity voltage fluctuations 𝜎𝑉𝑐𝑎𝑣 and
requires less amplifier power 𝑃 𝑎𝑚 𝑝 . As can be seen, pattern
number 1 has a bunch sequence of {123456} and thus has a
3-up-3-down beam loading pattern. Pattern number 51 has
a bunch sequence of {142536} and thus has a 1-up-1-down
beam loading pattern. Therefore, pattern 51 has lower cavity
voltage fluctuation and it also required a little less power.
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In our Beam Breakup Instabilities (BBU) studies, we observed beam loading pattern dependence of BBU threshold
currents (I𝑡 ℎ ), as can be seen from Fig. 7. I𝑡 ℎ is a quasiperiodic function of the frequency, so we have scanned 1
period around a High Order Mode (HOM) frequency of
2.106 GHz, as shown in the sub-figure (a). Then the averages of the I𝑡 ℎ over the 1 period I𝑡 ℎ,𝑎𝑣𝑒 for 120 beam loading
patterns are given in the sub-figure (b). A significant difference (factor of 6) is observed between best (pattern# 45) and
worst (pattern# 94) patterns.

CONCLUSION
The ERL filling and beam loading patterns have big impacts on the cavity voltage and RF power. Our simulations
showed in ERLs cavity voltage fluctuation and amplifier
power consumption can be lowered by using: (1) LLRF
system with feed forward; and (2) best SP beam loading
patterns. The BBU threshold current of the ERLs is also
pattern dependent and one can increase the threshold current significantly by choosing the right patterns. Our studies
have big implications for the design of future ERLs to lower
cavity voltage fluctuations, amplifier power consumption,
and increase the threshold current.
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INVESTIGATION OF THE BEAM PROPAGATION THROUGH THE FNAL
LEBT∗
Daniel C. Jones† , Daniel Bollinger, Valery Kapin, Kiyomi Seiya
Fermi National Accelerator Laboratory, 60510 Batavia, USA
Abstract
The Fermi National Accelerator Laboratory (FNAL) Preaccelerator send 25 mA H- beam with a 30 𝜇s pulse length
at 15Hz. The machine’s uptime was increased in 2012 by
the replacement of the Cockcroft Walton Accelerator with
a Radio Frequency Quadruple (RFQ) system to take the 35
keV beam from the ion source to 750 keV. The initial beam
transmission efficiency from the ion source to the entrance
of the Drift Tube LINAC (DTL) was 47%; however, the
transmission efficiency has decreased over the last 10 years
to 40% with no clear explanation. To better understand the
cause of this reduction in transmission efficiency a vertically
movable beam scraper was installed between the first two
solenoids allowing the beam size to be investigated in the
middle of the Low Energy Beam Line (LEBT). Utilizing this
new diagnostic system in addition to the Ion Source R&D
Laboratory’s emittance probes the approximate emittance
and beam size were able to be inferred. This experimental data was able to further inform our simulations and a
more complete picture of the beams propagation through
the LEBT has come into focus. The new simulations show
the beam’s spot size and emittance is to large for the RFQ’s
acceptance.

INTRODUCTION
The H- injector for the FNAL LINAC was upgraded and
has been in operation since 2012 as part of the Proton Improvement Plan that aimed to increase the proton flux in
booster to 2.3 x 1017 protons per hour. The new design
consisted of an ion source, a Low Energy Beam Transport
(LEBT) that matches the beam to a 4-rod Radio Frequency
Quadrupole (RFQ), and a Medium Energy Beam Transport
(MEBT) that injects into the drift tube LINAC [1]. The
transmission efficiency from the ion source to the start of the
LINAC is approximately 40% which is significantly lower
than expected. Previous studies looking at the transmission
efficiency focused on the MEBT and other beam line qualities [2]. Recent data exploring the possibilities that the
LEBT is the main cause of the inefficiency are presented in
this paper.

EXPERIMENTAL SETUPS
FNAL LINAC Injector
Figure 1 displays the FNAL 750 keV injector line. Prior
to the 2021 shutdown the only beam diagnostic elements
∗
†
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Figure 1: FNAL 750 keV injector line. The light blue line
between the solenoids is the vertical beam scraper. The
yellow star is where the MEBT toroid was placed during the
2021 shutdown period.
within the injector were a toroid in the LEBT and the toroid
and emittance probes at injection into Tank 1 of the LINAC.
In order to obtain more information about the beam two
more diagnostic elements were used for this research. The
MEBT toroid, the yellow star, was installed during the 2021
shutdown for a brief study period but had to be removed
for the 2021-2022 run for the laser notcher re-installation.
The vertical beam scraper, light blue line, was installed for
the 2021-2022 run for continued diagnostics throughout the
entire run.

Ion Source R&D Laboratory
The Ion Source R&𝐷 Laboratory houses a test bench
which is identical to the operational LEBT through the first
solenoid. After the first solenoid a set of emittance probes,
located analogous to the beam scraper, were used to measure
the beams transverse emittance in the middle of the LEBT.

FNAL LINAC INJECTION BEAM
PROFILES
Utilizing the beam scraper in the LEBT and the emittance
probes at Tank 1 beam profiles were obtained for both operational ion sources during the 2021-2022 run. Figure 2 displays several days of beam profiles within the 2021-2022 run
period. The red dashed line corresponds to ion source A and
the solid black line corresponds to ion source B. Ion source
A displays a clear peak intensity approximately 1.5 cm above
the center of the pipe. This is in stark contrast to the beam
profiles of ion source B which display a much more uniform
beam around the center of the pipe. This difference in beam
profile was unexpected and is not easily explained.
The effect of this difference in beam profiles, between the
two ion sources, appears to be minimized by the RFQ when
observing the beam at the entrance to the FNAL LINAC in
Fig. 3. The horizontal beam profiles delivered by ion source
A, the solid black lines, tend to have a peak position closer
to the center of the pipe than the beam profiles delivered
by ion source B, the dashed red lines though the delivered
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Figure 2: Comparing the beam intensity in the LEBT, in the
MEBT, and at the entrance to the LINAC.

Figure 4: Vertical beam profiles obtained from the FNAL
operational LEBT with the vertically actuating scraper. The
current I is the current read back by the beam scraper. The
red dashed lines are vertical beam profiles obtained from
ion source A on a variety of days during the 2021-2022 run
period. The black solid lines are the vertical beam profiles
obtained from ion source B on a variety of days during the
2021-2022 run period.

BEAM TRANSMISSION

Figure 3: Daily beam current changes for the 2021-2022 run
period of the FNAL accelerator. The purple points are the
beam current within the FNAL LEBT. The orange points
are the beam current injected into the FNAL LINAC. The
red points are the output beam current of LINAC.

beam size is the same for both ion sources. The vertical
beam profiles at the entrance to tank 1 are almost identical
day to day and the beam size is identical between the two ion
sources. The average horizontal rms beam size is 2.4 mm,
and the average vertical rms beam size is 3.6 mm, for the
injected beam. The fact that the beam entering the LINAC
is relatively uniform in shape both day to day and ion source
to ion source indicates that the RFQ is only accepting part
of the beam seen in the LEBT.
The beam current was observed in the LEBT, at the entrance to tank 1 of the LINAC, and at the output of the
LINAC is shown in Fig. 4. The FNAL LINAC has a transmission efficiency of approximately 92% and is very clearly
displayed in Fig. 4 with how closely the output beam current, the red trace, corresponds with the LINAC input beam
current, the orange trace. When comparing the LEBT beam
current, the purple trace, to the LINAC input current there
is absolutely no correspondence between the beam current
at these two locations indicating that a large majority of the
beam in the LEBT is being lost and that the RFQ is only
delivering a small portion of the beam that is extracted from
the ion source.

The MEBT toroid allowed the beam intensity loss to be
quantified and verify that the beam was primarily being lost
before exiting the RFQ. Figure 5 displays the beam current
for the LEBT toroid (red trace), the MEBT toroid (blue
trace), and the toroid at the entrance to tank 1 (green trace).
Comparing these traces the transmission efficiency was determined to be 47% from the LEBT to the MEBT while
the MEBT had a transmission efficiency of 83% leaving a
transmission efficiency of 39% from the LEBT to the start
of the LINAC.

Figure 5: Vertical and horizontal beam profiles at the entrance to the FNAL LINAC. The red and black traces are the
horizontal beam profiles where black indicates ion source A
and red indicates ion source B. The blue and purple traces
are the vertical beam profiles where purple indicates ion
source A and blue indicates ion source B. Further ion source
A is the solid traces and ion source B is the dashed traces.
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EMITTANCE MEASUREMENTS
Utilizing the emittance probes on the test bench in the Ion
Source R&𝐷 Laboratory the beam emittance was able to
investigated analogous to the point where the LEBT scraper
system was located. Figure 6 displays the heat maps from the
emittance probes, the direction of investigation is denoted in
the upper right corner of each image, for a commonly used
operational solenoid setting. The heat maps show that the
beam is spiraling in phase space with large arms on either
end. Unfortunately, the beam is too large to be fully captured
by the emittance probes due to the probes limited stroke.
Even though the emittance values were not able to be reliably
obtained; the heat maps mixed with the beam profiles were
able to provide useful information for a TraceWin simulation
to be setup for the FNAL LINAC Injector Line.

that the beam is not being sufficiently focused into the RFQ
and that most of the beam loss that is leading to the poor
transmission efficiency is occurring within the LEBT.

Figure 7: TraceWin simulation at the location of the LEBT
scraper and the test bench emittance probes.

Figure 8: TraceWin simulation showing that 60% of the
beam from the middle of the LEBT is lost at the RFQ entrance.

SUMMARY
Figure 6: Heat maps from the test bench emittance probes for
a commonly used solenoid setting of 430 A applied current.
The top image is the horizontal heat map. The bottom image
is the vertical heat map.

SIMULATIONS
Utilizing the experimental results a beam simulation was
setup using TraceWin software [3]. The input current was
60 mA with space charge and an assumed RMS emittance of
0.59 𝜋*mm*mrad based on the RFQ acceptance. Figure 7
displays the TraceWin simulation results in the middle of
the LEBT. Similar spiraling tails are found in the simulation
as were seen on the test bench emittance profiles. The beam
is shown to be large in physical space occupying almost the
entire beam pipe as expected from the LEBT vertical beam
profiles. Figure 8 displays this beam once it has propagated
the length of the LEBT, encountered the second solenoid,
and is entering the RFQ. A large amount of the beam is
lost at this location, approximately 60% confirming for us
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Based on the data presented in this paper it appears that the
primary contribution to the low beam transmission efficiency
is the beam properties in the LEBT not matching the RFQ
acceptance parameter. Data taken with the MEBT toroid
shows that the LEBT efficiency is 47%. That coupled with
the MEBT transmission efficiency of 83% gives the injector
line an overall efficiency of 39%. Simulations that use data
taken from the scrapper and test stand emittance probes,
show that only 40% the beam seen by the LEBT toroid is
entering the RFQ. In the short term there is a plan to turn
the vertical beam scraper into a beam collimator to verify
that the RFQ emittance is not being matched by the LEBT.
A more long time solution is being investigated to insert an
Einzel Lens right after the ion extraction to fully match the
RFQ acceptance parameters.
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BEAM DYNAMICS STUDIES AT THE PIP-II INJECTOR TEST FACILITY ∗
J.-P. Carneiro† , B. Hanna, E. Podzeyev, L. Prost, A. Saini, A. Shemyakin
Abstract
A series of beam dynamic studies were performed in 20202021 at the PIP-II Injector Test Facility (PIP2IT) that has
been built to validate the concept of the front-end of the PIPII linac being constructed at Fermilab. PIP2IT is comprised
of a 30-keV H- ion source, a 2 m-long Low Energy Beam
Transport (LEBT), a 2.1- MeV CW RFQ, followed by a
10-m Medium Energy Beam Transport (MEBT), 2 cryomodules accelerating the beam to 16 MeV and a High-Energy
Beam Transport (HEBT) bringing the beam to a dump. This
paper presents beam dynamics - related measurements performed at PIP2IT such as the Twiss parameters with Allison
scanners, beam envelopes along the injector, and transverse
and longitudinal rms emittance reconstruction. These measurements are compared with predictions from the beam
dynamics code Tracewin.

INTRODUCTION
The PIP-II linac is an 800 MeV, 2 mA H− CW-capable
superconducting (SC) linac for injection into the Booster [1].
A model of the front-end of the PIP-II linac, the PIP-II Injector Test Facility (PIP2IT), has been built at Fermilab and
commissioned from Summer 2020 to Spring 2021 [2]. After a description of the PIP2IT injector, this paper presents
beam dynamics measurements performed during the commissioning.

PIP2IT OVERVIEW
Figure 1 shows an overview of the PIP2IT injector. The
injector is made of an ion source, a Low Energy Beam Transport (LEBT) that matches the beam into a 162.5 MHz Radiofrequency Quadrupole (RFQ), a Medium Energy Beam
Transport (MEBT) that prepares the beam for injection into
two SC cryomodules and a High Energy Beam Transport
(HEBT) that brings the beam to a dump. The overall length
of the facility is around 35 m.
The PIP2IT ion source operates at 30 kV with long pulses
(typically few ms) and at 20 Hz. The beam is focused into the
RFQ with 3 solenoids and, as indicated in Figure 1, a dipole
is located between the first and second solenoid to deviate
the beam by a 30° angle. A beam chopper is located in the
LEBT between the second and third solenoid and cuts pulses
of up to 0.55 ms. As indicated in [3], the LEBT operates in
an original scheme. It is kept neutralized up to the middle
of the second solenoid and un-neutralized downstream of
the second solenoid in the portion that contains the chopper.
The RFQ accelerates the beam to an energy of 2.1 MeV. The
MEBT has two main purposes: first, it performs a bunch-by∗
†
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bunch selection using two kickers (that deviates the kicked
beam into an absorber, as shown in Fig. 1) and, second, it
matches the beam into the first cryomodule using 2 doublets,
5 triplets and 3 bunchers operating at 162.5 MHz. The first
cryomodule contains 8 SC Half-Wave Resonators (HWR)
cavities operating at 162.5 MHz, and the second cryomodule
contains 8 Single-Spoke Resonators (SSR1) cavities operating at 325 MHz. The transverse focusing in the cryomodules
is performed with 8 SC solenoids (HWR) and 4 SC solenoids
(SSR1). The HEBT has 2 quads to transport the beam from
the exit of the SSR1 cryomodule to the dump. Two correctors (horizontal and vertical) are associated with each
solenoid, doublet and triplet. The PIP2IT injector has been
designed to deliver a beam energy of 25 MeV at the dump
and an average current of 2 mA (decreased from 5 mA by
the MEBT kickers) at a maximum pulse length of 0.55 ms
and 20 Hz.

Diagnostics
Five current monitors are installed along the PIP2IT injector: two in the LEBT (at the ion source exit and RFQ
entrance), two in the MEBT (at the RFQ exit and at the HWR
entrance) and one at the exit of the SSR1 cryomodule. The
beam dump allows also for the monitoring of the current
at the end of the injector. Each doublet and triplet of the
MEBT and each solenoid in the cryomodules has an associated Beam Position Monitor (BPM). The HEBT contains
also 3 BPMs. Two Allison scanners allow for vertical phase
space measurements at the ion source exit and downstream
the second MEBT doublet. In order to protect the injector
from unexpected beam deviations, 4 sets of 4 scrapers (Vertical Top/Bottom, Horizontal Right/Left) are installed in the
MEBT. The MEBT scrapers are also used to perform beam
size measurements. Two Wire Scanners are installed in the
HEBT which allow to perform beam size measurements in
both horizontal and vertical planes. A movable BPM (Timeof-Flight, TOF) installed in the HEBT is used for energy
measurement. A Fast Faraday Cup (FFC) located at the end
of the HEBT is used for bunch length measurements.

Injector Settings
The first 3 HWR cavities were not operational during the
commissioning of the injector because of a frequency offset
for the first 2 cavities and a coupler issue with the third
one. Furthermore, due to multipacting, the last 2 HWR
cavities had to be operated at lower accelerating gradient
than anticipated (respectively 8.5 MV/m and 8 MV/m vs.
9.7 MV/m). In order to compensate for that, the beam was
longitudinally matched from the MEBT into the fourth HWR
cavity by reaching a longitudinal waist at its entrance with a
proper adjustment of the MEBT Bunchers.
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Figure 1: Layout of PIP2IT

BEAM DYNAMICS MODEL
A full 3D start-to-end model of the PIP2IT injector
(from the ion source to the dump) has been build with
Tracewin [4]. All solenoids (LEBT, HWR and SSR1),
quadrupoles (MEBT, HEBT) and correctors have been implemented in the code as 3D fields, including the LEBT
dipole. All cavities (Bunchers, HWR and SSR1) have also
been implemented as 3D fields. The RFQ has been modeled
with Toutatis [4]. The phase spaces of the distribution
at the RFQ exit is shown in Fig. 2 in the 3 planes and for
1.1 · 106 macro-particles at 5 mA.
(a)

(b)

those measured with the Allison scanner located at the ion
source exit for nominal operation of the injector. The beam
is scrapped in the first solenoid of the LEBT and a distribution of about 1.1 · 106 at 5 mA reaches the end of the RFQ,
as shown in Fig. 2. When the injection from the LEBT into
the RFQ is optimized, the beam transmission through the
RFQ is measured at about 99%, which matches the RFQ
transmission predicted by Toutatis.

BEAM DYNAMICS MEASUREMENT
We present in this section MEBT beam size measurements and HEBT transverse emittance measurements performed during the commissioning for the beam energy measured with the TOF of 16 MeV (16.2 MeV expected from
Tracewin) and for a short pulse of 10 µs. For these measurements, the MEBT kickers were removing about 50%
of the beam and the MEBT scrapers 1 and 2 another 5%
each. We consider that about 2% of the beam was lost in
the cryomodules making an average beam current of about
2 mA reaching the HEBT.

MEBT Envelope
Figure 3 shows the measured beam sizes along the MEBT
compared with simulations from Tracewin.

(c)

Figure 3: Beam size measurements along the MEBT and
comparison with Tracewin.
Figure 2: (a) Horizontal (c) Transverse (c) Longitudinal
phase spaces at the RFQ exit at 5 mA with 1.1 · 106 macroparticles.
The Tracewin simulations start with a 4D Gaussian distribution made of 1.5 · 106 macro-particles cut at 6-Sigma
generated by the code at the ion source exit at about 6.8 mA.
The Twiss parameters used to generate the distribution are

The beam size measurements were performed at the
4 MEBT scrapers and at the Allison scanner. Simulations
were performed with the input distribution described in
Fig. 2 with a transverse emittance increased to 0.25 mmmrad matching the emittance measured in the vertical plane
by the MEBT Allison scanner. At that time, we believe that
the injector may not have been optimized to its best transverse emittance which usually gets down to 0.2 mm-mrad in
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the MEBT. A good agreement is shown in Fig. 3 between the
measured beam sizes and the expected ones from Tracewin.
Similar beam envelope measurement in the MEBT with
corresponding Tracewin simulations have been presented
in 2018 in [5] with the MEBT quadrupoles modeled as hard
edge quadrupoles. The quadrupole strengths in 2018 were
obtained from beam-based measurement and were found
to be about 5% lower than those determined by direct magnetic measurement. Furthermore, the Twiss parameters of
the input MEBT distribution for the 2018 simulations were
free parameters re-calculated with Tracewin to match the
MEBT beam envelope measurements.
We found that using 3D quadrupole fields in Tracewin
with the measured magnetic calibration for each individual quadrupole allows to have a good agreement with the
measured MEBT beam sizes, as presented in Fig. 3. It is
noteworthy that the simulations presented in Figure 3 are, as
above-mentioned, start-to-end starting with a 4D Gaussian
beam at the ion source exit. Following these results, we consider that Tracewin gives an accurate start-to-end model
(from the ion source to the end of the MEBT) of the beam
dynamics in the front-end of PIP2IT.

HEBT Emittances
Figure 4(a) and Figure 4(b) show respectively the horizontal and vertical quadrupole scans performed in the
HEBT using the first HEBT quad and first wire scanner
(vertical emittance) and the second HEBT quad and second
wire scanner (horizontal emittance). The 𝑚 11 , 𝑚 12 parameters are the transfer matrix elements from the quadrupole
to the wire scanner. The measured emittances in the
HEBT of 0.28/0.27 mm-mrad for respectively the horizontal/vertical planes are in good agreement with the expected
ones from Tracewin of 0.25/0.32 mm-mrad for respectively
the horizontal/vertical planes and for 85% of the phasespaces. A longitudinal emittance performed in the HEBT
during the commissioning (using the FFC and the phase of
the last SSR1 cavity) is presented in [6] and shows also a
good agreement between the measured longitudinal emittance of 0.29 mm-mrad and expected from Tracewin of
0.3 mm-mrad for 90% of the longitudinal phase space.
Tracewin does predict transverse and longitudinal beam
tails in the HEBT (totaling about 10% to 15% of the beam).
The origin of these tails are under investigation and we consider that neither the wire scanner nor the FFC are sensitive
to these beam tails. Also, the reconstruction of the quad
scan beam sizes using the start-to-end Tracewin model was
not convincing, which may be due to uncertainties in the
calibration of the SC solenoids.

DISCUSSION ON BEAM LOSSES
As previously mentioned, about 2% beam losses have
been observed in the cryomodules during the operation of
the PIP2IT injector. All measurements indicated that the
beam losses take place mainly in the middle of the HWR
cryomodule [7]. The start-to-end Tracewin model of the
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(a)

(b)

Figure 4: (a) Horizontal and (b) Vertical quadrupole scans
at the HEBT Wire Scanners.
injector does predict 2% beam loss in the cryomodules, but
at the end of the SSR1 cryomodule. Note that Tracewin
does not predict any beam loss in the HWR cryomodule.
The origin of discrepancy in the beam loss location is still
under investigation.

CONCLUSION
The PIP2IT injector has been successfully commissioned
from Summer 2020 to Spring 2021. Although the first
3 HWR cavities were not operational and the last 2 HWR
cavities were operating at reduced gradient, a re-matching
of the original beam optics allowed to transport the beam
to the end of the injector, with a measured energy of about
16 MeV which agrees to the expected one within 1.5%. The
start (from the ion source)-to-end (up to the HEBT dump)
Tracewin model of PIP2IT gives a good agreement with
the measured beam parameters up to the end of the MEBT.
Implementing 3D MEBT quad fields in Tracewin with the
direct magnetic measured calibration of each quad showed
a significant improvement in the accuracy of the Tracewin
model in the MEBT.
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FINDING BEAM LOSS LOCATIONS AT PIP2IT ACCELERATOR WITH
OSCILLATING DIPOLE CORRECTORS*
A. Shemyakin†, Fermilab, Batavia, IL 60510, USA
Abstract
The PIP2IT accelerator was assembled in multiple stages
in 2014 – 2021 to test concepts and components of the
future PIP-II linac that is being constructed at Fermilab. In
its final configuration, PIP2IT accelerated a 0.55 ms x 20
Hz x 2 mA H- beam to 16 MeV. To determine location of
the beam loss in the accelerator’s low-energy part, where
radiation monitors are ineffective, a method using
oscillating trajectories was implemented. If the beam is
scraped at an aperture limitation, moving its centroid with
two dipole correctors located upstream and oscillating in
sync, produces a line at the corresponding frequency in
spectra of BPM sum signals downstream of the loss point.
Comparison of these responses along the beam line allows
to find the loss location. The paper describes the method
and results of its implementation at PIP2IT.

INTRODUCTION
The PIP-II Injector Test (PIP2IT) [1, 2] was an H- ion
linac modelling the front end of the PIP-II accelerator
currently under construction at Fermilab [3]. In its final
config-uration, the PIP2IT consisted of a 30 kV, 15 mA HDC ion source, a 2 m long Low Energy Beam Transport
(LEBT), a 2.1 MeV CW 162.5 MHz RFQ, a 10 m Medium
Energy Beam Transport (MEBT), two cryomodules (HWR
and SSR1) accelerating the beam up to 16 MeV, a High
Energy Beam Transport (HEBT), and a beam dump
(Fig. 1).
Beam loss inside the cryomodules was measured by
comparison of the beam current read by beam current
monitors (ACCT) placed at the exits of the MEBT and
SSR1. This comparison indicated the beam loss in the
long-pulse mode ~2%. However, such measurement could
not point out to a specific location where the loss occurred.
In the last days of PIP2IT run, a different method was
implemented, where the Beam Position Monitor (BPM)
signals were used to identify the loss location.

METHOD
The method is a development of the idea originally proposed by V. Lebedev and used in CEBAF [4]. It relies on
the usually sharp dependence of the current loss on the
beam position at the location of the loss. In such case,
oscillating a dipole corrector current upstream of the loss
location produces a signal at that frequency in BPM sum
signals (intensities) downstream. Such measurement does
not provide an absolute value of the loss but rather the
difference in the loss over the range of the beam oscillation.
While this loss variation can be low, the detection at a fix
___________________________________________
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frequency greatly improves the overall sensitivity. For
sufficiently long measurement time, even oscillations with
amplitude small enough to do not affect the beam
emittance can result in a detectable signal.
Ref. [5] proposed to oscillate simultaneously two
correctors (in one plane) to check in one measurement all
locations in a beam line or linac. The initial test of the
procedure is described in Ref. [6]. The proposal is to
oscillate currents in two dipole correctors separated by the
betatron phase advance of 𝜑 ≠ 𝜋𝑛 with a specific choice
of amplitudes of resulting deflections 𝜃 and 𝜃 and the
time phase difference 𝜑 (similar to Ref. [7]):
𝜃

𝛽

=𝜃

𝛽

, 𝜑 =𝜋+𝜑 ,

(1)

where 𝛽 and 𝛽 are betatron functions in the location
of corresponding corrector. At these conditions, the deviation of the trajectory downstream is simplified to
𝑥 𝑧, 𝑡 = 𝜃

𝛽 (𝑧)𝛽 sin 𝜑 sin 𝜔𝑡 + 𝜑 (𝑧) , (2)

where 𝛽 (𝑧) is the beta-function along the line. The
Fourier component of BPM readings at the oscillation
frequency 𝜔 2𝜋 is determined by the beta-function in the
BPM location, and its phase relates to the betatron phase
advance 𝜑(𝑧) as 𝜑 (𝑧) = 𝜑(𝑧) + 𝜑 . Oscillation
described by Eq. (2) move the beam around a circle in
canonical phase coordinates, shifting the beam by the same
portion of its rms size 𝜎 = 𝛽 (𝑧)𝜀 everywhere along
the beam line (𝜀 is the rms beam emittance).
Let’s assume that the 1D current density distribution is
scaled in various locations as the beam rms size:
𝑗(𝑥) =

𝐽

,

where 𝐼 is the total beam current, and

(3)
𝐽

is a

dimensionless function, the same for all locations. If a flat
scraper is inserted into the beam to the distance d from the
beam center, the intercepted current 𝐼 is modulated at the
oscillation frequency:
𝑗(𝑥 − 𝑥 )𝑑𝑥 =

𝐼 =

+⋯≈

𝑗(𝑥)𝑑𝑥 + 𝑗(𝑑)𝑥 −

(𝑑) ∙

𝑗(𝑥)𝑑𝑥 + 𝑗(𝑑)𝐴 sin 𝜔𝑡 + 𝜑 (𝑧 ) +

𝐴 sin 𝜔𝑡 + 𝜑 (𝑧)
≡ 𝐼 + 𝐼 sin(𝜔𝑡 +
𝜑 (𝑧 )) + 𝐼 1 − cos 2 ∙ (𝜔𝑡 + 𝜑 (𝑧 )) .
(4)
𝑗′(𝑑) ∙

where 𝐴 ≡ 𝜃 𝛽 (𝑧 )𝛽 is the trajectory oscillation amplitude at the scraper location 𝑧 . The amplitude of the first
harmonic depends only on the relative penetration of the
scraper:
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Figure 1: Schematic of the PIP2IT downstream of the RFQ. The scale is in meters. Dipole correctors are represented by
red rectangles, and BPMs are by blue dots. Courtesy of L. Prost.
=

𝐽

.

(5)

The phase of the beam loss oscillations is determined by
the betatron phase in the location of scraper 𝜑 (𝑧 ),
independently on where the current loss is measured. Note
that if the scraper is inserted from the negative side, the
phase reported in Fourier analysis is shifted by π.
The term 𝐼 in Eq. (4) describes nonlinearity of the
beam loss and appears in the Fourier spectrum as the
second harmonic. In the measurements described below, it
was always found below the noise level, and all detectable
signals were dominated by the linear component. In part, it
means that the oscillations did not increase the average loss
level.
The errors of the values measured with oscillations (both
positions and current loss) can be estimated assuming that
the rms noise at the oscillation frequency is the same as at
other frequency components in the measured spectrum,
and the noise phase is random [8]:
𝜎 =

, 𝜎 =

,

was ~3 Hz so that the total time for one measurement
varied between 1.5 and 7 min. Effective frequency of the
corrector current oscillations was ~0.1 Hz. In the later
measurements, two pairs of correctors (X and Y) were
oscillated at the same time with different periods to speed
up the measurements. Such simultaneous oscillation did
not affect the results or error bars.
Three signals were recorded from each BPM, X/Y
positions and intensity (sum). A Discrete Fourier
Transform (DFT) was applied to all signals in MathCad,
providing for each channel the amplitude and oscillation
phase. An example of BPM response to oscillation is
shown in Fig. 2. Note that this X BPM responds to
oscillation in both planes because it is located downstream
of a solenoid.
Responses of BPM positions to excitation by different
pairs of correctors in the same plane were nearly identical
after scaling for difference in the initial betatron functions
and phases (Fig. 3). It indicates a good quality of the optical
model in MEBT and reproducibility of the measurements.

(6)

where 𝜎 is the rms error of measuring an amplitude 𝑎, 𝑎
is the average value of all squared Fourier amplitudes
(excluding the driving frequencies and their second
harmonics), and 𝜎 is the rms error of the measured phase.

MEASUREMENTS
The measurements to find the loss location were
performed using the pairs of dipole correctors in the MEBT
shown in Fig. 1 as (M20C, M30C, upstream) or (M70C,
M80C, downstream). Each pair (either horizontal, X, or
vertical, Y) was oscillated in sync with amplitudes and the
phase offset calculated with Eq. (1) using the MEBT optics
functions measured with differential trajectories [9].
The measurements were performed at operational
parameters of PIP2IT except the pulse length was reduced
to 10 µs. The pulse current of the beam coming out of the
RFQ was 5 mA. In the MEBT, the bunches were scraped
transversely, and half of them was removed by the
chopping system, so the beam pulse current at the end of
the MEBT was 1.8 mA. Transmission through the
cryomodules in the measurements presented in this paper
was not optimized and was higher than in long-pulse
measurements.
The program recorded data and moved to the next
corrector value only when the time stamps for all channels
were aligned. Because of difficulties with synchronization
of the front ends, only a portion of all pulses was used.
While the pulse rate was 20 Hz, the recording frequency

Figure 2: Response of the first HWR X BPM to oscillating
of two pairs (X, 40.1 points period, and Y, 33.4 points
period) of correctors (M20C, M30C) (left) and the relevant
part of its spectrum (right). 802 points. *Horizontal axis on
the right plot is as if frequency of recording were 20 Hz.

Figure 3: Comparison of oscillation amplitudes (left) and
phases (right) of BPM in-plane positions in oscillation of
(M20C, M30C) and (M70C, M80C) corrector pairs. The
former data are adjusted for the initial deflection amplitude
(by 0.9/1.3 in X/Y) and phase offset (-0.1/-0.8 rad in X/Y).
“Loss” points show phases of differential intensities.
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A typical response of BPM intensities is shown in Fig. 4.
The plotted values are ratios of the recorded BPM response
amplitude to the average value in the same channel. They
show by how much the relative beam loss changes when
positions are changed as in Fig. 3. In each location, such
value is defined by a vector sum of changes in all losses
upstream. For example, the beam is significantly scraped,
by design, at the MEBT absorber (primarily in Y
direction). In the case of using the upstream correctors, this
loss dominates all signals downstream. Also, the curves are
not necessarily monotonous. If, let say, in horizontal
direction the beam is scraped first on the left side but near
the next downstream BPM on the right side, moving the
beam to the left will increase the beam loss in the first
location but may decrease the overall loss in the second
location.

Figure 4: Amplitudes of relative BPM intensity response to
oscillations in X and Y pairs of (M20C, M30C) (left) and
(M70C, M80C) (right) correctors. 2005 points for the blue
curve in the right plot (X7080) and 802 points for others.
A more informative approach is to analyze the
differences 𝐽 , between neighboring BPMs, 𝐽 , = , −
,

, where 𝐴 , and 𝐼𝑛𝑡 are the intensity reported by

BPM i in the k sample during oscillation and its average
value, correspondingly. The DFT amplitude of 𝐽 , characterizes the local change in the beam loss occurring between two neighbouring BPMs and is unaffected by the
loss upstream (assuming that the loss is small and the betatron phase advance between loss locations is far enough
from 2𝜋𝑛). Correspondingly, the patterns induced by oscillation of different pairs of correctors become similar,
different primarily due to difference in the excitation amplitude and statistical errors (Fig. 5).

differential intensities. These phases are defined by the
betatron phase at location of BPM positions and of the loss
(in this case, position of the scraper), correspondingly. The
“Loss” point in Fig. 6 right has the ordinate equal to the
oscillation phase of the difference between intensities of
BPMs at Z= 9.6 m and 8.4 m, and its abscissa is the known
longitudinal position of the scraper. This comparison
predicts the loss location reasonably well, within 0.2 m.

Figure 6: Effect of inserting a scraper on differential losses
induced by oscillation of Y2030 correctors. 401 points.
Actual losses in the MEBT, represented by peaks at Z
<10 m, also agree well with known aperture limitations or
location of intentional scraping at the MEBT absorber (at
Z=6.8 m).
However, results in the cryomodules (11.2 m <Z<22.8
m) are more complicated. On one hand, in all sets of data
the differential BPM intensity signals are clearly seen (i.e.
exceed 3 rms error) in 3 HWR BPMs located at 13.2, 13.9,
and 14.6 m, indicating a loss in this portion of the
cryomodule. On the other hand, no clear correlation was
observed between amplitudes of these signals and the loss
reported by comparison of ACCTs. For example, the data
sets reported in Fig. 5 and 6 were taken in different days at
different settings of the dipole correctors (but at the same
beam current and pattern of oscillations). The loss in the
cryomodules reported by ACCT comparison was 2.7% for
the Fig. 5 case and 6.7% for Fig. 6 case, while the
differential BPM intensities moved in opposite direction.
Also, their phases fit worse to the BPM position oscillation
phases (“Loss” points in Fig. 3) than in the scraper case.
While no fully satisfactory explanation was found for this
effect, there are indications that it could be related to
inaccurate reporting of beam positions and intensities by
BPMs when they are irradiated by beam losses or
secondary particles. At small incident angles, the
secondary electron emission yield can be very large, which
might significantly affect the BPM signals.

SUMMARY

Figure 5: DFT amplitudes of differential BPM signals.
Analysis of the same data as in Fig. 4. The curves arranged
differently for comparison.
To test the procedure, a 6.4% loss was artificially
introduced by inserting a vertical MEBT scraper in the
MEBT into the 1.8 mA beam. The resulting change in the
differential signal of the BPM right downstream of the
scraper (Fig. 6) clearly indicates the loss. Location of the
loss can be determined more accurately by comparing the
oscillation phases in the signals of BPM positions and
TUPORI25
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The procedure of finding a beam loss location by
oscillating a pair of correctors was successfully tested by
inserting a beam scraper into the beam. Applying the
method at the cryomodules indicated the loss location in
the middle of the HWR cryomodule.
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LONGITUDINAL BEAM DYNAMICS IN ARRAY
OF EQUIDISTANT MULTICELL CAVITIES*
Y.K. Batygin†, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
Abstract
Linear accelerators containing the sequence of independently phase cavities with constant geometrical velocity along each cavity are widely used in practice. The chain
of cavities with identical cell length is utilized within a certain beam velocity range, with subsequent transformation
to the next chain with higher cavity velocity. Design and
analysis of beam dynamics in this type of accelerator are
usually performed using numerical simulations. In the present paper, we provide an analytical treatment of beam dynamics in such linacs. Expressions connecting beam energy gain and phase slippage along the cavity are implemented. The dynamics of the beam around the reference
trajectory and matched beam conditions are discussed.

DYNAMICS IN ACCELERATING SECTION WITH EQUIDISTANT CELLS
Consider longitudinal beam dynamics in a structure with
identical cells (see Figs. 1 and 2). Most of such structures
in ion accelerators are π -structures with cell length
β g λ / 2 , where β g is the geometrical velocity and

λ = 2π c / ω is the RF wavelength. Acceleration of particles in such field can be considered as dynamics in an
equivalent traveling wave propagating along with the
structure with constant phase velocity β g and with amplitude E = Eo T (β ) , where Eo is the average field per
accelerating gap, T (β ) is the transit time factor and ϕ is
the phase of a particle in traveling wave [1]:

Figure 1: (a) Phase space trajectory of a particle in an RF
structure with equidistant cells, (b) equivalent traveling
wave with amplitude E .

z

ϕ = ω t −  kz dz ,

(1)

o

where kz = 2π / (β g λ ) is the wave number. The phase ϕ
is also a phase of a particle in the standing wave at the moment of time when the particle crosses the center of the accelerating gap. Differentiation of Eq. (1) along the longitudinal coordinate z together with the equation for particle
energy gain provides a set of equations for on-axis particle
dynamics in traveling wave [2]:

dϕ 2π 1 1
=
( − ),
dz
λ β βg

dγ
qE
=
cosϕ ,
dz mc 2

(2)

where m and q are mass and charge of particle, and
γ = (1− β 2 )−1/2 is the normalized particle energy. Equations (2) can be derived from Hamiltonian

H=

2π

λ

( γ 2 −1 −

qE
γ
) − 2 sinϕ ,
β g mc

(3)

where Hamiltonian equations are dγ / dz = − ∂H / ∂ϕ ,
dϕ / dz = ∂H / ∂γ . In the standing wave structure with identical cells, the average field per cell is constant, Eo = const,
and variation of particle velocity along the cavity is typically
small, Δβ / β << 1, therefore, the amplitude of accelerating
field
can
be
approximated
to
be
constant
E = Eo T (β ) ≈ const . Because the geometrical velocity is
also a constant, β g = const, the Hamiltonian, Eq. (3), is a
constant of motion. From Hamiltonian, Eq. (3), the integral
of particle motion in such field, C = Hλ / (2π ) , is

γ 2 −1 −

qEλ
γ
−
sin ϕ = C .
β g 2π mc 2

(4)

___________________________________________
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Figure 2: Accelerating structure of independently phased cavities.
In the accelerating section with β g < 1, the synchronous
phase in each individual accelerator structure is ϕ s = −90 ,
and acceleration is achieved as a rotation in phase space
around the synchronous phase (see Fig. 1). To find the
value of beam energy in closed form, let us express the
constant C in Eq. (4) through the value of RF phase ϕ m ,
at which the particle velocity is equal to geometrical velocity, β = β g
o

γ
qEλ
C = β gγ g − g −
sin ϕ m ,
β g 2π mc 2

(5)

where the energy corresponding to the geometrical velocity of the cavity is γ g = (1− β g2 )−1/2 . Using the expansion of
particle momentum βγ near β g γ g , Eq. (4) becomes

(γ − γ g )2
qEλ
=
(sin ϕ m − sin ϕ ) .
3
π mc 2
(β gγ g )

(6)

Equation (6) explicitly connects particle energy along
accelerating structure, γ , with the phase of a particle in RF
field, ϕ . The value of ϕ m is determined from Eq. (6) by
the initial value of beam phase ϕ o , and initial energy γ o :

π
mc 2
sin ϕ m = sin ϕ o +
(γ g − γ o )2 .
(β gγ g )3 qEλ

(7)

Equation (6) determines two values of particle energy
for each phase, depending on the cavity length: larger,
γ f ≥ γ g , and smaller, γ f ≤ γ g , than the energy corresponding to the geometrical velocity of the cavity, γ g . The
values of the final energy, γ f , corresponding to the final
phase ϕ f are:

γ f =γg ±

qEλ (β gγ g )
π mc 2

3

sin ϕ m − sin ϕ f ,

(8)

ΔW = qEoT (β )Ln cosϕ eff , where ϕ eff is the effective
phase of the particle in RF field of the cavity defined by:

cosϕ eff = mc 2 (γ f − γ o ) / (qEoT (β ) Ln ) .

(9)

Let us determine the phase slippage of particles in cavity. From Eqs. (2), (6), the dimensionless time of particle
acceleration in the structure, Δ(ω t ) , is determined as [3]:

Δ(ω t) = πβ gγ g3 (

mc 2
)
qEλ

ϕf


ϕ

o

dϕ
.
sin ϕ m − sinϕ

(10)

Expanding RF phase of particle ϕ around ϕ m as

sin ϕ ≈ sin ϕ m + (ϕ − ϕ m )cosϕ m − 0.5(ϕ − ϕ m )2 sin ϕ m ,

the

integral, Eq. (10), can be approximated as

Δ(ω t ) ≈

2π β g γ g3 mc 2
{arcsin[1 + (ϕ m − ϕ f )tan ϕ m ]
qE λ sin ϕ m

− arcsin[1+ (ϕ m − ϕo )tanϕ m ]} . (11)
Equation (11) connects the dimensionless time of particle acceleration in the cavity, with the phase slippage in RF
field from ϕ o to ϕ f . The right-hand side of Eq. (11) has a
positive sign for ϕ f > ϕ o , and a negative sign for ϕ f < ϕ o
. In case the particle trajectory in phase space passes the
value of ϕ m , like that illustrated in Fig. 1a, the time, Δ(ω t)
, should be calculated as a sum of that required for phase
variation from the initial value of ϕ o to ϕ m , and then from
ϕ m to final value ϕ f :
ϕ

Δ(ω t) = Δ(ω t) ϕϕ om + Δ(ω t) ϕ mf .

(12)

For accelerating structures working on π -mode, the
number of accelerating cells is
, and the
length of the cavity is Ln = N cell β g λ / 2 .

where the negative sign is taken when γ f < γ g , while the

DYNAMICS IN AN ARRAY OF CAVITIES

positive sign is taken when γ f > γ g . Energy gain in accel-

The dynamics of the beam in an array of accelerating
cavities can be described in classical terms of particle oscillations around the synchronous phase ϕ s (z) of refer-

erator structure of length Ln can be expressed as

ence (synchronous) particle, which velocity is equal to that
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of the effective traveling wave β s (z) . The dynamics of the
reference particle is determined by the geometry of the
accelerating channel and shifts of RF phases between
cavities. While the reference particle travels from the
center of the last cell of the cavity ( n ) to the center of the
first cell of the cavity ( n + 1 ) separated by the distance
(see Fig. 2), the phase of RF field is changed in each cavity
by the value φ = ω t d , where
. Consequently,
the velocity of reference particle after cavity ( n ) is
,

(13)

where ϕ n − ϕ n+1 = 2π m − Δϕ n , m = 0, 1, 2,.. is the
difference in RF phases of cavities, which includes the
integer number of RF periods and a fractional part Δϕ n .
The effective synchronous phase of the linac is
determined by the rate of increase of velocity of the
reference particle along with the machine. From Eq. (2),
taking into account that dγ = βγ 3dβ , the expression for
synchronous phase is

cosϕ s (z ) = βsγ s3 (d βs / dz )mc 2 / (qE ) ,

(14)

where E is the amplitude of equivalent traveling wave
propagating along the linac. Within the cavity, the velocity
of reference particles can be approximated as
β s _ n = (β n−1 + β n ) / 2 . The amplitude E is the ratio of the
cavity voltage U n = Eo _ n Ln

to the effective length

occupied by the cavity, L n + 0.5(d n + d n+1 ) , which includes
the cavity length, and the halves of drift spaces between
cavities (see Fig. 2)

E = Eo _ nTn (β s _ n )Ln /[Ln + 0.5(dn + dn+1 )] ,

(15)

where Eo _ n and Tn (β s ) are the average fields in RF gaps
and the transit time factor in cavity ( n ), correspondingly.
The velocity of the reference particle is changing within
the cavity from β n−1 to β n , therefore, the rate of increase
of velocity of the reference particle in the cavity with the
number ( n ) is d β s / dz ≈ (β n − β n−1 ) / [L n + 0.5(d n + d n+1 )] .
Therefore, the synchronous phase of the linac at the cavity
( n ) is determined as:

cosϕ s _ n

mc 2
=
β s _ n γ s3_ n (β n − β n−1 ) .
qEo _ nTn Ln

(16)

The values of β s (z) , ϕ s (z) , E(z) define the dynamics
of the reference particle in the equivalent traveling wave
and are entirely determined by the accelerator channel. The
beam velocity and effective phase ϕ eff , Eq. (9), do not
nesseseraly coincide with β s (z) , ϕ s (z) , creating a
mismatch between the beam and accelerating wave.
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Figure 3: Longitudinal phase space trajectories: (dotted)
approximation of separatrix by the ellipse, (bold)
normalized longitudinal emittance of matched beam.
The performed analysis allows us to determine normalized acceptance of accelerator and matched conditions for
the beam in linac. The linear particle oscillations in phase
space of canonical-conjugate variables pζ = pz − ps ,

ζ = z − zs , are determined by the Hamiltonian
H=

pζ2
2mγ

3

+ mγ 3Ω 2

ζ2
2

,

(17)

where Ω is the frequency of small-amplitude oscillations

Ω

ω

=

qEλ sin ϕ s
.
mc 2 2πβ sγ s3

(18)

and pζ , ζ are deviation from momentum and position of
synchronous particle, correspondingly. The separatrix can
be approximated by an ellipse with half-width in momentum, pζ sep , determined by actual separatrix, and the
longitudinal half-size of seperatirx, ζ sep , determined by
Eq. (17), see Fig. 3:

pζ sep
mc

= 2β sγ s3

The

Ω

ω

1-

ϕs
βc
ϕs
, ζ sep = 2 s 1−
. (19)
tgϕ s
ω
tan ϕ s

normalized

longitudinal

acceptance,

ε acc = ζ sep psep / (mc) , is specified as
ε acc =

Ω
ϕ
λ β 2γ 3 ( )(1− s ) .
π
ω
tan ϕ s
2

(20)

Equation (17) determines zero-intensity averaged
matched beam with given longitudinal emittance ε z ,
where longitudinal beam radius Rz , and beam half-momentum spread, pζ are (see Fig. 3):

Rz =

ε zλ ω
( ),
2πγ 3 Ω

pζ
mc

= 2π γ 3

εz Ω
( ).
λ ω

(21)

In presence of space charge forces, the matched conditions are modified (see Ref. [4]). More details on beam dynamics in independently phase cavities are presented in
Ref. [5].
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PRELIMINARY STUDY ON THE IMPLEMENTATION OF THE ORBIT
CORRECTION TO THE 100 MeV PROTON LINAC AT KOMAC
S. Lee∗ , H.-J. Kwon, H.-S. Kim, J.-J. Dang, D.-H. Kim, S.-P. Yun
KOMAC, Korea Atomic Energy Research Institute, Gyeongju, Korea
Abstract
At KOMAC (Korea Multipurpose Accelerator Complex),
we have been operating a 100 MeV linac consisting of 11
DTLs (Drift Tube Linacs) with several BPMs (Beam Position Monitors), WSs (Wire Scanners) and SMs (Steerer
Magnets) installed for the orbit correction of the proton
beam. The orbit correction can be performed through the
response matrix between the position measurements from
the BPMs/WSs and the field strength of the steering magnets.
In this work, we will show the calculated response matrix
from the simulation results, and describe the detailed plans
for the implementation of the orbit correction in the real
linac system at KOMAC.

INTRODUCTION
The performance of the high current linac greatly depends
on the alignment of the linac and the performance of the
orbit correction. At KOMAC, we have a 100 MeV proton
linac consisting of 11 DTLs. Using information on beam
center at various BPM and WS locations in the linac, we
can guide the proton beams to avoid beam loss. For this,
SVD (Singular Value Decomposition) technique [1–3] is
performed to calculate the steering angles to apply by building a response matrix relating between the beam centers at
BPM/WS and the steering angles applied by SMs from the
beam dynamics simulations. Here, we show some of the
preliminary results of the orbit correction and future plans
for the implementation of the orbit correction in the real
system at KOMAC.

METHOD

Layout for Beam Position Monitor, Wire Scanner
and Steerer Magnet
For the orbit correction, there are 10 BPMs, 2 WSs and
8 SMs(including 3 additional SMs to be installed in future)
in the linac and the dump beamline as shown in Fig. 1a.
Depending upon the size of the free space, 2 types of steerer
magnets, a and b are installed and also shown in Fig. 1a. The
steering angle Δ𝜃 applied by the steerer magnet of size 𝐿
and magnetic field 𝐵 is given as

∗

shl@kaeri.re.kr
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𝑞𝐵𝐿𝑐
𝑚𝑐2 𝛽𝛾

(b)

Figure 1: (a) Layout for Beam Position Monitor, Wire Scanner and Steerer Magnet. (b) Beam envelope graph shows
x and y envelopes in blue and red respectively. Beam x, y
centers are shown in magenta.
In Fig. 1a, we label DTL21∽24 and DTL101∽107 as
DTL20 and DTL100 sections. Beam envelope for our 100
MeV proton linac is calculated and shown in Fig. 1b.

Scheme for Orbit Correction
The orbit correction is carried out utilizing a SVD which
inverts a response matrix. We construct a response matrix,
𝑅𝑖𝑗 relating 𝑀 BPMs and WSs, and 𝑁 SMs used for the orbit
correction of the 100 MeV proton linac,
𝑅𝑖𝑗 =

In this section, we will describe how the orbit correction
is implemented based on the beam dynamics simulation.

Δ𝜃 =

(a)

(1)

Δ𝑥𝑖
Δ𝜃𝑗

(2)

where 𝑥𝑖 is beam center at 𝑖𝑡ℎ BPM and Δ𝜃𝑗 is a steering
angle applied by 𝑗 𝑡ℎ SM. This means that the change in the
beam center by the steering angle is
Δ𝑥 = 𝑅 ⋅ Δ𝜃

(3)

Response matrix, R can be written as a product of three
matrices, U, Σ and V as
𝑅 = 𝑈 ⋅ Σ ⋅ 𝑉𝑇

(4)

where 𝑈 and 𝑉 are 𝑀 × 𝑀 and 𝑁 × 𝑁 unitary matrix respectively. Σ is an 𝑀 ×𝑁 diagonal matrix with diagonal elements
𝑠. This decomposition is unique only to a certain extent, not
in every case. To calculate the steering angle to apply the
orbit correction,
Δ𝜃 = 𝑅−1 ⋅ Δ𝑥

(5)
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where 𝑅−1 , an inverse of 𝑅 matrix. This is written as below,
(6)

𝑅−1 = 𝑉 ⋅ Σ−1 ⋅ 𝑈 𝑇

and
= all non-zero diagonal terms 1/𝑠.
The response matrix 𝑅 is a (10+2)×8 non-square response
matrix with 8 eigen values and is obtained from the beam
dynamics simulation similar in [4, 5]:
Σ−1

𝑅12×8

−0.1158 0.0000
0.0000
⎡
−0.0862
0.1268
0.0000
⎢
⎢
= ⎢ 0.3169 −0.4540 0.2917
..
..
..
⎢
.
.
.
⎢
⎣ −2.4994 3.6002 −0.9544

⋯
⋯
⋯

0.0000
0.0000
0.0000
..
.

⎤
⎥
⎥
⎥
⎥
⋱
⎥
⋯ −3.9723 ⎦

The inverse of 𝑅 is used for the orbit correction. Given
the layout of BPM, WS and SM, we tested a certain case by
setting certain errors that would show some weak points in
the current BPM/WS-SM layout in Fig. 1a. The set errors
are x displacement of DTL101, DTL103 and DTL106 by
+0.1 mm, +0.5 mm and −0.2 mm respectively, assuming that
quadrupole magnets inside the DTL are well aligned to the
DTL tank. When the errors are applied, the simulated beam
envelope is shown as in Fig. 2. x center is increasingly shifted
along the linac, till the dump beamline with the maximum
shift of 12 mm. Steering angles are calculated using Eq. (5)
and set to steerer magnets.

Figure 3: Orbit-corrected X, Y beam envelope in blue and
red lines and x center in magenta when the orbit correction
is applied to the x displacement errors of DTL101, DTL103
and DTL106.

CONCLUSION
From the beam dynamics simulations, response matrix is
obtained, relating between beam centers at BPM/WS positions and steering angles applied by steering magnets. With
certain and known errors, the orbit correction is applied using SVD. As there is no steerer magnet to correct the orbit
in the DTL102 and 103, the steering magnets in the DTL23,
DTL24 and MEBT II are acted for the orbit correction even
though there were no error set in DTL20 and MEBT sections. As a result, beam center is corrected in the latter part
of DTL100 and the dump beamline. And from the result,
we visualize effects on the SM-missing places in the linac.
In coming studies, we will work on improvement of beam
diagnostics based on error studies and orbit correction.
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Figure 2: X, Y beam envelope in blue and red lines and x
center in magenta when the orbit correction is applied to the
x displacement errors of DTL101, DTL103 and DTL106.

RESULTS
Beam envelope is simulated after applying the steering
angles for the orbit correction, shown in Fig. 3. Beam centers in the latter half of the DTL100 and the entire dump
beamline are greatly improved as they gather close to the
linac center. However, even though there is no error set in
DTL20, the steerer magnets in DTL20 act to correct the
orbit in DTL100. That is because there is no steerer magnet
installed in DTL102 and DTL103 due to space limitation.
This test study is not real but helps us to visualize how
SM-missing places are affected to over-compensate errors.
We will continue our simulation study to improve our diagnostics system based on the error studies and orbit correction.
We also intend to modify the SM design to be accommodated in the congested spaces. In parallel, to apply the orbit
correction in the real linac system, real-time beam position
monitoring GUI using BPMs are set in the 100 MeV linac
control room.

REFERENCES
[1] Y. Chung, G. Decker, and K. Evans, “Closed orbit correction
using singular value decomposition of the response matrix”,
in Proc. 15th Particle Accelerator Conf., Washington, DC,
USA, May 1993, pp. 2263–2265. https://accelconf.web.
cern.ch/p93/PDF/PAC1993_2263.PDF
[2] Y. Chung, G. Decker, and K. Evans, “Measurement of betafunction and phase using the response matrix”, in Proc.
15th Particle Accelerator Conf., Washington, DC, USA, May
1993, pp. 188–190. https://accelconf.web.cern.ch/
p93/PDF/PAC1993_0188.PDF
[3] T. Satogata, “SVD orbit correction for ALPHA”, Thomas Jefferson National Accelerator Facility, Newport News, VA, USA,
Rep. JLAB-TN-14-030, Nov. 2014.
[4] S. Lee, H.-J. Kwon, H.-S. Kim, J.-J. Dang, S.-P. Yoon, and
D.-H. Kim, “Estimation of linac alignment error using singular
value decomposition of the response matrix”, in Trans. Korean
Nucl. Society Spring Meeting, Jeju, Korea, May 2022.
[5] S. Lee, H.-J. Kwon, H.-S. Kim, J.-J. Dang, S.-P. Yoon, and
D.-H. Kim, “Beam error analysis and orbit correction simulation studies at KOMAC”, Korean Physical Society Spring
Meeting, Apr. 2022.

Beam dynamics, extreme beams, sources and beam related technologies
Beam Dynamics, beam simulations, beam transport

TUPORI27
615

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPORI28

INJECTOR SYSTEM DEVELOPMENT FOR 1 MeV/n RFQ AT KOMAC*
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Abstract
A Radiofrequency quadrupole (RFQ) system with 200
MHz frequency and 1 MeV/n output energy is under development at KOMAC (Korea Multi-purpose Accelerator
Complex) for multiple purposes such as a test-stand for an
ion source and low energy beam transport study, ion beam
implantation for semiconductors and polymers and neutron
generation for material study. We developed an injector
system for the RFQ, which is mainly composed of a 2.45
GHz microwave ion source, low energy beam transport
with two solenoids and a vacuum system with diagnostic
chamber. The RFQ was designed to be able to accelerate
beam with 2.5 mass-to-charge ratios (A/q) but we used a
proton beam for initial test to characterize the injector system. Detailed description of the constructed injector system along with test results will be given in this paper.

type of the ion source is routinely used for the 100-MeV
proton linac at KOMAC. For the LEBT system, we use two
solenoids to match the beam parameters suitable for injection into RFQ. The magnetic LEBT system includes a vacuum system with a diagnostic chamber which is equipped
with an emittance scanner and a beam profile monitor.

INTRODUCTION
An RFQ (radio-frequency quadrupole) with the output
beam energy of 1 MeV/n is under development at KOMAC, mainly for a test-stand to perform an ion injector and
low energy beam acceleration study. We expect several research items to be carried out such as an advanced ion
source operation based on the AI (artificial intelligence)
technology, low energy beam diagnostics including multidimensional phase space reconstruction and testing of an
advanced RF control technologies (adaptive feed-forward,
non-IQ sampling).
In addition, the developed system can be used for the acceleration of helium beam with applications including semiconductor irradiation and membrane fabrication. The designed output energy of helium beam is 4 MeV, which is
enough to penetrate the silicon wafer up to 18 um. To reduce the irradiation time and to increase throughput of ion
beam treatment, higher beam current is preferred. With
consideration of the ion source performance for He2+, the
beam current of the RFQ was determined to be 10 mA [1].
Through the acceleration of deuteron beam up to 2 MeV,
a small-scale accelerator based neutron source for the neutron science and the nuclear material study is another important application in consideration.
The layout of the ion beam irradiation system based on
RFQ is shown in Fig. 1. The system includes the ion injector, low energy beam transport (LEBT), RFQ, beam lines
and the irradiation target. For the ion source, we use a microwave ion source with 2.45 GHz magnetron. The same
___________________________________________
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Figure 1. Layout of the ion beam system based on 200 MHz,
1 MeV/n RFQ and two beam lines.
The operation frequency of the RFQ is 200 MHz and
with this choice of the RF frequency, we designed the RFQ
with a four-vane type. Generally, a four-vane type RFQ is
known to show better performance than the four-rod type
in high duty operation point of view, while keeping the
overall size of the RFQ within reasonably compact size [2].
We used PARMTEQ code for beam dynamics optimization for the RFQ. The optimization design parameters include the shaper energy, gentle buncher energy, vane voltage, and the aperture radius. During the optimization, we
restricted the RF power and total length no more than 130
kW and 3.2 m, respectively. Design parameters are summarized in Table 1.
RFQ cavity consists of 3 sections and each section is
about 1 m long. Under cut region at both ends of the structure is designed such that it results in flat field distribution
better than 1 %. Each quadrant of single section contains
four ports and total number of ports are 48. Eight of them
are used for vacuum pumping with turbo-molecular
pumps, two of them are for the coaxial type RF power couplers and another two of them are used for RF pickup ports.
Rest of them are dedicated for slug tuner ports as shown in
Fig. 2. Water-cooled slug tuner diameter is 70 mm and the
frequency shift of 1 MHz is estimated with 9.7 mm insertion.
Proton and Ion Accelerators and Applications
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Table 1. Summary of the RFQ Design Parameters
Parameter

Value

Particle
Vane voltage
Input beam energy
Shaper energy
Gentle buncher energy
Output beam energy
Peak beam current
Emittance (nor. Rms)
Type
RF frequency
RF power
Maximum electric field
ρ/r0
Length
Transmission

4

He 2+
72 kV
100 keV
0.112 MeV
1.05 MeV
4 MeV
10 mA
0.2 π mm mrad
Four vane
200 MHz
126 kW
1.63 Kilpatrick
0.87
3158.92 mm
97.6 %

Ancillary systems to drive the RFQ include the RF system, the control system and the cooling system. The main
RF amplifier system for the RFQ is a solid-state power amplifier with peak power of 240 kW driven by a digital lowlevel RF system. EPICS based control system is under development. The required cooling water flow rate is estimated to be about 33 m3/hr to limit the temperature rise of
the RFQ less than 1 degree centigrade, which is provided
by using a dedicated chiller and cooling water distribution
system.
The overall system includes two beam lines. To distribute the accelerated beam to each beam line, we installed a
switching magnet (straight and 30 deg. bending). Each
beam line is equipped with a quadrupole triplet and beam
diagnostic devices such as an ACCT and a wire scanner as
well as an irradiation chamber as shown in Fig 3.

Figure 3. Installed beam line.

INJECTOR SYSTEM

Figure 2. Fabricated RFQ
RFQ cavity were fabricated, inspected with 3D scanning
and finally assembled by using brazing process. 3D scanning after final machining showed machining error within
20 um at vane tip region. Before brazing, we measured the
resonant frequency spectrum on single section. Quadrupole
mode (TE210-like) frequency was measured to be 200.980
MHz, whereas two dipole mode (TE110-like) frequencies
were 201.751 MHz and 202.321 MHz. Note that if RFQ
cavity length is too short as in single section in this case,
quadrupole mode frequency is lower than dipole mode frequency, contrary to the full-length cavity, where quadrupole mode frequency is higher than dipole mode frequency.
Calculation with MicroWave Studio code confirmed that
dipole mode frequency is higher than quadrupole mode frequency in short single section by 1.3 MHz. Brazed structure went through RF tuning process including a resonant
frequency adjustment and field flatness tuning. More details on RFQ design and fabrication can be found in Ref [3].
Proton and Ion Accelerators and Applications
RFQs

The injector system consists of an 2.45 GHz microwave
ion source, two solenoids for beam matching, diagnostic
box with vacuum pumping system and an electron trap just
in front of the RFQ inlet flange. For the present, we use an
ion source which is same as the one used for a 100-MeV
proton linac. Because the ion source is optimized for the 50
keV proton extraction up to 20 mA, it needs optimization
for extraction of heavier ion with A/q up to 2.5. The ion
source is equipped with single solenoid and electrically
isolated from the microwave system by using isolation
waveguide, which eliminated the use of isolation transformer and high-voltage deck. Pulse length can be varied
from 50 us to 2 ms with the maximum repetition rate of
120 Hz. The ion source and the isolation waveguide is
shown in Fig. 4.

Figure 4. (a) Ion source with single solenoid, (b) Multi-layered isolation waveguide.
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For beam matching to RFQ, we use two solenoids. The
beam envelope can be found in Fig. 5 for proton beam and
helium beam. Beam diagnostic devices includes two AC
current transformer, an emittance scanner and a beam profile monitor. Overall injector system after installation is
shown in Fig. 6.

• LEBT solenoid current: 72.5 A / 84.0 A
• RFQ RF pulse width: 100 us
• RFQ RF peak power: 40 kW
Total extraction current from ion source was about 8.4
mA and the RFQ input current after LEBT was about 4.2
mA. The beam current at the RFQ output was about 3.1 mA
with 40 kW RFQ RF peak power. We observed some portion of beam was inadvertently screened by beam profile
monitor located between two solenoids in LEBT, which
partially explained the discrepancy between the ion source
extraction current measured right after the extraction electrode and the RFQ input current measured just before the
RFQ. Proton ratio in the extracted beam (or H2+ fraction)
was not measured directly, but we thought proton fraction
could be as low as about 70%, taking the low microwave
power into consideration. Maximum beam transmission of
RFQ during the initial test was 84.7% without beam steering adjustment. The typical waveforms during the initial
beam test is shown in Fig. 7.

Figure 5. Beam envelope in magnetic LEBT for 25 keV
proton beam and 50 keV He2+ beam.
Figure 7. Typical waveform during the initial beam test,
showing the ion source extraction current (8.4 mA), the extraction voltage (27.5 kV initial, 25 kV final), RFQ input
current (4.2 mA) and RFQ output current (3.1 mA).

CONCLUSION

Figure 6. Installed injection system.

INITIAL BEAM TEST
To check the system integrity, we performed an initial
beam test using proton beam with following conditions.
• Ion source vacuum: 8.0E-6 torr
• Microwave power: 340 W CW
• Ion source solenoid current: 70 A
• Extraction voltage: 27.5 kV
• Extraction pulse width: 1 ms
• Pulse repetition rate: 1 Hz
TUPORI28
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A Radiofrequency quadrupole (RFQ) system with 200
MHz frequency and 1 MeV/n output energy is under development at KOMAC (Korea Multi-purpose Accelerator
Complex) for multiple purposes. We developed an injector
system for the RFQ and performed the initial beam test using proton beam with over 80% transmission. By using the
developed system, we expect the various machine and
beam study to be performed as an accelerator test stand as
well as a driver for various accelerator applications.
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Abstract
The mechanism of space charge compensation given as
a result of the residual gas ionization is a key factor for the
emittance containment in the low energy beam transport
(LEBT) lines of high intensity hadron injectors. A typical
front end including an ion source, a LEBT and Radio Frequency Quadrupole (RFQ), is equipped with two repellers
at each interface to prevent electrons from flowing back, to
the source, or forward, to the RFQ. In this paper we will
emphasize the importance of the ion source and LEBT repellers on giving the appropriate boundary conditions for
the space-charge compensation build-up mechanism. The
theory and simulations are supported by experiments performed in the high intensities facility such as ESS and
IFMIF/EVEDA.

 high intensity ion source of ECR (Electron Cyclotron
Resonance) type
 magnetostatic LEBT (Low Energy Beam Transfer)
line.

THE INJECTORS
In this paper we will focus on the extraction and LEBT
optics of these two facilities (Fig. 1). The ESS ion source
plasma phenomena are described in [10] and the beam
modulation techniques in [11].

INTRODUCTION
The Linear IFMIF Prototype Accelerator (LIPAc) [1, 2]
is a high intensity D+ linear accelerator; demonstrator of
the International Fusion Material Irradiation Facility
(IFMIF). The final linac [3] will send 40 MeV of 125 mA
deuteron beam onto a liquid lithium target, in order to reproduce the future fusion reactor neutron spectra. In summer 2019 the IFMIF/EVEDA Radio Frequency Quadrupole (RFQ) accelerated its nominal 125 mA deuteron (D+)
beam current to 5 MeV, with >90% transmission for pulses
of 1 ms at 1 Hz, reaching its nominal beam dynamics
goal [4, 5].
The European Spallation Source (ESS) [6], currently under construction in Lund, Sweden will send a 62.5 mA proton beam at 14 Hz and 2.86 ms pulse length will be accelerated to 2 GeV. The resulting average beam power of
5 MW will be used to drive the production of spallation
neutrons, enabling ESS to become a flagship research facility and to carry out world class science. The normal conducting part is the first section of the machine to transition
from installation to integrated testing and commissioning
with beam. In spring 2022 the first DTL tank [7] was commissioned at full peak current reaching its nominal beam
dynamics goal [8, 9].
Both of these high power high intensity facilities implement a similar low energy stage composed of:
___________________________________________
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Figure 1: Common layout of the LEBTs of ESS and
IFMIF/EVEDA.
The ion sources produce light ions beams: deuteron/protons for IFMIF, protons for ESS. The LEBT are based on a
magnetostatic transfer line that uses two solenoids for
transport and matching the beam into the RFQs. Two repellers are supplied, one in the extraction region, the other
one at the RFQ entrance. As far as the diagnostics are concerned, both injectors are equipped with non intercepting
current monitors that allows to read extracted beam current
from the PE (Plasma Electrode) and to the RFQ injection
point. Additionally, the ESS LEBT [12] is equipped with a
Faraday Cup. In the following sections we will explain the
differences between the injectors.

IFMIF Injector
The injector, an ECR source, in-kind contribution of
CEA Saclay [13] consists of a 2.45 GHz RF power source
with a two coil magnetic structure. The nominal CW beam
extracted consists of 140 mA D+ at 100 kV. For commissioning purposes, the source can also extract tens of mA of
H+ at 50 kV and can operate in pulsed mode. From the
beam dynamics point of view, these beams are characterized by a high perveance beam transport: the general
perveance (un-compensated) ranges from 5×10−4 for the
probe up to 5×10−3 for the nominal beam. The extraction,
differently to the ESS case, is characterized by a five-electrode system: the addition of an intermediate electrode can
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be used to unbalance the gap voltages between the plasma
electrode and the first ground without changing the overall
extraction output energy. There are no collimators in the
LEBT other than the collimator cone before the RFQ.

ESS Injector
The ESS linac starts with a microwave discharge ion
source [14] with a three coils magnetic structure producing
a 75 keV, 90 proton beam with a flattop pulse length of
3 ms and 14 Hz repetition rate. The general perveance (uncompensated) ranges from 1.6×10−4 for the probe beam up
to 2.9×10−3 for the nominal beam.
The LEBT includes an electrostatic chopping system
[15] (fixed, different to the IFMIF/EVEDA case) and an
adjustable iris between the two solenoids. Even with its full
aperture, the iris decreases the aperture between the solenoids down to around 35 mm radius, protecting the devices
downstream from unwanted losses. The extraction system
is composed by 4 electrodes: change of the extraction voltage or the beam current density is unavoidable in order to
probe the optics of the extraction. The IS and the LEBT are
in-kind contributions from INFN Catania in Italy [16].

IFMIF/EVEDA EXPERIENCE WITH
RFQ REPELLER
Close to the RFQ injection point there is an electron repeller. Following the LEDA experience [17], it was placed
in order to boost the space charge compensation in this last
LEBT section. As a matter of fact, there are two beam enalong the LEBT: one close to the
velope minimums 𝑟
plasma electrode and one at the RFQ entrance. In such
points:
possesses the larger val1. The space charge field 𝜙
ues with respect the other part of LEBT domain.
2. The decompensation due to the Columbian collisions
in those posi[18] has also their maxima 𝜙 /𝜙
tions, where 𝜙 = 𝜙 (1 − 𝜂).
3. The maxima of the beam self-field potential attracts
the electrons generated via residual gas ionization and
collisions with pipes. For positive ion even at the
steady state, there is a residual uncompensated beam
potential that drives the electrons dynamics
−∇𝜙 [19].
Therefore, on both points, there are effective longitudinal electron flows that reduce the electron density for several cm after or ahead of the 𝑟 . As such, the s.c.c. degree
decreases significantly.
The effect can be seen in Fig. 2: two simulations were
performed with WARP code [20] of the IFMIF/EVEDA
LEBT, with nominal beam perveance. The total potential
ϕ along axis is shown at the steady state of the simulation for two cases. In one of these simulations we kept the
RFQ repeller “off”, while in the other it was “on”. At
steady state, the residual potential for the “off” case 𝜙
is roughly two times larger than the “on” case, but in the
exact point of 𝑟 .

TUPORI29
620

Figure 2: IFMIF/EVEDA simulated total potential close
RFQ injection point with the WARP code, for repeller on
(orange curve) and off (blue curve). Repeller cone voltage
effect on potential is highlight.
If we look to the predicted emittance growths, we calculate a +38% larger emittance at RFQ injection in case of
(RFQ) repeller off, meaning that the small gain of compensation at the 𝑟 position, at the cost of a constant electron
longitudinal outflow, does not preserve the beam emittance. Another interesting effect given by this electron outflow, is that the non-intercepting beam current measurement at the RFQ entrance (such as an ACCT) leads to under estimation of the current at the entrance of the RFQ, if
no potential on the repeller is applied. Therefore, an overestimation of transmission through RFQ is expected in
such a case. In IFMIF/EVEDA, we measured 15 mA of
such electron outflow for nominal proton beam (70 mA)
and we had to apply -1 kV at RFQ repeller to disrupt it.

ESS EXPERIENCE WITH
SOURCE REPELLER
Similar phenomena can be found at the other 𝑟
position, at the extraction column. Different to the RFQ case,
the electrons flow is opposite to that of the proton beam.
Therefore, the extracted current read is overestimated by
the transformer. At this place, it is commonly added an
electron repeller in order to avoid this electron flow entering into the plasma chamber, damaging the electrodes or
the boron-nitride disks (Fig. 3).

Figure 3: Simulated total potential close to the extraction
with the WARP code, for repeller on (left plot) and off
(right plot). The potentials are shown with respect time
needed for compensation to build up.
The source repeller also disrupts the backward flow of
electron (reflecting the electrons) and builds up the spacecharge compensation in the extraction region. The effect on
the emittance growth, however, is far more important with
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respect to that of the RFQ repeller: if the beam is divergent
from the extraction (due to the uncompensated space
charge or bad extraction optics) for this type of ion sources,
the larger emittance growth contribution may rise form the
solenoid spherical aberrations [21], which occurs when the
beam occupies more than 50% of solenoid bore.

Figure 5: Current at the FC for 75.5 mA extracted current
for different repeller voltages.
The current at the FC increases up to the point where the
repeller potential does not anymore disrupt the electron
flow through the plasma electrode hole. Therefore, the
s.c.c. does not build up anymore and the transmission reduces abruptly due to the low s.c.c. . Not only do the electrons close to the extraction contributes to these phenomena, the electrons from the LEBT may also potentially contribute as shown in Fig. 6.
Figure 4: Simulated and measured transmission at FC for
75.5 mA and 45.5 mA at different extraction voltages,
with/without the source repeller. Dotted marked line are
the measurements, while the continuous lines are the simulations. The square marks are the measurements without
repeller.
At ESS we performed an experiment that allowed us to
probe the optics of the extraction for different electrode
voltages with different repeller voltages. Keeping the solenoid 1 off, we change the platform voltage between
60-80 kV with the repeller off and at -3.5 kV (Fig. 4). For
different extracted currents (75.5 mA and 45.5 mA) while
changing the potential, we kept the extracted current constant adjusting slightly the RF and the gas. We then looked
at the ratio between the extracted current (measured by a
transformer) and the current reaching the FC between the
two solenoids. This quantity is related to the beam dimensions and thus of the divergence at the source. The measurements were benchmarked with a dedicated code [22]
based on IBSIMU [23] and WARP. It is possible to see that
the curves with the repeller on (dot marks) follow the wellknown trend driven by the source perveance, while in the
other case (no voltage applied on the repeller) it is completely independent from them. This means that the space
charge compensation does not reach higher enough levels
(also as expected by Fig. 3). The divergence is therefore
largely amplified (a factor of 3 roughly) if the electron flow
is present. From preliminary simulations, this can led to a
factor of 4 of higher emittance between the two solenoids
with respect the nominal case.
This effect can be studied also looking at the current
reaching the FC for different repeller voltages at fixed extracted current, 75.5 mA (Fig. 5).

Figure 6: Extracted current waveforms for different repellers and with and without solenoid 1 on.
The extracted current waveforms for different repellers and
with/without the solenoid 1 are shown in Fig. 6. It is possible to see that in both cases, when the repeller voltage is
below 1 kV, the current transformer measures the electron
outflow (as an increase of extracted current). Its magnitude
is different depending on the field of solenoid. This can be
explained by the fact that the contribution from the electrons of the LEBT to the outflow is limited by the solenoid
field, which partially removes their contributions.

CONCLUSION
In this paper, we explored the role of the repellers in the
space charge compensation of high intensity positive light
ion facilities of IFMIF/EVEDA and ESS. Besides their
main roles, as protection devices for the source and RFQs
they carry out a very important function in the longitudinal
confinement of the electrons, an essential mechanism for a
good quality beam at the RFQ entrance.

Beam dynamics, extreme beams, sources and beam related technologies
Beam Dynamics, beam simulations, beam transport

TUPORI29
621

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPORI29

REFERENCES
[1] H. Dzitko et al., “Status and future developments of the Linear IFMIF Prototype Accelerator (LIPAc)”, Fusion Eng.
Des., vol. 168, p. 112621, 2021.
doi:10.1016/j.fusengdes.2021.112621

[2] K. Masuda et al., “Commissioning of IFMIF Prototype Accelerator towards CW operation”, in Proc. LINAC’22, Liverpool, UK, Aug. 2022, paper TU2AA04, this conference.
[3] I. Podadera et al., “Commissioning plan of the IFMIFDONES accelerator” in Proc. LINAC’22, Liverpool, UK,
Aug. 2022, paper TUPOJO01, this conference.
[4] F. Grespan et al., “IFMIF/EVEDA RFQ Beam Commissioning at Nominal 125 mA Deuteron Beam in Pulsed
Mode”, in Proc. IPAC'20, Caen, France, May 2020, p. 21.
doi:10.18429/JACoW-IPAC2020-TUVIR11

[5] L. Bellan et al., “Acceleration of the High Current Deuteron
Beam Through the IFMIF-EVEDA RFQ: Confirmation of
the Design Beam Dynamics Performances” in Proc. HB’21,
Batavia, USA, Oct. 2021, paper WEDC2, pp 197-202.
[6] M. Eshraqi et al., “The ESS linac” in Proc. IPAC’14, Dresden, Germany, Jun. 2014, pp 3320-3322.
doi:10.18429/JACoW-IPAC2014-THPME043

[7] F. Grespan et al., “ESS DTL Design and Drift Tube Prototype”, in Proc. LINAC’14, Geneva, Switzerland, Aug.-Sep.
2014, paper THPP087, pp 1050-1052.
[8] B. Jones et al., “Beam Commissioning to 21.3 MeV at the
European Spallation Source”, in Proc. LINAC’22, Liverpool, UK, Aug. 2022, paper TUOPA01, this conference.
[9] R. Miyamoto et al., “Beam commissioning of normal conducting part and status of ESS project”, in Proc. LINAC’22,
Liverpool, UK, Aug. 2022, paper MO1PA02, this conference.
[10] L. Neri and L. Celona, “High stability microwave discharge
ion sources”, Sci. Rep. vol. 12, p. 3064, 2022.
doi:10.1038/s41598-022-06937-7

[11] L. Neri et al., “HSMDIS performance on the ESS ion
source”, in Proc. LINAC’22, Liverpool, UK, Aug. 2022, paper THPORI19, this conference.
[12] L. Neri et al., “The ESS low energy beam transport line design”, in Proc. LINAC’12, Tel-Aviv, Israel, Sep. 2012, paper
THPB028, pp. 912-914.

TUPORI29
622

[13] N. Chauvin et al., “Deuteron beam commissioning of the
linear IFMIF prototype accelerator ion source and low energy beam transport”, Nucl. Fusion, vol. 59, p. 106001,
2019. doi:10.1088/1741-4326/ab1c88
[14] L. Celona et al., “High intensity proton source and LEBT
for the European spallation source”, AIP Conf. Proc., vol.
2011, p. 020019, 2018. doi:10.1063/1.5053261
[15] A. Caruso et al., “Experimental performance of the chopper for the ESS LINAC”, J. Phys.: Conf. Ser.. vol. 1067, no.
4, p. 042015.
doi:10.1088/1742-6596/1067/4/042015

[16] L. Neri et al., “Beam commission of the high intensity proton source developed at INFN-LNS for the European Spallation Source”, J. Phys.: Conf. Ser., vol. 874, p. 012037,
2017. doi:10.1088/1742-6596/874/1/012037
[17] H. Vernon Smith et al., “Low Energy Demonstration Accelerator (LEDA) Test Results and Plans”, in Proc. PAC’01,
Chicago, USA, Jun. 2001, paper RPPH031, pp 3296- 3298.
[18] D. Winklehner and D. Leitner, “A space charge compensation model for positive DC ion beams”, J. Instrum., vol. 10,
p. T100006, 2015.
doi:10.1088/1748-0221/10/10/t10006

[19] L. Bellan et al., “Self-Consistent potential in high intensity
deuteron beams simulations and measurements”, AIP Conf.
Proc., vol. 2011, p. 080013, 2018.
doi:10.1063/1.5053368

[20] D. P. Grote and A. Friedman, “The WARP Code: Modeling
High Intensity Ion Beams”, AIP Conf. Proc., vol. 749,
pp. 55-58, 2005. doi:10.1063/1.1893366
[20] M. Comunian et al., “IFMIF-EVEDA RFQ, Measurement
of Beam Input Conditions and Preparation to Beam Commissioning”, in Proc. HB’16, Malmo, Sweden, Jul. 2016,
pp 338-341. doi:10.18429/JACoW-HB2016-TUPM4Y01
[21] L. Bellan et al., “Extraction and Low Energy beam transport
models used for the IFMIF/EVEDA RFQ commissioning”,
J. Phys.: Conf. Ser., vol. 2244, p. 012078, 2022.
doi:10.1088/1742-6596/2244/1/012078

[23] T. Kalvas et al., “IBSIMU: A three-dimensional simulation
software for charged particle optics”, Rev. Sci. Instrum.,
vol. 81, p. 02B703, 2010. doi:10.1063/1.3258608

Beam dynamics, extreme beams, sources and beam related technologies
Beam Dynamics, beam simulations, beam transport

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TUPORI30

APPLICATION OF PERMANENT MAGNETS IN SOLENOID AND
QUADRUPOLE FOCUSSING
J. D. Kaiser∗1 , A.Ateş, H. Haehnel, U. Ratzinger, IAP, Goethe University, Frankfurt, Germany
1 Helmholtz Research Academy Hesse for FAIR (HFHF), Frankfurt, Germany
Abstract
Permanent magnets can be used to design compact high
gradient focusing elements for particle accelerators. Based
on cheap industrial standard Neodym permanent magnets,
design studies for Solenoids and Quadrupoles are presented.
The Solenoid design consists of three segments, where the
outer segments possess a radial magnetization and the inner
segments an axial magnetization. This increases the mean
field strength in comparison to a singlet hollow cylinder
solenoid.
The quadrupole design consists of 16 block magnets and
is designed to be rather simplistic. The casing consists of
two half shells, which can be easily mounted around a beam
pipe. For a quadrupole triplet configuration the influence of
different geometric parameters on beam transport regarding
focusing strength and emittance growth is investigated.
Furthermore, a variation of the quadrupole design was
mounted in vacuum in a triplet configuration. Using custom
3D-printed mounts for small raspberry pi cameras the beam
could be observed inside the quadrupoles. A first prototype
was constructed.

of the mean flux density. For suitable parameter combinations, this can be increased by a factor of 2. Compared to
a single hollow cylinder, the magnetic fields are concentrated in a smaller area as this changes direction between
segments (Fig. 2). For an aperture radius of 20mm, the average magnetic flux density increases by 20% radially for both
designs. This results in overfocusing only for the combined
cylinders due to the concentrated field. This problem can be
circumvented by reducing the illumination or designing the
solenoid with smaller aperture radii.

PERMANENT MANGETIC SOLENOIDS
In its simplest form, a permanent magnetic solenoid (PMSolenoid) can be realized by a single axially magnetized
hollow cylinder. A maximization of the coupling of the
magnetic field across the aperture volume is crucial for the
mean flux density along the beam axis. This is particularly
weakened when the cylinder is lengthened. To counteract
this, the solenoid is extended by two outer cylinder segments
with a radial magnetization (Fig. 1).

Figure 2: Field progression along the solenoid axis for three
segment aspect ratios 𝛼.
For a cheap realization an arrangement of cuboid magnets
can be derived, whose geometry is industrial standard and
thus available at a low price compared to individually manufactured magnets (Fig. 3). The pole faces of the magnets,
which correspond to the largest surface of the individual
cuboids, are oriented according to Fig. 1. In this configuration, an average flux density of 0.5T can be achieved for an
80mm long solenoid and an aperture radius of 12mm with
an outer radius of 32mm.

Figure 1: Cross-section of a PM solenoid consisting of three
segments.
The ratio of the segment lengths 𝛼 can be adjusted according to the geometrical parameters to a maxmimization
∗

kaiser@iap.uni-frankfurt.de

Figure 3: Arrangement of cuboid magnets to mimic the
segmented PM solenoid.
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PERMANENT MAGNETIC
QUADRUPOLES
A permanent magnetic quadrupole (PMQ) can be realized
in the simplest form from 8 cuboid magnets [1]. For the
use of industrial standard magnets, the cuboids must have
a square base, so that identical magnets can be used at all
positions. This allows the magnets to be stacked, making
higher gradients possible. The space existing between the
main magnets can also be filled by additional magnets, see
Fig. 4.

multipole components, the cuboids must have the largest
possible width. With a filling of less than 80%, these stand
out clearly (Fig. 6). This limits the usable aperture of the
PMQ.

Figure 6: Orthogonal field component on a closed curve
along the aperture for a PMQ with a magnet width occupying
70% of the available space.

PMQ Triplet

Figure 4: Arrangement of cuboid magnets with a square
base to form a PMQ.
For flexible use and easy handling, a magnetic holder was
developed which is clamped around a beam pipe (Fig. 5).
This consists of two half-shells and fully encloses all individual magnets, so that they are firmly installed at all times
during installation and removal. For use in combination with
several PMQ, drill holes are provided with which a cover
can be attached. Especially short magnets (20mm) come off
easily. It is manufactured via 3D printing and first prototypes
made of plastic (PLA) have been tested. Aperture radii of
15.5 and 21.5 mm are possible for optimum magnet configuration in terms of space utilization. To prevent higher order

When combining to form a PMQ triplet, the effective
length of the individual PMQ’s must be taken into account
(Fig. 7). The larger the effective length, the stronger the
influence of neighboring singlets. Due to the interaction
of neighboring singlets, non-linear effects of the field distribution are amplified and the gradient increases strongly
towards the edge of the aperture, which leads to a significant
emittance growth when the lens is fully illuminated. This
can be compensated either by reducing the illumination or
by increasing the singlet spacing. For an 80mm long triplet
(without singlet spacing) consisting of two 20mm long outer
singlets and a 40mm long inner singlet, the singlet spacing
must be increased to 40mm for an aperture radius of 25mm.
If the aperture radius is halved, the technically smallest possible distance can be set without negative consequences with
regard to beam dynamics.

Figure 7: Gradient along the beam axis for singlets with
radii of 10 and 20 mm. The larger the aperture radius, the
greater the effective length.

BEAM DIAGNOSIS WITHIN A
PMQ-TRIPLET
Figure 5: PMQ singlet holder.
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Based on the magnetic envelope for external PMQ, a setup
inside a vacuum was developed, with which an optical diagnosis of the beam envelope inside a PMQ triplet can be
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performed. For image acquisition Rasperry Pi cameras are
used, which are controlled by Rasperry Pi Zeros. In a comparable setup at the IAP, comparable cameras and Rasperry
Pi’s were successfully tested inside a vacuum and inside
strong magnetic fields, so that this technique can be directly
adopted for this setup [2]. Due to the lack of semiconductors,
cameras could only be positioned at three positions in the
first prototype. Between the singlets and at the end of the
triplet, the beam was observed in two 90° offset planes of the
triplet. The magnetic sleeve consists of a single component.
The cameras are screwed directly onto the magnetic sleeve
using a separate bracket (Fig. 8).

Figure 10: Cross section of the integrated triplet.

(a)

Figure 8: PMQ with screwed-on camera mount.
To align the PMQ, two plates made of PVC are pressed
onto the weld seam between the flange and the beam tube.
These have two drill holes for threaded rods on which the
PMQ can be suspended. For a fixation, additional C-slot
rails are inserted in which screws are located, which are
pressed against the magnetic sleeve.
For the sharpest possible beam profile, an uncooled aperture was placed in front of the setup. A side effect is a reduction of the background glow from the ion source plasma,
which was only 30cm away. The full setup is then integrated
in a tube section (see Figs. 9 and 10). First tests were performed with a 5 keV, 150 µA He beam.

(b)

Figure 11: Beam images of the DFD-Plane (a) and FDFPlane (b).
number of cameras along the triplet needs to be increased.
Due to the 3D printing of the magnetic holders, there is the
possibility to integrate them directly into the holder and to
position them directly in the center of a singlet. In perspective, the setup will be used for observing high current proton
or helium beams. Since the beam is only a few millimeters
away from the cameras, the influence of the beam on them
should be investigated.
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RUN 2 OF THE ADVANCED PLASMA WAKEFIELD EXPERIMENT
(AWAKE) AT CERN
G. Zevi Della Porta† (CERN, Geneva, Switzerland)
for the AWAKE Collaboration
Abstract
After successful completion of Run 1 of the Advanced
Plasma Wakefield Experiment (AWAKE) at CERN, the experiment started Run 2 in 2021. The goals of AWAKE
Run 2 are to accelerate electrons in proton-beam-driven
plasma wakefields to high energies with gradients of up to
1 GV/m while preserving the electron beam normalized
emittance at the 10 μm level, and to demonstrate the acceleration of electrons in scalable plasma sources to
50-100 GeV. The first milestone towards these final goals
is to demonstrate electron seeding of the self-modulation
of the entire proton bunch. This was achieved in the 2021
run and some highlight results are shown. In the next
phases of AWAKE Run 2, a new X-band electron source
will provide a 150 MeV, 200 fs, 100 pC electron beam, to
be accelerated in the plasma wakefields.

INTRODUCTION
The Advanced Plasma Wakefield Experiment (AWAKE)
at CERN [1] has been developed as a proof-of-principle
R&D experiment to study proton-driven plasma wakefield
acceleration of electrons. AWAKE relies on 400 GeV proton bunches of the SPS accelerator at CERN, which could
potentially accelerate electrons to energies as high as
200 GeV in a 400 m long plasma [2]. Approved in 2013,
AWAKE observed Self-Modulation (SM) of a proton
bunch travelling in a 10 m plasma in 2016-2017 [3-5], and
plasma wakefield acceleration of electrons from 19 MeV
to 2 GeV in 2018 [6], completing its Run 1 programme.
After the successful demonstrations obtained in Run 1,
the AWAKE Run 2 programme [7-9] aims to demonstrate
the possibility to use proton-driven wakefield acceleration
for high-energy physics applications, starting with experiments where a high-energy bunch collides with a target.
Such fixed-target experiments do not require colliding
bunches and their physics performance is determined by
the energy and number of electrons on target. Demonstrating the ability to deliver beams for such an experiment is
the goal of Run 2 and is a prerequisite for designing more
complex facilities such as laser-electron and electron-proton colliders.

Experimental Layout
In its current layout, the AWAKE experiment includes a
10 m long rubidium vapor source supporting vapor densities in the range 1014-1015 cm-3 and a 120 fs laser, with central wavelength of 780 μm and energy of 120 mJ, used to
singly ionize the rubidium vapor, creating plasma. The
18 MeV electron beam, with charge ranging from 100 to
800 pC, is provided by an S-band RF photo-injector with a
___________________________________________
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UV-illuminated Cs2Te cathode, followed by a 1 m long
booster structure. Both the injector and the booster are
powered at 3 GHz by a 30 MW klystron, with a repetition
rate of 10 Hz. The beam is then delivered to the entrance
of the plasma by a 15 m long beamline of dipole and quadrupole magnets, instrumented with beam screens and beam
position monitors. The beamline downstream of the vapor
source includes a magnetic spectrometer to measure accelerated electrons and several Optical Transition Radiation
(OTR) screens whose light, when crossed by the proton
bunch, is sent to transverse and longitudinal diagnostics,
producing both time-integrated and time-resolved distributions of the proton bunch charge density.

Seeded Self-Modulation
The proton bunches of the SPS are longer (6-8 cm r.m.s.)
than the wavelength of the plasma used by AWAKE
(1 mm), and they are subjected to the Self-Modulation Instability (SMI) as soon as they enter a dense plasma. During SMI, the wakefields generated by a long proton bunch
act back on the bunch itself, creating focusing and defocusing regions that modulate the long bunch into a train of micro-bunches at the scale of the plasma wavelength [10].
SMI can develop from noise or from controlled initial
wakefields. When the SMI is ‘seeded’ by an initial modulation, its timing and amplitude become reproducible, creating the Seeded Self-Modulation (SSM) process which is
necessary to achieve reproducible electron acceleration.
AWAKE has experimented with two types of SSM. In
Run 1, it was observed that by timing the ionizing laser
pulse to overlap the proton bunch, the subsequent sharp onset of the beam-plasma interaction could drive well-defined seed wakefields and produce SSM in the second half
of the proton bunch [3]. In Run 2a, an electron bunch preceding the proton bunch provided the seed, modulating the
entire proton bunch [11].

AWAKE RUN 2 PROGRAMME
The goal of the Run 2 programme is to demonstrate stable acceleration of electron bunches with high gradient
(0.5-1 GV/m) over significant distances (10 m), while
maintaining small electron bunch emittance (10 m) and
relative energy spread (few %), as well as to demonstrate a
scalable plasma source technology to support O(100) m of
plasma [9]. In order to achieve these goals, several challenges must be met, resulting in the research programme
described below.

AWAKE Run 2a (2021-2022)
The first phase of the Run 2 programme relies on the
Run 1 infrastructure and focuses on the SSM process.
Run 2a aims to demonstrate that an electron bunch can
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provide sufficient transverse wakefields to seed the SSM
of the entire following proton bunch. Electron-bunchseeded SSM (eSSM) will be necessary starting from Run
2c, as the entire proton bunch will have to be modulated to
prevent it from undergoing SMI when it enters a second
plasma where electron acceleration takes place (see Fig. 1).
In addition, to complement the eSSM studies, the Run 2a
programme includes studies of electron-seeded transverse
instability of the proton bunch. Understanding the growth
and potential mitigation of the hose instability [12], which
was not observed in Run 1, is one of the keys to extending
the length of the AWAKE plasma.

AWAKE Run 2b (2023-2024)
The second phase of Run 2 is dedicated to the stabilization of the SM process. Simulation studies show that once
the SM process has reached saturation, the velocity difference between the defocusing fields and the micro-bunches
results in continuous charge loss which quickly diminishes
the longitudinal wakefields [13, 14]. This undesired evolution can be prevented by introducing a short ramp in the
otherwise constant plasma density, such as a ~2% density
step over O(10) cm.
The objective of Run 2b is to experimentally verify these
simulation-based predictions. A new Rb vapor source, already in advanced design state, is scheduled for installation
in mid-2023. The new vapor source will include 9 independent electrical heaters in the first 5 meters, to test different density steps, and 13 viewports to measure Rb density and plasma light.

AWAKE Run 2c (2027-2028)
The third phase of Run 2 focuses on electron acceleration, upgrading both the geometry of the experiment and
the properties of the injected electron beam.
In the Run 1 design, electrons are injected at the beginning of the plasma, while the proton bunch is not yet selfmodulated: this configuration results in losing around 80%
of the electron bunch [6]. The loss is due to the defocusing
wakefields of the unmodulated proton bunch and by the
variable phase velocity of wakefields during the SM process. To overcome these known challenges, in the Run 2

design the electrons are injected after the SM process has
saturated, in a second 10 m long plasma cell.
Furthermore, the transverse and longitudinal parameters
of the witness electron bunch are chosen to reach high energies while maintaining a low energy spread and preserving transverse emittance. Three main criteria are considered: (i) the transverse size of the electron bunch must
match the linear plasma focusing to avoid size fluctuations;
(ii) the bunch length must be smaller than a quarter of a
plasma wavelength to fit into the accelerating-focusing region of the wakefields; (iii) the electron bunch density nb0
must exceed the plasma electron density ne0 (nb0 >> ne0) to
reach blow-out and provide the linear plasma focusing
needed for emittance conservation and also to load the
wakefields to minimize the final energy spread. As described below, a new electron source and beamline is
needed to satisfy these criteria. A layout of the AWAKE
Run 2c experiment is shown in Fig. 1.
The additional plasma cell and the new electron beamline require significant infrastructure changes, including
the emptying of the ~100 m long target cavern of the CERN
Neutrinos to Gran Sasso (CNGS) experiment downstream
of AWAKE. The considerable size of the ex-CNGS area
would also allow for further expansion of AWAKE.

AWAKE Run 2d (2028 and beyond)
The last phase of Run 2 focuses on demonstrating acceleration in scalable plasma sources capable to reach
O(100) m lengths.
The plasma technology used in Run 1, based on Rb vapor ionized with a high-power laser pulse, does not scale
beyond 10 m due to the focusing geometry and the depletion of laser energy. In order to reach O(100) m of plasma,
two new scalable technologies using noble gases are in development: a direct-current electrical discharge plasma
source [15], and a helicon source where RF-powered antennas produce a magnetized wave which generates the
discharge [16]. The achievable density uniformity is being
studied, having already demonstrated operation at the
plasma densities relevant for AWAKE for both technologies.

Figure 1: Schematic of the layout for Run 2c, showing the 18 MeV electron line used to provide a seed for eSSM in the
first plasma (p+ self-modulation) and the 150 MeV electron line generating the witness bunch for acceleration in the
second plasma (e- acceleration). The last section of the proton transfer line is also shown, with protons moving from left
to right [17].
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RUN 2A: PERFORMANCE AND RESULTS
Preparation for Run 2a
The achievements of Run 2a, summarized below, are the
result of comprehensive preparations which took place in
2019-2021, during CERN’s Long Shutdown 2. This included the re-commissioning of the electron line, the addition of beam diagnostics, and the study of electron deceleration in plasma to determine the beam parameters to use
in the proton experiments [18, 19]. During this period, numerical optimization and machine learning techniques
were developed to improve the control of trajectory and
optics [20-22].
Improving the reliability and shot-to-shot reproducibility
of the experiment was a pre-requisite for studying eSSM,
since the process can only be confirmed by comparing data
taken in tens of consecutive events. A Data Quality Monitoring (DQM) framework was introduced to monitor and
control the diagnostics of the three beams (electron, proton,
laser). The DQM provides automatic checks of timestamp
and errors for all ~250 properties and images, and it displays histograms and history plots of the most important
ones, as well as a detailed view of the most recent event.
To reduce the uncertainty on transverse alignment of the
three beams, including trajectory jitter and drift, dedicated
tools were developed taking advantage of the higher rate
(10 Hz) of the electron and laser beams with respect to the
protons (0.05 Hz), and making use of a parallel optical line
to the laser beam [23].

2021 and 2022 Proton Runs
The CERN SPS provides proton beams for the LHC as
well as for several stand-alone experiments. AWAKE received 7 weeks of proton beam in 2021, and is scheduled
for 12 weeks in 2022, divided in run periods of two or three
weeks. In the 2021 proton run, AWAKE achieved eSSM
within the first two weeks, and dedicated most of the beamtime to study the growth of SM as a function of the charge
of the proton and electron bunches. During the 2022 proton
run, the focus has shifted to studying the hosing instability
as a function of transverse misalignment of the electron
beam.

Results

reduced to the 6% level, and clear micro-bunches become
visible in the average of many consecutive images, as
shown in Fig. 2(b). Finally, delaying the electron bunch by
approximately half a plasma period results in a shift in the
longitudinal distribution of the modulated proton bunch,
Fig. 2(c), with the difference in phase matching the shift in
electron bunch timing, Fig. 2(d), confirming the controlled
reproducibility of eSSM. The demonstration described
above, together with an analysis of the growth of SM along
the proton bunch and along the plasma as a function of
electron and proton charge density, forms the basis of
Ref. [11].

Figure 2: Proton bunch charge density distribution at the
OTR screen, filtered by a 20 μm slit to select a narrow region in x, and imaged by a streak camera to display the
longitudinal coordinate, t. The average of 10 events is
shown for: (a) the proton bunch with no plasma, (b, c) the
proton bunch undergoing eSSM with two different timing
of the electron bunch. The time profiles of (b) and (c) are
shown in (d) [11].
Having achieved eSSM early in Run 2a allowed for several additional studies, which are still ongoing. Introducing
transverse misalignments in the electron bunch with respect to the proton bunch generates the hose instability,
leading to the preliminary results of Ref. [24]. Dedicated
studies of how the unmodulated head of the proton bunch
evolves as it traverses plasma of varying densities, compensating for the Coulomb force, can provide insight into
the adiabatic focusing of a long proton bunch in plasma, as
discussed in Ref. [25]. The interaction of an unmodulated
proton bunch head with the second plasma of Run 2c can
be emulated in the current layout by adjusting the optics of
the proton bunch, as discussed in Ref. [26].

Run 2a is still underway, but the experiments have already yielded several new results.
The first major achievement is the demonstration of elecELECTRON INJECTOR FOR RUN 2C
tron-bunch-seeded self-modulation of the proton bunch.
The eSSM experiments require placing a significant dis- Electron Beam Requirements for Run 2c
tance (620 ps) between the ionizing laser pulse and the cenAs discussed above, achieving energy gain for a signifiter of the proton bunch (240 ps r.m.s.), to avoid a sharp oncant
charge, while maintaining small energy spread and
set of the beam-plasma interaction which could seed the
emittance,
is only possible with specific parameters for the
SM. Without an electron bunch, the SM timing is not reelectron
beam.
A set of parameters satisfying these requireproducible from event to event, yielding discrete Fourier
ments
was
tested
in simulation and found to provide the
transforms (DFT) of time-resolved images showing signifenergy
and
beam
quality
expected [27]. The latest version
icant phase variations (r.m.s. of 26% of the plasma period,
of
the
parameters,
which
have evolved during the design
consistent with a uniform distribution). When the electron
process,
is:
150
MeV
energy,
100 pC charge, 200 fs bunch
bunch is placed immediately behind the laser pulse, stabilizing the SM process, the event-to-event phase variation is
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length, 0.2% energy spread, 2 μm normalized emittance,
5.75 μm transverse size at the injection point [17].

Electron Source Design
The reference design for the electron source consists of
a 1.5 cell S-band RF gun developed by INFN [28], which
can produce bunches of ~2 ps length from a UV laser spot
size of ~1 mm. A 25 cm long X-band bunching section with
a 22 MV/m gradient is needed to shorten the bunch to
~200 fs, followed by two X-band accelerating structures,
each 1 m long and with a gradient of ~ 80 MV/m. The RF
gun and accelerator are embedded in a solenoidal magnetic
field which maintains the beam transverse size at the
100 μm level, and the normalized emittance at the 1 m
level [29, 30].

Figure 3: The Run 2 Test Injector in August 2022.
The electron source is scheduled to be installed in the
AWAKE experimental area in 2027. A prototype system,
the Run 2 Test Injector shown in Fig. 3, is under development in cooperation with the CLEAR team at CERN, based
on the layout shown in Fig. 4. The RF gun has been installed and high-power conditioned, reaching 120 MV/m
gradient, and beam tests are forthcoming. The status of the
RF configuration and optimization are described in
Ref. [30].

Figure 4: Design of the Run 2 Test Injector, developed in
collaboration with the CLEAR team at CERN.

Electron Beamline Design
The beam line to transport the 150 MeV electron
bunches from the electron source to the entrance of the
plasma presents several challenges. Injection takes place
between the two plasma cells, in a gap that should be as
short as possible to avoid divergence of the proton microbunches and reduction of the accelerating fields (see Fig. 3
in Ref. [31]). The beam at injection must be at a waist (αx,y
= 0), with zero dispersion and well-defined size and emittance to match the plasma focusing strength. Additionally,
simulation studies of injection tolerances show that the
event-to-event jitter in beam size and trajectory must be
kept at the micro-meter level in order to obtain the desired
beam quality after acceleration [32].

Figure 5. Top: Schematics of the optimized electron beamline, with dipole magnets (green), quadrupoles (black),
sextupoles (blue) and octupoles (red). Bottom: Simulated
optics of the electron beamline, with Twiss parameters βx,y
(black, red) and dispersion Dx,y (green, blue) [17].
To satisfy these challenging requirements, several techniques are employed in the design of the Run 2c beamline,
as described in Ref. [17]. The beamline is modelled with
MAD-X [33], including 6D particle tracking, starting from
an input bunch based on simulations of the electron source.
Genetic algorithms produce the initial dog-leg design, determining the position of dipoles and quadrupoles. Numerical optimizers are then used to build upon this design including sextupoles and octupoles to address the chromatic
effects related to strong focusing, yielding the optics of
Fig. 5 and the final beam distributions of Fig. 6. Numerical
algorithms are also introduced to re-match the line considering the effect of thin foils which might be needed to separate the vacuum and Rb sections of the beamline. The effect of misalignments of each optical element on the measured beam size at injection is significant, and a beam-based
alignment procedure is outlined, relying on movers with
1 μm step size for each magnet.
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Lett. 122 054801 (2019).
doi:10.1103/PhysRevLett.122.054801

[5] AWAKE Collaboration, “Experimental Observation of Proton Bunch Modulation in a Plasma at Varying Plasma Densities”, Phys. Rev. Lett. 122 054802 (2019).
doi:10.1103/PhysRevLett.122.054802

[6] E. Adli et al. (AWAKE Collaboration), “Acceleration of
electrons in the plasma wakefield of a proton bunch”, Nature 561, 363–367 (2018).
doi:10.1038/s41586-018-0485-4

[7] P. Muggli for the AWAKE Collaboration. “Physics to plan
AWAKE Run 2”, J. Phys.: Conf. Ser. 1596 012008 (2020).
doi:10.1088/1742-6596/1596/1/012008

Figure 6: 2D projections of the beam distribution at the
plasma injection point, based on tracking the output of the
electron source through the transfer line optics of
Fig. 5 [17].

CONCLUSIONS
The AWAKE Run 2 programme is designed to demonstrate stable acceleration at high gradient over significant
distances, while maintaining good emittance and energy
spread. The first two phases (Run 2a, b), until 2024, are
focused on seeding and stabilizing the self-modulation of
the proton bunch. The last two (Run 2c, d), starting in 2027,
will focus on acceleration and will require significant modifications of the experimental layout, introducing a second
plasma cell, a second electron injector, and new technologies for plasma formation.
The primary objective of Run 2a, seeding the proton
bunch self-modulation with a preceding electron bunch,
has been achieved, and additional studies are being pursued
during the remaining weeks of SPS proton beam. The design of the electron injector for Run 2c is progressing using
realistic simulations of the electron beamline, with a prototype of the electron source being built.
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Abstract
FACET-II is a National User Facility at SLAC National
Accelerator Laboratory providing 10 GeV electron beams
with µm·rad normalised emittance and peak currents exceeding 100 kA. FACET-II operates as a National User Facility
while engaging a broad User community to develop and execute experimental proposals that advance the development
of plasma wakefield accelerators. FACET-II is currently
commissioned and has started with first experiments. The
special features of FACET-II will be shown and first results
from the experiments.

INTRODUCTION
Though conventional technology can satisfy near-term
needs, the practical limits to the size and cost restrict the
energy reach of linear colliders. A revolution in acceleration
technology is needed to realise a multi-TeV linear collider.
Such a new technology needs to meet criteria: it needs to be
high gradient, efficient and result in high luminosity at the
collision point.
Plasma Wakefield Acceleration (PWFA) is a scheme initially proposed four decades ago [1, 2] for high (GV/m) gradient acceleration, 1,000 times the acceleration in a given
distance compared to conventional RF technologies. Extremely large electric fields can be sustained in a plasma
wave caused by an intense, charged particle bunch and used
to accelerate a second (trailing) bunch of electrons to high
energies.
Experimental beam test facilities are essential in the development of the scheme. There are few facilities with the
high beam intensities required to study PWFA in the regime
for future collider applications. SLAC National Accelerator
Laboratory has supported three generations of facility for
the study of PWFA [3]: Final Focus Test Beams (FFTB),
FACET and the upgraded facility FACET-II.
Experiments at FACET (2011-2016) demonstrated 9 GeV
acceleration in one metre with 30% efficiency and low energy spread [4]. The studies at FACET were limited by the
relatively high emittance of the incoming electron beam
∗
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which used a thermionic gun and damping ring to produce
the electron bunches. The years between 2016 and 2020
were used to upgrade the facility, renamed FACET-II, with
a new low emittance photo-cathode injector and new bunch
compression scheme and final focus. The new facility allows
these studies to continue with a focus on aspects of emittance
preservation with a single 10 GeV acceleration stage.
FACET-II began commissioning in 2020. The first experiment run was in 2022. The goal of the initially invited experiments was to demonstrate the capabilities of the FACET-II
facility and commission the experimental hardware. First
science results from this initial run will inform the direction
of more in-depth studies in the next FACET-II runs.

FACET-II National User Facility
The FACET-II accelerator provides uniquely high intensity beams. Science meetings were held over several years
to develop a programme that could use these beams [5]. The
programme encompasses not only GeV-level PWFA studies
but also the development of ultra-high brightness electron
beams from plasma-based injectors and high-intensity x-ray
and gamma-ray sources plus the study of high-energy highintensity electron beams and their interaction with lasers,
plasmas and solids. Novel diagnostics to characterize the extreme beams are being developed combining beam-physics,
machine learning (ML) and artificial intelligence (AI).
FACET-II operates as a Department of Energy National
User Facility for High Energy Physics. Proposals are welcome from scientists all around the world and evaluated
through a peer review process for beamtime at FACET-II [6].
Operating a broad science program draws expertise and the
opportunity to collaborate with scientists in different fields,
which benefits each of the individual science thrusts.

BEAM DELIVERY STATUS
Commissioning of the new FACET-II facility (Fig. 1)
began in 2020. The single electron bunch configuration has
been commissioned (Table 1) and will be further optimised.
Future configurations include a two bunch configuration for
PWFA demonstrations.
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Figure 1: Layout of FACET-II. The facility is 1 km long comprising a photo-cathode injector, three accelerating sections,
three bunch compression sections and a final section where experiments are staged. The current installation is compatible
with a possible future upgrade to deliver positrons.
Table 1: FACET-II Current Beam Parameters and Design
Objective Range
Parameter
Beam energy (GeV)
Repetition Rate (Hz)
Bunch charge (nC)
Bunch length (𝜎, µm)
Beam spot size (𝜎, µm)

Nominal

Design Range

10
10
2
20
30

4.0–13.5
1–30
0.5–3
1–100
5–200

First Science with Machine Learning and Virtual
Diagnostics
The extremely intense beams at FACET-II lead to challenges as the compressed and focused beam cannot be characterised using intercepting diagnostics as they can be damaged
by the beam in a single shot [7]. An early focus was therefore
given to experiments developing Machine Learning (ML)
enhanced virtual diagnostics and ML based tuning.
One such diagnostic uses edge radiation for emittance
measurements. Edge radiation at a bend magnet in the dogleg immediately after the injector was imaged on a camera.
Machine learning was used to reduce noise and enhance
the analysis (Fig 2). The next step is to deploy at downstream bunch compressor locations and implement real time
analysis.

with unprecedented parameters by enabling simultaneous adjustment of more variables across the machine than would be
possible by hand. ML driven control is expected to streamline tuning, improve up-time, and lower burden on operations
staff.
A combination of model-dependant and modelindependent tuning approaches are being developed, and
some are already being prepared for use in regular operation.
Early ML control studies focused on injector emittance
optimization, and similar techniques are now are being
extended to downstream sections of the accelerator. For
example, Bayesian optimization was recently used in
sextupole optimisation within the final focus to achieve
smaller spot sizes within the interaction area (Fig. 3).

Figure 3: Machine learning applied to sextupole adjustments
for beam size optimisation at a wire scanner in the interaction
area.

SECTOR 20 OVERVIEW
The experimental area, labeled in Fig. 1, is comprised
of the final focusing optics, beam characterization tools for
before and after the interaction point of the beam, and the
re-imaging quadrupoles and spectrometer dipole before the
main beam dump (Fig. 4).
Figure 2: Edge radiation image acquired and filtered using
a machine learning noise reduction technique.
In tandem with information from ML-enhanced diagnostics, ML is also expected to help achieve high quality beams

The Interaction Area
The interaction area includes a Ti:Sapph laser (typical
parameters are in Table 2). There is a large vacuum chamber
with opto-mechanics that are used to focus and manoeuvre
the laser beam onto the electron beam trajectory. 20% of
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Figure 4: Layout of FACET-II. The facility is 1 km long. Compatible with a possible future upgrade to deliver positrons.
the main laser beam is picked off and sent to an independent
compressor for the use of experiments and diagnostics with
lower laser energy requirements.
The chamber also includes movers for the positioning of
solid targets into the path of the electron beam and a gas
jet that operates from below atmospheric pressures up to
1200 psi.
Downstream of the large vacuum chamber is a long beampipe that can be filled with gas for the production of a long
plasma.
All this hardware is the result of years of collaboration
between experiment groups, copious computer aided design
and a combined effort from multiple institutions to install
hardware that can service multiple experiments at once without reconfiguration beyond remote movement of actuators.
Table 2: FACET-II Sector 20 Laser Parameters. The laser is
800 nm Ti:Sapph [8]
Parameter

Typical

Range

Energy at target
Pulse duration

220 mJ
60 fs

10–320 mJ
60–500 fs

Electro-Optic Sampling Diagnostic
After the final stage of compression, the longitudinal
profile can be measured with a transverse deflecting cavity (TCAV). When the two-bunch configuration is developed, this will be invaluable to measure the relative spacing
and charge distribution. However, this is an invasive measurement and cannot be performed simultaneous with the
experiment data collection.
Therefore, a non invasive diagnostic based on the electrooptic response of a GaP crystal to the passage of the electron
beam is being developed which can provide information on
the timing and longitudinal profile of the electron bunches
without being invasive to downstream experiments.
This electro-optic sampling (EOS) device was commissioned and provided important insights for electron-laser
beam timing with approximately 20 fs resolution. It was
used to quantify the laser-ebeam timing jitter to the order of
50 fs and characterised a picosecond drift due to an issue
with the RF lock between the injector laser and RF which is
in the process of being repaired.
Next step is to install a second GaP crystal and use the
diagnostic additionally as a beam position monitor.
WE1AA03
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Differential Pumping
The interaction area is required to contain gases at pressures of up to a few mbar and other equipment (such as
motors) that are not compatible with the ultra-high vacuum
requirements of the RF devices upstream, in particular the
X-band TCAV located only 6 meters upstream. Vacuum
tight 50 µm beryllium windows had been used in FACET to
isolate the vacuum regions however the extreme beams of
FACET-II create holes in intercepting materials, including
the beryllium windows.
The differential pumping system consists of multiple
2000 L/s mag-lev turbopumps installed on either side of the
interaction point, separated by conductance limiting apertures. There are four turbopumps installed on the beamline
upstream of the interaction area and two turbopumps on the
downstream side. Apertures will be installed in between
stages of turbopumps in the final configuration of the system.
This system will be capable of maintaining nTorr pressures
at the location of TCAV with a static fill of 5 Torr helium
gas in the plasma chamber at the IP.
The beryllium windows were installed for FACET-II’s
2022 run and almost immediately sustained 100 µm holes
from the beam intensity. The windows were left in place
with beam-drilled holes and used in combination with the
differential pumping system without the use of additional
apertures to maintain adequate vacuum pressures on either
side of the interaction region. This system was commissioned with up to 5 Torr helium gas or 2 Torr hydrogen gas
in this state.

Gamma, Electron and Positron Diagnostics
After the interaction area, a magnetic spectrometer allows the beam to be deflected and imaged onto downstream
screens according to the energy. The experiments at the
interaction point have a common need to image the products
of the interactions though the spectral range of interest and
particle species may vary. The collaboration between experiments has lead to a large suite of downstream diagnostics
covering a large energy range, detecting electrons, positrons
and gammas [9].
The diagnostics were characterised as part of the 2022
experimental run using scattered beam through 1 mm aluminium.
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FIRST SCIENCE USING EXTREME
BEAMS IN INTERACTION AREA
PWFA Results in Helium and Hydrogen
Demonstration of a 10 GeV-gain PWFA stage with low
emittance preservation and high efficiency will be done once
the two-bunch mode of operation at FACET-II has been
commissioned where a drive bunch and trailing bunch are
optimised for beam-loading the plasma wake. With the
currently commissioned single bunch at FACET-II, the initial
goals for PWFA were to demonstrate depletion of energy in
a single bunch indicating that the intense beam was suitable
for driving a strong wake.
The initial first science of showing plasma formation and
energy depletion of the drive beam to below 1 GeV was
undertaken with helium during commissioning of the differential pumping system. During these tests, features of
beam-plasma interactions were seen that require further investigation including signs of betratron oscillations and injected charge as shown in Fig. 5. Subsequent studies were
performed with hydrogen which has a lower ionization energy. An approximately 2 metre long column of hydrogen
plasma was produced. Trailing particles at the end of the
electron bunch were detected to be accelerated to 13 GeV
(Fig. 6). This demonstrates the FACET-II beam capabilities
are there to ionize and drive a strong wake in both helium
and hydrogen and to transfer a large portion of its energy
into the wake.
Next steps will be to focus on preserving the quality of an
accelerated beam by adding a second, trailing bunch.

Figure 6: Electron energy gain from 10 GeV up to 13 GeV
with 2 m-long hydrogen plasma

Plasma Lens Results
The goal of another experiment was to develop a hydrogen
plasma lens [10]. A 2 cm long gas jet nozzle was pulsed with
hydrogen gas at sub-atmospheric pressures within the integration chamber, positioned 2 mm away from the electron
beam path. The hydrogen gas was pre-ionized by the main
Ti:Sapph laser at 20 mJ, focused with an axilens. There were
indications of beam focusing observed by viewing the beam
size re-imaged in the spectrometer. The experiment demonstrates the working state of the gas-jet, laser-beam timing
and alignment techniques plus downstream diagnostics.
The next stage of the program will be optimization followed by a broad investigation into the hydrogen lens as a
focus assist for experiments that need sub µm, high density
beams. The plasma lens could for example assist the hydrogen PWFA experiment by beam matching into the plasma.
In PWFA, the transverse size of incoming beam needs to be
correct such that the divergence due to the beam emittance
is balanced by the attractive force due to ion focusing in the
plasma. A mismatch causes betatron oscillations.

Beam Filamentation Results
The high beam and plasma densities at FACET-II provide
the conditions for laboratory astrophysics experiments investigating relativistic electromagnetic plasma instabilities.
The aim of these experiments is to demonstrate the filamentation of a highly relativistic charged particle beam in a
high-density plasma, and measure the associated emission
of a bright burst of gamma rays [11].
When increasing plasma density, one should observe a
transition from blow-out to instability. Expected signatures
include a sudden decrease of gamma-ray radiation. A first
look at gamma diagnostics in the first FACET-II run indicates
that a signal reduction at higher pressure might have been
measured (Fig. 7) however more work needs to be done to
prove an effect.

Strong Field QED Results
Figure 5: Initial plasma-beam interactions in 5 Torr helium.
Interactions were seen that will be subject of future studies.
Left: Possible injected charge from ambient plasma electrons accelerated up to 2 GeV. Right: Scalloping of beam
due to betatron oscillations along the plasma.

When exceeding the QED critical field 𝐸 𝑐𝑟𝑖𝑡 ∼
1016 V/cm, the vacuum becomes unstable to pair production and novel strong-field phenomena are expected to occur.
This regime is referred to as the strong-field regime of QED.
The equivalent laser intensities that are required to reach

Beam dynamics, extreme beams, sources and beam related technologies
Other beams

WE1AA03
635

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Signal intensity (arb. u.)

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-WE1AA03

norm. scintillator response to radiated photons

1

0.5

0.6
0.4

0

0.0202 0.0203

z (m)

0

4

103
1000 psi
0.8
0.6

2

0.2

-100

102

3

(pC m-2)

100

p (psi)

100 psi

(pC m-2)

101

(pC m-2)

0
100
1 psi

x ( m)

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

0.4

1

0.0202 0.0203

0

z (m)

0.2

0.0202 0.0203

0

z (m)

Figure 7: Scan of backing pressure to the hydrogen gas jet
potentially showed a reduction in signal at gamma diagnostics at higher pressures.
this regime exceed 1029 W/cm2 and cannot be achieved with
existing or even currently envisioned laser systems. These
extreme fields become however accessible when combining
high-intensity laser pulses with ultra-relativistic electron
beams due to the Lorentz boost. The E-320 collaboration
aims to combine the FACET-II electron beam (10 − 13 GeV)
with intense laser pulses (𝑎 0 ∼ 1 − 10) to access this regime
of strong-field QED for the first time, and to perform precision measurements of the fundamental processes of pair
production and photon emission from the perturbative to the
non-perturbative regime.
The collaboration has worked with other experiment
groups to improve the laser quality using a deformable mirror and focuses the main laser to micron-level spot size with
an off-axis parabola. The laser and electron beam are overlapped both spatially and temporally with a YAG screen
and using the timing from the EOS. Collisions between the
photons and the electrons result in down-scattering through
Compton scattering. In the current geometry, the spectrum
of the down-scattered electrons is dominated by the first
order (linear) process with a clear Compton edge at around
8 GeV (Fig. 8). The spectrum extends faintly to lower energies and indicates the emission of higher harmonics through
non-linear Compton scattering.
Next measurements aim to increase the number of electrons that down-scatter through the non-linear process by
improving the experimental conditions, e.g. by increasing
the laser intensity and matching the size of the electron beam
to the laser focus. Better signal levels and stable interaction
parameters will enable systematic studies of the emission
process at different laser intensities.

CONCLUSION
FACET-II’s first user run in 2022 demonstrated the capabilities of the FACET-II facility and readiness of the experiment hardware and diagnostics for the scientific programme
that lies ahead. Initial science results show that the FACET-II
electron beam succeeds at field ionization and drives strong
plasma wakes over metre-scale distances in hydrogen gas,
enabling studies in future runs for single stage PWFA, inWE1AA03
636

Figure 8: Electron energy loss from first and higher order
Compton scattering (energy calibration preliminary). The
main beam at 10 GeV is mostly out of the image. The scattered electrons can be seen down to approximately 7.5 GeV.
jection and beam-plasma stability studies. In addition, the
preliminary observations of a hydrogen lens, beam filamentation and non-linear Compton scattering will be followed
up with optimization. Tools and virtual diagnostics using
machine learning techniques show promise for future optimization and understanding of the FACET-II beam delivery,
leading to improvement of the scientific output.
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Abstract
The muon linac project for the precise measurement of
the muon anomalous magnetic and electric dipole moments,
which is currently one of the hottest issues of the elementary
particle physics, is in progress at J-PARC. The muons from
the J-PARC muon facility are once cooled to room temperature, then accelerated up to 212 MeV with a normalized
emittance of 1.5 pi mm mrad and a momentum spread of
0.1%. Four types of accelerating structures are adopted to
obtain the efficient acceleration with a wide beta range from
0.01 to 0.94. The project is moving into the construction
phase. We already demonstrated the re-acceleration scheme
of the decelerated muons using a 324-MHz RFQ in 2017.
The high-power test of the 324-MHz Interdigital H-mode
(IH) DTL using a prototype cavity has been performed in
2021. The fabrication of the first module of 14 modules of
the 1296-MHz Disk and Washer (DAW) CCL will be done to
confirm the production process. Moreover, the design work
of the traveling wave accelerating structure for the high beta
region has been almost finished and prototyping is started.
In this paper, the recent progress toward the realization of
the world first muon linac will be presented.

INTRODUCTION
The muon anomalous magnetic moment (𝑔 −2) 𝜇 is one of
the most promising probe to explore the elementary particle
physics beyond the standard model (SM). The most recent experiment FNAL E989 measured the (𝑔−2) 𝜇 with a precision
of 0.46 ppm, and the measured value indicates 4.2 standard
∗

yasuhiro.kondo@j-parc.jp

Proton and Ion Accelerators and Applications
Other proton/ion

deviations from the SM prediction [1]. The J-PARC E34
experiment aims to measure the (𝑔 − 2) 𝜇 with a precision
of 0.1 ppm. In addition, the electric dipole moment (EDM)
also can be measured with a precision of 1 × 10−21 𝑒·cm [2].
Figure 1 shows the experimental setup of J-PARC E34.

Figure 1: Experimental setup of the J-PARC E34 experiment.
The experimental method of E34 is completely different
from that of the previous experiments. The previous experiments directory used decay muons from the secondary pions
generated on the production target. The emittance of such
muon beam is very large (typically, 1000𝜋 mm mrad); this
is a major source of uncertainty of the measurement. On
the other hand, E34 will use a low emittance muon beam
to improve the precision. The required beam divergence
Δ𝑝 𝑡 /𝑝 is less than 10−5 , and assumed transverse emittance
is 1.5𝜋 mm mrad. To satisfy this requirement, we are planning to use ultra-slow muons (USMs) generated by laserdissociation of thermal muoniums (Mu: 𝜇+ e− ) form a silicaaerogel target [3]. The room temperature USMs (25 meV)
should be accelerated to 212 MeV to obtain the required
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Δ𝑝 𝑡 /𝑝. A linac realizes rapid acceleration required to accelerate muons, whose lifetime is very short (2.2 µs). Figure 2
shows the configuration of the muon linac, and table 1 summarizes the main parameters of the muon linac.

Figure 2: Configuration of the muon linac.
Table 1: Main Parameters of the Muon Linac
Particle
Energy
Beam intensity
Repetition rate
Beam pulse width
Normalized transverse emittance
Momentum spread

𝜇+
212 MeV
1 × 106 /s
25 Hz
10 ns
1.5𝜋 mm mrad
0.1%

The muon linac will be constructed at the H line [4] of
the J-PARC muon science facility (MUSE). The MUSE
facility is a part of the J-PARC Materials and Life science
experimental Facility (MLF). The USMs are bunched and accelerated to 0.34 MeV by a radio frequency quadrupole linac
(RFQ) [5]. Following the RFQ, an interdigital H-mode drift
tube linac (IH-DTL) [6] is used to accelerate to 4.26 MeV.
Then, muons are accelerated to 41.4 MeV through a disk
and washer (DAW) coupled cavity linac section [7], and
finally, accelerated to 212 MeV using disk loaded traveling
wave structures (DLS) [8]. The first beam will come to the
first experimental area of the H-line in the existing MLF
building in this year. The muon linac will be installed in a
new building extended outside the current MLF building.
In this paper, the present status of the development of the
muon linac is described.

RFQ
To reduce the construction cost of the muon linac, existing
spare RFQ of the J-PARC linac (RFQ II) [9] will be used. In
table 2, the main parameters of the RFQ are listed, and Fig. 3
shows the photograph of the RFQ II. The resonant frequency
of this RFQ is 324 MHz, and the muons are accelerated to
0.34 MeV.
We demonstrated muon re-acceleration scheme by using
epithermal negative muoniums (Mu− ; 𝜇+ e− e− ) and a test
RFQ in 2017 [10]. Figure 4 shows the TOF spectra with
and without the RF operation. With the RF operation, a
clear peak was observed at 830 ns. This is consistent with
the estimated TOF of the accelerated Mu− up to 89 keV
obtained by the simulation. The design output energy of
this test RFQ for muon acceleration is 89 keV. The hatched
histogram in Fig. 4 represents the simulated TOF spectrum
of the accelerated Mu− .
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Table 2: Main Parameters of the RFQ
Structure
Operation frequency
Injection energy
Extraction Energy
Vane length
Number of the cells
Average bore radius 𝑟 0
Min. bore radius 𝑎 𝑚𝑖𝑛
Max. modulation factor 𝑚 𝑚𝑎𝑥
Max. synchronous phase 𝜙 𝑠,𝑚𝑎𝑥
Intervane voltage
Maximum surface field
Nominal power
1 Kilpatrick

four-vane RFQ
324 MHz
5.63 keV
0.337 MeV
3.172 m
294
3.69 mm
2.11 mm
2.28
-30 deg
9.32 kV
3.56 MV/m (0.2 𝐸 𝑘 1 )
4.18 kW

limit

Figure 3: Photo of J-PARC RFQ II.

IH-DTL
The IH-DTL is used to accelerate the muons from the RFQ
exit to 4.26 MeV [6]. Table 3 shows the main parameter of
the IH-DTL.

Events/50 ns/4×1011 µ+ incident
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Figure 4: TOF spectra with RF on and off. The clear peak of
the RF on spectrum at 830 ns corresponds to the accelerated
Mu− ’s. A simulated TOF spectrum of the accelerated Mu− ’s
is also plotted.

Proton and Ion Accelerators and Applications
Other proton/ion

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-WE1AA05

Table 3: Main Parameters of the IH-DTL
Structure
Operation frequency
Operation mode
Injection energy
Extraction Energy
Cavity length
Number of the cells
Bore radius
Synchronous phase 𝜙 𝑠
Max. accelerating gradient 𝐸 0
Effective shunt impedance ZTT
Maximum surface field
Nominal power

APF IH-DTL
324 MHz
𝜋
0.337 MeV
4.26 MeV
1.32 m
16
11.4 mm
-44 ∼ 48 deg
10 MV/m
68 MΩ/m
35.6 MV/m (2.0 𝐸 𝑘 )
310 kW

[degree]
௦>GHJUHH@

Alternative phase focusing (APF) is adopted for this IHDTL to omit focusing magnets in the drift tubes. Figure 5
shows the synchronous phase array to realize the APF [11].

Figure 6: Cavity structure of the IH-DTL. DT’s are monolithically machined in the center plate

Cell No.

Figure 5: Synchronous phase array of the APF-IH.
One of the major merit of the APF IH-DTL is that the drift
tubes can be machined as a monolithic structure. Figure 6
shows the structure of the IH-DTL. The cavity is formed by
attaching half cylinder structures to both sides of this center
plate.
High-power test using a prototype cavity, which is basically the same structure but have only six cells, has been
performed, as shown in Fig. 7. This prototype IH-DTL can
accelerate muons to 1.3 MeV. The robustness of the structural concept of the IH-DTL cavity we adopted has been
verified by this high-power test. The detailed results are
described in the separated paper [12].
The fabrication of the IH-DTL production model has been
completed. It is ready for installation, and the beam test is
planed in 2024.

DAW
After the IH-DTL, muons are accelerated to 41.4 MeV
through the DAW section [7]. Table 4 shows the main parameter of the DAW section. The acceleration frequency is
increased to 1296 MHz and the accelerating gradient 𝐸 0 is

Proton and Ion Accelerators and Applications
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Figure 7: High-power test of the prototype IH.

5.6 MV/m. Single DAW tank consists of 11 cells, as shown
in Fig. 8. And four or five tanks are connected with a coaxial
bridge couplers to form a module. In the bridge coupler, a
quadrupole doublet is contained. The length of one focusing
period is 4.5 𝛽𝜆. The DAW section consists of 3 modules,
and each module is driven by one 2.5 MW klystron.
The assembly of the first tank is now underway. Figure 9
shows assembling the first cell. The washers are attached
to the outer cavity (disk) via the stems made of Cu plated
stainless steel by two-step brazing. Cooling water is supplied
to the washers through the stems. Assembled single sells
will be brazed to be a tank after the frequency tuning of each
cell. The first tank will be completed within this fiscal year.
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Table 4: Main Parameters of the DAW section
Cavity structure
Operation frequency
Operation mode
Injection energy
Extraction Energy
Section length
Number of tanks
Number of modules
Number of tanks / module
Number of cells / tank
Number of quadrupoles
Bore radius
Synchronous phase 𝜙 𝑠
Accelerating gradient 𝐸 0
Effective shunt impedance ZTT
Maximum surface field
Max. power / tank

DAW CCL
1296 MHz
𝜋/2
4.26 MeV
41.4 MeV
16.15 m
14
3
4, 5, 5
11
26
12 mm
-30 deg
5.6 MV/m
18.6 ∼ 62.7 MΩ/m
28.9 MV/m (0.9 𝐸 𝑘 )
420 kW

to the velocity as 𝐷 = 𝛽𝑠 𝜆/3, where 𝛽𝑠 is the velocity of
the synchronous particle and 𝜆 is the wavelength of the RF.
Namely, 2𝜋/3 mode operation is adopted. The operation
frequency of the original design was 1296 MHz [13], however it was changed to 2592 MHz to decrease the required
power [8]. In table 5, the main parameters of the DLS are
summarized. The expected 𝐸 0 is around 20 MV/m.
Table 5: Main Parameters of the DLS
Accelerating tube structure
Operation frequency
Operation mode
Injection energy
Extraction Energy
Section length
Number of accelerating tubes
Number of cells / tubes1
Iris aperture diameter 2𝑎
Synchronous phase 𝜙 𝑠
Max. accelerating gradient 𝐸 0
Shunt impedance Z
Max. power / tube
1

Disk-loaded TW
2592 MHz
2𝜋/3
41.4 MeV
212.4 MeV
9.8 m
4
63, 63, 60, 60
22.6 ∼ 26.4 mm
-13 deg
21 MV/m
31.2 ∼ 57.0 MΩ/m
40 MW

excluding coupler cells

Figure 10 represents the cell parameters of the DLS. Constant gradient structure is adopted, so the iris diameter 2𝑎 is
varied with respect to z.

Figure 8: Structure of the DAW single tank and a coaxial
bridge coupler.

DLS
Above 40 MeV, the velocity 𝛽 of the muon is more than
0.7; therefore, a disk-loaded structure (DLS) traveling-wave
(TW) linac is applicable. The DLS TW structure is quite
mature technique widely used for electron linacs. However,
because the velocity evolution of the muon is slower than
that of the electron, the length D of each cell is synchronized
Figure 10: Cell parameters of the DLS.
Prototyping of the DLS is now underway. Upstream and
downstream prototype modules of the DLS1 are under fabrication. As shown in Fig. 11, each module consists of one
coupler cell and ten regular cells. For the coupling tuning,
the 𝐷’s of the regular cells are constant in the upstream and
downstream modules, they are the same as the 𝐷’s of the
first and last cells of the DLS1, respectively. The coupling
tuning will be performed within this fiscal year.

END TO END SIMULATION
Figure 9: Assembling the DAW first cell.
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In the original muon linac design, various simulation
codes were used. Integration of the simulation using
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DAW will be finished within this fiscal year. The prototyping of the DLS coupler cell is also done in this fiscal
year. The next milestones are the demonstration of the USM
acceleration using RFQ, and the muon acceleration using
the IH-DTL. The USM acceleration will be done using a
test RFQ again in this year before the completion of H-line.
When the H-line will be available, RFQ II and IH-DTL will
be installed and the muon acceleration experiment is planned
in 2024. After the official approvement of the construction
budget of the E34 experiment, a dedicated building for the
muon H-line extension will be built. The muon linac will be
installed in this building, and four year construction period
including commissioning is expected.
Figure 11: Schematic view of the prototyping parts of the
DLS.
GPT [14] is now proceeding. The spin dynamics is also
implemented in this simulation. Detail is described in the
separated paper [15].
Figure 12 shows the emittance evolution through the
muon linac without errors. The horizontal and vertical normalized rms emittances at the exit of the muon linac are
0.28 𝜋 mm mrad and 0.22 𝜋 mm mrad respectively. An
improvement in the horizontal emittance from the original
simulation result [16] mainly derived from the optimization
of the initial acceleration before the RFQ. The emittance
growth is at a tolerable level. The rms momentum spread at
the exit of the muon linac is 0.036%.
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Abstract
CompactLight (XLS) is an H2020 Design Study funded
by the European Union under grant agreement No. 777431
and carried out by an international collaboration of 23 international laboratories and academic institutions, three private
companies, and five third parties. The project, which started
in January 2018 with a duration of 48 months, aimed to
design an innovative, compact, and cost-effective hard Xray FEL facility complemented by a soft X-ray source. In
December 2021, the Conceptual Design Report was completed. The result is an accelerator that can be operated at
up to 1 kHz pulse repetition rate, beyond today’s state of
the art, using the latest concepts for high brightness electron
photoinjectors, very high gradient accelerating structures
in X-band, and novel short-period undulators. This paper
gives an overview of the current status, focusing particularly
on the technological challenges addressed and their future
applications to compact accelerator-based facilities.

INTRODUCTION
Synchrotron Radiation is a fundamental and indispensable
research tool in a broad spectrum of scientific and technological fields and their applications, including materials science,
condensed-matter physics, atomic and molecular physics,
life science and medicine, chemistry, and environmental
sciences. For this reason, the use of synchrotron radiation
has increased tremendously in the last decades, as testified
by the number of synchrotron light sources built to serve
increasingly large users communities across many scientific
and engineering disciplines.
he CompactLight project aimed to design an innovative,
compact, cost-effective Hard X-Ray (HXR) FEL facility
complemented by a Soft X-Ray (SXR) source. The FEL
specifications that drove the design were based on the demands of potential users, considering the photon characteristics required by their current and future experiments. XLS
used the latest concepts for high brightness electron photoinjectors, very high gradient X-band accelerating structures
based on CLIC technology developed at CERN [1], and
novel short-period super-conducting undulators. The result
is a normal-conducting accelerator that can be operated at
up to a 1 kHz repetition rate, well beyond today’s state of
the art.
The design presented in the Conceptual Design Report
(CDR) [2] includes a facility baseline layout and two main
upgrades, with the most advanced option allowing the simultaneous operation of both FEL beamlines, in SXR/HXR
pump-probe configuration, at 100 Hz repetition rate. FigElectron Accelerators and Applications
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ure 1 shows a schematic layout of the CompactLight facility
Upgrade II.

Figure 1: Schematic layout of the CompactLight facility
including Upgrade II.
Compared to existing facilities with the same operating
wavelengths, the technical solutions adopted by CompactLight allow the proposed facility to operate with a lower
electron beam energy on a significantly smaller footprint.
These enhancements make the facility more attractive and
more affordable to build and operate. Figure 2 shows a 3D
view of the different subsystems and their estimated lengths.
The total length of the facility is just below 485 m, which is
more than 250 m less than the total length of SwissFEL, for
example.
The CompactLight CDR also includes preliminary evaluations of a soft X-ray FEL and an extremely compact and
relatively inexpensive photon source based on Inverse Compton Scattering (ICS) using CompactLight technology. Compared with the entire CompactLight facility, this soft X-ray
FEL can be considered quite an affordable solution in terms
of cost and complexity, in case of limited funding capabilities. In addition, the ICS source, with its wide range of
applications, is very attractive and could be easily installed
and operated on university campuses, small laboratories,
and hospitals.

FEL PERFORMANCE
The main features of CompactLight have been based on
the users’ requests and include: High FEL stability in pulse
energy and pulse duration; FEL synchronization better than
10 fs; photon pulse duration less than 50 fs; a repetition rate
from 1 Hz up to 1 kHz; FEL pump-probe capabilities with
a large photon energy difference; small focused spot size;
variable polarization, linear and elliptical; tunability up to
higher photon energies; two-bunch operation and two-colour
pulse generation.
Based on these requirements, CompactLight has been designed as a hard X-ray facility covering the wavelength range
from 0.08 nm to 5 nm with two separate FEL beamlines:
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The Electron Source
We have designed an innovative C-band photoinjector
for the electron source, with an operating gradient up to
180 MV/m. The injector gun can deliver two 75 pC ebunches per RF pulse with less than 0.2 mm mrad normalized emittance. The gun is followed by the C-band booster
linac, accelerating the electron bunches to 300 MeV energy,
to the first bunch compressing chicane. The total length of
the installation is less than 25 m.

The Beam Linearizer
Figure 2: The planned facility allows the production of Xrays up to 16 keV in less than 485 m of length including the
experimental hall.
i) A soft X-ray (SXR) FEL able to deliver photons from
5.0 nm to 0.6 nm operating up to 1 kHz repetition rate
(high rep rate);
ii) A hard X-ray FEL source (HXR) ranging from 0.6 nm
to 0.08 nm with a maximum repetition rate of 100 Hz
(low rep rate).
Key elements proposed in the design are the dual-bunch
photoinjector and the two-beam deflectors adopted for the
linac. Both give huge flexibility for the facility operation,
with different combinations of SXR and HXR operating
modes, at high and low repetition rates.
Table 1 reports the CompactLight FEL parameters required by the users.
Table 1: CompactLight FEL Radiation Main Parameters
Parameter

Unit

Photon energy
Wavelength
Repetition rate
Pulse duration
Polarization
Two-pulse delay
Two-colour separation
Synchronization

keV
nm
Hz
fs
fs
%
fs

SXR

HXR

0.25 – 2
2 – 16
5.0 – 0.6 0.6 – 0.08
1000
100
0.1 – 50
1 – 50
Variable, selectable
±100
20
10
<10

MAIN TECHNOLOGICAL
BREAKTHROUGHS
While aiming to design a complete FEL facility, CompactLight has been structured as an “accelerator toolbox”,
in which the different subsystems could be used stand-alone
in other accelerator-based applications, for instance, future
high-energy colliders, compact linacs for medical applications, compact Inverse-Compton scattering sources, and
drivers for plasma modules.
Several technological breakthroughs were achieved during
the design of each CompactLight subsystem. We present
here the main ones.
WE2AA01
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The development of very high-frequency linearizers is
of broad importance for accelerators which require short
bunches, including high-frequency RF and plasma accelerators. For the XLS longitudinal phase space linearization, we
have designed a Ka-band system operating at 36 GHz. The
Ka-band system is based on a 30 cm long travelling-wave
structure, powered by a 3 MW of RF power, and operating
with an integrated voltage of 12.7 MV. We identified two
possible options for the RF source: a High Order Mode
Multi-Beam Klystron (HOM MBK) and a Gyro-Klystron.

The Sub-harmonic Deflecting System
An S-band (3 GHz) sub-harmonic deflecting structure,
operated in the TM110 mode, has been designed to separate
the two bunches before the injection into a septum magnet,
which sends them into the two FEL lines. The spacing
between the two bunches, 6 or 10 X-band RF cycles, is 1.5 or
2.5 RF cycles at S-band. Thus, the two bunches can be placed
at the crest and trough of the RF cycle of the sub-harmonic
deflector so that the kicks applied to the two bunches are in
opposite directions and the separation is maximized for a
given kick voltage.

The Linac Module
A baseline main linac RF module was designed to fulfill
the beam dynamics requirements in all operating modes,
including two-bunch operation, multi-energy, and multirepetition rate operation. The linac module consists of a
single RF source that can run in dual mode: high-energy at
repetition rates of 100 Hz and low-energy at 250 Hz. Two upgrade scenarios are foreseen for the RF system. In Upgrade I
the same klystron can be used with higher repetition rate,
250 Hz, for providing up to 2 GeV for photon production.
For Upgrade II, shown in Fig. 1, a second klystron, with
10 MW output power and a 1 kHz repetition rate, is added
and connected to the waveguide system via a high-power
switch, shown in Fig. 3. Table 2 shows a summary of the
nominal electron beam parameters.

The Undulator Chain
In the CompactLight design the same undulator line is
used in both the soft X-ray and the hard X-ray FEL lines.
Particular care has been taken to ensure that the undulator parameters are chosen appropriately to balance the output performance equally between the SXR and the HXR.
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COMPACT FACILITIES
The CompactLight collaboration considered two compact
facilities to further reduce the costs; a compact SXR FEL,
and an Inverse-Compton Scattering (ICS) X-ray source.

Compact Soft-X-ray facility

Figure 3: Sketch of the main linac RF module.

The facility design is a simplified version of the Baseline
configuration, reduced to the essential components for 100
Hz SXR output over the photon energy range 0.25–2.0 keV
from a single FEL. A schematic layout is shown in Fig 5.
Note that, compared to the Baseline configuration, the facility is substantially more compact: its linac is 160 m long,
nearly 40% shorter than the baseline for HXR production.

Table 2: Nominal Electron Bunch Main Parameters
Parameter
Bunch Profile
Energy
Peak Current
Normalised Emittance
RMS Energy Spread
Bunch Charge

Unit
GeV
kA
mm-mrad
keV
pC

Value
Gaussian
5.5
5.0
0.2
550 (0.01%)
75

This feature allows the facility to be more compact and costeffective. The undulator chain foresees an innovative helical
superconducting undulator, with 13 mm period and 4.2 mm
gap followed by an APPLE X afterburner with 19 mm period
and 5 mm gap. The length of each module is 1.75 m. Figure 4 shows the achieved pulse energy growth, pulse profiles,
and spectra for HXR FEL operation.

Figure 5: Schematic layout of the SXR facility. The linac
length is nearly 40% shorter than for HXR production.

Inverse-Compton Scattering Source
The CompactLight technology, based on X-band highgradient normal-conducting RF combined with high-reprate, low-emittance injectors, has the potential to provide
both high fluxes and high brilliance. Figure 6 short a
schematic layout of a hypothetical ICS source based on the
previously-described subsystems.

Figure 6: Schematic layout of an ICS source based on the
CompactLight C-band gun and a short X-band linac.

CONCLUSIONS
The CompactLight collaboration presented the design of a
high-brightness and compact hard X-ray FEL beyond today’s
state-of-the-art. The recently published Conceptual Design
Report describes the technical concepts and the parameters
used for the facility design, intending to provide a reference document for future FEL designers. It also represents
an effective solution that makes X-ray FELs more affordable to construct and operate, even for small laboratories or
academia with limited space and funding capabilities.
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Abstract
Tanning of leather for clothing, shoes, and handbags uses
potentially harmful chemicals that often run off into local
water supplies or require a large carbon footprint to safely
recover these pollutants. In regions of the world with significant leather production, this can lead to a significant environmental impact. However recent studies have suggested that
leather can instead be tanned using a combination of electron
beams in a process inspired by the industrial crosslinking
of polymers, to drastically reduce the quantity of wastewater produced in the process; thereby resulting in a reduced
environmental impact as well as potential cost savings on
wastewater treatment. In this talk, initial studies of leather
tanning will be presented as well as accelerator designs for
use in leather irradiation.

INTRODUCTION
Particle accelerators have been used for many industrial
applications like radiotherapy treatment, cargo scanning, material modification, medical sterilization, food processing,
and polymer crosslinking [1, 2]. Particle accelerators have
great potential for developing disruptive technologies in a
world with an increasing demand for green technology and
sustainability. One of those potential applications is using
an electron beam from accelerators for leather manufacturing, which we call e-beam tanning for brevity. The e-beam
tanning process is similar to the crosslinking of polymers.
The collagen in the animal hide is equivalent to polymers;
similarly, tannin is the cross-linking agent. The whole ebeam tanning process is shown in the diagram in Fig. 1. The
hide is soaked in the tanning agent bath before the treatment
so the tannin is permeated throughout the hide. The mixture
of tannin and hide is then irradiated by the electron beam,
which will initiate the cross-linking process. The leftover
bath is replenished and reused. The hides are placed on a
conveyor belt and irradiated by the electron from the top.
The electron beam is scanned in the perpendicular direction
to the hide movement.
In the conventional tanning process, the hides are tanned
inside a tanning drum with a tanning bath. When tanning is
finished, the leftover tanning bath is discharged as wastewater, which will require treatment as it contains tannins and
other chemicals. The wastewater treatment process is an
energy-intensive and costly process. In the e-beam tanning
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Figure 1: E-beam tanning process diagram.

process, however, the hide is only soaked inside the bath,
hence it can be replenished and reused and no substantial
amount of wastewater is generated. The tannin uptake efficiency can be close to 100%. Another advantage of e-beam
tanning is it is able to occur over a wider range of temperatures and pH, while also allowing for the use of novel tanning
agents that would typically be too unstable in water or air to
bind to the collagen.
One of the key challenges of e-beam tanning is the uniformity of the tanning reaction throughout the cross-section of
a hide, which is crucial for the end product to achieve tight
specification parameters set by the original equipment manufacturers (OEMs) as well as meeting legislative restrictions.
Uniform tanning would require uniform energy deposition
by the electron beam. In this study, we use Monte Carlo
simulations to design and optimize the electron beam-based
leather treatment system to achieve uniform dose deposition, while keeping the system design simple, scalable for
industrial production, and energy efficient.

ELECTRON BEAM TREATMENT SYSTEM
DESIGN
Electron Beam Energy
The first k ey p arameter we n eed t o fi nd ou t fo r th e irradiation system is the beam energy, as it will dictate the
accelerator size, operating power, and related costs. The
beam energy determines the penetration depths in the hide.
When it is too low, the energy is only deposited on the surface, which will result in poor uniformity. On the other hand,
when it is too high, most electrons will penetrate through
without depositing enough energy, which results in low effiElectron Accelerators and Applications
Industrial and medical accelerators
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ciency. So we need to find appropriate energy for a given
hide thickness first. We used G4beamline [3], which is a
particle tracing simulation program based on Geant4 [4],
to simulate dose deposition. It can simulate the interaction
of the high electron beam with matters and estimate dose
distribution.
During the optimization process, we need to keep in mind
that we want to achieve 2 goals: dose uniformity and energy efficiency. The energy efficiency is measured as the
percentage of the electron beam energy deposited into the
hide. High efficiency is important as it will lower power
consumption and save costs.
The dose uniformity can be separated into two transverse
and longitudinal uniformity. The transverse dose uniformity
can be achieved by using a raster magnet to steer the beam
across the hide [5]. The longitudinal dose uniformity, which
is the uniformity along the hide depth, can be achieved by
optimizing the beam energy, placing a metal plate on the
back of the hide, and treating the hide twice from both sides.
In this work, we will optimize the irradiation system for
bovine car leather, which has a typical thickness of less than
or equal to 2 mm. The density of the soaked bovine hide before the treatment is measured to be around 1.5 g/cm3 , which
is 1.5 times the water density. The soaked hide is a mixture
of collagen, tannin, and other chemicals, hence it is not a
readily available material in the simulation program. Hence,
we used 3 mm of water in our simulations instead of 2 mm
hides, as they are equivalent (with good approximation) from
the irradiation/energy deposition perspective.
In our simulations, we fired electrons on the 2 mm hide,
and beam energy increased in 0.1 MeV intervals. The hide
is divided into many layers and the energy deposited per
electron in each layer is calculated and given in Fig. 2. When
the energy is lower than 0.5 MeV, no energy is deposited to
the back half as can be seen in sub-figure ( a). So, the beam
energy can not be lower than 0.5 MeV, as we will not be able
to deposit energy to the center of the hide even if we treat
the hide from 2 sides. This is our lower bound of the beam
energy.
The dose distribution tends to get flattered as the energy
increase, but efficiency dr ops as we ll, as ca n be se en in
sub-figure ( b). We see when the beam energy is ≥0.8 MeV,
the energy deposition at the end of the hide is not zero,
which means some electrons penetrated through the hide
at this energy. This is also the reason the energy efficiency
starts to drop when beam energy is ≥0.8 MeV. We want to
achieve 50% or higher efficiency, which gives us the upper
limit for the beam energy of 1.5 MeV. So, we preliminarily
conclude the beam energy should range from 0.5 to 1.5 MeV
to achieve reasonable and balanced dose uniformity and
energy efficiency.

Two-sided Treatment
One of the simple and easy-to-implement techniques is
to use the two-side treatment. In this process, the hide will
be treated first from one side, then filliped and treated for
the second time. As the hide is treated from both sides,
Electron Accelerators and Applications
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(a)

(b)
Figure 2: Electron beam dose deposition simulation results:
(a) longitudinal dose distribution with different beam energy
and (b) energy efficiency.
the electron beam energy can be lower as it only needs to
penetrate half of the thickness. This allows us to use lower
beam energy while increasing efficiency and dose flatness,
as can be seen from Fig.3. The red and green curves are
dose distribution when treated from the front and back sides
of the hide, respectively. Combining these two curves gives
us the dose distribution of the two-side treatment, which is
indicated by the blue curve. We can see the 2-side treatment
has better flatness compared to the single treatment while
the efficiency is as the single treatment.

Metal Back Plate
In earlier simulations, the hide is placed in the air. So, the
electrons penetrated through the hide are lost. If we place a
metal plate as shown in the diagram in Fig. 4, we can reflect
some energy back into the hide otherwise would be lost.
This can further increase efficiency and, more importantly,
increase flatness.
Our simulation studies showed that 2 mm Cu is thick
enough for a 2 mm hide. The dose distribution with and
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Figure 3: Electron beam energy deposition of two-side treatment.

(a)

Figure 4: Diagram for treatment with metal back plate.
(b)
without a 2 mm copper plate is shown in Fig. 5 for comparison. Sub-figure (a) shows the single side treatment with the
plate. We can see the blue curve is much higher at the back
side of the hide, which indicates some particles are reflected
back to the plate. As a result, the efficiency is increased from
58% to 67%. Also, with the plate, the dose curve is close
to a straight line, which is a useful feature we can exploit
to generate a uniform dose curve by combining it with the
2-side treatment, as shown in sub-figure ( b). The average of
two straight lines with opposite slopes is a flat line with a
y-offset but no s lope. Therefore, we can see the combined
effect of the back plate and 2-side treatment is a near flat
dose curve in sub-figure ( b). We performed a beam energy
scan and the results are given in Fig. 6. We can see the
dose distribution of the 1.4 MeV is the flattest one with an
efficiency of 67%, which is reasonable.

Figure 5: Longitudinal energy deposition with (blue) and
without (red) 2 mm Cu back plate of the 1.4 MeV beam: (a)
single side treatment (b) 2-side treatment.

Plate Material and Thickness Considerations
We simulated 3 types of metal materials for the back plate,
copper, lead, and iron, to check the impact of the different
materials on the energy deposition. The results are given in
Fig. 7. We used 5 mm thick plates so the plate is thick enough
for all 3 materials. We can see the copper and iron plate
have similar dose flatness, while the lead plate has the worst
WE2AA02
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Figure 6: Longitudinal energy deposition with 2-side treatment and 2 mm Cu back plate at different energies.
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flatness. Hence, we conclude both iron and copper are good
options. We also observed there is no difference in energy
distribution between the 5 and 2-mm thick copper plates,
hence we conclude 2 mm copper plate is thick enough.

of around 0.006-0.008 and the efficiency of around 70-80%.
Our treatment method is simple and scalable, which can be
easily implemented for industrial treatment.

Quantifying Dose Flatness
We can quantify the dose uniformity by using 𝜎𝐷 /𝐷 𝑎𝑣𝑒
(the relative standard deviation of dose), which is the ratio of
the standard deviation of dose 𝜎𝐷 to the average dose 𝐷 𝑎𝑣𝑒 .
Both 𝜎𝐷 /𝐷 𝑎𝑣𝑒 and energy efficiency are functions of beam
energy and the relation can be seen in Fig. 8. Now, we can
quantitatively confirm that 1.4 MeV is the best energy for
dose uniformity.

OPTIMAL ENERGY FOR DIFFERENT
THICKNESS OF HIDES
So far we have only found the optimal treatment energy
for the 2 mm hides. We performed similar studies for other
thicknesses to find optimal beam energy. The energy scan results for other thicknesses are given in Fig. 9. The sub-figure
(a) shows the 𝜎𝐷 /𝐷 𝑎𝑣𝑒 and (b) shows efficiency as a function of beam energy. The dots are the minimum 𝜎𝐷 /𝐷 𝑎𝑣𝑒
points and they range from 0.006-0.008. We can see these
optimal energies can achieve energy efficiency of around
70-80%.
We used the minimum 𝜎𝐷 /𝐷 𝑎𝑣𝑒 points in Fig. 9 and
plotted their beam energy 𝑣𝑠 hide thickness, as shown in
Fig.10. We can see the relations are linear and the fit results
are given in the figure. By using this linear fit, we can
establish a rule of thumb for quickly determining the optimal
beam energy with the best dose uniformity for an arbitrary
thickness. We can roughly estimate the 𝜎𝐷 /𝐷 𝑎𝑣𝑒 to be
around 0.006-0.008 and the efficiency to be around 70-80%,
based on our simulation results. We can see for a 2 mm hide,
the 1.4 MeV beam energy is sufficient, while a 20 mm hide
would require 8.8 MeV beam energy.

CONCLUSION
Electron beam leather tanning is a promising technology
that can reduce the cost and save chemicals and water. As
the technology is still at its early stage, the irradiation system
is yet to be designed and optimized. In this work, we have
presented our design study and we addressed key challenges.
Firstly, we have estimated proper beam energy for 2 mm
thick bovine hide. Based on that, we proposed a design that
can generated uniform dose distribution and hence uniform
tanning, while maintaining high efficiency, which uses a
back metal plate and two-side treatment. We used 𝜎𝐷 /𝐷 𝑎𝑣𝑒
to quantitatively evaluate the dose uniformity. We found
that 1.4 MeV is the best energy range to achieve high uniformity and efficiency for treating a 2 mm thick hide. We
further extended our studies to other hide thicknesses by
performing an energy scan and estimating their uniformity
and efficiency. These results can be used as a lookup table to
quickly determine the best electron beam energy for a given
hide thickness. With our design we can achieve 𝜎𝐷 /𝐷 𝑎𝑣𝑒
Electron Accelerators and Applications
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(a)

(b)

(c)
Figure 7: Longitudinal energy deposition of the 5-mm thick
(a) iron, (b) copper, and (c) lead plates.
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Figure 8: Efficiency and relative standard deviation of dose
as function beam energy. The blue text in the figure indicates
beam energy.

Figure 10: Beam energies to generate best dose uniformity
for different thicknesses of hides.
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Abstract
An MeV ultrafast electron diffraction (MUED) instrument system is a unique characterization technique used to
study ultrafast processes in a variety of materials systems
by a pump-probe method. This relatively young technology can be advanced further into a turnkey instrument by
using data science and artificial intelligence (AI) mechanisms in conjunction with high-performance computing.
This can facilitate automated operation, data acquisition,
and real-time or near-real-time processing. The AI-based
system controls can provide real-time feedback on the electron beam, or provide virtual diagnostics of the beam. Deep
learning can be applied to the MUED diffraction patterns
to recover valuable information on subtle lattice variations
that can lead to a greater understanding of a wide range of
material systems. A data-science-enabled MUED facility
will also facilitate the application of this technique, expand
its user base, and provide a fully automated state-of-the-art
instrument. Updates on research and development efforts
for the MUED instrument in the Accelerator Test Facility
of Brookhaven National Laboratory are presented.

INTRODUCTION
MeV ultrafast electron diffraction (MUED) system is a
pump-probe characterization technique for studying ultrafast processes in materials. The use of relativistic electron
beams leads to decreased space-charge effects compared to
typical ultrafast electron diffraction experiments employing energies in the keV range [1-3]. MUED has a higher
scattering cross section with material samples as compared
to other probes such as X-ray free electron lasers, and as
such allows access to higher-order reflections in the diffraction patterns due to the short electron wavelengths.
However, this is a relatively young technology, and several factors contribute to making it challenging to utilize,
such as beam instabilities that can lower the effective spatial and temporal resolution. In recent years, machine
learning (ML) approaches to materials and characterization
techniques have provided a new path towards unlocking
new physics by improving existing probes and increasing
the user’s ability to interpret data. Ideally, anomalous contribution detection and removal should not require a priori
knowledge of what those contributions would be or how
they would present themselves in the data. Particularly,
with proper preprocessing, ML methods can be employed
___________________________________________
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to control characterization probes in near-real time, acting
as virtual diagnostics, or ML can be deployed to extract
features and effectively denoise data. With respect to denoising, convolutional neural network architectures, such
as auto encoder models, are an attractive and more powerful alternative to conventional denoising techniques. The
autoencoder models provide a method of unsupervised
learning of latent space representation of data that can help
reduce the noise in the data. It should be noted that noise
and anomalies aren’t necessarily the same thing, as systematic stochastic noise issues may be present. In principle,
AI/ML can facilitate distinguishing both.
By supplying a paired training dataset of “noisy” and
“clean” data, these ML models can denoise measurements
quite effectively [4, 5]. This method relies on the existence
of an ideal dataset with no noise, which can be obtained by
simulation or by averaging existing noisy datasets. However, in some cases these are not accessible or practical to
use. Generative adversarial networks (GANs) are a more
suitable option when no “clean” data are available and have
been proven to perform well for blind image denoising [6].
They can be trained to estimate and generate the noise distribution, thus producing paired training datasets that can
be fed to an autoencoder model. These approaches can lead
to increased resolution if employed to denoise, for example, diffraction patterns. In addition, deep convolutional
neural network architectures can be used for data analysis.
Laanait et al. measured diffraction patterns of different oxide perovskites using scanning transmission electron microscopy and, by applying a custom ML algorithm, were
able to invert the materials structure and recover 3-dimensional atomic distortions [7]. ML has yet to be applied to
the MUED technique, where it can certainly enable advances that can further understanding of ultrafast material
processes in a variety of systems.

EXPERIMENTAL
The MUED instrument is located at the Accelerator Test
Facility at Brookhaven National Laboratory. A schematic
of the experimental setup is presented in Fig. 1. The details
of data collection are very briefly described here. The
femtosecond electron beam is generated using a frequencytripled Ti:Sapphire laser that illuminates a copper photocathode, generating a high brightness beam. The electrons
are bunched in a 1.6-cell rf cavity and accelerated to
5 MeV. Current parameters of the electron beam source optimized for stability are presented in Table 1. The sample
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chamber is located downstream from the source with a motorized holder for up to nine samples with cryogenic cooling capabilities and a window to allow laser pumping of
the material. The detector system is placed 4 m downstream of the photocathode to collect the diffraction patterns. The detector consists of a phosphor screen followed
by a copper mirror (with a hole for non-diffracted electrons
to pass through) and a CCD Andor camera of 512 pixels ×
512 pixels with a large aperture lens. Suitable material systems for MUED require careful preparation with typical
lateral sizes of 100-300 μm and roughly < 100 nm thickness to assure electron transparency. Laser fluency is adjusted to avoid radiation-induced damage to the sample.

Figure 1: MUED beamline schematic.
Table 1: MUED Source Parameters for Typical Operation
Beam Energy
Electrons per pulse
Temporal resolution
Beam diameter
Repetition rate
Electron fluence

3 MeV
1.25 × 106
180 fs
100-300 μm
5-48 Hz
88-880 s-1μm-2

A schematic of the data pre-processing for ML application for noise detection and removal is presented in Fig. 2.
A given image (dataset) is divided into an array of tiles in
Fig. 2(a). Noting that for N samples with white noise all
frequencies contribute equally to a function, these tiles are
examined for those having an inverse participation ratio
(IPR) value of 1/N. The IPR is a measure of the contribution of each frequency (in this case spatial). These tiles are
ignored. The resulting image is shown in Fig. 2c.

CONCLUSIONS AND FUTURE PLANS
MeV ultrafast electron diffraction (MUED) is a pumpprobe system to measure dynamic material structure evolution in the time range from femtoseconds to nanoseconds. A convolutional autoencoder model was developed
to reconstruct large sets of diffraction patterns. The model
trained on all data (unsupervised). An anomaly was found
to produce a large reconstruction error or different feature
vector values. Different strategies to detect anomalies were
also tested. Anomaly detection is ongoing, and multiple approaches are being considered. The large datasets expected
from the ATF are well suited for data analysis on a highperformance computing system, such as at the Argonne
Leadership Computing Facility, located at Argonne National Laboratory. There is an existing account at THETA
and THETAGPU for this work.
COVID restrictions have had a significant impact on inperson testing and experiments and access to resources.
With the restrictions now lifted, beam time at the facility
has resumed, and future visits are in the planning process.
There have been three talks resulting from this work [811]. A manuscript is in preparation on unsupervised anomaly detection for MeV ultrafast electron diffraction. Applications of ML combined with MeV ultrafast electron diffraction at facilities such as the ATF are expected to encompass not only materials science; interest has been expressed in global security challenges such as pandemics.
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Abstract
High-Q0 medium-velocity (bopt » 0.6) 5-cell elliptical
cavities for superconducting linacs are critical technology
for current and future hadron linac projects such as Fermilab’s Proton Improvement Plan II (PIP-II) and the proposed energy upgrade of Michigan State University’s Facility For Rare Isotope Beams (FRIB400). Previous work
established the validity of the novel geometry of the
FRIB400 prototype 644 MHz 5-cell elliptical b = 0.65 superconducting rf cavities for future high-Q0 development.
In collaboration with Fermilab, two leading-edge high-Q0
recipes, N-doping and furnace/medium-temperature baking (FMTB), were tested in the 5-cell cavity. N-doping
(“2/0”) + cold electropolishing was successful at achieving
the FRIB400 and PIP-II requirements for Q0, achieving an
unprecedented 3.8 × 1010 at 17.5 MV/m, which is 1.75
times higher than the FRIB400 requirement for Q0. With
FMTB, Q0 was 1.4 times higher than the FRIB400 requirement. Additionally, systematic studies of bulk Nb material
parameters suggest a relationship between the flux pinning
force measured in a sample and the flux expulsion properties of a cavity fabricated from the same material.

INTRODUCTION
The Facility for Rare Isotope Beams (FRIB) at Michigan State University (MSU), a first-in-class nuclear research facility, was fully commissioned in January 2022,
and has successfully provided beam to three user experiments, with 34 more having been approved [1]. The FRIB
accelerator consists of 3 linac segments and 2 folding segments, with a total of 324 superconducting radio-frequency
(SRF) cavities (divided among quarter-wave and half-wave
resonators) in 46 cryomodules. The FRIB400 project proposes to double the energy of the current superconducting
FRIB linac for the heaviest uranium ions from 200 MeV
per nucleon (MeV/u) to 400 MeV/u [2]. The increased rare
isotope production from higher-energy drive beams would
bring many important foci of nuclear physics research
within reach of FRIB, including the ability to probe parameters of the nuclear matter equation of state to new levels
of precision, which would provide critical information for
the study of neutron star mergers. Further, the facility’s
reach along the neutron drip line would be significantly increased. [2].
In support of the FRIB400 proposal, a design study
identified the novel bopt = 0.65 5-cell elliptical 644 MHz
SRF cavity with an accelerating gradient (Eacc) of
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17.5 MV/m as the best candidate for the upgrade accelerator [3]. Of the three frequencies studied for elliptical cavities, the 644 MHz 5-cell bopt = 0.65 case was the only one
capable of delivering the necessary accelerating voltage
within the 80 m of space available in the FRIB linac tunnel
without increasing the current standards for the peak surface electric field, around 40 MV/m [3]. This design also
has the lowest cryogenic heat load and the largest longitudinal acceptance [3]. The principal cavity design parameters and operating goals can be found in Table 1, and Figure
1 shows the cavity design.
Table 1: FRIB400 Cavity Parameters
Frequency
644 MHz
0.61
Geometric b
0.65
Optimal b
Aperture diameter
83 mm
Effective length Leff
71.0 cm
Number of cells
5
Geometric shunt impedance R/Q
368 Ω
Geometry factor G
188 Ω
Epeak/Eacc
2.28
Bpeak/Eacc
4.42 mT/(MV/m)
2 K operating goals
Accelerating gradient Eacc
17.5 MV/m
Peak surface electric field Epeak
40 MV/m
Peak surface magnetic field Bpeak
77.5 mT
2 × 1010
Intrinsic quality factor Q0

Figure 1: Drawing of the FRIB400 5-cell cavity.

The proposed 5-cell cavity operating at medium gradient bridges a hitherto unfilled gap from low-b TEM-type
cavities to b = 1 elliptical-type cavities for continuous
wave (CW) operation. Requiring a minimum Q0 of
2 × 1010, these large, sub-GHz cavities pose novel rf surface processing challenges. The European Spallation
Source (ESS) and the Spallation Neutron Source (SNS),
both of which operate in pulsed mode, employed buffered
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chemical polishing (BCP) with a Q0 requirement nearly an
order of magnitude lower than that of FRIB400. In order
to limit FRIB400 to a modest upgrade to the FRIB cryogenic facilities and provide broader benefit to the field of
SRF in this velocity and frequency range, our R&D efforts
for rf surface processing aim higher than the FRIB400 minimum Q0 of 2 × 1010.
Two prototype 5-cell cavities were fabricated and vertically tested at MSU/FRIB under various “conventional”
rf processing recipes, such as Electropolishing (EP) and
buffered chemical polishing (BCP), to demonstrate that the
novel 644 MHz geometry was valid, had no confounding
multipacting or microphonic resonance issues, and thus
was a reasonable vehicle for high-Q0 development [4]. EP
was the most successful of the conventional recipes,
achieving Q0 = 2.3 × 1010 in the best trial.
We now move to explore the potential of advanced and
highly promising rf surface processing recipes of nitrogen
doping (N-doping) [5] and furnace/medium temperature
baking [6] for FRIB400 cavities. Though well-developed
at frequencies greater than 1 GHz, complex physics makes
the translation of these techniques to lower-frequency,
larger-area cavities not obvious.

RF SURFACE PROCESSING
N-doping classically consists of heat treating a freshly
electropolished cavity to 800 C in vacuum, profusing nitrogen for some time at that temperature, annealing at that
temperature without nitrogen for some time, and then cooling. Afterwards, the cavity must undergo light EP to remove the detrimental layer of niobium nitrides. The EP
tool we used for the large FRIB400 cavities is described in
[4]. A “2/6” recipe (2 minutes of doping, 6 minutes of annealing) was explored for PIP-II high-b 650 MHz cavities
[7], where 7 µm of post-doping EP was found to be optimal. Subsequent work for LCLS-II found a “2/0” recipe (2
minutes doping, 0 minutes annealing) improved upon those
results, in part by reducing the temperature-dependent
component of the rf resistance, the BCS resistance (RBCS)
[8].
Furnace/medium temperature baking consists of a relatively short, low-temperature baking period, followed by
high-pressure rinsing (HPR), then assembly to the vertical
test insert. It is important to note that this differs from other
“mid-T” baking methods in which a similar temperature is
applied to the cavity for a similar amount of time, but in
situ, avoiding post-treatment exposure of the cavity surface
to air. Based on past results [6], we elected to apply the
300 degrees C bake for 3 hours to a FRIB400 5-cell cavity.
The cavity cold tests were performed at MSU/FRIB
and Fermilab. Both facilities use magnetic field cancellation during cooldown to ensure the background magnetic
field at transition is generally less than 1 mG. The results
of these trials are shown in Fig. 2. Both recipes improved
cavity performance over the EP baseline (green); the 2/0
doping recipe delivered the best performance of Q0 = 3.8 ×
1010 at Eacc = 17.5 MV/m (magenta) with a low background
magnetic field. Post-EP tests were limited by available amplifier power; the N-doped tests were limited by quench;
Technology
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and the FMTB test reached the administrative limit of
26 MV/m.
A few interesting points emerge from these initial trials.
The first 2/6 N-doping of S65-001 (blue) caused a slightly
decreased Q0 compared to the EP baseline despite similar
background magnetic fields. Given the challenges of conducting EP on this cavity, it is possible that the post-doping
EP did not remove enough material; cavity performance
can be highly sensitive to the depth of post-doping EP. Additional EP improved the performance of that cavity in a
subsequent test (red) where the background magnetic field
may have even been slightly higher. In testing of the cavity
at 1.5 K at Fermilab, we found that the temperature-independent component of the surface resistance, the residual
resistance (R0), decreased by nearly 1 nΩ at 17.5 MV/m
after further EP; hence the improvement can be attributed
to fuller removal of the Nb nitride layer produced during
N-doping.
The second prototype cavity was also EP-baselined to
a very similar performance level to the first cavity, then
treated with 2/0 N-doping. With a low background magnetic field in the MSU vertical test dewar, this cavity had
very strong performance achieving an unprecedented Q0 =
3.8 × 1010 at Eacc = 17.5 MV/m (magenta). As is typical in
N-doped cavities, 1.5 K testing revealed that R0 was the
primary performance limitation. Hence further pursuit of
N-doping development for these cavities will focus on mitigating known contributors to R0. In particular, we aim to
quantify the increased magnetic flux sensitivity of N-doped
cavities and develop methods of promoting flux expulsion,
for vertical testing, with an eye toward practical solutions
for flux expulsion in a cryomodule.
After an EP-reset and re-baselining (black), the first
prototype cavity underwent FTMB at 300 C for 3 hours,
high-pressure rinsed, and then cold tested (cyan). The resultant performance, while elevated, was not significantly
different from the immediately-prior EP baseline. The effect of the treatment became more obvious in the decomposition of RBCS and R0 in low-temperature testing, where
the FMTB’ed cavity had elevated R0 and low RRCS, in contrast to the elevated RBCS and low R0 of the EP-treated cavity.

Figure 2: Cold tests at 2 K for the FRIB400 prototype cavities (S65-001, -002) before and after N-doping or FMTB.
The yellow star marks the FRIB400 minimum goal.
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CAVITY FLUX SENSITIVITY
The residual resistance R0 clearly dominates the loss
mechanisms for N-doped and FMTB’ed cavities. Magnetic flux trapping in the Nb cavity walls increases R0, so
efforts have been made to understand flux trapping and
how to minimize it [9].
Three single-cell cavities of the same bopt = 0.65 design at 644 MHz were fabricated for FRIB400 upgrade
R&D, including a more detailed study of magnetic flux expulsion. To begin quantifying the flux sensitivity of the
FRIB400 cavity, a baseline electropolished single-cell cavity was subjected to a slow-cooldown in an imposed 20
mgauss ambient magnetic field. By immersing the cavity
in a known field, we can directly measure the change in
surface resistance resulting from the trapped flux, usually
referred to as the flux sensitivity. Results for a baseline
electropolished single-cell cavity are shown in Fig. 3. With
low ambient field the Q0 is high at 2 K (black), as expected;
with 20 mGauss ambient field, Q0 at 2 K decreases significantly (blue). The 1.5 K performance with 20 mGauss of
imposed field (pink) makes it clear that the performance
degradation is mainly due to increased R0, as expected. We
infer a flux sensitivity of 0.45 nΩ/mGauss from these
measurements. Future experiments will repeat this measurement in an N-doped cavity, for which we expect significantly higher flux sensitivity. Quantifying the flux sensitivity for the FRIB400 cavity will help us to understand the
magnetic shielding and cool-down speed requirements for
electropolished and N-doped cavities in a future FRIB400
cryomodule.

measure a ratio near the theoretical value in a best-case scenario.
In the course of rf testing, single-cell bopt = 0.65 cavities
fabricated from Nb material from Ningxia (NX) for
INFN/PIP-II (650 MHz) showed significantly improved
expulsion performance after a 900 C, 3 hour heat treatment,
as shown in Fig. 4. The ratio BSC/BNC is the most enhanced
for 900 C-treated NX material (green), compared to the
previous 800 C-treated performance.
Since flux expulsion properties have been found to vary
by Nb vendor, and even by lot number for material from
the same vendor, we began to investigate whether material
from a different vendor would respond similarly to 900 C
heat treatment. The FRIB400 single-cell cavity was fabricated from Tokyo-Denkai (TD) material, and despite a significant difference in average grain size (around 130 µm
for the TD material vs. 40 µm for the NX material), performed similarly in flux expulsion testing (blue). The cavity has since been heat treated at MSU at 900C for 3 hours,
and we plan to repeat the flux expulsion test on the heattreated cavity.

Figure 4: Measured single cell cavity flux expulsion as a
function of the spatial temperature gradient along the cell
surface.
It is worth noting that challenges remain in determining whether it is feasible to apply high-temperature heat
treatment to the 5-cell cavities. Studies are currently underway at Fermilab to determine the mechanical stability
of the cavities during heat treatment.
Figure 3: Flux sensitivity measurement in an electropolished single-cell FRIB400 cavity.

CAVITY FLUX EXPULSION
Given the likely high flux sensitivity of the highest-performing N-doped recipes, it is highly desirable for cavities
to expel as much background magnetic flux as possible
during cooldown. The flux expulsion performance of cavities is measured as a ratio of the magnetic field measured
at the cavity equator after the superconducting transition
and before the transition in an imposed magnetic field
(BSC/BNC). Simulations can be used to predict the theoretical maximum flux expulsion ratio; for the FRIB400 cavity,
the theoretical value is BSC/BNC ≈ 1.8. We can expect to
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SAMPLE FLUX PINNING FORCE
For cavity mass production runs requiring Nb material
from multiple vendors or multiple lots from the same vendor, it would be desirable to understand the flux expulsion
properties of a given lot of Nb without having to first fabricate and test a cavity. The Fermilab Material Science Laboratory has a Physical Property Measurement System
(PPMS) which allows us to measure the flux-pinning force
(Fp) in small (3 mm × 8 mm) samples of niobium. At 9 K,
just below the superconducting transition, the PPMS applies a magnetic field on the order of many gauss in two
opposite directions and measures the resulting irreversible
magnetization of the sample, from which the flux pinning
force may be calculated [10]. The imposed field in this
measurement is obviously well beyond that which a cavity
Technology
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will experience, since a typical background magnetic field
is of order a few mGauss. However this PPMS measurement is still informative, as will be described below.
We measured Fp on samples from TD and NX, as
shown in Fig. 5. Initial measurements were done without
heat treatment (black, gray). After heat treatment for
3 hours at 800 C, there is a reduction in Fp (red, blue). After further heat treatment for 3 hours at 900 C (mimicking
the heat treatment of the INFN-NX cavity which had the
dramatic flux expulsion improvement with 900 C treatment), we saw an additional decrease in Fp for the NX material (green). A similar decrease in Fp was observed in the
MSU-TD material (magenta). A wider sample set is
needed to fully understand the relationship between Fp
measurements on samples and cavity performance, but
these preliminary results are encouraging. Based on our
results, we hypothesize that the TD cavity will have an improved flux-expulsion ratio after 900 C treatment, similar
to that seen in the NX cavity.

oping multiple approaches to minimize its adverse impact.
Efforts to establish a connection between cavity flux expulsion and the bulk material property of flux-pinning
force (which can be measured with small samples) show
promise; however, further study is needed to refine our understanding of the correlation between the two. Overall, we
expect significant progress in improving cavity performance, and look forward to extending it to a fully dressed
cavity by the time we receive project funding for FRIB400.
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ACCELERATOR DEVELOPMENT FOR GLOBAL SECURITY
S. G. Biedron
Element Aero, Chicago, IL 60643, USA
Abstract
Many particle accelerator facilities and projects can help
with global security concerns, but not all accelerators used
for security applications are designed specifically for these
security applications. From direct interrogation to microelectronics radiation testing, there are myriad security applications of particle accelerators. This paper reviews several
accelerator applications of security as well as design and
technology activities to specifically better enable global security. Finally, this paper also points to many references
discussing accelerators in global security.

INTRODUCTION
Global security means different things to different people. Global security includes military and diplomatic
measures that nations and international organizations such
as the United Nations [1] and the North Atlantic Treaty Organization (NATO) [2] take to ensure mutual safety and security. An individual may only focus on their own security.
The United Nations has its own definition of global security [3, 4]: “With the advocacy of the United Nations Office for the Coordination of Humanitarian Affairs (OCHA)
human security elements have acquired a wider dimension,
for they go beyond military protection and engage threats
to human dignity. Accordingly, it has become necessary for
states to make conscious efforts towards building links with
other states and to consciously engage in global security
initiatives. OCHA’s expanded definition of security calls
for a wide range of security areas:
• Economic: creation of employment and measures
against poverty.
• Food: measures against hunger and famine.
• Health: measures against disease, unsafe food, malnutrition and lack of access to basic health care.
• Environmental: measures against environmental degradation, resource depletion, natural disasters and pollution.
• Personal: measures against physical violence, crime,
terrorism, domestic violence and child labour.
• Community: measures against inter-ethnic, religious
and other identity tensions.
• Political: measures against political repression and human rights abuses.”
Looking through this broad definition of security that
considers the collection of individual security concerns
throughout the globe, we immediately recognize that particle accelerators and their peripherals can be of great assistance as a tool for global security applications (including
defense).
___________
*sgbiedron@elementaero.com
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Here are a few areas that might have come to mind as to
why (in general terms) accelerators (and lasers and accelerator peripherals) are interesting for global security and
defense [5, 6]:
 The identification and detection of materials, including chemical, biological, radiological, nuclear, and
explosive (CBRNE);
 Preserving the water – energy – food nexus;
 Directed energy (applications: materials “modification” at a distance, propulsion, power transfer);
 Laser-sensing, communications, etc.;
 Materials research;
 Stockpile stewardship;
 Electronics testing for space and other applications;
 Medical applications (x-ray technologies, imaging,
cancer treatments) to treat individuals located in environments that do not have access to state-of-the-art
hospitals to preserve global health;
 Active radiation-belt remediation to improve the lifetime of satellites transiting the radiation belts;
 Sterilization capability for foods and surfaces to prevent contamination and infection.
Although this paper can cover a few ideas, it cannot
cover all ideas and applications of accelerators and peripherals for global security. For this reason, many references
are provided. Many of these publications have been based
on comprehensive community studies and their subsequent
publications to address accelerators, peripherals, and lasers, including:
• Accelerators for America’s Future, Department of Energy Report, March 2010 [7];
• Workshop on Energy and Environmental Applications
of Accelerators, Department of Energy Report, 2015 [8];
• Workshop on Laser Technology for Accelerators, Department of Energy Report, 2013 [9];
• Workshop on Ion Beam Therapy, Department of Energy
Report, 2013 [10];
• Task Force Report on Accelerator R&D commissioned
by Jim Siegrist, Associate Director High Energy Physics, Office of Science [11];
• National Research Council, Scientific Assessment of
High-Power Free-Electron Laser Technology, Washington, DC: The National Academies Press, 2009 [12];
• Summary Report – International FEL Expert Meeting:
“Use of free-electron lasers and beyond: Scientific, technological, and legal aspects of dual use in international
scientific cooperation” [13];
• The need for compact accelerators has been outlined in
numerous documents, including the Basic Research
Needs Workshop Report for Compact Accelerators for
Security and Medicine: Tools for the 21st Century,
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Department of Energy, Office of High Energy Physics,
January 2020 [14].
As a result of these and similar studies, public funding
has become available to extend the utility and reach of particle accelerators in the United States with the new Accelerator Research and Development and Production (ARDAP) Office in the Department of Energy (DOE) [15] and
in Europe and the United Kingdom with the Innovation
Fostering In Accelerator Science And Technology
(I.FAST) program under the European Union’s Horizon
2020 Research and Innovation programme under Grant
Agreement No. 101004730 [16].

ACCELERATORS AS TOOLS FOR
GLOBAL SECURITY
For Pandemics
What has been a major threat to global security since
2019? The COVID-19 pandemic. And now the world is
worried about monkeypox, and even paralytic poliovirus is
now being detected in wastewater in New York state.
Particle accelerators, such as the Advanced Photon
Source at Argonne National Laboratory, were used to study
the structure of the SARS-CoV-2 virus that causes
COVID-19. The APS x-rays, as one example, were used
by more than 70 research teams, including those from military research teams.
Other groups in Europe teamed together to promote
knowledge of and use of their facilities for the efforts to
combat COVID-19. A great summary by the League of European Accelerator-based Photon Sources (LEAPS) was
made immediately available to the worldwide scientific
community [17]. The Swiss Light Source [18], the European XFEL [19], the Swiss FEL’s Aramis beamline [20],
FELIX [21], and FERMI@Elettra [22] made major contributions to help the efforts to combat COVID-19. For example, diffraction data were collected on a single frozen
crystal in a nitrogen stream at 100 K at the Swiss Light
Source’s PXI beamline, illustrating the inhibition of papain-like protease PLpro blocking the SARS-CoV-2 spread
and promoting anti-viral immunity [23].

For the Future – Science and Technology Pieces
and Systems Conceptual Designs
The workhorse machines at the national laboratories
helped science combat COVID-19. The accelerator community is pursuing several complementary pathways for
compact sources (3rd and 4th generation) that could enable
much science, technology, and engineering including perhaps dedicated, rapid response facilities, possibly at BSL3 or other “on-Site” facilities.
This development covers a wide variety of activities including overall system designs, such as the ultra-compact
x-ray free electron laser (UC-XFEL) [24] study being led
by UCLA and its collaborators. There are also myriad studies being performed on the science and technologies that
can feed into these proposed more compact sources that
can be used for global security, such as high-performance
and robust photocathodes as well as improvements to
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superconducting cavities. Many examples of such accelerator improvements are illustrated; as one example, in the
research outcomes of the National Science Foundation’s
Center for Bright Beams (CBB) [25], their list of publications involve the many CBB members, affiliates, and affiliate institutions, including national and international laboratories and industries [26].
In terms of several examples of advanced acceleratordriven, free electron lasers, three such first-lasing talks
were given the week before this LINAC 2022 conference
at the 40th International Free Electron Laser Conference
(FEL2022) in Trieste, Italy [27]:
• First Lasing of the COXINEL Seeded Free Electron Laser Driven by the HZDR Laser Plasma Accelerator (Marie-Emmanuelle Couprie, SOLEIL);
• SASE and Seeded FEL Powered by PWFA Electron
Beam (Vladimir Shpakov, INFN-LNF); and
• Free-electron Lasing Based on a Laser Wakefield Accelerator (Wentao Wang, SIOM, CAS).
Many examples of technology developments that can
feed into future accelerator sources can be found in these
proceedings and all the accelerator conference proceedings
and journals in which we publish. This fall will bring the
20th Advanced Accelerator Concepts Workshop (AAC’22)
[28], where many of these advanced concepts will be covered. There are simply too many excellent contributions to
our field to cover them all here.

For Pandemics – Don’t Forget about Electron
Diffraction
An MeV ultrafast electron diffraction (MUED) system
is a unique pump-probe characterization technique for
studying ultrafast processes in a variety of materials. The
use of relativistic (typically multiple MeV) beams leads to
decreased space-charge effects compared to typical ultrafast electron diffraction experiments employing energies in
the keV range [29, 30]. MUED has a very high scattering
cross section with material samples as compared to other
ultrafast probes such as XFELs, and as such allows access
to higher-order reflections in the diffraction patterns due to
the short electron wavelengths. The Brookhaven-based
MUED system was discussed in this conference by Mariana Fazio [31, 32], and other concepts for a future MUED
and microscopy (MUEM) system at Daresbury Laboratory
were discussed by Jim Clarke [33].
Possible applications of MUED include soft matter and
biological samples (e.g., pandemics) [34]. MUED can lead
the way for time-resolved biology to characterize membrane fusion processes, dynamics of large biological assemblies, and much more.

For Water and Waste Streams
Several activities are ongoing. Some, funded by the former Accelerator Stewardship program (now the U.S. DOE
ARDAP Office), have focused around energy and the environment, particularly on treating waste streams with
high-average power electron beams. The awards from
these programs are outlined and detailed on the program
website [35].
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More advanced activities have been more extensively
detailed [36-38]. An excellent overview of this genre of accelerator is provided in this conference [38].
One key water treatment collaboration activity is between Jefferson Lab and Hampton Roads Sanitation District (HRSD). Jefferson Lab (JLab) installed an irradiation
beamline at the Upgraded Injector Test Facility (10 MeV,
CW SRF Linac). This irradiation beamline is being used to
evaluate e-beam irradiation as a possible method to reduce
or eliminate emerging contaminants in wastewater
[39, 40]. They explored eliminating 1,4-dioxane, which is
widely spread in wastewater streams and a likely human
carcinogen. More than 95% of 1,4-dioxane was removed
for a dose < 2 kGy. They are performing testing on perfluoroalkyl and polyfluoroalkyl substances (PFASs) that
constitute a family of over 5000 synthetic substances.

For Microelectronics Testing
There is an increasing demand by the private and public
aerospace and defense communities for radiation testing of
electronics. These effects are caused either by natural background radiation or are manmade. Discussions on this topic
are many. For instance, a plenary talk was presented on this
subject at the 2022 North American Particle Accelerators
Conference by Jonny Pellish of NASA [41]. The recent
federal report from the National Academies of Sciences,
Engineering, and Medicine [42] and dedicated conferences
such as the IEEE Nuclear & Space Radiation Effects Conference (NSREC) [43] all illustrate the dire need for new
test beds to meet this growing demand.
Let’s explore a couple of examples of existing and proposed facilities and research in this area. This is by no
means a comprehensive list, but merely a couple of activities for expanding the test capabilities at accelerators.
The Los Alamos Neutron Science Center (LANSCE) facility at Los Alamos National Laboratory (LANL) [44]
produces a neutron flux that is 1 million times that experienced at 35,000 feet. Neutrons produced by cosmic rays
penetrate the atmosphere and interact with electronics
causing single event upsets or latch ups. LANSCE hosts
many users seeking to ensure robustness of electronics
against cosmic-ray bombardment. Possible upgrades to
LANSCE in the future are expected to enable expanded
testing.
Brookhaven National Laboratory already operates several radiation test facilities including the NASA Space Radiation Laboratory (NSRL) [45]. They are now considering
building the High Energy Events Test (HEET) facility that
would produce ion beams (H to U) from 40 MeV/n to
2000 MeV/n and higher for electronics testing.
Laser-driven ions is another approach that looks to the
future infrastructure driver of high-contrast laser systems
to drive ions. Such future devices are complementary to
standard accelerators. They can provide multiple species
simultaneously over a spectrum of energies. Our own team
has been pursuing methods for the generation of ions.
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For Radiation Belt Remediation
Not unrelated to the radiation effects is the idea of reducing electrons in the radiation belts to also reduce their possible radiation effects in space. The 2018 talk by Bruce
Carlsten illustrates the details of electron-beam-based remediation schemes [46] to combat the more than one satellite a year (2018 data) being lost due to electrons (only
from background radiation). Should there be a man-made
event, these effects can be 4-6 orders of magnitude higher
than the natural background radiation, and the electrons
linger for about six months. LANL, in collaboration with
the SLAC National Accelerator Laboratory, is using highelectron-mobility transistors (HEMTs) to drive specialized
rf cavities for electron sources that could be used in this
space-remediation method.

Stockpile Stewardship

The particle accelerator and materials research communities have long enjoyed a synergistic relationship, dating
back at least to the first studies of materials using synchrotron radiation produced at particle accelerators. At present
a new generation of advanced synchrotrons and x-ray free
electron lasers are emerging. These advances are co-incident with a push in materials research to understand phenomena at unprecedented length and time scales, including
a focus on the mesoscale properties of materials. Further,
photons are not the only accelerator-produced particles of
interest to materials research, both as a probe and as a
means of generating perturbed states of matter. Future opportunities can be met through the application of muchneeded advanced accelerator technologies for future accelerator-driven devices.
One materials science frontier is that of mesoscale materials science in extreme conditions [47-49]. The mesoscale
covers spatial and temporal dimensions bridging the nanoand macroscopic scales, and a multidimensional space that
is characterized by the complexity of its phenomena at the
transition from the discrete quantum to the continuum macroscopic world [50]. The National Nuclear Security Administration’s (NNSA) need to predict and control the microstructure of materials is also a science frontier [51]. The
advancements in understanding the atomic-level nanoscale
and building up to a perfect lattice are tremendous, but the
rules of engagement at the mesoscale for design and manufacture still require much study. At this science frontier,
and for NNSA applications, we are interested in the
strength and robustness of the materials. Building the perfect lattice by adding atom after atom will not necessarily
yield the strongest material. We can look to superconductivity, for instance, for inspiration, as induced defects provide additional current-carrying capabilities. At the
mesoscale, as a corollary, defects can provide additional
strength.
In response to these science frontiers and NNSA needs
that rely on the near-simultaneous ability to synthesize and
assemble materials, characterize materials, and understand
materials through theory/simulation, the Matter Radiation
Interaction in Extremes (MaRIE) facility was conceived at
LANL. The MaRIE facility was intended to support key
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NNSA goals, including meeting the Dynamic Mesoscale
Material Science Capability (DMMSC) gap. From the
analysis side, we are not talking about having a perfect
sample environment with a perfect material. We are however talking about samples under extreme conditions in an
operationally relevant system or emulated system environment. This is echoed in a report for the NNSA [52, 53]:
“The National Nuclear Security Administration (NNSA)
has an unmet capability need to improve our ability to predict how changes in a material’s microstructure impact its
performance in weapons environments. Certification of the
future stockpile; maintenance of the current, aging stockpile; and qualification challenges associated with materials
and manufacturing changes will rely heavily on an understanding of materials in extreme environments.” This is
also echoed in the recent NAS Materials Decadal study
[49]: “Collectively, these new ultrabright sources will drive
further advances in the techniques, enabling the transformative studies of materials with nanoscale resolution while
under operating conditions and on ultrafast time scales.
United States had a significant fraction of all the worldleading capabilities 20 years ago, but that lead has eroded
and today’s landscape is one of intense competition from
both Europe and Asia.”

Additional Security Applications
As discussed in reports and papers, including the recent
DOE Basic Research Needs Report on Compact Accelerators for Security and Medicine [14], the replacement of less
secure sources of ionizing radiation with accelerators is interesting for the following applications:
• Non-invasive probing
o Interrogation of geological materials
o Radiography for non-destructive testing and evaluation of structures
o Probing of cargo for contrabands such as narcotics,
CNM, munitions, etc.
• Industrial radiation processing
o Medical device sterilization and pharmaceuticals
o Food processing for safety and quality
o Phytosanitary and sterile insect technology
A group from the University of Tokyo [54, 55] has recently fielded an accelerator device for on-site x-ray bridge
inspection using ~4.5-MeV electron sources. This x-ray inspection is coupled with other analytical analyses to help
to guide the repair and reinforcement stages of the bridge,
extending its lifetime, thus saving on energy and raw materials, which would be the case if completely replaced. It
also provides safety to humans and the environment.
Mitsuru Uesaka, Chairman of the Japan Atomic Energy
Commission (JAEC), recently discussed the use of particle
accelerators for the decommissioning of the TEPCO Fukushima Daiichi Nuclear Power Station (FDNPS) [56, 57]. A
trial retrieval of fuel debris at Unit 2 is scheduled soon, and
they plan to do the screening and identification of nuclear
debris on-site using two particle accelerators. The first is a
dual-energy x-ray CT inspection system (based around a
portable 3.95-MeV X-band electron linac-based x-ray
source) to identify the atomic number and weight. The
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second is a neutron spectrum resonance through the timeof-flight method for identifying the isotopes. This is based
around a portable 3.95-MeV X-band electron linac-based
neutron source. With the acquired information of the existence and mass density of U/Pu, the debris is discriminated
into the two storage systems for spent nuclear fuel with
U/Pu criticality control and normal radioactive waste without U/Pu. This allows for a practical and reasonable fuel
debris storage system.
Accelerator-driven nuclear energy is yet another energysecurity application of particle accelerators and involves a
powerful accelerator that can produce neutrons by spallation. The talk and paper at this conference by Bruce Yee
Rendon [58] provides a great summary of the global activities for such accelerator-driven systems (ADSs). These
proton accelerators are used to drive nuclear power plants
(thorium) or transmute nuclear waste into shorter-lived,
more manageable by-products.
There are additional activities in directed energy (DE)
using accelerators that are reviewed elsewhere [59] due to
space constraints. Further, it is not only the accelerators
themselves that contribute to global security. High-Performance Computing, such as the Argonne Leadership Computing Facility, and accelerator test facilities, such as that
at Brookhaven, are important for testing and development
Finally, we need a dramatic change in our thinking and
actions to reduce climate change and reduce reliance on
unclean energy sources. Let’s look to a few examples that
explore this energy security. Sweden has been decarbonized since the 1970s. Follow suit and make this a basis of
the energy architecture [60]. This folds into the clean energy and water nexus. One disruptive approach is the marriage of nuclear and particle accelerators. Small modular
reactors (SMRs) could power an industrial complex or a
small city or research park, and all-electric decontamination schemes with particle accelerators could reduce emissions. We can create an electric ecosystem encapsulated in
an industrial park/small city with the advancements in
SMRs [61].

CONCLUSIONS

The term ‘global security’ has its own meaning for each
individual. For the definition put forward by the United
Nations, we feel that accelerators can continue to drive
global security solutions. We feel that nearly every technology and method discussed at LINAC 2022 can have
some impact for global security, including science diplomacy.
In this 80th year of the celebration of the first sustained
nuclear reaction underneath Stagg Field, let us think for a
moment about Enrico Fermi, who led that project as well
as later projects. Fermi’s one accelerator project was something he dreamt of close to the end of his short life. He
dreamt of an accelerator encompassing Earth. Perhaps
Fermi actually meant that accelerators (and other analytical
research tools, devices, and probes) would in a figurative
way encompass the Earth (Fig. 1). Maybe he meant using
accelerators for global security through science diplomacy.
We need the people and collaborations to develop accelerators for global security.
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SPATIOTEMPORAL STRUCTURE IN INTENSE THz PULSED BEAMS
G. A. Hine∗ , Oak Ridge National Laboratory, Oak Ridge, TN, USA
Abstract

𝐼𝑝𝑢𝑚𝑝 𝑡

Optically generated terahertz radiation, with gigavolt per
meter (GV/m) electric fields accessible in tabletop experiments, provides a promising source of accelerating gradients
for future particle accelerator applications. Manipulation
and characterization of radiation is essential for efficiently
producing high fields and effectively delivering them to an
accelerating structure or interaction region. A method of
generating and characterizing high quality and structured terahertz pulsed laser beams for compact particle acceleration
is presented.

𝐼ሚ𝑝𝑢𝑚𝑝 𝑓

INTRODUCTION

IFFT

Electromagnetic radiation with linear frequency in the
0.3-300 terahertz (1THz = 1012 Hz) band is referred to as
Terahertz, THz, or T-Wave radiation. It comprises millimeter and sub-millimeter spatial scales and few picosecond to
subpicosecond time scales. The production of coherent THz
radiation has been demonstrated by a wide range of mechanisms from vacuum electronics to nonlinear optics using
intense lasers. Although achieving high radiative power in
this band has been historically difficult, this is an active field
of research in which significant improvements are rapidly
being demonstrated [1–3].
Because of its short length- and time-scales compared
to microwaves, tightly focused THz pulses with high temporal (sub-picosecond) compression are possible, yielding
extremely high electric fields even with modest pulse energy [4]. This has enabled a breadth of research from advanced particle acceleration and manipulation schemes [5–7]
to fundamental physics and materials science [8–10]. At
Spallation Neutron source, we are investigating using high
THz fields to emulate the conditions inside a
superconducting cavity to improve cavity processing and
mitigate deleterious effects like field emission [11] and as
a possible source of accelerating gradients for novel ion
acceleration schemes.
One method of THz generation (Fig. 1), optical rectification in nonlinear (𝜒 (2) ) materials has been shown to produce
pulses with high fields (> 10 V/m) in free-space (no resonant structure) at comparatively high conversion efficiencies
(2%) [4]. In these materials, a local quasi-static polarization
develops in proportion to the time-averaged intensity of the
pump laser pulse. As each unit cell in the crystal polarizes
and depolarizes, it radiates a pulse with a single electromagnetic cycle. The radiation from each cell superposes
like a phased antenna array, producing a directed pulse of
THz radiation with a transverse profile determined by the
pump transverse properties. With a conventional nonlinear
optics treatment (one temporal dimension + one longitudi∗
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𝑂𝑅
𝐸෨𝑇𝐻𝑧 𝑓

𝐸𝑇𝐻𝑧 𝑡
Figure 1: Calculation of THz pulses by optical rectification.
The 1350 nm pump temporal profile is estimated from measurements of the 800 nm pulse input into the OPA. The power
spectrum of the pump is calculated by FFT of the estimated
pump profile. The THz amplitude spectrum generated in a
𝜒 (2) medium like OH1 is proportional to the pump spectrum
with a frequency-depenedent prefactor Eq. (1). The THz
temporal profile is Then calculated by IFFT of the generated
THz amplituded spectrum.
nal dimension) as in [12], the generated THz pulse can be
described by Eq. (1). Since the crystal itself is uniform, a
pump which overfills a circular aperture should produce a
THz pulse with a flat-top profile with a uniform spectrum
throughout,
𝐴˜ 0 = 𝐵( 𝑓 )𝐿( 𝑓 , 𝑧) 𝐼˜𝑝𝑢𝑚 𝑝 ( 𝑓 )
𝐵( 𝑓 ) =

2𝑑𝑇 𝐻 𝑧 𝑓 2
𝑛0 𝜀 0 𝑐3 ( 2 𝜋𝑐 𝑓 (𝑛𝑇 𝐻 𝑧 ( 𝑓 ) + 𝑛𝑔 ) + 𝑖( 𝛼𝑇 𝐻𝑧2 ( 𝑓 ) + 𝛼0 ))

𝐿 ( 𝑓 , 𝑧) =

𝑒𝑖 (
( 2 𝜋𝑐 𝑓

2𝜋 𝑓
𝑐

𝑛𝑇 𝐻𝑧 +𝑖 𝛼𝑇 𝐻𝑧 /2) 𝑧

− 𝑒𝑖 (

(𝑛𝑇 𝐻 𝑧 ( 𝑓 ) − 𝑛𝑔 ) + 𝑖(

2𝜋 𝑓
2

𝑛𝑔 +𝑖 𝛼0 ) 𝑧

𝛼𝑇 𝐻𝑧 ( 𝑓 )
2

− 𝛼0 ))
(1)

The variables in Eq. (1) are described and their values
defined in Table 1. Since the refractive index and absorption
coefficient varies significantly over the generated THz range
of interest, the refractive index 𝑛𝑇 𝐻 𝑧 ( 𝑓 ) and absorption coefficient 𝛼𝑇 𝐻 𝑧 ( 𝑓 ) are expressed as functions of frequency
according to the a lorentz multiple oscillator model described
in [13].
The resulting THz spectrum is extremely broadband in
the sense that its frequency spread is on the order of the peak
or center frequency. While effects like “chirping” due to material dispersion are important for pulses with a few percent
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Table 1: Values used for calculating THz electric fields generated in OH1 using a 1350 nm pump. Material properties
for OH1 were obtained from [3].
Parameter Value
𝑑𝑇 𝐻 𝑧

280 pm/V

𝑛𝑔

2.33

𝑛0

2.16

𝛼0

0.100 1/mm

𝑧
𝜀0
𝑐

0.56 1/mm
8.854 F/m
0.300 mm/ps

Other technology

METHODS

Description
nonlinear coefficient for
THz generation
group refractive index at
pump center frequency
refractive index at pump
center frequency
absorption coefficient at
pump center frequency
OH1 thickness
vacuum permittivity
speed of light in vacuum

bandwidth, for subcycle THz pulses, where the spectrum can
span multiple octaves, even propagation in free space can
challenge intuition. In [14] spectral changes were observed
in the propagation of such a broadband THz pulse through
its focus. Since the spectral content of a pulse should not
change under linear propagation, this effect was attributed to
a transverse redistribution of the frequency content throughout the focus.
In [15], the transverse redistribution of frequencies in subcycle THz pulses was directly observed using a method for
obtaining the 2-transvers + 1-temporal dimensional (2+1D)
spatio-temporal profile of the pulse. Pulses with these bandwidths which are initially spatio-spectrally uncorellated exhibit a spatiotemporal structure which is pinched at its center,
resembling a piece of farfalle pasta, when focused. Subsequently, transmission through an uneven medium was shown
to produce spatio-temporal optical vortices, robust defects
embedded in the spatio-temporal phase of the pulse [16].
At such broad bandwidths, spatio-temporal effects become
increasingly important and even the most fundamental elements of linear propagation are complicated.
The method for observing the spatio-temporal profile of
the pulse is based on conventional electro-optic sampling
(see [17,18]), which utilizes the Pockels effect, where a 𝜒 (2)
material exhibits a birefringence in proportion to a static or
quasi-static applied electric field. An ultrashort (less than
the THz pulse period) probe co-propagating with a THz
pulse in this medium will undergo a polarization rotation according to the instantaneous THz field strength. By scanning
the delay between THz and probe pulses, a THz temporal
electric field profile can be ascertained. Since this effect
is also local in space, a probe which is transversely larger
than the THz pulse will imprint the transverse profile of the
THz electric field at each delay. Stacking a series of these
transverse profiles over a range of THz-probe delay, a spatiotemporal profile of the pulse is constructed which retains
spatio-temporal correlations. The 2-transverse + 1-temporal
measurement is a particularly useful characterization of a
linearly polarized terahertz pulse because it provides suffi-

Technology

cient information to calculate the subsequent evolution of
the pulse according to the Huygens principle.

Observing these spatio-temporal effects requires a measurement that retains spatio-temporal correlations. This is
not true for widely used microbolometer focal plane arrays,
which measure fluence as a function of transverse coordinate,
integrating intensity over the temporal dimension. Nor is
it true for conventional electro-optic sampling (EOS) using
a balanced photodetector, which only captures the electric
field around a point in the transverse profile, typically where
the largest peak field is located. Recently, a coherent spatiotemporal technique has been demonstrated which captures
the full spatio-temporal (and thus spatio-spectral) profile of
the THz pulse [15, 19]. Such a measurement which captures
both wavefront curvature and temporal (or spectral) phase
over the whole 2-transverse + 1-temporal dimensional profile
of coherent radiation is extremely rare in optics and provides
a clearer picture of the whole pulse compared to what might
be constructed from separate uncorrelated measurements.

SpatioTemporal
EOS
Variable
Delay
Line

Object
Plane

Overfilled
Pump

THz
a

Ultrashort
Probe
Object
Plane Overfilled
Pump
THz

b

Figure 2: Experimental Setup. An 800 nm ultrashort probe
(red) passes through a variable delay line and overlaps with
the THz in a GaP crystal (orange). The probe undergoes a
polarization rotation proportional to the local instantaneous
THz electric field strength, and is relayed through a polarization selecting imaging system to a CCD. The collection
of images at various delays, along with a reference in the
absence of the THz, constitutes the spatio-temporal electrooptic sampling method, and is described in detail in [15, 19].
The THz source was used in two configurations, both with
the 1350 nm pump overfilling the OH1 clear aperture. In configuration (a) the THz is focused by a 1/2” off-axis parabola
with RFL = 1”, and the focus relaid to the spatio-temporal
EOS setup. In configuration (b), the OH1 is at the object
plane of the two-OAP imaging system and is directly imaged
to the spatio-temporal EOS.
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Using the method described in [15], the spatio-temporal
profile of THz pulses were measured at at the exit of the crystal and at the pulse focus. The experimental setup is depicted
in Fig. 2 . Because of space constraints, the pulse is relayed
with an imaging system consisting of two gold coated offaxis parabolic mirrors (OAPs). An ultrashort probe with
variable delay is focused through a drilled hole in the last
mirror and overlaps the THz pulse in an electro-optic crystal.
The THz field, by inducing a quasi-static birefringence in
the electro-optic medium, causes a small polarization transformation proportional to its electric field strength. The
initialy vertically polarized probe is imaged at the exit of
the electro-optic crystal to a ccd through a quarter wave
plate and polarizer, selecting a circular polarization state. In
this configuration, small changes in the probe intensity are
proportional to the instantaneous THz electric field [19],
𝐸 THz ∝ (𝑉 (𝐸 THz )/𝑉0 − 1)

(2)

where 𝑉 (𝐸 THz ) is the level on the ccd in the presence of
the THz field, and 𝑉0 is the level in the absence of THz.
Spatiotemporal scans were performed averaging "8"-frames
at each time and acquiring background images intercolated
with signal. The assembly of electro-optic medium and
polarization-selecting imaging system are referred to here as
spatio-temporal EOS. Initially, the THz source was placed at
the object plane of the two-OAP imaging system Fig. 2 b, and
the THz at the source relayed directly to the spatio-temporal
EOS assembly. Subsequently, the THz source was moved
upstream and an additional parabolic mirror was introduced
with the focus at the object plane (Fig. 2 a).
THz pulses were generated in OH1 as in [15]. It was
illuminated with the 300 𝜇J 1350 nm output of an optical
parametric amplifier (OPA), pumped with 4 mJ, 800 nm
35 fs pulses. The pump profile overfilled the aperture of the
OH1 crystal (6 mm). The uniform illumination produces a
flat-top transverse profile and uncorrelated spectrum, and the
low absorptive losses of the OH1 produce a sine-like subcycle pulse. In the first configuration (Fig. 2 b), the exit face of
the OH1 is relayed by two off-axis parabolic mirrors with 3×
demagnification directly to the spatio-temporal electro-optic
sampling assembly. In the second configuration (Fig. 2 a),
the output of the OH1 was focused with a 1/2”, RFL = 1”
off-axis parabolic mirror and the OH1 moved just ahead of it.
The ultrashort probe was picked off from the 800 nm pump
for the OPA, and the electro-optic medium used was GaP.

RESULTS
The pump is nearly uniform over the OH1 clear aperture,
resulting in a nearly identical THz spectrum generated everywhere throughout the crystal. This generates a flat-top THz
pulse with sine-like carrier envelope phase that has little
spatio-spectral or spatio-temporal correlation. Therefore,
the transverse and temporal (or spectral) parts of the pulse
can be separated into independent functions, and the THz
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electric field can be described by,
𝐸 THz (𝑟, 𝑡) =
∫ ∞

(
2ℜ 0 𝑑𝑓 𝑖𝑒 𝑖2 𝜋 𝑓 𝑡 𝐴˜ 0 ( 𝑓 ) ,
0,

for 𝑟 < 𝑅0 (3)
otherwise

where 𝐴˜ 0 ( 𝑓 ) is the THz spectrum generated according to
the pump temporal properties (Eq. (1)), and 𝑅0 is the radius
of the clear aperture of the crystal. The resulting spectrum
and pulse and are calculated and compared with on-axis
measurements at the OH1 crystal (Fig. 2 b) in Figs. 3 a and c
with good agreement. The measured spectrum is calculated
by FFT of the measured pulse and the theoretical pulse calculated by IFFT of the theoretical spectrum. An x-t slice of the
full spatio-temporal pulse measurement in this configuration
is shown in Fig. 3 e which has a flat-top profile due to the
uniform illumination of the pump across the crystal clear
aperture. The corresponding amplitude spatio-spectrum in
Fig. 3 f is calculated by FFT in the temporal direction, and
is mostly uncorrelated.
Once the uncorrelated flat-top pulsed beam is focused, as
in Fig. 2 a, the spatio-spectrum can no longer be considered
uncorrelated [15] and thus the spatial and temporal parts
cannot be separated. At the focus, each flat-top profiled
frequency component focuses to an Airy disk with transverse
size inversely proportional to frequency,
𝐸 THz (𝑟, 𝑡) =
∫ ∞

(4)
2𝐽1 (4𝜋NA 𝑓 𝑟/𝑐) 2𝜋 𝑓 ˜
𝑖2 𝜋 𝑓 𝑡
2ℜ
𝑑𝑓 −𝑖𝑒
𝐷 NA
𝐴0 ( 𝑓 )
4𝜋NA 𝑓 𝑟/𝑐
𝑐
0
where NA is the numerical aperture of the focus, and 𝐷 NA is
an overall scale factor following from the numerical aperture.
A spatio-spectrum assembled from these Airy disks is
shown in Fig. 3 j. The spatio-temporal form of the pulsed
beam was calculated and is shown in Fig. 3 i, and resembles the “farfalle” pulse as calculated by a superposition of
gaussian beams as in [15], although the wavefronts in the
periphery of the Airy-disk farfalle appear straighter and extend further than those of the gaussian equivalent. Similarly,
the Airy-disk type spatio-spectrum resembles the gaussian
spatio-spectrum in [15], but having curved fringes in its
wings. Since the propagation of this pulsed beam is not selfsimilar, a proper Guoy phase term cannot be separated from
the pulse evolution. Nonetheless, because each frequency is
advanced by 𝜋/2 at the focus, the initially sine-like carrier
envelope phase also advances by 𝜋/2 producing a cosine-like
shape. This was accounted for by applying a phase prefactor
of −𝑖 in Eq. (4).
The x-t slices of the spatio-temporal measurement and
spatio-spectrum for the focusing configuration (Fig. 2 a) is
shown in Fig. 3 g and h respectively. The spatio-temporal
structure of the focused pulsed shows flaring of the wavefronts in the fore and aft of the pulse and the spatio-spectrum
has a horn shape, characteristic of a focused ultrabroadband
pulsed beams [15], in good qualitative agreement with the
Airy-disk model. The pulse and spectrum on the central axis
of the measurement is compared with those of the model
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Figure 3: Data compared to theory. (a) The pulse calculated using Eq. (1) with material parameters from Table 1 at the exit
of the OH1 crystal in orange overlaid on measurement in blue, showing good agreement for the main pulse. (b) The temporal
evolution on-axis for a focused pulse, accounting for the spatio-temporal distribution of spectral content according to Eq. (4).
Trailing oscillations in data and slight variations in the temporal phase of the main pulse are attributed to propagation through
air with ambient humidity and multiple reflections of the in the GaP. (c,d) Magnitude of amplitude spectra corresponding to
(a) and (b) respectively. Measured spectra in blue show good agreement with theory in orange, with modulations in blue
attributed to multiple reflections in the GaP and scattering in ambient humidity. Current limitations on probe pulse length
are limiting measurement bandwidth above about 3 THz. Both measured and calculated spectra at the focus are seen to be
visibly bluer than at the source, with the calculated spectrum exhibiting a high-frequency tail which is much less prominent
in the overall spectrum seen at the source. (e,g) Measured Spatio-temporal profiles of THz pulses generated in OH1, imaged
from the source and focus respectively. (e) appears flat-topped due to a pump which overfills the clear aperture of the
OH1 mount, while (g) exhibits the farfalle-shape characteristic of focused ultrabroadband pulses [15]. (f) and (h) show
the magnitude of spatio-spectral amplitude corresponding to (e) and (g) respectively. The spatio-spectrum at the source is
mostly uncorrelated, as expected near the source, while the focused pulse is highly correlated, showing the characteristic
horn-shape as well as side bands corresponding to higher order maxima of the constituent monochromatic Airy disks.
(i,j) Spatio-temporal profile and spatio-spectrum calculated calculated according to Eq. (4) showing prominent x-shaped
wings in the spatio-temporal domain and a banded horn in the spatio-spectral domain. The tail of the spatio-spectrum is
prominent, although it only makes up a small fraction of the overall spectrum.
in Figs. 3 b and d respectively, with similar phase and spectral characteristics.
Some effects which are not included in this model which
could explain discrepancies between the measured and theoretical pulsed beams and spatio-spectra. The measured
pulsed beams have trailing oscillations and the carrier envelope phase of the focused beam is slightly different from
that of the model. This can be attributed to propagation
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through air with ambient humidity, causing an accumulation
of group-delay dispersion and scattering at certain frequencies. There are also multiple reflections in the GaP, which
altogether cause the measured spectra in Figs. 3 a–d to be
somewhat modulated.
The measured spectra are also narrower and redder than
predicted by the model, which is attributed to limitations in
the bandwidth of the measurement. Although electro-optic
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sampling in GaP has been demonstrated with bandwidth
beyond 7 THz, the probe pulse length in this experiment
limited bandwidth to about 3 THz. The model and measured spectra show good agreement in the 0-2 THz range,
particularly in the difference between focused and unfocused
spectra. The unfocused spectrum appears to be linear in the
vicinity of 0, while the focused spectrum could be called
quadratic. This is consistent with the redistribution of frequencies that occurs when an initially uncorrelated pulsed
beam is focused with a common numerical aperture [15] and
is included in Eq. (4) with a factor proportional to frequency.
Although the measured data shows blue-shifting of the
source spectrum upon focusing, this effect is more pronounced in the model, which is not limited by the measurement bandwidth. The model shows the development of a
long high-frequency tail at the focus which is hardly present
in the source spectrum. This, along with the diminished
low-frequency content can result in mischaracterization of
the overall pulsed beam, with mean frequency on-axis at
the focus twice that of the overall frequency content of the
pulse.

CONCLUSION
A model of THz pulse generation by optical rectification
in OH1 shows good agreement with spatio-temporal measurements over the bandwidth of the measurement.
THz pulses at the exit of an OH1 crystal with uniform illumination are uncorrelated, having similar spectra throughout
the transverse profile. The uncorrelated pulse generated in
the OH1 is sine-like and becomes a highly correlated cosinelike pulse at the focus.
The focused THz spectrum exhibits a horn-like shape,
with curved fringes which is well described by a superposition of Airy disks of different frequencies, focused with
a common numerical aperture. The spectra on-axis in the
focused pulse is significantly bluer than the spectra at the
source and the overall spectral content at the pulse, and therefore the application of ultrabroadband THz pulses must be
treated with a deference to their spatio-temporal characteristics.
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Abstract
Charge stripping is one of the most important processes
for the acceleration of intense heavy ion beams, and the
charge stripper greatly affects the performance of the accelerator facility such as the final beam power. In this paper, the design method and the achieved performance of
the liquid lithium stripper recently developed for FRIB will
be reported.

INTRODUCTION
The Facility for Rare Isotope Beams (FRIB) at Michigan
State University is a 400 kW continuous wave (CW) high
intensity heavy ion linear accelerator (linac) facility for the
study of rare isotopes that don’t exist on the earth [1]. A
charge stripper is used in the FRIB driver linac as a critical
device that allows increasing the energy gain of ion beams
by a factor of 2. Charge stripping occurs at energies of
17-20 MeV/u, where the beam power will be 40 kW during
full power operations. No solid materials that are available
today can serve as a long-life stripper under these severe
thermal and radiation conditions. Therefore, FRIB has developed a state-of-the-art self-replenishing liquid lithium
charge stripper (LLCS) to overcome the technological bottlenecks [2].
In this paper we describe how we designed the FRIB
LLCS system and report achieved performance. It would
be worth noting that the process described in this paper
could generally apply to other liquid lithium systems or
even other fluid systems in which performance testing under operating conditions with the actual fluid is costly (both
time and money) and simulation experiments are highly
desired to test critical performance before the actual system
is built.

DESIGN PROCESS
Conceptual Design

teristics of the lithium film be acceptable for further acceleration of stripped beams? The first one: formation of a stable and uniform thin liquid lithium film was considered to
be the most critical. To validate such a liquid lithium film,
a series of R&Ds began at Argonne National Laboratory
(ANL).
There are various methods to form a liquid film. One
method is that when a round liquid jet impinges on the edge
of a solid surface, a thin film is formed in the downstream
(e.g. tap water from a faucet impinging on a spoon). This
method was pursued at ANL.
It is not common to build a liquid lithium system until
critical system performance is validated and there remain
only validations that can be performed with liquid lithium.
This is because liquid lithium systems are normally complicated thus expensive. The systems need heaters to melt
solid lithium (the melting point of lithium is 180.5°C) and
keep it liquid, heater controllers and temperature sensors to
keep the temperature within a desired operating range.
Tanks or vacuum chambers in liquid lithium systems are
usually filled with argon or maintained under high vacuum
to provide an inert environment. Otherwise the liquid lithium will be contaminated. For example, tanks / vacuum
chambers must not be filled with air or nitrogen because
lithium reacts with them, which could cause a lithium fire.
Thus, dedicated sub-systems that provide an inert environment in the tanks / vacuum chambers are also required. To
mitigate and prevent abnormal events, safety controls are
required too.
To efficiently test concepts, usually water is used as a
simulant of liquid lithium. The law of similarity guarantees
that two different types of flow become similar when these
flows are properly scaled and dimensionless numbers that
are relevant to these flows (e.g. the Reynolds number) are
the same. The dimensionless numbers that are relevant in
this case are the Reynolds number and Weber number. The
Reynolds number is defined as

The LLCS concept was proposed by Nolen [3]. There
were critical but unknown performance of the LLCS concept in the beginning; how could a stable and uniform thin
(0.5-1 mg/cm2) liquid lithium film in a high vacuum environment be formed?; could the film withstand the foreseen
extreme thermal load (56 MW/cm3) imposed by the full
power uranium beam?; and could charge stripping charac-

where 𝐿 is the characteristic length, 𝑈 is the characteristic
speed, and 𝜈 is the kinematic viscosity.
The Weber number is defined as

___________________________________________

where 𝜌 is the density of the liquid, 𝜎 is the surface tension
between the liquid and the gas.
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When the dimensions of the water and lithium flows are
properly scaled (e.g. in general, when the flow is considered to be three-dimensional, all the three dimensions must
be scaled), and the above two dimensionless numbers are
the same, the water and lithium flows are considered to be
similar according to the law of similarity.
To use the law of similarity, one must know a ballpark
estimate of the Re and We numbers of the lithium flow that
needs to be achieved. As seen in Eq. (1) and (2), the lithium
temperature that determines 𝜈, 𝜌 and 𝜎, the characteristic
length (required film thickness in this case), and the characteristic speed (required jet speed in this case) determine
the Re and We numbers. The lithium temperature should
be as low as technically possible to reduce its chemical activity. The required film thickness comes from the requirement of the charge stripping performance, and the required
jet speed should be high enough to efficiently remove the
heat deposited by the beam.
It would be worth noting that a similar approach was
taken during the conceptual design of the liquid lithium target of the International Fusion Materials Irradiation Facility (IFMIF) [4].
The water simulation experiments at ANL were aimed at
experimentally obtaining a so-called stability diagram in
the Re-We domain, in which stable regimes of a flow (there
could be more than one stable regime) are depicted and visualized. Figure 1 shows the water film stability diagram
obtained at ANL [5]. Once the diagram is obtained, one can
expect the conditions under which a stable liquid lithium
film can be made. Therefore, one can proceed with the next
step: the proof of principle test. The experiments also revealed that not all the water that impinged on the deflector
formed the free jet, but some remained on the deflector, and
it interacted the film when it dripped off the deflector, disturbing the film. To resolve this issue, the original circular
edge shape of the deflector was made concave such that the
water on the deflector is guided along the edge toward the
lowest points that are located away from the jet impingement point. Figure 2 shows photos of the water film made
during the experiments [6].

Figure 1: Film stability diagram in the Re-We domain obtained with water as a simulant of liquid lithium. Another
simulant, FC-3283, was also used. The inserted labels are
scales to the parameters of lithium thin film [5].
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Figure 2: Photo of water film formed during the experiments [6]. The left shows the original deflector and the
right shows the improved deflector.

Proof of Principle Test
This proof of principle (PoP) test stage can be still considered as the conceptual design stage. In some cases, PoP
tests may fail. Then, the concept must be re-considered and
improved.
Usually at this stage, a liquid lithium system is made to
test the concept(s) as a PoP test. But in general, it is still
not worth building a full scale final system because the
concept has not yet been tested with the real fluid: liquid
lithium. At this stage, the most critical concepts that are yet
to be validated and are the key to determine the success,
should be focused.
After stable water film jets were formed and a stability
diagram was obtained at ANL, a liquid lithium system was
built to demonstrate a stable liquid lithium film. The system built was not equipped with a circulation pump. Instead, the system was equipped with a pressure vessel
where liquid lithium was able to be pressurized by argon,
which drove the flow. Because of this configuration, the
test could not continue for more than 20 minutes; the vessel
needed to be re-charged with liquid lithium by transferring
the lithium back into the pressure vessel and then the vessel
needed to be re-pressurized. This approach was taken because an optimal drive pressure to form a stable liquid lithium film jet was still unknown. The development of a circulation pump for continuous operations was spared for a
future task.
The investigations at ANL revealed that the hydrodynamic instability could be overcome by flowing the liquid
lithium film jet at >50 m/s (corresponding drive pressure
of 1 MPa). A roughly 10 μm thick, 1 cm wide, stable lithium film jet was successfully formed in vacuo [5, 6]. The
high flow velocity was not only for the hydrodynamic stability but also necessary to carry away the intense beam
power to avoid boiling or excessive vaporization. The resolution for the liquid dripping issue was further improved
by adding so-called wicks to the lowest points of the deflector to facilitate the drainage of remaining lithium.
Fig. 3 shows the liquid lithium free jet that was made with
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the improved deflector [7]. With this result, it was concluded that a stable liquid lithium free jet was able to be
made with this method.
The film thickness was measured with a 30 keV electron
beam by measuring a transmission rate of the beam [6]. It
was found that the film has a thickness distribution both in
the streamwise and spanwise directions. The thickness
where beams are expected to pass through the film was
0.632 mg/cm2 (12.3 mm).
With these results, the first and most critical performance: formation of a stable and uniform liquid lithium
film in a high vacuum environment, was validated.

Figure 4: Lithium film jet receiving 300-W (65 MW/cm3)
65-keV CW proton beam [7]

Detailed Design

Figure 3: Liquid lithium film jet formed with improved deflector [7]
Next, the thermal performance of the lithium jet was
tested with the LEDA (Low-Energy Demonstration Accelerator) proton source borrowed from Los Alamos National
Laboratory (LANL) [7]. A 65 keV proton beam was used.
At this energy the protons stop within the first 1.5 mm of
the lithium film. The experiment demonstrated that the velocity of >50 m/s was sufficient to carry away 300 W of the
thermal power deposited in the lithium film within a 1 mm
diameter beam spot and a thickness of the first 1.5 μm over
the total thickness of 10 μm. The estimated peak volumetric heat input from the proton beam was approximately
65 MW/cm3, more than the FRIB average power density
deposition (56 MW/cm3). Also noted is the 300 W power
deposition was more than half of the total FRIB’s power
deposition of 450 W. This experiment did not include the
radiation damage that the heavy ions would have on a solid
carbon foil, but with a self-replenishing liquid the lattice
damage is not an issue. Figure 4 shows a photo of the lithium film receiving the 300-W 65-keV proton beam [7].
With this result we confirmed the superior thermal performance of the windowless liquid lithium free jet; however,
the final unknown performance: actual charge state distributions after stripping remained unproven and had to wait
until the tests in the FRIB linac.
Technology
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Based on the achievements at the PoP test stage, the detailed design was initiated. It is obvious that every component necessary to meet requirements for operations must be
designed and fabricated at this stage. The main focus was
the lithium circulation pump development and safety control measures. There were many other less critical but important considerations. A few selected important notes
were added to the last part of this section.
The pump was designed based on the design developed
by Smither [7,8]. This pump is a DC electromagnetic (EM)
pump with permanent magnets, utilizing linear pressure
build-up along the flow inside the pump. Since flow fluctuations that could be generated with an AC pump were a
concern, a DC pump was selected. This pump is not for a
high flow rate because of the magneto-hydrodynamic pressure drop due to a strong electro motive force (EMF). However, the EMF produces an induced voltage across the
pump, which is proportional to flow rate. By measuring the
induced voltage we can measure a flow rate without a separate flow meter. Performance test of the pump was performed with liquid lithium.
During the detailed design phase, a great amount of effort was made to design safety control measures to prevent
and mitigate liquid lithium hazards. Liquid lithium reacts
with air, and the reactions could lead to a fire depending on
the conditions. It vigorously reacts with water producing
hydrogen. Therefore the reaction with water must be prevented. The LLCS system at FRIB has three engineered
safety control measures: a secondary containment vessel
(SCV), an argon blanket in the SCV, and a beamline gate
valve system (BGVS). Figure 5 shows a sketch of the FRIB
LLCS system which includes the above three engineered
safety control measures. The SCV is to provide an enclosed
barrier between the lithium loop and the accelerator tunnel
and to contain any lithium leaks within the controlled
space. The argon blanket in the SCV is to provide an inert
atmosphere in the SCV. With the SCV and argon blanket,
in case lithium leaks out of the loop, it won’t react with air.
In case the vacuum chamber develops a vacuum leak, it
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will only end up being filled with argon. The BGVS consists of two beamline gate valves (upstream and downstream of the vacuum chamber) and redundant vacuum
sensors. The BGVS is to isolate the vacuum chamber when
a loss of vacuum is detected. The concern is vacuum leaks
in the beamline outside of the LLCS system, which could
introduce air into the LLCS vacuum chamber. Also, the
BGVS does not allow operators to open the beamline gate
valves when the linac tunnel is unsecured. This way a possibility of air leaks is eliminated when workers can be present around the LLCS system.
Maintainability is an important consideration. The nozzle and deflector are considered to be major components
that need regular maintenance because they interact with
high-speed liquid lithium flow, therefore they could be
eroded. Corrosion is expected to happen, but because the
operating temperature (220 °C) is close to the melting point
(181 °C), the corrosion rate is expected to be very low. The
nozzle and deflector are mounted onto the vacuum chamber using ConFlat flanges. The gaskets must not be made
of copper because of its poor compatibility with liquid lithium. Steel gaskets are used in the FRIB LLCS system.
Copper gaskets can be used where liquid lithium is not present.
As a main vacuum pump, a cryopump was selected.
Among advantages of using cryopumps in a liquid lithium
system, most notable is that they can operate in a closed
environment unlike turbo molecular pumps, which always
need an auxiliary backing pump, and cannot create a physical boundary between atmosphere and the lithium environment. Use of a turbo pump in a liquid lithium system
would require a reliable gate valve that isolate the lithium
environment from atmosphere in case of pump failures.

Figure 5: FRIB liquid lithium charge stripper system. The
liquid lithium loop is completely enclosed by a secondary
containment vessel as a safety control. Noted by red are
safety controls.

ACHIEVED PERFORMANCE
Overall, the developed LLCS has shown satisfactory
thermal and stripping performance so far. The safety system has never been tripped without a few false positives
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during the optimization process in the early commissioning
stage. The EM pump has been working well too. It has
demonstrated continuous stable operations (for example,
see [9]). Here we report achieved thermal and stripping
performance of the LLCS. For details, please refer to our
previous papers [2, 10, 11].

Thermal Performance
As already mentioned, to simulate the thermal condition
that will be created by the full power uranium beam, we
irradiated the lithium film with a proton beam produced
with the LEDA source. To test the thermal performance
with a heavy ion beam, we irradiated the lithium film with
a high intensity argon beam [2, 11]. The thermal performance of the film was measured with an 36Ar10+ beam at
17 MeV/u and a peak current of 12 particle-μA, the highest
peak current allowed within the present accelerator operational envelope. The beam duty cycle was set at 5.4% with
the repetition rate of 10 Hz, resulting in the instantaneous
peak beam power of 7340 W during each 5.4 ms period.
The peak power loss in the lithium film (0.6 mg/cm2, dE/dx
= 405 keV/μm) was 50 W. The estimated volumetric power
deposition in the lithium during the high-power test
reached 6.2 MW/cm3, or 11% of the FRIB full power operation value (56 MW/cm3). Since it took approximately
20 s for the flowing lithium at 50 m/s to completely cross
the beam spot of 1 mm, it was considered that the longest
time constant of any thermal and fluid dynamic responses
of the lithium flow was 20 s. Thus the 5.4 ms long beam,
which was 270 times longer than the longest time constant,
may be considered well-representing a continuous beam.
Figure 6 shows photos of the liquid lithium film jet stripping the high-intensity argon beam. During this test the
beam parameters after the stripper were stable and the
LLCS system parameters such as temperatures and vacuum pressure were also stable.

Figure 6: Lithium film jet stripping high-intensity pulsed
argon beam (duty cycle 5.4%). Heat deposition to the lithium was estimated to be 50 W (6.2 MW/cm3). The LED
light was turned off on the right photo to take a clear beam
spot.
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Stripping Performance
As of now, we have conducted charge stripping tests
with 36Ar10+, 48Ca10+, 124Xe26+, 238U36+. Table 1 summarizes
the beam energies used. The root-mean-square (rms) beam
radius was estimated to be 0.5 mm at the stripper. The commissioning tests included measurement of LLCS film
thickness, measurement of charge states after the LLCS.
Most of results have been reported in our papers [2, 11].
Charge stripping experiment data were compared with
ETACHA simulations. And the measured data showed a
reasonable agreement with simulations. The film stability
was a great concern for stable beam operations, but it
turned out that the film was stable enough for acceleration
of stripped beams (the fluctuations of the beam energy after
the stripper was less than 0.1% of the incoming beam energy) [2]. The lithium stripper has been used for a user operation [11]. Figure 7 shows new measurement data:
20 MeV/u 48Ca charge state distribution after 1 mg/cm2
lithium film. Measured charge state distribution of the
same beam after a 1.5 mg/cm2 carbon foil was also shown
together.
Table 1: Heavy Ions Used During LLCS Commissioning
With Heavy Ion Beams
Ions

Energy

36

Ar10+

48

10+

Ca

124

26+

Xe

238

U36+

17 MeV/u & 20 MeV/u
20 MeV/u
17 MeV/u
17 & 20 MeV/u

Figure 7: 20 MeV/u 48Ca charge state distribution after 1
mg/cm2 lithium film. Charge state distribution of the same
beam after 1.5 mg/cm2 carbon foil is also shown.

SUMMARY
In this paper, the design process and achieved performance of the FRIB liquid lithium charge stripper was presented. The developed LLCS has shown satisfactory thermal and stripping performance so far. As FRIB ramps up
its power towards the final goal of 400 kW, the performance of the LLCS at higher beam powers will be tested.

Technology
Other technology

ACKNOWLEDGEMENTS
This material is based upon work supported by the U.S.
Department of Energy Office of Science under Cooperative Agreement DE-SC0000661, the State of Michigan and
Michigan State University. Michigan State University designs and establishes FRIB as a DOE Office of Science National User Facility in support of the mission of the Office
of Nuclear Physics.

REFERENCES
[1] J. Wei et al., “Accelerator commissioning and rare isotope
identification at the Facility for Rare Isotope Beams,” Mod.
Phys. Lett. A, vol. 37, no. 9, p. 2230006, 2022.
doi:10.1142/S0217732322300063

[2] T. Kanemura et al., “Experimental Demonstration of the
Thin-Film Liquid-Metal Jet as a Charge Stripper,” Phy. Rev.
Lett., vol. 128, no. 21, p. 212301, May. 2022.
doi:10.1103/PhysRevLett.128.212301

[3] J. A. Nolen et al., “Argonne Physics Division 2000 Annual
Report,” Argonne National Laboratory, Lemont, USA,
Rep. ANL-01/19, 2001.
[4] For example, K. Itoh, Y. Tsuji, H. Nakamura, and Y. Kukita,
“Initial Free Surface Instabilities on a High-Speed Water Jet
Simulating a Liquid-Metal Target,” Fusion Technol. Vol.
36, no. 1, pp.69-84, July 1999.
doi:10.13182/FST99-A93

[5] Y. Momozaki et al., “Development of a liquid lithium thin
film for use as a heavy ion beam stripper,” J. Inst., vol. 4,
P04005, April. 2009.
doi:10.1088/1748-0221/4/04/P04005

[6] C. B. Reed, J. Nolen, Y. Momozaki, J. Specht, D. Chojnowski, and R. Lanham, “FRIB lithium stripper thickness
and stability measurements,” Argonne National Laboratory,
Lemont, USA, Rep. ANL/NE-11/01, 2011.
[7] Y. Momozaki et al., “Proton beam-on-liquid lithium stripper
film experiment,” J. Radioanal. Nucl. Chem., vol. 305, pp.
843-849, 2015. doi:10.1007/s10967-015-4074-9
[8] R. Smither, “Summary of the Operating Characteristics of
the ANL Liquid Metal Pump After its Latest Modification
(AGP-III-M), ANL/APS Technical Memo, September 20,
1995
[9] F. Marti, P. Guetschow, Y. Momozaki, J.A. Nolen, and C.B.
Reed, “Development of a Liquid Lithium Charge Stripper
for FRIB,” in Proc. 13th International Conference on Heavy
Ion Accelerator Technology (HIAT’15), Yokohama, Japan,
Sep. 2015, pp. 134-138.
doi:10.18429/JACoW-HIAT2015-PAPERID

[10] T. Kanemura, J. Gao, M. LaVere, R. Madendorp, F. Marti,
and Y. Momozaki, “Progress of Liquid Lithium Stripper for
FRIB,” in Proc. 4th North American Particle Accelerator
Conference (NAPAC2019), Lansing, USA, Sep. 2019,
pp. 636-638.
doi:10.18429/JACoW-NAPAC2019-WEYBB4

[11] T. Kanemura et al., “Liquid Lithium Charge Stripper Commissioning with Heavy Ion Beams and Early Operations of
FRIB Strippers,” presented at the 15th International Conference on Heavy Ion Accelerator Technology (HIAT2022),
Darmstadt, Germany, June 2022, paper MO4I2, submitted
for publication.

TH1AA05
673

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-TH1AA06

LOW LEVEL RF CONTROL ALGORITHMS FOR THE CERN PROTON
LINAC4
P. Baudrenghien†, B. Bielawski, R. Borner, CERN, Geneva, Switzerland
Abstract
The CERN Linac4 Low Level RF (LLRF) uses a Linear
Quadratic Gaussian regulator and an Adaptive Feed Forward to stabilize the accelerating field in the cavities in the
presence of strong beam loading. A Klystron Polar Loop is
also implemented to compensate the RF perturbations
caused by the ripples and droop in the klystron High Voltage supply. The paper presents the important parts of the
regulation, shows results as the system has evolved from
first prototype (2013) to operational beams (2020), and
mentions some important issues encountered during the
commissioning and the first years of operation, with their
mitigations.

LINAC4
The Linac4 machine accelerates H- ions to 160 MeV Kinetic Energy and injects these into the PSB synchrotron,
through a stripping foil. The RF operates at 352.2 MHz. It
includes a chopper at 3 MeV removing the bunches that
would fall outside the 1 MHz PSB bucket (h=1). The chopper also creates empty 2 s long beam gaps to cope with
the switching time of the distributing magnet that routes
the Linac beam to the four superposed PSB rings. As a consequence, the cavities see strong transient beam loading as
the beam intensity changes from zero to maximum beam
current (presently 25 mA DC) in just 3 ns. The machine
operates at a 1.2 s repetition time. At each pulse it can accelerate up to 600 s of beam consisting of four batches
(one per PSB ring) spaced by 2s [1,2]. Linac4 has been
producing protons for the CERN complex (PSB, PS, SPS,
LHC) since Dec. 2020 [3]. Its first years of RF operation
are presented in a companion paper [4]. The LLRF consists
of a tuning system keeping the cavity at the tune that minimizes the required power [5], and a field regulation that
modifies the generator drive to keep the cavity field at the
desired value.

The causes for field fluctuations are numerous:
 Environmental causes (temperature and humidity)
will affect the tunnel floor changing the cavity spacing, and the cable length, thereby introducing phase
shifts.
 The cavities are subject to vibrations and microphonics that may be too fast to be corrected by the mechanical tuners.
 The power amplifiers suffer from RF gain/phase ripples caused by the noise in their High Voltage (HV)
DC supply. This is very severe with klystrons: The
changes in the HV modulate the velocity of the klystron electron beam, resulting in a change in the delay
between input and output cavities. The LEP tubes (reused in Linac4) show 0.1 dB and 8 RF degree per precent HV drift. The slow drift during the pulse is called
klystron droop. It will lead to a reduction of the field
along the batch. The higher frequency (10 kHz) was
traced to the switching frequency of the HV power
converters. It is important to note that this affects the
RF system as a multiplicative noise.
 Another source of perturbation is the beam current.
An RF cavity is a resonant circuit excited by two currents, the RF amplifier output and the beam [7]. This
is by far the largest perturbation in the Linac4 cavities.
The 25 mA DC beam current induces almost 1 MV in
the CCDTL1 cavity for example, to be compared to
the 8 MV accelerating voltage. For nominal 40 mA,
the beam induced voltage will be 1.6 MV, that is 20%
amplitude variation. To respect the specifications, our
LLRF must (and does) reduce the beam loading peak
by twenty linear minimum. The beam loading is an
additive perturbation in the RF system.

LLRF HARDWARE
This paper is focused on the algorithms. Yet a short
presentation of the hardware will help the understanding.

THE NEED FOR FIELD REGULATION
End-to-end beam dynamics simulations had been carried
out, early in the machine design, to define (among other
tolerances) the maximum level of RF phase and amplitude
jitter that the system can tolerate before beam quality at injection in the PSB is compromised [6]. This study resulted
in a one RF degree, one percent amplitude pk-pk budget
during the beam pulse, for the (then) nominal 40 mA DC
intensity. Although the source cannot presently give the target intensity, the RF performances presented here are
scaled for the 40 mA.
___________________________________________

† Philippe.Baudrenghien@cern.ch.
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Figure 1: VME crate housing the LLRF modules for one
power amplifier and its cavity.
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We have one VME crate per line (consisting of one
power amplifier powering one or two cavities). A commercial front-end computer is housed in slot zero. The other
cards are custom designed [5]. The field regulation is implemented in the Cavity Loop module (Fig. 1). We use the
classic I-Q Digital demodulation scheme first proposed in
1995 [8]. The RF signal (antenna, coupler or reference line)
at fRF (352.2 MHz) is first down-mixed with an LO at
15/16 fRF (330.2 MHz) to produce an IF at 1/16 fRF
(22.0125 MHz). The analog IF signal is sampled by an
ADC whose clock runs at ¼ fRF (88.05 MHz). After time
de-multiplexing and sign inversion, a stream of baseband
(I,Q) pairs is generated at 44.025 MSps [5]. Linac4 has a
coaxial reference line, powered with a 100 W signal, and
running in the tunnel, with -30 dB coupler adjacent to each
cavity. The signals from these couplers are routed to the
LLRF on cables (~100 m long) running together with the
corresponding antenna signals. This layout is intended to
minimize phase variations caused by temperature changes.
On the surface, the reference line signal is used to generate
the demodulations clocks (LO and ADC clock). A reference phase, obtained from the demodulation of the reference signal, is subtracted from the antenna demodulation,
so that the scheme is not sensitive to drift in the generation
of the LO and ADC clocks. After processing in baseband

(field regulation loops implemented in an FPGA clocked
at 88.05 MHz), the output is mixed to the 22.0125 MHz IF
frequency, converted to analog and mixed up to generate a
352.2 MHz generator drive. More details and a block diagram can be found in [5].

THE LQG REGULATOR
The prototype LLRF (2013-2018) included a simple RF
feedback (Proportional-Integral, PI controller). Such systems have been used in accelerators since the 1970s [9].
Their gain (and therefore efficiency in reducing perturbances) is limited by the overall delay in the feedback path
(including amplifier group delay, waveguides, cables and
latency of LLRF electronics). This delay could not be reduced below 2.5 s in the Linac4 layout. The performances
with PI controller therefore did not fulfil the specifications.
The obvious next step was to search for a method that
would give an estimate of the cavity voltage without delay.
Then we could use this estimate, in place of the instantaneous cavity voltage, in the feedback. In this estimation quest
we can take advantage of our knowledge of the generator
current input to the cavity (or, at least the LLRF drive sent
to the generator). We also know the system’s dynamics,
that is the cavity Q and detuning. And finally, we have access to the measurement of the delayed cavity voltage.

Figure 2: The Kalman Predictor
This is a classic problem in Controls, and the solution is
the Kalman Predictor. Refer to Fig.2. In the LLRF firmware we implement a model of the cavity plus delay (orange box). All variables are in cartesian coordinates (I,Q).
The time index is noted n at the 22.0125 MHz rate. The
2x2 cavity state-transition matrix is diagonal if the cavity
is on-tune (b=0). This allows to separate the processing of
the I and Q components, saving firmware resources. The
chain of z-1 represents successive one sample delays. The
model receives, as input, the same drive as the cavity amplifier (Un). Of course, the model output (Ŷn) will not be
Technology
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exactly equal to the cavity output (Yn). The difference
comes from the perturbations injected into the cavity and
absent in the model. This is called Process noise. In our
case that is mainly the beam loading and klystron noise. At
each iteration, the model state is corrected by comparing
model and cavity outputs and weighting the error by the
matrix L. There is noise at the cavity output, the so-called
Measurement noise (small in our case). In the Kalman formalism the optimum matrix L depends on the relative
strength of process noise and measurement noise. If the
process noise is high compared to the measurement noise
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(our case), the correction will be applied strongly as we
have much confidence in the measurements, while expecting that the model output deviate much from these as beam
loading is not included in the model. After some fine trimming, we adjusted the Linac4 Kalman Predictor to react
with a time constant below five iterations (< 200 ns).
We can now implement a proportional-integral (PI) feedback using the cavity voltage estimate (Fig.3). We have optimized the gains using the Linear Quadratic Regulator
method (LQR). The feedback must obviously react much
slower than the predictor. After some trials its reaction time
was adjusted to 20 samples (900 ns). The combination of
the Kalman Estimator and the LQR is called Linear

Quadratic Gaussian regulator (LQG) in literature. See for
example [10] for a tutorial.
Figure 4 shows the beam loading compensation in
CCDTL1 with the PI controller, 12 mA DC (left) and with
the LQG, 25 mA DC (right). The LQG has much improved
the regulation. The reaction at the head of the batch is much
faster. But we still see a significant peak deviation for the
first few s after beam arrival. That is easily understandable referring to Fig.3. The beam loading is seen by the regulation after propagating through the cavity and the ~ 1s
long cable from antenna to the electronics. Only then can
the LQG react, resulting in this unavoidable transient.

Figure 3: The LQG. Kalman Predictor and LQR using the predicted cavity voltage.

Figure 4: Cavity voltage. Left. PI controller (2017), 12 mA DC (45.42 ns/sample). Right. LQG regulation (2019), 25 mA
DC.
THE ADAPTIVE FEED FORWARD noises such as RF noise caused by klystron HV ripples and
microphonics. In the Linac4 design these are mitigated by
As long as we react pulse per pulse, we cannot com- the LQG. The AFF correction, based on the observation of
pletely cancel the transient at the head of the batch due to the voltage error over the few previous pulses (with more
causality; we cannot anticipate the required increase of weight on the more recent ones), is added to the klystron
klystron power. However, assuming that this transient is re- drive (Fig. 5). It is computed off-line, and the correction
producible from pulse to pulse, we could base our correc- (waveform covering the entire beam batch) is loaded in the
tion on the observation of previous pulses and anticipate firmware at each pulse. We use an algorithm similar to the
for the coming pulse. This Adaptive Feed Forward (AFF) one developed at TRIUMF [11]; we filter the voltage error
works very well for repetitive perturbations such as beam with an impulse response that is the LQG closed-loop reloading (since the source current does not change much sponse, time-inverted, and advanced correctly in time. As
from pulse to pulse). It has no effect on non-reproducible
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noted at TRIUMF, fine adjustment of this negative delay is
critical. It is close to 1.8 s in our applications.
Figure 6 shows the performances with LQG and AFF.
The feed-forward reduces the uncompensated beam loading to 30 kV pk-pk at the head of the batch, that is 0.375 %
for 25 mA DC. Scaling to 40 mA DC current, the performances are factor two better than specifications. The beam
becomes barely visible in the overall pulse. The AFF is

switched OFF at the end of the batch, therefore the transient. The AFF reduces the peak of demanded power at the
beginning of the batch. Figure 7 shows the power without
(left) and with AFF. The LQG regulation cannot anticipate
the arrival of the head of the batch. It is caught by surprise
and reacts violently causing a peak of demanded power.
With the AFF active the system anticipates and there is no
power surge at the batch head.

Figure 5: The complete regulation with LQG, AFF and Klystron Polar Loop.

Figure 6: CCDTL1 cavity voltage with LQG and AFF. Full RF pulse (left) and enlargement during the beam passage.

Figure 7: Power required (W) during the beam passage without (left) and with AFF.

THE KLYSTRON POLAR LOOP
So far, we have focused on the compensation of beam
loading that is an additive perturbation to the cavity field.
Another major noise is the modulation of amplifier gain
Technology
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and phase, consequence of the ripples on the High Voltage
supply. This noise is multiplicative, and therefore best
compensated by acting on the LLRF gain and phase shift.
RF feedbacks (such as the LQG) are typically adjusted for
50-60 degrees phase margin. They will start oscillating if
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the amplifier’s phase rotates by that amount. As mentioned
above the LEP klystron phase drifts by eight RF degree for
one percent drift in the HV. To mitigate this, a solution was
developed and implemented in the LHC RF, the Klystron
Polar loop (KPL) [12]. It has been included in the Linac4
design. Refer to Fig.5. We compare the forward current at
cavity input Ic,fwd (measured with a coupler in the waveguide before the cavity main coupler) to the sum of LQG
and AFF outputs, and apply gain and rotation to keep the
overall gain and phase shift constant, including klystron
and circulator. Its reaction time is chosen to be much
slower than the LQG, but sufficient to cover slow HV drifts
and the rectifiers ripples measured around 10 kHz. As the
Ic,fwd measurement is taken after the circulator, the loop also
compensates for its phase drifts.

ISSUES
The CCDTL and PIMS are multi-cell cavities and have
resonances close to the accelerating mode [13,14]. Without
mitigation, these will limit the gain at which the LQG remains stable. For the CCDTL the closest two parasitic resonances are at ±1 MHz offset from the 352.2 MHz accelerating mode. A digital notch filter, whose frequency and
bandwidth can be adjusted for each cavity, is inserted in the
LLRF (Fig. 5). To identify the offending frequency(ies),
we drive the klystron with rectangular 352.2 MHz pulses
and observe the cavity field, first with Notch filter bypassed (fine blue trace on Fig. 8). That allows for an easy
identification of the location of the closest disturbing
modes (-0.930 MHz and + 1.02 MHz for CCDTL5). As the
LLRF operates on (I,Q) coordinates it will generate symmetric notches. The result of inserting the notch is the black
trace on Fig. 8. The parasitic resonances have disappeared.

Linac4 must supply beam with different characteristics,
achieved by a set of dedicated settings (such as number of
batches, batch length, distribution to various PSB rings or
dump) that are called user. The user changes from pulse to
pulse and all LLRF settings are correctly uploaded before
the start of the user’s pulse. However, the operation crew
can change the beam intensity for a given user. If we reduce
the intensity significantly the AFF correction may trip the
RF on the next cycle by causing an arc in the cavity (overvoltage). To avoid this the AFF corrections are automatically reset if the user’s intensity is changed. Similarly, the
AFF learning is reset if a user is requested while it has not
been played for a long time.

CONCLUSIONS
Figure 9 shows the energy at the Linac4 output, with four
batches 75 s long. Let us examine the deviation, along the
batch, from the design 160.7 MeV value: we see ±50 keV
transient in the first few s at the head of the first beam
batch. That is the result of the uncompensated transient
beam loading (Fig. 6, right). The rest of the beam pulse deviates by less than 20 keV. When compared to the 250 keV
rms energy spread (design value) of the individual
352.2 MHz bunches, the above ±50 keV deviation causes
absolutely no degradation on the transfer to the PSB.

Figure 9: Energy measured at Linac4 output (four 75 s
long batches spaced by 2 s, 21 mA DC). Each measurement covers 1 s. Courtesy of P. Skowronski (CERN).
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Recovering stable operation after a fault was very
lengthy until a sequencer was designed for the correct restart of the whole line: interlocks, klystron, HV, LLRF including tuner and regulation loops. If the RF trips during
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Therefore these regulations are reset in the sequence.
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RF SYSTEM OVERVIEW

Abstract
The Hard X-ray FEL machine SwissFEL at the Paul Scherrer Institut in Switzerland is commissioned and transiting to
user operation smoothly. FEL operation requires stringent
requirements for the beam stability at the linac output, such
as the electron bunch arrival time, peak current and beam
energy. Among other things, a highly stable RF system is
required to guarantee the beam stability. RF performance
often dominates the overall performance and availability
of FELs, and for this reason the SwissFEL RF system has
been designed based on the state-of-the-art technologies that
have enabled excellent RF stability, resulting in an arrival
time jitter of 10 fs rms and relative beam energy stability
of 10-4 rms. This paper aims to provide an understanding
of the peak performance of the RF systems and to highlight
possible limitations currently faced, focusing on the S-, Cand X-Band systems.

INTRODUCTION
SwissFEL [1] has been operational for regular users since
early 2019, and over these past 3 years the linac operation
in terms of both reliability and stability has been vastly improved. Through a better understanding of the instabilities,
individual RF system performance and a gradual improvement of the infrastructure has been routinely carried out, with
a long-term plan to increase the operational performance and
reliability of the injector. RF stability is one of the most influential aspects of linear accelerator driven FELs, and often
determine the achievable performance of the lasing capabilities. Operationally it is crucial to find a compromise between
reliability and performance, however PSI have developed an
RF system, which is capable of delivering low amplitude
and phase jitter, whilst maintaining a highly reliable linac.
The accelerator operates almost exclusively at 100 Hz, and
consists of a 2.6 cell S-band photo-injector (electron source),
four S-band accelerating modules (6 RF structures) and a single X-band station to linearise the energy-time curvature produced in the S-band injector stations and the non-linearities
of the magnetic bunch compressors. Immediately following
the injector and the first magnetic bunch compressor is the
main C-band linac. SwissFEL is unique such that it operates
in dual electron bunch mode that can provide a maximum
beam energy up to 6.2 GeV to the Aramis undulator line,
and 3.2 GeV to the Athos undulator line simultaneously. A
schematic of the SwissFEL layout can be seen in Fig. 1.
∗

Carl.Beard@psi.ch

TH2AA02
680

All RF stations (S-, C- and X-band) have the same overall
RF system architecture with an individual LLRF feedback
system controlling a solid state amplifier, which drives a
45 MW short-pulsed power klystron, which itself is powered
by a high-voltage (HV) solid state modulator. A reference
clock is distributed to components in the accelerator, with
the trigger signal coming directly from the LLRF to the
modulator and pre-amplifier.

Injector
The injector operates five accelerating stations (during
user operation) and an X-band lineariser. At present due
to limitations of the available RF power, configuration
and mode of operation, each accelerating station operates
at a different setpoint, whilst the specific energy gain of
SINSB03/04 are regulated by the energy feedback system.
Typical operating parameters for the Injector are displayed
in Table 1. In the injector, each accelerating station (besides
the gun) drives 1 or 2, 4-m long travelling wave (TW) accelerating structures. Due to excessive arcing in the SINSB04
klystron, the energy gain in SINSB04 has been compensated
with SINSB03, to reduce the overall stress in the klystron
and minimise downtime.
Table 1: Typical Injector Operating Parameters
Station
RF Gun (2.6 cell)
SINSB01 (1x4m)
SINSB02 (1x4m)
SINSB03 (2x4m)
SINSB04 (2x4m)
SINXB01 (1x0.9m)

Energy
Gain (MeV)

RF
Phase

HV Stab.
(ppm)

7.1
70.5
62.4
100
79.5
-19.6

90°
90°
90°
70°
70°
270°

19
15
45
19
60
27

Linac
The main C-band linac is composed of three linacs as
shown in Fig. 1. Between linac 1 and linac 2 is the second
magnetic bunch compressor (BC2) while between linac 2
and linac 3 is the switchyard where the second bunch is
extracted for the Athos beamline. The linac has a total of
twenty six RF modules each feeding four accelerating structures, ∼40 MW is required to achieve the specified 240 MeV
energy gain per station. In the Athos beamline, there is an
additional RF station to adjust the beam energy for the undulator chain by ±240 MeV. Each C-band station utilises an
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Figure 1: SwissFEL schematic layout.
RF pulse compressor to increase the peak RF power. It is
a Barrel-Open Cavity (BOC) using the TM18,1,1 mode designed to operate at 5712 MHz with a maximum input power
of 50 MW for 3 µs and 100 Hz. This then feeds the four 2-m
long travelling wave structures. The BOC increased the peak
input power into the structure resulting in an accelerating
voltage multipaction factor of around 2.1. Table 2 lists the
typical operating parameters for the twenty seven (almost)
identical RF stations.
Table 2: Typical Linac Operating Parameters
Frequency (GHz)
Klystron voltage (kV)
Klystron current (A)
Klystron Peak output power (MW)
RF Pulse Duration (us)
Accelerating gradient (MV/m)
Energy gain per station (MeV)
Modulator pulse-to-pulse
voltage stability (ppm)

Spec.

Typical

5.712
370
344
50
3
28
240
<15

5.712
310-340
260-300
33-42
3
30
220-250
11-13

RELIABILITY
The reliability of the accelerator is of primary importance
for uninterrupted beam time for the scientific users. The
most crucial and important activities that were carried out
in recent years were the upgrade and modification of the
RF systems with the aim of reducing downtime and thus
considerably improving the availability of the user facility,
whilst still achieving the specified beam parameters. Breakdowns and klystron trips in large and complex accelerators
are unavoidable, however by optimisation of the individual
RF station setpoints and natural conditioning of the RF components, a vast improvement of the trip rate in SwissFEL
has been observed. This is emphasised in the yearly trip rate
statistics in Fig. 2. Over the past 12 months SwissFEL has
experienced 3.3 trips, per station, per week in the injector,
and 1.3 trips, per station, per week in the linac. SwissFEL
operates a fully automated fault detection and recover system
that requires little human intervention.

Injector Fault Analysis
Throughout 2021 (Fig. 3a), a large percentage (80%) of
the faults with the SwissFEL Injector were due to the HV
Electron Accelerators and Applications
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Figure 2: SwissFEL yearly trip rate statistics.
modulator failures and klystron trips. Over the past few
years a programme to replace ageing klystrons, and routine
inspections/assessments of the modulating power supplies,
have assisted in the overall availability of the machine. The
SwissFEL currently operated without any redundancy in the
injector section, therefore any fault in the injector resulted
in downtime for the whole ma-chine, until the failed station
is able to resume operation.

Linac Fault Analysis
For the main linac, due to the overhead in available RF
power, operational redundancy is possible. We work at the
maximum possible electron beam energy of 6.2 GeV (giving
best FEL performance). At this energy all RF stations are required, and therefore we have limited overhead in RF power
to try and compensate if a station has to be removed from
operation. Only if we deliver below 10 keV photons, can we
take RF stations off-beam as “reserve” and can then quickly
exchange if there is a long failure. This allows mostly uninterrupted operation for the users. Figure 3b shows the linac fault
analysis for 2021 and we can observe that a large percentage
of the faults in the C-band linac is due to RF breakdown
(70%) in the RF structures. The linac almost immediately
recovers from these types of trips, and we have seen vast
improvement in the trip rate as the structures have naturally
conditioned during operation. Flexibility and significant
overhead in the RF power requirements allow individual stations susceptible of faults to operate at a reduced stress. The
fault rates in the modulators and klystrons, have significantly
improved, due to a number of reasons:
• Reduced charging voltage improves the Mean Time
Between Failures (MTBF) for the modulator switches
(IGBTs).
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(a) Injector

Figure 4: Accumulated station downtime in hours over 1
year by source.
and phase jitter from SINSB03 and 04, contribute towards
the compression and arrival time jitter at the exit of the
bunch compressor [3]. The rms amplitude and phase jitter
for the specific frequency bands in SwissFEL are displayed
in Table 3.

(b) Linac

Table 3: Peak to Peak Relative Amplitude and Phase Jitter
Measurement (RMS Values)

Figure 3: 2021 fault analysis for a) injector and b) linac.
• Klystron arcing rate significantly reduced at lower
klystron voltage.
• Reduction in RF breakdowns at a reduced accelerating
gradient.

Downtime Analysis
Studying only the number of trips leads to a false assumption regarding the overall cause of downtime. Whilst
the number of RF breakdowns in the Linac is significantly
higher than the number of modulator/klystron faults, the
breakdowns only account for a small fraction of the accumulated downtime. The accumulated downtime recorded in 12
months of operation (June 2021 to June 2022), see Fig. 4,
indicated ∼10 days combined downtime from the injector
alone, in which 6 days were due to a single klystron arcing,
that required several hours of reconditioning (on multiple
occasions) before operation could resume. In the absence
of operational redundancy or offline spare systems, faults
and trips become a significant risk to user operation. Modulator and klystron faults, were also the significant cause
of downtime in the main linac, and as a result, SwissFEL
experienced several days of downtime. In the event that a
long fault occurs, it is sometimes possible that operation can
continue by removing the station from beam operation. The
total downtime due to the Linac can be seen in Fig. 4.

STABILITY
The HV solid state modulators were developed to operate
with the highest achievable pulse-to-pulse amplitude stability
in order to minimise the contribution of the total beam energy
jitter. Since most stations operate on-crest, the contribution
of phase jitter can largely be ignored. However, amplitude
TH2AA02
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S-Band
C-Band
X-Band

Relative Amplitude
Jitter

RF Phase
Jitter

0.01-0.02%
0.01-0.02%
0.05%

0.025°
0.035°
0.058°

Since the overall rms amplitude and phase jitters for the
accelerator exceeds the specifications, this allows some tolerance on operation for sub-optimal stations. A measurement
of the amplitude and phase jitter of the more critical stations,
during a typical user operation set-up highlights stations that
are contributing largely to both the arrival time and compression jitter. Figures 5a and 5b show a plot of the measured
phase and amplitude jitter observed over 1000 consecutive
RF pulses, taken during a user operation shift. The x-axis
displays the station numbers where 1 is the gun, 2 to 5 are
the S-band stations, 6 is the X-band lineariser, and 7 to 15
are the 9 stations in linac 1. Also displayed on the charts are
the associated specification, for amplitude and phase jitter
for the different frequency bands (red dashed line).

S10CB03
During the measurement window taken, it was observed
that S10CB03 (x = 9) in Fig. 5a displayed high phase jitter,
essentially contributing more so to the compression jitter.
This is due to a known issue with this station which is multipacting (MP) inside the BOC. Since the remaining stations
in Linac 1 are operating much below the specification, the
overall contribution to the compression jitter was not compromised, however the instability is observed during operation, and to mitigate MP in the BOC, the station would have
then been set to a higher operating point, away from the MP
onset.
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(a)

(b)

Figure 5: Measured (a) phase jitter and (b) amplitude jitter
vs. station position (horizontal axis) for injector and linac 1.

SINSB04
The amplitude and phase jitter for SINSB04 (x = 5) in
Fig. 5b shows higher than specified amplitude and phase
jitter, and due to the function of the station, this station is
currently dominating the longitudinal beam jitter. A contributing factor to the jitter on this station is presumed to be
due to the higher pulse-to-pulse amplitude jitter of 60 ppm
(displayed in Table 3), which was measured during normal
operation. In an effort to improve the performance of the station, an optimisation of the stability was investigated during
a scheduled maintenance window.
For the stability measurements, an average stability (in
ppm) of 100 pulses are measured and the trend of the 100
pulses are displayed as a single point on the trend curve
(Fig. 6). Here we observed a considerably improved performance, with a measured amplitude stability of 14 to 20 ppm.
As adjacent stations were switched on, we then witnessed a
gradual increase in the stations amplitude jitter as more stations were placed back into operation, and ramped up to their
nominal operating voltage. Plotting 100 consecutive pulses,
highlighted a 50 Hz contribution from the neighbouring stations, through the mains supply (Fig. 7). A feed-forward
system is planned that should compensate for the 50 Hz,
considerably improving the jitter currently experienced on
this station.

Klystron Instabilities
All klystron transfer curves are measured at discrete charging voltages steps. These curves are then used to set the
charging voltage and RF drive for each station, such that we
automatically operate in saturation, regardless of the desired
output power. An automated tool scans the klystron and
generates the curves. The automation allows fine steps in
the measurement settings that highlighted a potential concern with our klystrons. In October 2018, all klystrons were
scanned, ready for routine user operation. With the exception of five stations, we observed discontinuities in nearly
all klystron curves reminiscent of multipacting. These mulElectron Accelerators and Applications
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Figure 6: Trend plot: stability in ppm.

Figure 7: Gated voltage average for 100 consecutive pulses.
tipacting bands mostly occurred at a fixed RF drive setpoint,
and the discontinuity was typically in the range 50-100 Watts
drive, suggesting an issue in the klystron input cavity. In the
low power region, the pre-amplifier also displays significant
amplitude and phase jitter, however it is not a region of concern, since we would not be able to operate at these settings.
In addition, manual measurements of the klystron curves,
may not have highlighted the issue, due to a larger step size
in RF drive normally taken. On three of the 26 klystrons, we
measured a much broader discontinuity that changed with
respect to the RF drive, which is a more common feature of
MP in subsequent bunching cavities, and it is these klystrons
that affected the achievable amplitude jitter.
Figure 8a displays an ideal klystron transfer curve, as
measured on five currently installed linac stations. The value
at the end of the curve indicates the charging voltage for the
HV modulator. During 2019 to present, we have experienced
continuing unstable behaviour of additional stations, with a
simple fix of increasing the RF drive to move away from the
unstable operating point. Finally in December 2021, we rescanned all klystron curves, to update the operating points for
all stations. Here we observed several stations had undergone
a significant change in the MP bands, see Fig. 8b. In this plot
we have a direct comparison of the klystron transfer curves
taken in October 2018 (blue traces), with those taken in
December 2021 (red traces). For completeness, we plotted
the Multipacting bands of all linac klystrons, to compare
the general trend of each station. Figure 9 shows a plot of
the multipacting bands measured at each station. At present
none of the current klystrons are limiting operation, although
the plot would advise caution for S30CB10, 11 and 12.
The linac operates each station with pulsed compression
with identical setting for the phase inversion. Over time, we
believe this may be the cause of the measured degradation
in the klystron performance. We measure the output power
after the phase jump for our scanning tool. By observing
the RF waveform, we have often seen that during the MP
onset, the pre-inversion output power level, was more stable
than the post in version power level. Figure 10 displays the
RF waveform during regular klystron behaviour and during
TH2AA02
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MP. The measurement for the klystron output power is gated
with the red and blue vertical lines, directly after the phase
inversion (at 2.6 µs). This observation would suggest that
the phase inversion initiates the MP onset, however the long
term degradation still requires confirmation.
The current phase inversion settings (180°, 50 ns rise
time) is equivalent to a frequency shift of around 10 MHz,
this may produce unstable operation in the klystron output
power. Therefore, it is planned to study the settings, to
further understand the characteristics of the multipacting, to
mitigate the issue.

(a) S30CB07

Figure 10: RF waveform without MP.

SWISSFEL PERFORMANCE

(b) S30CB10

Figure 8: Klystron curve with multipacting in stations
a) S30CB07 and b) S30CB10.

Despite experiencing a number operational issues, the
availability for user operation during 2021 was around
95.5%, with an overall improvement of the weekly trip rate
observed throughout the year. The long term strategy is to
replace underperforming klystrons in the injector to improve
the availability of the injector. We also expect natural conditioning in the RF systems to reduce the overall trip rate,
which will improve the overall availability of the main linac.
The beam stability requirements for the Aramis beam line
have been exceeded in terms of beam arrival time jitter and
beam energy spread, as can be seen in Table 4. Weaknesses
in the key stations driving the performance have been identified, with a strategy for upgrading/improving the stations
now introduced.
Table 4: Beam Jitters in Aramis Beamline (RMS Values)
Relative peak current
Arrival time
Relative beam energy

Requirement

Measurement

<5%
<20fs
< 5E-4

6.4%
<10 fs
2E-4

CONCLUSION

Figure 9: MP bands by station, blue: 2018, green: 2021,
red: current 2022 operating point.
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Beam stability requirements for the Aramis beam line is
largely driven by the performance of the RF system, and
as a result of the exceptional (rms) amplitude and phase
jitter within the RF system the machine is able to operate
far below the overall beam stability requirements. Planned
improvements in the injector, with the Lineariser, SINSB03
and SINSB04 specifically, will provide vast improvements
in the beam energy spread and arrival time. The trip rate of
the accelerator, has shown a considerable improvement, and
planned system upgrades, specifically for the injector, would
see further gain in machine availability. In addition to this,
we also fore-cast improvements to the overall, compression
and timing jitter for both beam lines.
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PRODUCTION, TEST AND INSTALLATION OF ESS SPOKE, MEDIUM
AND HIGH BETA CRYOMODULES
C. G. Maiano*, for the ESS SRF Collaboration,
ESS Lund, IFJ PAN Kraków,
IJCLAB Orsay, Uppsala University,
INFN-LASA Milano, STFC Daresbury, CEA Saclay
Abstract
We present here an overview of the ESS cryomodule
production, test and preparation to tunnel installation, covering both families of modules: spoke and elliptical. Cryomodules and cavities for the ESS linac are in-kind contribution by several of the project partners .

PRODUCTION AND DELIVERY STATUS
Spoke cryomodules (CM) are in-kind contributions [1, 2] by IJCLAB and they undergo their site acceptance test (SAT) at the FREIA Laboratory, in Uppsala.
ESS will have a total of 14 spoke cryomodules (13 in the
linac and one spare): presently 8 modules have passed SAT
at FREIA and are in Lund. Incoming inspection for all the
8 received modules have been completed for all the several
disciplines (mechanical, vacuum, electrical and SRF) and
modules are currently stored, ready for transport and tunnel
installation as soon as the CDS (Cryo Distribution System)
will end its commissioning and qualification at the beginning of 2023. The current forecast is to complete the spoke
testing at FREIA by the beginning of 2023. All reports are
stored in the ESS Enterprise Asset Management (EAM)
system for long term stewardship of the facility.
Elliptical cryomodules, 9 medium-beta (MB) and 21
high beta (HB) cryomodules, are in-kind contributions [1, 2] of CEA Saclay: MB and HB cavities are provided by INFN and STFC. CEA is responsible for assembly and delivery, and for the high RF power test for the first
three CM of each family (and prototypes). The industrial
assembly is performed by the B&S International company
using the CEA infrastructure, under CEA supervision.
Presently 12 modules have been fully assembled: 7 medium beta and 2 high-beta are currently at ESS. At the arrival in Lund incoming inspection reports are produced and
released in EAM. Currently 5 medium beta have been successfully tested at Lund Test Stand (TS2) and are ready for
installation. By the end of 2022 the seven available medium beta CM will be tested and high beta testing will start.
CM installation in the tunnel will start in 2023. ESS has the
responsibility of CM transport to site [3].
The staged facility commissioning will perform beam
operation on the permanent beam dump at 570 MeV after
the installation of the 7 MB and 2 HB CM already available, before the finalization of the target system, which will
be ready in 2025. After the initial commissioning on the
beam dump the remaining HB CM for the 800 MeV goal
of 2 MW operation on target.

SPOKE CM TEST STATUS
After SAT at FREIA the spoke CMs are shipped to ESS,
inspected and stored before tunnel installation.
FREIA team developed competences in SRF projects
from 2015 to 2019, testing the prototype components several times. The 6-week test procedure was optimized, in
order to achieve a yearly throughput of 8/9 CM tests. Series modules testing started in Oct 2020 and proceeded
without interruptions during the Covid-19 pandemic. A total of 14 cold tests were performed, 8 modules were accepted and other 6 tests are currently planned to reach a
total of 14 modules. The spoke CM series testing completion is forecast by March 2023.
The test plan performed at FREIA can be factorized in
four main sections:
 Reception test (2 weeks): incoming frequency measurements and mechanical preparation for bunker.
 Warm test (1 week): cable calibration and then warm
coupler conditioning.
 Cold test (2 weeks): measurement of frequency shift
vs temperature/pressure; tuner steps to resonance and
tuner frequency sensitivity; assessment of accelerating field, Lorentz force detuning and heat loads.
 Warm up and departure to ESS (1 week)

Spoke Cryomodules Tests Statistics
The statistics collected for all modules tested to now at
FREIA is presented in Figure 1, which shows that most of
the module reached the administrative test limit of
12 MV/m and all of them fulfilled the 9 MV/m specification. Eight out the eleven modules tested have fulfilled SAT
and some modules required actions to resolve non conformities and retesting. The present nonconformities under
resolution regard cold tuner motor failures (CM10 and
CM11 have been repaired and re-tested at Uppsala) and
vacuum leaks (CM09), requiring a string reassembly at
IJCLab. The statistics account for all tested modules.
The assessment of the accelerating field during tests,
𝐸 , is performed in two different ways and comparison
with VT (Vertical Test) results is systematically performed.
The field 𝑘 calibration factor is either computed using the
forward power over-coupled relation or from the stored energy method. Calibration uncertain in power measurements
was estimated in 0.5 dB (12%). For spokes the difference
between VT and cryomodule, CM, calibration is not systematic (see Figure 2), while for elliptical medium the VT
estimation leads to higher fields than the CM test.
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Figure 4: Piezo statistics in unipolar bias (0-200 V): in
quasi-static condition slower than 50 V/1 min. LFD frequency offset is generally lower than piezo tuning range.
Figure 1: Maximum accelerating gradient reached during
spoke modules test and field emission onset

Coupling, 𝑄 , statistic (Figure 5) shows a distribution
which lays in the lower edge of design spoke values
(1.75E5-2.85E5), implying the need of a 10 kW overhead
to recover the mismatch. To avoid this overhead the outliers could be placed at the beginning of the spoke section,
where lower gradients are needed in the linac design for the
phase advance matching.

Figure 2: VT and cryomodule calibration comparison.
Figure 3 shows the static and total heat loads measured
for the modules, which are almost always dominated by
static loads. The dynamic (RF power) dissipation is almost
always within fluctuation of helium gas flow, and below
the facility measurement sensitivity. The static heat load
might improve in ESS linac, because of the lower thermal
screen temperature during operation (FREIA uses LN,
while in the linac a dedicated cooling circuit at 40 K is provided by the accelerator cryoplant).

Figure 3: Heat load statistics. The CM10 dynamic heat load
measurements will be performed at the next test after the
motor repair.
FREIA tests are performed in open loop condition, and
the nominal Lorenz Force Detuning (LFD) and the piezo
tuning action in quasi static conditions is measured for all
cavities (see Figure 4). Unipolar excitation of a single piezo is generally sufficient to provide the LFD range.
Technology
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Figure 5: External Q, Qext, distribution for all spoke modules tested until now. Nominal Qext range for spoke modules is 1.75E5 to 2.85E5.

ELLIPTICAL CM TEST STATUS
Elliptical cryomodules are tested at ESS Test Stand, TS2,
in Lund. The prototype modules, both for MB and HB, and
first three series module of each family are also tested at
CEA, Saclay [4] and ESS, in order to:
 Provide rapid test feedback to the CEA module assembly process at its starting phase
 Verify that the main ESS requirements on accelerating field and RF pulse structure is achieved
 Validate the ESS test facility and cross check results
with those obtained at CEA
The TS2 has been commissioned in 2020 with the prototype CM0 and RF operation started in 2021. Until now only
MB have been tested at TS2 (the prototype CM0 and the
series modules CM01, CM03, CM05, CM04, CM06).
CM07 is approaching test as we write this paper and CM02
is being prepared for test; HB tests will start at the end of
this year with the available CM031 and CM32. The total of
9 modules presently at ESS will allow to have the first
beam through the superconducting linac section at
570 MeV, for the operation on the permanent beam dump.
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Operations at CEA are performed in open loop with
manual LFD compensation with piezo. The closed loop operation and LFD LLRF algorithms are in the TS2 scope.

TS2 Cryomodule Test Documentation
The design and individual component documentation
packages, as received by the in-kind partners, are stored in
the ESS central engineering documentation management
system (CHESS), for the long-term maintenance needs of
the facility. These include: 1) Cryomodules assembly documentation (quality) and 2) Cryomodules operation documentation (calibration data for instrumentation, like thermal sensors and accelerating field calibration constant kt).
The received documentation is further extended during the
TS2 workflow, to document the ESS SAT activities for the
component acceptance.
The CM documentation test package includes all incoming inspections, RF and cryogenic measurements reports,
and a final master report for documenting the overall SAT
findings and resolution for possible non-conformities.

Cryomodule Test Cycle
The cryomodule testing workflow is split in phases, and
properly documented in CHESS. Phases and the flow of
testing phases are illustrated in Figure 6.

Figure 7: ESSCDB example, the ESSCDB allows to summarize the main cavity data (bandwidth, frequency evolution and deviations).

TS2 Module Test and Operation
Warm and cold coupler conditioning
Both warm and cold coupler conditioning operations are
performed through an automated EPICS sequencer script
which runs through a cycle of steps (with different forward
power sweeps, at increasing pulse length and repetition
rate) as defined by CEA in order to condition couplers to
the operation power levels. The procedure use as control
variable vacuum level and monitors EPU (Electron Pick
Up) and AD (Arc Detectors) waveforms. The main constraint during conditioning (in standing wave mode, as it is
while testing at test stand, without any beam) is that power
sent to power couplers must not exceed 300 kW for pulse
lengths above 0.5 ms at any repetition rate. Peak power
cannot exceed 1.2 MW at any pulse length. The conditioning graphical interface is shown in Figure 8, and the statistics of conditioning times reported in Figure 9.

Figure 6: Phases of TS2 module test activities

SRF Incoming Reception and Cavity Data
Cavity data is collected from in-kind partners during the
follow-up of the component handover, from fabrication at
vendors, installation in the modules, and to the shipment to
ESS. This data is collected and consolidated in the ESS
cavity database, ESSCDB [5]. The ESSCDB is used after
the module reception to handle all incoming and verification measurements. This allows to follow cavities frequency history, collect in-kind calibration coefficients (e.g.
𝑘 and the transmitted power antenna quality factor 𝑄
from vertical tests), create incoming reports and manage
cryomodules configurations. The reports are constantly
used during the incoming reception phase and control room
operations to cross check the measured performance with
the experience reported during the activities at the in-kind
partners laboratories. Figure 7 shows an example.
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Figure 8: Example of cold coupler conditioning overview:
operator interface on top and trends for the full cycle on
bottom. Vacuum is control parameter, and AD and EPU
activity are monitored during the process
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Figure 9:Warm (left) and cold (right) conditioning times
collected until now, from left to right. All couplers are conditioned in travelling and standing wave mode at a dedicated coupler test stand in Saclay.
Cavity tuning & calibration
The starting point for the cavity’s acceptance is the tuning to resonance. The tuning operation is performed from
the control room detecting the cavity frequency signature
from the Fourier Transform analysis of the transmitted
power Pt [6]: from the assessment of the parking frequency
and the nominal sensitivity the expected number of steps is
calculated and then recorded, once the cavity is on resonance. A high-level EPICS program allows to run the tuning process and determine the actual frequency sensitivity.
The measured sensitivity and the steps to tune are recorded
in the test documentation as necessary parameters for the
future LINAC commissioning phase and will help in saving commissioning time (see Figure 10).

Once the cavity is tuned the calibration coefficient kt is
calculated from the RF traces and compared with VT reported values. At TS2 redundant power monitoring is present to allow assessment of systematic calibration uncertainties, power reading is performed from several directional coupler along the RF path. Several methods are implemented by using: 1) Stored energy from reflection (à la
Tom Powers 2) Overcoupled calculations from forward
power and 3) power reading using LLRF and off-the shelf
power meters belonging to the SRF section (see Figure 11).
The agreement with different estimation methods is generally within 20%.
After calibration at low power the cavity conditioning
process starts in open loop. Forward power and pulse
length are gradually incremented manually (typically at the
maximum nominal repetition rate of 14 Hz to speed up the
processing) until the nominal design field of ~17 MV/m is
reached with the nominal pulse parameter, and then to
maximum achievable level (according to the power coupler
power handling administrative limit), see Figure 12. While
power is incremented the AD and EPU activity and beam
vacuum level provide interlock capabilities. Most cavities
have so far been tested up to the coupler administrative
limit of 300 kW in full reflection mode.

Figure 11: Calibration of cavity pickup coefficient, using
different methods.

Figure 10: The panel for tuning cavities from the parking
position. On the top the signature of the cavity parking frequency, when the slow tuner is disengaged. On the bottom
the tuning history to resonance is shown.
Technology
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Figure 12: Cavity conditioning panel, open loop. From the
top left the several power readings Pt, Pf (in different
points along RF path) and Pr. Pulse generation parameters
on the bottom. On the top-right the scintillator radiation
count rate, and on the bottom-right the dynamic detuning.
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Possible multipacting activity is fully processed during
the cavity conditioning process. TS2 is equipped with two
1.5 MW klystron connected each to a Variable Power Divider to split the power from 0 to 100% on two cavities.
When all cavities have been individually characterized,
they are all run simultaneously in open loop by splitting the
power in order to achieve nominal gradients on all structures, in order to perform the CM dynamic RF heat loads.

Figure 13: Four cavities operation for dynamic heat load
estimations, in open loop, using bi-square pulse
During cavity operation field emission (FE) measurements are taken with two spectrometers (NaI(Tl) scintillators) to determine the stop energy of the emitted radiation
and detect the possibility of activation during tests [7].
After open loop conditioning is finished, the cavities are
operated in closed loop with LLRF FB. The 𝐸 set-point
is ramped up in closed loop manually (Figure 13) and,
since the piezo control is not yet integrated in the ESS
LLRF system, above ~8 MV/m cavities are pre-detuned in
order to avoid that the LFD drives forward power in closed
loop beyond the coupler administrative power limits.
CM performances
Figure 14 shows the current statistics of the cavity performances during VT at INFN and as measured at TS2,
with indication of the limiting mechanisms in the tests. Figure 15 shows the VT/CM correlation plot.

Figure 15: CM Testing frequently stops at the administrative limit of ~300 kW for long pulses in full reflection, set
by the coupler design (and conditioning history).
Cryogenics operations
After the cryomodule reception, the cryogenic equipment goes through initial visual inspection and electrical
checks are performed to all internal instrumentation. The
cryomodule is then moved inside the test bunker, where it
is connected to the permanent valve box and auxiliary circuits, part of the cryogenic distribution system.
All cryogenic circuits are checked for leaks to ambient,
insulation vacuum and beam vacuum. The circuits are then
conditioned by successive pump and purge cycles.
Before cool down, the proper functioning of each device
and diagnostics instrumentation is verified together with
the control system.
The cool down of the cryomodule is started by first cooling the thermal shield to 35K followed by the cooling and
filling of the helium tanks surrounding the cavities to 4.5K.
Once a He-I bath liquid is established, the cool down to
a superfluid He-II bath at 2K is engaged by reducing the
pressure of the helium bath to 31mbar. A carefully defined
control system takes care of maintaining a stable level and
temperature conditions for the cavity tests.
Heat loads to the cryogenic system are measured according to a set of defined methods [8]. Static and dynamic heat
load measurements take place towards the end of the tests,
when the cryomodule has reached a steady state condition.
Finally, a survey for systematic errors on temperature, level
and pressure measurements is performed and documented
for future linac operation.
The cryogenic operation is complete by safely warming
up the cryomodule to ambient temperature.

CONCLUSION
Figure 14: Statistics of the cavities during the VT at INFN
(left) and during the TS2 CM tests (right). VT calibration
constants are typically more (up to 20%) optimistic than
those determined during the CM tests. Limiting mechanisms are indicated (Q=Quench, A=Administrative power
limit, F=strong FE heating)
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We presented the status of the assembly and test of the
spoke and elliptical cavity cryomodules for the ESS linac.
A large portion (17/22) of the CM needed for the first phase
of the project with 570 MeV operation on the beam dump
are already available in Lund, either at the Ready-For-Installation state or awaiting test at TS2 and Uppsala. Installation of CMs in the tunnel will start in Q1 2023 after the
cold commissioning of the cryogenic distribution system.
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Abstract
The generation and acceleration of ultra-short, high quality electron beams has attracted more and more interest
in accelerator science. Electron bunches with these properties are necessary to operate and test novel diagnostics
and advanced high gradient accelerating schemes. Furthermore, several medical and industrial applications require
high-brightness electron beams. The dedicated R&D linac
ARES at DESY (Deutsches Elektronen-Synchrotron) is now
fully operational and able to produce these electron beams
at the nominal energy of 155 MeV and deliver them to users.
This paper gives an overview of the ARES linac and summarizes the beam parameter measurements. The possibilities
for user operation will be described in detail.

THE SINBAD FACILITY
SINBAD (Short INnovative Bunches and Accelerators
at DESY) is an accelerator R&D platform in the former
DORIS accelerator tunnel at DESY, Hamburg. Its goals
are to demonstrate the generation and acceleration of ultrashort electron bunches and to test advanced acceleration
techniques such as laser driven plasma wake-field acceleration (LWFA), dielectric laser acceleration (DLA) and
THz-driven acceleration, in multiple independent experiments [1–3]. ARES (Accelerator Research Experiment at
SINBAD) at SINBAD represents one of these experiments.
The construction of the linear RF accelerator with a target
energy of 100–155 MeV was finished in 2021 followed by an
extensive commissioning phase. The facility provides ultrashort, high brightness electron bunches with an excellent
stability and reproducibility.

THE ARES LINAC
The ARES linac starts with a normal conducting RF photoinjector generating single electron bunches with a repetition rate of up to 50 Hz [4]. The bunch is afterwards
accelerated by an S-band linac section, consisting of two
travelling wave structures (TWS) accelerating the beam to its
nominal momentum of 155 MeV/c. A first in-vacuum experimental area is installed downstream of the linac section. A
movable magnetic bunch compressor (as part of the german
Helmholtz-ATHENA project, [5]) will allow the generation
of ultra-short bunches in the fs to the sub-fs regime based on
the combined techniques of velocity bunching and magnetic
bunch compression [6]. The high brightness beam will then
serve as a test bench for novel diagnostic devices such as
∗
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the PolariX TDS, an advanced modular X-band transverse
deflecting structure (TDS) system. It has the new feature of
providing variable polarization of the deflecting force [7–10].
Further downstream and connected to the spectrometer section, two additional experimental stations were installed,
allowing experimentalists to perform tests also in an in-air
setup. A picture of the ARES linac is shown in Fig.1.

Beam Parameters
The actual commissioning and design beam parameters
are listed in Tab.1. With additional high sensitive beam diagnostics it was possible to characterize the bunches down
to 2.5 fC. The nominal bunch length of a few fs down to the
sub-fs can only be measured with the PolariX TDS being
fully operational, which is foreseen for mid 2023. Still without magnetic compression a bunch duration of 30 fs rms
was reconstructed at the entrance of the second TWS using
tomographic methods. This corresponds to the resolution
limit of these methods on ARES. [11].
ARES has already demonstrated an outstanding stability
with a relative momentum stability of 6E-5 over 16 hours at
155 MeV and a mean FWHM energy spread of 0.06 MeV.
Table 1: ARES design beam parameters and actual commissioning parameters.
Parameter
Momentum
Charge per pulse
Rep. rate
Bunch length

Actual

Design

45 - 155 MeV/c
0.003 - 200 pC
1 - 50 Hz
30 fs

45 - 155 MeV/c
1 - 100 pC
1 - 50 Hz
sub-fs

Experimental Areas
ARES offers three experimenal stations for DESY-internal
and external user experiments and R&D purposes. The first
experimental area is in the machine vacuum system and
therefore only compatible with UHV, particle free setups.
The experimental chamber is equipped with a hexapod. A
screen and a nano-wirescanner are located on the hexapod.
A quadrupole triplet as well as corrector magnets allow for
an excellent beam control. A side view inside the chamber
is depicted in Fig. 2 [12].
The second experimental area is located in the dispersive arm
of the spectrometer section at the end of the linac. It consists
of a vacuum chamber, separated from the machine vacuum
by a 50 𝜇m thick titanium foil. This experimental area is
dedicated to detector tests with detectors in low-pressure or
nitrogen atmosphere. A picture of the chamber is shown in
Electron Accelerators and Applications
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Figure 1: Fisheye-view of the ARES linac. The RF-gun is on the right, followed by two travelling wave structures, the first
experimental area, including the optical table for the 2 micron laser is visible in the middle. Further downstream to the left
bunch compressor and TDS are installed.
Fig. 3.
In the straight section an in-air experimental station was installed. Also this area is separated by a 50 𝜇m thick titanium
foil from the machine vacuum. There are variable options of
the station being equipped with wirescanners, screens and
an ICT. The experimental setup can be placed on a set of
three linear stages. The station with ICT and wire-scanners
is shown in Fig. 4.

Figure 2: Side view inside the first experimental chamber
in UHV. The setup consists of a hexapod, equipped with 2
DLA structures (front left) and a screen with lens holder in
the background. The nano-wirescanner is located behind
the lens holder.

Figure 3: Second experimental area chamber in the dispersive arm of the spectrometer section at the end of the linac.
This station is mainly used for detector development with
variable pressure inside the chamber.
– High resolution screens and optics development
– High precision beam position monitors [16]

EXPERIMENTS AT ARES
The ARES Linac is dedicated to accelerator R&D DESY
internally but also available for external users. Its advantages
are easy accessibility, flexibility in beam parameters and
excellent beam control and diagnostics. A selection of the
projects is listed below:
• Beam diagnostic tests
– 4D and 5D beam tomography developments [13]
– Novel stripe detectors development for low-charge
applications [14, 15]

Electron Accelerators and Applications
Electron linac projects

– Nano-wirescanners and beam loss monitor tests
– Non-invasive beam diagnostics with dielectric
structures
• Hardware tests and prototyping for the big DESY user
machines
– Injection kickers for PETRA IV
– Movable magnetic bunch compressor
– 3D printed vacuum chambers
– RF waveguide windows test stand
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nano-wire scanner (PNWS) consists of 1 𝜇m thick gold wires
and was installed in the UHV experimental chamber. The
goal of this project was to use the wire scanner to characterize other diagnostics devices and performed a 4D mapping
of the electron beam shape, looking at its evolution [24].
The second user group came from EPFL, Lausanne, and the
main goal of this project was to experimentally study the
color centers created in nitrogen-rich HPHT diamond using
ultra-high energy electron irradiation (155 MeV) with high
doses. This experiment was placed in the in-air experimental
station and stable irradiation was performed over 4.5 days
on a 200 𝜇m spot.
Figure 4: In-air experimental station equipped with ICT
(copper ring) and a wirescanner setup on the linear stages.
The electrons from the linac are extracted via a 50 𝜇m thick
titanium foil.
– High stability infrastructures (precision water
cooling and RF stations)
– High resolution cathode charge maps
• Beam Controls
– Master oscillator developments and fs synchronization
– Machine learning towards autonomous accelerators [17, 18]

Medical Applications
Medical applications will play a major role in the future ARES scientific portfolio. A collaboration with the
Hamburg-Eppendorf University Hospital (UKE) was recently founded to perform studies on cancer irradiation techniques with electron beams. First experiments with cell
cultures and diagnostic tests are expected for the end of
2022.
A new method of an electron CT at 155 MeV was successfully tested with a mouse phantom and the optimization
(irradiation time, dose to mouse phantom) is currently ongoing.
It is also envisaged to study very-high-energy-electron
(VHEE) treatment of tumors, also in-vivo, in collaboration
with the medical experts.

– Neural nets for emittance data analysis [19]
– fs bunches and their diagnostics with the PolariX
TDS [20]

Dielectric Laser Acceleration
As part of the Accelerator-on-a-chip (ACHIP) collaboration experiments concerning dielectric laser acceleration
are performed in the UHV experimental chamber. This is
to be achieved by generating accelerating fields of around
GV/m in a 1 mm long, laser-illuminated dielectric grating
structure. As the structures used at ARES have a period of
2 𝜇m, the accelerating buckets are only about 1 fs long. A
stable transmission through the 1 𝜇m aperture was shown in
2022. The temporal overlap between electron bunches and
laser pulses was not yet achieved. In a future upgrade of the
experimental area a new pre-modulation technique will be
employed in the longitudinal phase space. With this technique being applied to the injected bunches, it is predicted
that stable shot-to-shot operation can be achieved [21–23].

External Users
The ARES linac was part of the ARIES transnational access program. This program was successfully finished in
April 2022 with more than 240 hours of beam time delivered
to external users.
The first user group from PSI studied reverse tomography
methods with wirescanners. This next-generation polygonal
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CONCLUSION
The ARES construction was finished in 2021. The facility
is now in operation serving as test bed for ultra-short electron pulses and high brightness beams and their diagnostics.
ARES is also used for accelerator R&D for internal and external partners. As part of the scientific program the ARES
team also is investigating dielectric laser acceleration and
beam manipulations with dielectric structures in the frame
of the ACHIP program. Medical applications of electron
beams such as VHEE treatment and electron CT will be
studied in collaboration with the medical experts.
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COMMISSIONING OF A MOVABLE BUNCH COMPRESSOR FOR SUB-fs
ELECTRON BUNCHES ∗
W. Kuropka † , R. W. Assmann1 , F. Burkart, H. Dinter,
S. Jaster-Merz, F. Lemery, F. Mayet, B. Stacey, T. Vinatier,
Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
1 also at Istituto Nazionale di Fisica Nucleare,
Laboratori Nazionali di Frascati, 00044 Frascati (Roma), Italy
Abstract
We present the first commissioning results of the movable bunch compressor (BC) designed for the ARES linac
at DESY. The development and simulated performance has
been reported earlier and predicts sub-fs electron bunches
with high charge densities. Commissioning results of the
injector part of the ARES linac delivered promising beam
quality results to achieve these numbers. The bunch compressor system is foreseen to be used to bench mark numerical models for coherent synchrotron radiation (CSR) and
space charge (SC) for ultra-short electron bunches. Here
we will present first measurements of the dispersion as well
as calculations for the longitudinal dispersion. In the future the PolariX transverse deflecting structure (TDS) will
be commissioned to fully characterize the ARES electron
beam.

iting factors in bunch compression. The development and
performance prediction have been published [8].

Figure 1: Drawing of the shape collimator blade. At the
moment the attached blade has three slit apertures of 0.2 mm,
0.4 mm and 0.6 mm.

ARES OVERVIEW
The ARES linac [1] is an S-band normal conducting linear
electron accelerator for research and development of accelerator technology. The main focus lies on the production
and characterization of high quality sub-fs electron bunches.
Also the injection into laser driven electron acceleration
schemes is pursued [2]. ARES is composed of a 1.6 cell
gun and two 4 m long traveling wave structures (TWS). A
vacuum chamber for exchangeable samples is located downstream of the radio frequency (RF) structures. A matching
section comprises six quadrupole magnets and correctors
connects to the BC section. The diagnostic line comprises
the TDS [3] and dipole spectrometer. At the end of the diagnostic section the beam can be coupled out into air via a
50 µm titanium window. An overview of the installation can
be found in another contribution [4].
Two modes of operation for short bunches are possible
with the current setup: velocity bunching and magnetic compression. Hybrid Working points taking advantage of both
concepts were studied also [5]. For the hybrid and magnetic compression working points the characteristics of the
BC are essential. The beam is transported to the BC via
the matching section and the longitudinal dispersion of the
bunch compressor is adjusted to minimize the bunch length.
Non-linearity of the longitudinal momentum correlation,
uncorrelated energy spread, SC and CSR [6, 7] can be lim∗
†
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Figure 2: Beam intensity after the bunch compressor vs.
position of the collimator mover. The three peaks correspond
to the different apertures.

BUNCH COMPRESSOR
The magnetic chicane consists of four dipole magnets of
which the two center ones can be moved up to 20 cm out from
the center line to achieve large variability in the longitudinal
dispersion. An overview of the BC is illustrated in Fig. 3. In
between the two center magnets, where transverse dispersion
is largest, an aperture collimator is installed to cut the real
space of the bunch. A drawing of the collimator blade is
shown in Fig. 1. Its function was checked by measuring the
intensity on a down stream scintillating screen against the
position of its transverse mover. Results are shown in Fig. 2.
The collimator can be used to mitigate bunch lengthening
from the non-linearity in longitudinal phase space due to
RF curvature at the TWSs. A scintillating screen station is
installed allowing the measurement of the transverse dispersion between the two center magnets. The first three dipole
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Figure 3: Overview CAD rendering of the movable bunch compressor including the diagnostic devices between the two
center dipole magnets: Cavity based beam position monitor (not operational yet), scintillating slit collimator (not installed
yet), shape collimator, scintillating screen station. Center magnets and diagnostic devices are located on the movable girder.
magnets are equipped with corrector coils to close the orbit
and manage dispersion downstream of the BC section.

corresponding calculated longitudinal dispersion. The data
shows good agreement within the error bars.

Dispersion Measurement
The transverse dispersion inside of the BC is measured
using the orbit deviation of the electron beam on the scintillating screen station while the mean momentum of the beam
is varied. Momentum variation is achieved by changing the
RF power going to the second TWS.
First step is the measurement of the TWS2 RF amplitude
against the mean momentum of the beam using the spectrometer dipole. The mean momentum is varied by ca. one
percent. Figure 4 shows the result of this calibration measurement. Afterwards a number of momentum sweeps is
performed, recording the beam position on the screen station
in the middle of the BC. From the momentum calibration
and the recorded orbit deviation the transverse dispersion
can be calculated. For each momentum sweep a linear fit
on the beam position is calculated, where the slope of the fit
gives the orbit deviation proportional to the momentum deviation. The resolution of the measurement is limited by the
scintillating screen resolution, orbit jitter and drifts during
data recording. The residual transverse dispersion appears
to be smaller than the resolution. This renders a dispersion
compensation infeasible at the moment. The measurement
of the transverse dispersion inside of the BC was repeated for
a number of current settings for the dipole main coils resulting in sufficiently high transverse dispersion. The strength
of the dipoles was calculated from the current to magnetic
flux density calibration measured before installation.
A model of the bunch compressor was simulated in ASTRA [9]. Figure 5 shows the measured data and the prediction calculated from the simulation. Table 1 gives the
measured and the calculated transverse dispersion and the
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Figure 4: Mean electron beam momentum as measured using
spectrometer dipole in dependence of the amplitude of the
RF signal of TWS2. The amplitude setting corresponds to
the maximum accelerating field strength.

Figure 5: Magnetic flux densities 𝐵 at the magnet center vs.
measured and calculated horizontal dispersion 𝐷 𝑥 from the
ASTRA model. An effective magnetic length of 0.21 m for
the dipoles is assumed.
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Table 1: Measured and calculated transverse dispersion 𝐷 𝑥 ,
calculated longitudinal dispersion 𝑅56
𝐵 [T]

meas. 𝐷 𝑥 [m]

cal. 𝐷 𝑥 [m]

cal. 𝑅56 [mm]

0.485
0.475
0.450
0.425
0.390
0.365
0.340
0.310
0.274
0.244
0.214
0.184
0.154

0.176 ± 0.004
0.165 ± 0.004
0.158 ± 0.006
0.149 ± 0.003
0.140 ± 0.004
0.127 ± 0.002
0.118 ± 0.003
0.108 ± 0.003
0.092 ± 0.003
0.080 ± 0.002
0.069 ± 0.004
0.059 ± 0.003
0.049 ± 0.003

0.175
0.171
0.161
0.151
0.138
0.128
0.119
0.108
0.095
0.084
0.074
0.063
0.053

-63.885
-61.138
-54.573
-48.428
-40.515
-35.340
-30.546
-25.292
-19.619
-15.528
-11.931
-8.819
-6.188

CONCLUSION
We performed measurements on the transverse dispersion
of the BC. Measured data for the BC corresponds well with
numerical modelling. The recently measured beam parameters [10] are promising for achieving high charge density
ultra-short electron bunches at ARES in the near future.

OUTLOOK
In the upcoming months additional diagnostic devices
will be installed and commissioned at ARES. A number
of cavity based beam position monitors [11, 12] along the
beam line will help to improve the transverse dispersion
measurement. An additional scintillating slit collimator will
be installed that allows for fine tuning of the slit width and
position. The blades are coated with a scintillating phosphor
material enabling the imaging of the cut part of the electron
beam. Figure 6 shows a drwaing of this collimator.
The most precise performance verification method will
be installed in the form of the PolariX TDS. It will allow for
direct bunch length measurements and longitudinal phase
space characterization.
In the mean time it is planned to use the titanium vacuum
window at the end of the linac to conduct an experiment
characterizing the transition radiation generated by the passing electron bunch. If the bunch is short enough, part of
the transition radiation that can be detected using a standard
silicon based camera will be coherent. This should correspond to a quadratic proportionality of the radiated energy
to the charge of the electron bunch. An experimental setup
comparable to [13] can be implemented.
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Abstract
A new generation of high-gradient normal conducting
1.3 GHz RF gun with 1% duty factor was developed to provide a high-quality electron source for superconducting
linac driven free-electron lasers like FLASH and European
XFEL. Compared to the Gun4 series, Gun5 aims for a
~50% longer RF pulse length (RF pulse duration of up to
1 ms at 10 Hz repetition rate) combined with high gradients
(up to ~60 MV/m at the cathode). In addition to the improved cell geometry and cooling concept, the new cavity
is equipped with an RF probe to measure and control the
amplitude and phase of the RF field inside the gun. The
first characterization of Gun5.1 included measurements of
RF amplitude and phase stability (pulse-to-pulse and along
1 ms RF pulse). The dark current was measured at various
peak power levels. The results of this characterization will
be reported.

INTRODUCTION
The Photo Injector Test Facility at DESY in Zeuthen
(PITZ) since more than 20 years develops, tests and characterizes high brightness electron sources for FLASH and
European XFEL. Since these user facilities operate superconducting accelerators in pulsed mode, also the corresponding normal-conducting L-band RF gun has to operate
with long RF pulses at 10 Hz repetition rate. To obtain high
electron beam quality from a photocathode RF gun, a high
acceleration gradient at the cathode is required. The peak
RF electric field of 60 MV/m at the cathode is the goal parameter for the high brightness L-band photogun. Therefore, the RF gun has to provide stable and reliable operation at high average RF power. The previous gun cavity
generation (Gun4) had a maximum RF pulse length of
0.650 ms, which implies a maximum of 27000 electron
bunches per second. Growing interest from the FEL user
community for even longer pulse trains motivated developments of the next generation of normal conducting
L-band gun cavity (Gun5), which aims for 1 ms RF pulses.
Combined with 6.5 MW of peak RF power, this results in
a very high average power of ~65 kW. In addition to the
improved resonator shape and cooling, Gun5 has a built-in
RF probe to directly control the phase and amplitude of the
RF field in the cavity. RF conditioning faces issues of

stability and reliability. Aspects of pulsed heating and dark
current should also be considered.

GUN5.1 CAVITY
The RF gun cavity is a 1½-cell normal conducting
copper cavity operating in the π-mode standing wave at
1.3 GHz. The Gun5 design includes several major improvements over the Gun4-generation aiming to enhance
the gun performance. The elliptical shape of the internal
geometry was applied in order to optimize the distribution
of the peak electric field over the cavity surface [1]. Detailed studies to reduce the dark current resulted in an elliptical shape of the cathode hole at the back wall of the
cavity. [2]. In order to control the RF field in the cavity directly an RF probe has been integrated in the front wall of
the full cell. An optimized cavity cooling system and improved rigidity [1] should mitigate the challenges associated with the 1% duty cycle.
The cavity of the Gun5.1 prototype was tuned to the
operation frequency and reasonable field balance of the πmode electric field. The results of the bead-pull measurements after the last tuning step are shown in Fig. 1 together
with eigenmode simulations for 0- and π-modes. Due to
some technical issue a part of the π-mode measurement
close to the cathode hole was corrupted, but simultaneous
simulations of both modes are in a good agreement with
both measurements. According to these results, the axial
field distribution of the π-mode has a field balance
⁄𝐸
𝐸
1.097.

Figure 1: Results of the bead-pull measurements for 0and π-modes after the last tuning step. The corresponding
Superfish simulations are shown with solid curves. Inlet:
3D model of the Gun5.1.
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RF FEED AND INTERLOCK SYSTEM
The Gun5.1 RF feeding setup inherited the waveguide
distribution system of the previous generation of guns
(Gun4.x), including two RF windows and a T-combiner in
vacuum. (Fig. 2).

photomultiplier tubes (PMTs) to control an RF discharge
around RF vacuum and gas (air) windows. For example,
WG1.VWV detects the light signal at the vacuum window
of the first waveguide from the vacuum side, while
WG1.VWA and WG1.AW are located in the air section and
look towards the vacuum and gas window respectively. In
addition, a PMT (Gun coupler PMT) is installed after the
T-combiner, capturing the light signal around the 10 MW
directional coupler. All in-vacuum PMTs are paired with
electron detectors (e-det) to collect discharge electrons. All
these sensors are included into the interlock (IL) system
aiming to protect the system from sever breakdown events.
Furthermore, a fast protection system based on RF reflected power pulse signals (from 10 MW and WG1, 2
5 MW directional couplers) is capable to stop the RF feed
forward within a single pulse. These ILs (maximum reflected power ILs) are triggered when the reflected power
threshold of ~2 MW is exceeded within a 40-µs strobe centered at the ~65th µs of each RF pulse. Details on typical
RF signals from the directional couplers and RF probe as
well as the beam-based calibration of the RF power in the
cavity can be found in [3].

RF CONDITIONING

Figure 2: PITZ RF feed system for the Gun5.1 prototype.
The RF feed can be driven by the 10 MW directional
coupler (as it was in the recent Gun4.x generation setups)
or by a newly installed RF pickup in the cavity. Before installation at the PITZ setup two Thales vacuum RF windows were pre-conditioned at DESY in Hamburg. A short
section with air under 3 bar pressure is realized between
the SF6 gas and the vacuum section, to have an easy exchange between two different setups and to be as close as
possible to the XFEL and FLASH setups where there is no
SF6 but air waveguides. This section is also an additional
safety, acting as a buffer in case of a leak in the gas vacuum
windows, preventing any SF6 to reach the vacuum system.
An ultra-high vacuum is provided by a differential pumping using Titanium sublimation (TSP) and ion-getter
pumps (IGP), signals of ion current from the Gun.IGP1,2
(Fig. 2) are included into the interlock system with threshold of 10-7 mbar. The pressure gauge (Gun.PG1) is integrated for absolute vacuum pressure measurements. Each
of two waveguides (WG1,2) is supplied with a set of
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The standard PITZ procedure for the RF gun conditioning [4] was applied to the Gun5.1. Conditioning started on
18th of October 2021 with 1 Hz repetition rate, after 11 days
the repetition rate was increased to 5 Hz, and then after
21 days the goal 10 Hz was achieved. The RF pulse length
was increased from 10 μs to 1 ms for each repetition rate
applying peak power slow increase for each pulse length.
The conditioning history is presented in Fig. 3. The RF
conditioning in the first month was performed without
static magnetic field, afterwards a sweeping of the gun solenoids was applied. The history of the main solenoid current is shown in Fig. 3 together with the vacuum pressure.
In the first stage of conditioning, progress was limited by
vacuum trips and PMT interlocks, the second stage was
dominated mainly by ILs with maximum reflected power
for longer RF pulses (>400 µs). Typical signals from selected in-vacuum IL sensors are illustrated by Fig. 4. The
sensors WG1 VWV PMT and WG1 e-detector showed persistent signals for the peak power in the gun exceeding
2 MW, the sensitivity for the PMT sensor was adjusted in
order not produce continuous interlock. The opposite RF
window IL sensors (WG2 VWV PMT and WG2 e-det)
were rarely detecting a non-zero signals for much higher
(~6 MW) gun power levels and were unstably persistent
for short periods (tens of minutes), which was always accompanied by increased (but still under the vacuum IL
threshold) vacuum level. The Gun coupler IL sensors
(Fig. 2) were detecting significantly lower signals:
PMT≤0.05 lux and electron-detector ≤ 0.01 mA.
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Figure 3: Top: RF peak power in the gun (blue line) and RF pulse length (pink line) during conditioning. Bottom: Current
of the main solenoid (pink curve, left axis) and vacuum pressure measured by different sensors (right axis).
remarkable that the aforementioned location of a mBD
within the RF pulse remains approximately the same for
various pulse durations and peak power levels. The dependence on repetition rate was measured for the peak
power of ~7.8 MW at 800-µs pulses. Two sets of measurements - 1 Hz and 10 Hz - are also shown in Fig. 5.

Figure 4: IL signals from 1 ms pulses. Top plot – WG1
VWV PMT (red), WG2 VWV PMT (blue). Bottom plot –
electron detector signals: WG1 (red), WG2 (blue).

Mini-breakdown Events
After more than 200 days of conditioning, the Gun5.1's
RF performance is limited by so-called mini-breakdowns
within RF pulses detected by the gun's cavity pickup and
by all directional couplers for reflected power signals. A
typical mini-breakdown (mBD) is a short (~10...15 µs) interruption within the first part of an RF pulse (usually the
first 30 µs of the flattop), after which the amplitude is reset
to the nominal amplitude within the characteristic cavity
filling time [3]. The mini-breakdown rate (the ratio of the
number of "broken" pulses to the total pulse count, BDR)
was measured to be ~0.05...0.2% at various RF pulse
lengths and peak power levels (Fig. 5). It starts to be detectable at an RF pulse length of ~350...400 μs and increases with increasing peak power. All mBD events are
always accompanied by a small vacuum pressure spike
(from ~2·10-9 mbar to 5…8·10-9 mbar), which is well below the vacuum interlock threshold. No correlation was
found between mBD events and the static magnetic field
configuration around the gun and the RF feed system. It is
THPOJO03
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Figure 5: The mini-breakdown rate as a function of the RF
pulse length for various peak power in the gun and two repetition rates.

CONCLUSION
RF conditioning of the first prototype of a new generation high-gradient normal conducting 1.3 GHz RF gun
(Gun5.1), developed for 1 ms RF pulse operation at the European XFEL and FLASH, has been performed at PITZ.
The goal of a high average RF power up to 65 kW was
achieved. Currently the gun performance is limited by occasional, short RF pulse interruptions within first 30 µs of
the pulse, called mini-breakdown events. The breakdown
rate was measured as a function of pulse length, peak
power in the cavity, and pulse repetition rate. The reason of
these events is still unclear and to be investigated in detail.
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STATUS AND RELAIBILITY ENHANCEMENTS OF THE ALBA LINAC
D. Lanaia, R. Muñoz Horta, F. Pérez, ALBA Synchrotron, Cerdanyola del Vallès, Spain
Abstract
The pre-injector of the ALBA Synchrotron is a Linac that
delivers 110 MeV electrons during regular operation. It
consists in two Pre-bunchers, a Buncher and two Accelerating Sections fed by two pulsed 37 MW klystrons. Along
the years, efforts to enhance the ALBA Linac performance
and reliability have been devoted, resulting in an improvement of the Linac to Booster beam transmission efficiency,
and of its Mean Time Between Failures (MTBF). The performance enhancement has been based on the use of optimization and control routines of the beam parameters (such
as beam position and energy), but also by the application
of regular preventive hardware maintenance procedures.
Besides, the Linac reliability has been improved also by the
implementation of alternative working modes in case of
hardware failures, like operating at 67 MeV, with only one
klystron and one Accelerating Section. In this respect, a
new upgrade of the RF waveguide system is being implemented, with the aim to produce 80 MeV electron beam
using only one klystron that will feed both Accelerating
Sections. At this energy the injection to the Booster is expected to be more stable than with the existing 67 MeV
mode. Furthermore, the possibility to install a thermionic
RF-gun to inject directly into the first Accelerating Section
is under study. This new gun will be installed in addition
to the existing system, and will allow handling in short time
any failure either from the DC-gun, the Pre-bunchers or the
Buncher, ensuring the Linac’s reliability even in case of a
major event. Details of the Linac performance during the
past years and a description of the new hardware upgrades
are presented in this work.

INJECTOR WORKING MODES
Linac Operation Versality
Two TH2100 klystrons (KA1 and KA2) power the
ALBA Linac. In its nominal operation mode, KA1 feeds
the Buncher cavities and the first Accelerating Section
(AS1) whereas KA2 feeds exclusively AS2 [1].
Along the years other operation modes have been developed with the aim to enhance the reliability, not only of the
ALBA Linac, but also of the ALBA injector.
In 2014, after a Linac waveguide upgrade, the ALBA injector was provided with the Single Klystron Injection
Mode. This mode allows injecting a 67 MeV electron beam
into the Booster using only one klystron (either KA1 or
KA2), which feeds the Buncher and AS1 [2]. In fact, this
mode has been also commissioned at 60 MeV to overcome
arcs in the waveguide, although being less stable than the
67 MeV beam.

After an RF-window incident at AS1, such low energy
beam was also injected into the Booster by operating with
two klystrons while keeping AS1 disconnected: KA1 fed
the Buncher and KA2 fed AS2. A summary of the ALBA
injector different working modes is shown in Table 1.
Table 1: ALBA injector modes. The modes in grey are being implemented, but not tested.
Energy [MeV]

KA1

KA2

Cavities fed

110

On

On

BU + AS1 + AS2

67 (60)

On

Off

BU + AS1

67 (60)

On

Off

BU + AS1

67 (60)

On

On

BU + AS2

80

On

Off

BU + AS1 + AS2

80
Off
On
BU + AS1 + AS2
Injecting into the Booster at 60 or 67 MeV is not straightforward [3]. The injection to the Booster at lower beam energies is affected by strong Booster magnetic field distortions produced by eddy currents induced at the bending
magnet vacuum chambers. Because of its complexity this
mode is tested every 6 months, to have it operationally
when needed. Since its implementation, this mode has been
required and used during the operation of ALBA for users
at least in two occasions.
At present, another waveguide upgrade is being implemented at the ALBA Linac to feed all Linac cavities with
only one klystron with the aim to inject a 80 MeV* beam
into the Booster. The new waveguide configuration is
shown in Fig. 1. The RF power sent by Klystron 1 to AS1
is now split in two equal branches: 50% to feed AS1 and
50% to feed AS2. As a consequence, for the same klystron
power more cavities are fed. The total voltage applied to
the electron beam increases by a factor .
√

Figure 1: Waveguide modification for Single Klystron Injection Mode at 80 MeV.

*
With KA1 at nominal power, a 92 MeV beam should be achieved. However, arcs in the waveguide constrain the power delivered by KA2.
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This is an upgrade of the Single Klystron Working mode
since a 80 MeV beam is more stable than the 60 and 67
MeV beam. If this mode works smoothly it is under consideration to be set as the new nominal operation mode of
the ALBA injector because it shall provide a stable and efficient injection using less RF-power. The full modified
system is expected to be operational at the beginning of
2023.

The RF-gun System Project
The implementation of a RF-gun system in the Linac
bunker is currently under study. The main motivation for
this upgrade is to have the means to overcome a failure of
the Buncher cavity. The Buncher compresses and accelerates the electron beam up to 16 MeV and, at present, it is
not possible the injection into AS1 without this cavity. Besides, the RF-gun system would serve as well as backup in
case of failure of any other subsystem placed before AS1,
such as the Pre-buncher cavities and the thermionic DCgun.
The new RF-gun system should deliver 3 MeV beam
from a thermionic RF-gun, that will be filtered and compressed by an alpha-magnet and then injected into AS1.
The RF-gun system will be installed in one side of the
Linac, see Fig. 2.

failures can have different impacts on the stored beam in
the ALBA Storage Ring (SR), as it is shown in Fig. 3: no
stored beam at all (SR down-time), problems to reinject in
top-up mode that last more than 20 minutes (SR decaymode) and short delays during top-up reinjections (SR injection delay). It must be emphasized that the SR downtime is zero since 2019 and that in 2021 no Linac issue
caused SR decay-mode operation. Last big event that
caused a long SR down-time was in 2017, when a RF-window broke. Besides, SR injection delays have been as well
reduced along the years, counting only 4 injection delay
events along 2021, which meant a total delay of
13 minutes.
30
25

Mean Time Between Failures [days]
SR decay-mode time [hours]
SR down-time [hours]

20
15
10
5
0
2015 2016 2017 2018 2019 2020 2021

Figure 3: Linac Mean Time Between Failures and impact
of Linac events on the SR beam.
Most regular source of SR injection delay events are
klystron interlocks caused by reflected power or internal
arcs. Efforts in optimizing klystron parameters and in keeping a regular performance monitoring have reduced the
amount of klystron interlocks during the last few years (see
Fig. 4). In average, 1 interlock is archived every 10 hours
of operation for KA1. Still, their impact on the Linac operation is very low.

LINAC PERFORMANCES
The ALBA Linac is delivering beam for users since 2012
and operating in top-up mode since 2014. The operation of
the Linac along the past years has improved in reliability
and stability. The Mean Time Between Failures (MTBF)
since 2015 onwards has held steady, being of 19 days in
average, although of almost 30 days along 2021. Linac
Electron Accelerators and Applications
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4

Klystron interlocks \ 10h

Figure 2: Linac RF distribution schematic: waveguide
switching system installed in 2014 (in blue), the recently
implemented power split at AS1 (in purple) and the new
RF-gun system project (in green).
At the entrance of AS1, electrons are expected to have
up to 0.3 nC/bunch, 20 ps pulse width and low energy
spread (below 0.3 MeV). A chopper system will modulate
the pulses at 500 MHz to allow injection in Single- or in
Multi-Bunch Mode (SBM or MBM) at a repetition rate of
3 Hz. The RF-gun will be fed by the RF power available
when the Buncher is not used, which is of 5 MW. Beam
energies of 80 MeV (with only KA1) and 67 MeV (with
only KA2) will be achieved at the linac exit.

KA1

KA2

3
2
1
0

Figure 3: Klystron interlocks every 10 hours of operation.
Besides minor failures like power supply or RF-amplifier malfunctions, the main causes of the Linac events
along its operating life have been: arcs in waveguides
(filled with SF6 gas), broken RF-windows, electron gun
cabinet leakage current episodes with electronic consequences in the cathode driver board, issues with RF-cavities cooling system, internal water leak in AS1, vacuum
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Hardware Maintenance and Upgrades
Most Linac events have been overcame by hardware
modification as well as by enhancing the diagnostic systems with arc detectors on the waveguides, UV-detectors
in klystron modulator cabinets or by adding an online beam
energy measurement using a calibrated Beam Position
Monitor (BPM) at Linac to Booster transfer line (LTB) [4].
Furthermore, preventive maintenance procedures are
regularly executed and constantly updated. In parallel, data
acquisition and parameter control routines and alarms have
been reinforced in order to get information of hardware
malfunction to anticipate potential. As a result, hardware
replacement and hardware upgrades have been applied in
many subsystems after early fault detection.
Troubleshooting procedures are as well available at the
ALBA control room, with clear instructions to the operator
to minimize the time needed to solve any Linac incident.
The instructions include calling an expert for support, if
needed.
Finally, a database to keep track of the spare parts and of
the installed elements track record is permanently updated.
It contributes enormously to minimize the reaction time in
case of failures.

BEAM OPTIMIZATION IMPROVEMENT
In 2018 the Linac beam optimization process was investigated in detail, resulting in the implementation of optimization routines based with the Nelder-Simplex algorithm,
making the optimization process more robust and simpler
[5, 6].
1.5
1
0.5
0
-0.5
-1
-1.5
Jan-22

Linac-BPM-X
LTB-BPM-X
Feb-22

Apr-22

May-22

Jun-22

Figure 4: Beam position at Linac exit and beginning of
LTB along first half of 2022.
Once the beam energy and energy spread are set, the
Linac steering and focusing elements are optimized by the
steering.m and lenses.m routines, to adjust the magnetic
fields of the steering and focusing elements along the
Buncher, with the aim to minimize beam losses. The optimization of the focusing elements is performed for SBM
and MBM, since space-charge effects act differently in
both modes.
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Figure 5: Yearly evolution of average Linac to Booster
transmission efficiency.
The Linac beam is optimized at the start of the run and
then it is revised weekly, unless a subsystem malfunction
is detected. When it is well adjusted, the initial settings use
to be stable and hold good several weeks with minor
changes. Linac beam parameters are monitored at every injection by the InjectionOnline.py routine, including cavities’ phases and amplitudes, which are monitored by a digital low-level RF system in operation since 2020. A robust
alarm network warns in case of position drifts, temperature
variations or devices misfunctioning. All these, are ways to
increase the injector reliability.

CONCLUSIONS

Linac-BPM-Y
LTB-BPM-Y
Mar-22

The beam divergence at the Linac exit is then minimized
to optimize the alignment along the LTB and also for having a better matching into the Booster. Once the optimization is finished, the beam position read by BPMs at Linac
exit and at the beginning of the LTB are set as golden orbit.
In this way, the beam position and divergence at Linac exit
can be restored. In case of orbit deviation, an alarm beeps
and the orbit is corrected with acliOrbit.py routine. Fig. 5
shows the BPMs readings along the first half of 2022,
which, despite the day/night thermal variations, show that
the Linac beam divergence is kept quite stable.
With the new optimization process the Linac beam transmission at the end of the LTB is stable around 95%. The
maximum transmission from Linac to Booster is of 85%,
but it is difficult to keep stable in time due to the pulsed
elements drifts and jitter. The yearly average beam transmission from Linac to Booster in 2022 has been of 55%,
which is the double with respect to 2015, as it is shown in
Fig. 5.
Avg. transmission [%]

degradation due to ion pump malfunction, and sparks inside the klystron modulator.

Beam position [mm]
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The ALBA injector has been reliably running for ten
years, eight in top-up mode. Exhaustive preventive maintenance contributes to reduce the number of interlocks and
major failures during user operation. Hardware upgrades,
such as the Single Klystron Working mode have enhanced
the Linac operation reliability. Future projects like the RFgun installation, now under study, are as well intended to
maintain good and reliable performances of the ALBA injector also in sight of the ALBA II upgrade.
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RF DESIGN OF TRAVELING-WAVE ACCELERATING STRUCTURES FOR
THE FCC-ee PRE-INJECTOR COMPLEX
H. W. Pommerenke∗ , A. Grudiev, A. Latina, CERN, Geneva, Switzerland
S. Bettoni, P. Craievich, J.-Y. Raguin, M. Schär, Paul Scherrer Institut, Villigen, Switzerland
Abstract

Cell Lookup Table

The linacs of the FCC-ee (Future Circular ElectronPositron Collider) injector complex will provide the drive
beam for positron production and accelerate nominal electron and positron beams up to 6 GeV. Several linacs comprise different traveling-wave (TW) accelerating structures
fulfilling the beam dynamics and rf constraints. Notably,
high-phase advance large-aperture structures accelerate the
positron beam at low energies. All TW structures are rotationally symmetric for easier production. Long-range wakes
are damped by HOM detuning. Operating mode and HOM
parameters were calculated based on lookup tables and analytic formulas, allowing for rapid scanning of large parameter
spaces. In this paper, we present both methodology and realization of the rf design of the TW structures including their
pulse compressors.

The general cell geometry (Fig. 2) is based on the SwissFEL C-band structure [3] and as such the lookup table
database has been computed at its frequency of 5.712 GHz.
However, this choice is arbitrary and it can be scaled to any
frequency using appropriate proportionalities.
The lookup table contains over 200 reference geometries
with different geometries (0.08� ≤ � ≤ 0.36�, 0.02� ≤
� ≤ 0.19�, 2�/3 ≤ � ≤ 9�/10). For each cell, iris ellipticity has been optimized for a maximum modified Poynting
vector �c [4] as small as possible. Rf parameters of the
lowest higher-order modes (HOMs) have been numerically
computed at the synchronous frequencies. The table contains frequencies, quality factors, shunt impedances, group
velocities, and passband limits of the 20 lowest monopoles
and dipoles each as well as high-gradient limits of the fundamental mode.

INTRODUCTION
The FCC-ee Conceptual Design Report (CDR) [1] considers a 6 GeV linac with 2 bunches per rf pulse at a repetition
rate up to 200 Hz as baseline option for the FCC-ee injector complex. The bunches will have a charge of 5 nC each
with an rms length of 1 mm or more and a spacing between
15 ns and 100 ns. The latest layout is shown in Fig. 1. Two
separate linacs for electrons and positrons are foreseen up to
1.54 GeV. Both beams are then accelerated by the common
linac to 6 GeV. To match the proposed filling scheme, the
two low-energy linacs have to work at a repetition rate of
200 Hz and the common linac at 400 Hz, 200 Hz each for
positrons and electrons [1, 2].
Over the last year, baseline parameters for the travelingwave (TW) rf structures foreseen for each of the linacs have
been determined. In the following, the methodology of the
rf design and specific structures for positron, electron, and
common linac are presented.

RF DESIGN METHODOLOGY
Large parameter spaces have to be considered when optimizing traveling-wave (TW) structures. In our case, one
cell is characterized by its aperture radius (iris radius) �, iris
thickness �, and synchronous rf phase advance �, where
� c = ��/(2�) is the cell length with the frequency � = �/�.
Structures are linearly tapered in aperture and iris thickness,
such that 7 parameters describe one structure. To calculate millions of structures, cell parameter lookup tables and
analytic formulas are used as far as possible.

Analytic Formulas
The TW structures accelerate two bunches per rf pulse
and thus profit from the widely-used SLED-type (SLAC
energy doubler) rf pulse compressor [5]: A storage cavity
with unloaded Q factor � c and coupling � is charged by the
klystron. When the klystron phase is reversed, the storage
cavity is discharged, adding to the klystron pulse. For a
klystron
pulse with arbitrary amplitude �k (�) (in units of
√
W), the amplitude into the TW structure is found to be
�ℓ (�) = �k (�) − ���
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∫�

′

� �� �k (� ′ )d� ′ ,

(1)

0

where � = �(1 + �)/2� c is the reciprocal storage cavity
filling time and � = 2�/(1 + �). Assume now a rectangular
klystron pulse of length �k , amplitude �k,0 and phase reversal
at � = �k − �f , where �f is the TW structure filling time. We
obtain for �k − �f ≤ � ≤ �k :

h
i

�ℓ (�)
= 1 − � 1 + 1 − 2� � (�k −�f ) � − �[� − � (�) ] . (2)
�k,0

Following Ref. [6], the transient gradient during structure
filling can be derived as
︄
�(0)
�(�),
(3)
� (�, �) = �ℓ [� − �(�)] �
� g (0)

where
�(�) =

∗

− ��

︄



∫�

 �
� g (0) �(�)
d� ′
 (4)
exp −
′
′
� g (�) �(0)
� g (� )�(� ) 
 2
0
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Figure 1: Latest baseline layout of the FCC-ee pre-injector complex [2].
impedance �eff = ⟨� (� = �k )⟩ 2 � s /�k (squared voltage at
injection per unit klystron power) is plotted against structure
length.

Figure 2: Basic geometry of reentrant and convex TW structure cells considered for the FCC-ee injector.
is the normalized steady-state gradient and � ≡ � ′ /�, �, � g ,
and � denote normalized shunt impedance per unit length,
quality factor, group velocity, and signal time delay, respectively.
The long-range transverse wake function of the �-th dipole
mode is computed in time domain from the frequency domain quantities as


��
� �,� (�) = −2� �,� ·� (� � , �� )·exp −
�/� ·sin(� � �/�)
2� �
(5)
for � = � − �� > 0, where � �,� = (� ′� /�) � �2� /(4�) is
the dipole kick factor per unit structure length and unit
beam
 offset (half of the wake amplitude). � (� � , �� ) =
exp −(� � �� /�) 2 is the form factor for a gaussian bunch
with rms length �� . Similar expressions are found for transverse wake function and dipole modes, respectively. The
full wake of the structure can be approximated with good
accuracy by summing the wake functions of each mode in
each cell.

POSITRON LINAC
The rf design of the positron linac TW structure is strongly
driven by frequency, aperture, length, as well as highgradient and wake limits. Of secondary importance are
e.g. klystron pulse length, rf pulse compressor parameters, but also mechanical constraints such as integration
into the solenoid channel. Sweeps over large parameter
spaces were carried out to find suitable structures fulfilling all these requirements (Fig. 3). The effective shunt
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Figure 3: Sweep of TW structure parameters for positron
linac. For each frequency, aperture, and length, the structure
with highest effective shunt impedance is selected. The star
marks the baseline structure "F3".
A 30 mm aperture radius will be necessary to transport
the positron beam at low energies (10 000 mm mrad) with
acceptable beam losses. Thus, a low frequency of 2.0 GHz
and a reentrant cell geometry were chosen to reduce group
velocity and achieve high effective shunt impedance with a
reasonable structure length of 3 m. Further parameters of
the TW structure called "F3" are listed in Table 1.
The long-range transverse wake (Fig. 5) is damped by
detuning of dipole modes without additional damping elements. This is achieved by tapering the iris thickness alone
since the aperture is constant. The structure can be safely
operated with an average gradient (at beam injection) of
⟨�⟩ = 20 MV/m, with maximum surface electric field and
modified Poynting vector (Fig. 4) well below empirical limits.
The phase advance of 9�/10 increases shunt impedance
but also means that the rf pulse will suffer from dispersion.
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Figure 4: Instantaneous field amplitudes during the filling of positron linac TW structure.
Table 1: Structure parameters for positron linac.
Frequency
2.0 GHz
Constant aperture
30 mm
Rf phase advance
9�/10
Length (num cells)
3.0 m (44)
Tapered iris thickness 14.3 mm → 20.0 mm
Transv. wake at 15 ns
0.17 V/pC/mm/m
Filling time
447 ns
SLED coupling
17
Eff. shunt impedance
39 MΩ/m
Average gradient
20 MV/m
Max. instant. �
77 MV/m
Max. instant. �c
585 mW/µm2
Klystr. pulse length
5 µs

Table 2: Parameters for common and electron linac.
Structure for
both linacs

Alternative
for e- linac

Frequency
2.8 GHz
2.0 GHz
Average aperture
0.15�
0.15�
Rf phase advance
2�/3
5�/6
Length (# cells)
3.0 m (84)
3.0 m (48)
Cell geometry
reentrant
reentrant
Transv. wake
0.2 V/pC/mm/m 0.1 V/pC/mm/m
Filling time
486 ns
884 ns
SLED coupling
15
14
Eff. shunt imp.
87 MΩ/m
66 MΩ/m
Average gradient
25 MV/m
25 MV/m
Max. instant. �
95 MV/m
100 MV/m
Max. instant. �c
685 mW/µm2
737 mW/µm2
Klystr. pulse length
3 µs
5 µs

CONCLUSION

Figure 5: Transverse wake of positron linac TW structure.
This is acceptable since only two bunches are accelerated
per pulse. If required, the dispersion can be compensated
by modulating the klystron pulse.

ELECTRON AND COMMON LINAC
Electron and common linac feature more conventional
structures whose choice is driven by overall long-range
and short-range wakes and efficiency more than by the iris
aperture. Table 2 shows parameters of two structures: (1)
2.8 GHz structure for the common linac that can also be used
for the electron linac as a cost-efficient option, and (2) an
alternative for the electron linac with lower frequency and
larger aperture. Both structures fulfill the requirement of an
action amplification less than 10 % for the given bunch parameters. Future studies will also consider a C-band option
at 5.6 GHz which will have higher shunt impedance but also
suffer from stronger wakes.
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Baseline TW structures for each of the FCC-ee injector
linacs have been designed. Large-aperture high-phase advance cavities will accelerate the high-emittance positron
beam to 1.5 GeV, more conventional structures accelerate
electrons and positrons after the damping ring up 6 GeV.
High-gradient and wakefield limitations have been taken
into account as well.
For each linac, structure parameters have been optimized
by scanning large parameter spaces. This has been facilitated
by creating lookup tables and deriving analytic formulas.
The choice of parameters will be finalized during the upcoming months. If required, the rf design will be adjusted
considering further beam dynamics results, mechanical integration into the lattice, and thermal simulations.
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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 Front End of CLARA has been used for
user exploitation programme from 2018. The second exploitation period in 2021-22 provided a range of beam parameters to 8 user experiments. We report on the status,
further machine development, and future plans for CLARA
including Full Energy Beam Exploitation (FEBE) beamline which will provide 250 MeV/c high brightness beam
for novel experiments.

INTRODUCTION
The first successful period of CLARA exploitation on
CLARA Front End (FE) was reported at previous IPACs
[1, 2]. The details of beam line and beam delivery of higher
momentum (35 MeV/c) to users on CLARA FE and in Versatile Electron Linear Accelerator (VELA) Beam Area 1
(BA1) in 2018-2019 run is summarised in Ref. [3]. A shutdown for preparation for CLARA Phase 2 (acceleration to
250 MeV/c) begun in April’19 and completed in September’19. During this shutdown, a load lock system was installed on the 10 Hz gun and several improvements to other
technical systems were undertaken. The shielded wall between the accelerator and user area was removed to prepare
for Phase 2 shielding. A temporary wall at the end of BA1
allowed operation of CLARA FE/VELA line whilst
Phase 2 preparation continued outside this shield wall.
After completion of the shutdown, beam commissioning
programme was resumed. The upgraded 10 Hz gun with
load lock system was successfully commissioned with a
number of improvements made in the photoinjector laser.
The planned start of second exploitation period was suspended due to COVID lockdown and technical issues with
the gun waveguide. Additional diagnostics were added: a
Bunch Compression Monitor on VELA line; and ElectroOptic in the experimental chamber in BA1 to provide information of longitudinal bunch profile.
__________________________
*deepa.angal-kalinin@stfc.ac.uk
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Offline build and testing of CLARA Phase 2 accelerator
modules have progressed well in past two years. Accelerator modules have been installed in the accelerator hall,
beyond the temporary wall, to allow commissioning and
operation of CLARA FE for exploitation. The rest of the
completed modules will be installed in the accelerator hall
during planned shutdown in 2023. FEBE hutch modules
are also being procured and assembled offline. Details of
FEBE design are presented at this conference [4]. CLARA
Phase 2 RF systems are currently being tested at low power
and the build of rack rooms is ongoing.
Beam was delivered successfully to users at two locations; straight-on and transporting it through the CLARAto-VELA S-bend to a dedicated user experimental chamber
in BA1 during October’21 – April’22. We summarise here
the beam commissioning, beam delivery to users as well as
our near future plans.

PHOTOINJECTOR
The 10 Hz repetition rate photoinjector was upgraded for
operation with interchangeable photocathode with a final
goal to improve beam quality, increase duty factor, reduce
the dark current and eventually allow for operation with
different types of photocathode materials.
Hybrid photocathodes (Cu tip integrated with a Mo plug)
were used during the user run. The Cu surface was cleaned
by Ar plasma followed by a 250°C bake. Such activated
photocathodes have QE at a level of high 10-5 and allow for
generation of bunches with a charge of 100 pC and higher
with a laser pulse energy on the photocathode of 10’s µJ.
More detailed description of gun upgrade and operation are
presented at this conference [5, 6].

MACHINE STABILITY AND JITTER
Stability of RF system is paramount as it explicitly affects beam stability. Dependence of beam energy (𝐸 ) on
RF power (𝑃) and phase (𝜙) can be simply described as,
𝐸 = √𝑃𝑍 𝑐𝑜𝑠 𝜙 − 𝜑 ,

(1)

where, 𝑍 and 𝜑 are equivalent cavity impedance and crest
phase respectively. Impact of RF amplitude and phase jitter
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on the beam can be calculated by measuring beam energy
jitter 𝜎 at various phases around crest phase and fitting to,
𝜎 =𝜎
𝜎 𝑠𝑖𝑛 𝜙 − 𝜑

𝑃𝑍,

(2)

where, 𝜎 , 𝜎 and 𝜎 are standard deviation of beam energy, RF power and phase respectively. 𝜎 is contribution
to beam energy jitter from upstream machine components.
Gun RF power and phase had jitter of 0.07% and 0.037°
respectively, while Linac-1 had 0.054% and 0.057°. Variation in beam energy and energy variance after Linac-1 at
different phases around crest is shown in Fig. 1, with gun
on crest. Beam had energy jitter of 0.017% on crest (as extracted from horizontal beam position in CLARA-toVELA S-bend used as spectrometer), and 0.03% at -6° offcrest, which was normal mode of operation. The phase jitter derived from fitting Eq. (2) to the variance was 0.096°
compared to 0.057° from RF measurements, highlighting
arrival time error due to upstream jitters. Slow drifts in the
RF system were stabilised using PID feedback.

Bunch Compression Monitor
Bunch compression for experiments in BA1 was
achieved through variation of Linac-1 off crest phase and
transport through the CLARA-to-VELA S-bend. A BCM
was implemented to reliably find maximum compression
settings and define reasonable compression working
points. The BCM is made from a polished aluminium disc
set at 45° to beam propagation to generate coherent transition radiation (CTR), which was coupled to air through a
fused silica window, and collected with TPX lenses onto a
bespoke pyroelectric detector. This pyroelectric detector
had active noise cancellation and variable amplifier gain.
Example data from the BCM is shown in Fig. 2.

Figure 2: Measurement of CTR intensity detected on the
BCM for a charge of 100 pC. In the region –2° to 5° there
is insufficient signal to be detected above the detector noise
floor.

Electro Optic Bunch Diagnostics
Figure 1: Beam energy and energy variance at different
phases around crest, fitted to the above error propagation
equation.

DIAGNOSTICS
Several new diagnostic devices were installed and commissioned during the last CLARA run. These include developments on bunch charge monitors, Bunch Compression Monitor (BCM) and Electro-Optic bunch diagnostics.

Charge Monitors
A new electronics front-end for charge measuring devices has been developed and used to provide more precise
measurement of bunch charge using Faraday Cups
(FCUPs) and Wall Current Monitors (WCMs) to users. The
new front-end has a range of features, such as a chargeinjection module for calibration across a wide range, a device-agnostic signal chain which is compatible with
WCMs, FCUPs and Integrating Current Transformers. The
measured FCUP uncertainty is of the order of 1% above
2 pC, and will be further quantified in the near future. The
new front-end was used with in-air charge diagnostics for
multiple experiments, measuring charges below 200 fC
with 5% uncertainty.

We designed and built an Electro-Optic Spectral Interferometry (EOSI) system for CLARA with the aim of overcoming EO spectral decoding’s resolution limitations. To
accomplish this we implemented inline spectral interferometry in a system that is as simple and robust as a spectral
decoding set up. Its resolution is now limited by probe laser
spectrum and EO material only. Pulse profiles were retrieved live at 10 Hz in the control room, at charges ranging
from 2 pC to 150 pC, and durations measured to be in
agreement with models and other characterisation experiments. Note the Coulomb field is transposed into a laser
pulse, with the envelope encoding the charge profile. See
Fig.3 for an example measurement. The jump in carrier
phase represents a sign change in the Coulomb field.

Figure 3: Example longitudinal profile measurement.
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SOFTWARE TOOLS & SIMULATIONS
An integrated framework of tools, combining operations
and simulations (CLARA-Net) has been under continued
development [7]. Within CLARA-Net there are a series of
high-level APIs (CATAP, SimFrame, Virtual Accelerator)
and procedures that form an abstract interface to the Control System. These tools provide a human readable interface in Python, designed to open Control Room Application Development to experts and non-experts alike. The
high-level APIs also provide a way to rapidly create bespoke Viewing, DAQ, and online-analysis applications for
users during their beamtime. A vital part of managing this
framework is the use of continuous integration, nightly
builds, and testing that have enabled daily changes to be
accessible to all developers. The simulation framework is
being constructed such that switching between simulation
and machine control and measurement is as transparent as
possible enabling an “online model” mirror of beam measurements within simulation.
For instance, these software tools were used to implement new procedures for emittance measurements on
CLARA [8]. Prior to beam time, simulations within the
online model were used to validate the measurement procedure, and to optimise the magnet strengths at each step
of a quadrupole scan. The same procedure was then deployed to the real machine via a single Python script, using
CATAP as a high-level interface to perform hardware operations such as degaussing magnets and inserting screens.
The ability of CLARA-Net to compare the real accelerator against an equivalent online model is a vital tool for
characterising machine performance. The data collected
for emittance measurements was later repurposed for a
beam-based alignment study, where the online model was
used to build a response matrix relating various misalignments to the observed beam position.
Additionally, a selection of tasks are aided by software
incorporating element of machine learning. To date these
are automated RF conditioning [9] and longitudinal pulse
shaping in the PI laser [10].

USER PROGRAMME
A call for applications for a further round of user experiments was issued in July 2019. 22 applications were received of which 10 were approved by the allocation panel,
including three trans-national access proposals (ARIES
Horizon 2020 scheme). The beginning of the run was delayed from late 2019 to late 2021 as a result of the global
pandemic and technical issues with the accelerator (RF
waveguide). Before the run commenced two of the experiments were withdrawn.
Ultimately, all the allocated beam time was delivered
(62 days) with the vast majority of experiments being very
successful. An extremely diverse programme of research
was carried out covering areas such as alternative acceleration techniques (laser induced plasma wakefield, dielectric wakefield and THz based), diagnostics and detector de-
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velopment, medical physics and radiation biology. A feedback survey issued after the user programme indicated high
levels of satisfaction from all the experimental teams.

BEAM SET-UPS FOR USER EXPERIMENTS
The user experiments were carried out at two locations
in CLARA: at the straight-on line after Linac-1; and in the
dedicated Beam Area 1 (BA1) on the VELA line. The experiments carried out at the straight-on location were in-air
experiments, with transmission through a Beryllium window. One experiment was carried out at beam momentum
of 4 MeV/c without following acceleration in Linac-1,
whilst the second experiment operated at various beam momenta up to 35 MeV/c. In both experiments the gun cathode field was reduced to minimise dark current (DC), in
addition to using apertures/collimators in the beamline, reducing the measured DC by at least an order-of-magnitude.
The experiments in BA1 were performed with a variety
of specific beam setups, each setup meeting the experimental requirements. All experiments were performed at a
momentum of 35.5 MeV/c, with charges ranging from
5 pC – 100 pC. Each charge setup required tuning of the
photoinjector, with the compression achieved through variation of Linac-1 off-crest phase coupled with a fixed R56
dogleg chicane. High peak current setups were made at 100
pC, with the beam compressed to ~300 fs RMS length and
with a minimum spot size of 100 µm at the interaction
point (IP). Setups with low transverse emittance were
achieved by reducing the bunch charge to 20 pC, through
reduction of the laser pulse energy, and projected RMS energy spread of ~10 keV. The 20 pC setups achieved IP spot
sizes of 20 µm and an estimated RMS bunch length of 1.5
ps. Minimum bunch length (< 200fs RMS) setups were
achieved at 5 pC bunch charge with measured IP spot sizes
of < 20 µm, limited by the Ce:YAG imaging system. A
flexible approach of continuous improvement of each
beam setup as the experiments were performed, and data
analysed, proved beneficial for all experiments in comparison to providing a rigid menu of standardised setups.

FUTURE PLANS
Currently preparations are under way to start RF conditioning of the 400 Hz gun currently installed on the
VELA line, this will be followed by beam commissioning
and preliminary characterisation of the beam. This will allow swapping this gun to CLARA line to meet CLARA
specification of 100 Hz rep rate.
Phase 2 build, installation and commissioning plans are
progressing. FEBE hutch beamline procurement is under
way and services in the hutch are being finalised. Phase 2
shut down is planned to start in the first quarter of 2023 to
complete installation of CLARA including the gun swap.
It is planned that the technical commissioning followed by
beam commissioning will start in Autumn 2023. It is anticipated that FEBE beam line including high power laser will
be commissioned to achieve nominal beam parameters by
end of 2024.
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RF DESIGN AND CHARACTERISATION OF THE CLARA 10HZ GUN
WITH PHOTOCATHODE LOAD/LOCK UPGRADE
A. J. Gilfellon∗ , L. S. Cowie † , B. L. Militsyn ‡ , T. J. Jones, R. Valizadeh,
STFC, Daresbury Laboratory, UK.
Abstract
The 2.5 cell, S-band, 10Hz repetition rate electron gun
(Gun-10) for the CLARA (Compact Linear Accelerator
for Research and Applications) accelerator underwent an
upgrade during the scheduled shutdown period in the summer of 2019. The existing single photocathode/back plate
component was replaced by a back plate with an integrated
load/lock system capable of rapid exchanges of photocathode plugs. Here we outline the motivation and RF design of
the back plate and also detail the RF testing and characterisation of the upgraded gun in terms of the unloaded quality
factor, 𝑄 0 , the RF power coupling match, 𝛽, the percent field
flatness and the operating frequency of the cavity, calculated
from the frequency measured in the laboratory. Finally,
via
√
simulations, a square root of the forward power, 𝑃𝐹 , vs.
beam momentum plot was produced that we predict the gun
will deliver once it goes back online.

INTRODUCTION
The need to change photocathodes arises from the degradation of the cathode’s Quantum Efficiency over time, damage from the photoinjector laser and RF breakdown. CLARA
photocathode exchanges have occurred approximately every
6 - 12 months. In the previous configuration, where the
removable backplate of the gun also functioned as the photocathode, any exchange was invasive and time consuming
(∼ 3 weeks). The main motivations for the 10 Hz gun back
plate upgrade, therefore, were:

√
penetration, which is the first step in constructing the 𝑃𝐹 ,
vs. beam momentum plot that we predict Gun-10 will deliver.

RF DESIGN
The introduction of a load/lock photocathode system into
Gun-10 was not as simple as replacing the original cathode
with a flat plate and a plug.
If the upgraded backplate was simply fitted in the same
position as the original design, key RF parameters would
change considerably, see table 1 for a comparison of simulated results between the original and a simple backplate
replacement design.
In order to preserve the RF character of the cavity the
majority of the cathode surface was recessed 300 µm further
back than the pre-upgrade Gun-10 cathode. Contact between
the upgraded backplate and the cavity wall includes a 300
µm step, which is 40 mm from the cavity centre. The step is
rounded with a radius of 150 µm on both 90◦ angles. The
centre of the step is at 40 mm radius, and the step extends
from 39.85 mm to 40.15 mm. See Fig. 1 for the general
design.
Table 1: A comparison of simulated results for the preupgrade design and the simple load/lock replacement design
that shows how the RF characteristics would change and
highlights the need for a more nuanced design approach.
Mode

Stat.

Original
Cathode

Upgraded
Cathode

𝜋

freq. (GHz)
𝛽
𝑄0

2.99863
1.03
12302

2.99908
0.61
11270

3𝜋/5

freq. (GHz)
𝛽
𝑄0

2.99550
0.81
11093

2.99617
1.5
11282

𝜋/5

freq. (GHz)
𝛽
𝑄0

2.99048
1.228
11108

2.99103
0.272
11846

• Exchanges can be carried out much more rapidly in-situ
, ~30 minutes.
• Exchanges can take place under vacuum conditions.
• Eliminate the risk of an oxide layer forming on the
cathode surface.
• Remove the need for lengthy RF reconditioning.
• Achieve more stable and repeatable RF characteristics
during a cathode load and between load events.
In the following sections we highlight some of the RF
concerns that went into the design of the upgrade, the postupgrade characterisation of Gun-10 in terms of 𝑄 0 , 𝛽, percent field flatness and the operating frequency. Finally we
determine by how much the working surface of the photocathode is intruding on the internal space of the gun, cathode
∗
†
‡
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RF CHARACTERISATION
General Procedure
Once the backplate was fixed in its optimal position and
the specially made dummy beadpull photocathode plug with
an on-axis hole for the thread to pass through was installed,
the beadpull experiments could begin. The perturbation
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The loaded quality factor, 𝑄 𝐿 was determined by
𝑄𝐿 =

𝑓0
,
𝑓1 − 𝑓2

(4)

where 𝑓1 and 𝑓2 are the frequencies where ℑ(Γ) is at a maximum and minimum respectively, while 𝑓0 is the frequency
at which |Γ| is a minimum.
Finally the unloaded quality factor of the cavity, 𝑄 0 is
calculated by
(5)

𝑄 0 = (1 + 𝛽)𝑄 𝐿 .
Figure 1: A schematic of the design that was put forward
and implemented. The coloured components are pale blue;
the 2.5 s-band RF cells; red; the solid copper back plate,
yellow; the spring loaded photocathode plug holder, orange;
the photocathode plug.
theory underpinning beadpull experiments is well described
by [1]. The four-stage beadpull procedure was:
1. record the pre-beadpull frequency vs. phase data,

Stability & Repeatability
We then investigate the stability of each RF statistic during a single load as well as the repeatability between loads.
The cathode was unloaded and loaded six times with four
beadpulls recorded for each separate loading of a molybdenum cathode. See Fig. 2 and table 2 for the results. A
possible reason for variations within the same cathode load
could be differing degrees of contact between the cathode
plug shoulder and the gun’s backplate, whereas variation
between cathode loads could be the result of small changes
in atmospheric conditions.

2. a real-time recording of the bead travelling from the
beam pipe to the dummy beadpull cathode in terms
of time vs. real & imaginary components of the S11
reflection coefficient, Γ,
3. as step 2, but with the bead travelling from the cathode
to the back of the beam pipe,
4. record the post-beadpull frequency vs. phase data.
The requirement to record the pre- and post beadpull frequency vs. phase data is to ensure that any phase drift linked
to thermal drift was negligible, or at least linear so the data
could be detrended appropriately. The data analysis method
that returns the RF power coupling factor, 𝛽 and the cavity’s
quality factor, 𝑄 0 was taken from [2] and is outlined here.
Firstly, 𝛽 was calculated for each measurement using Γ𝑚𝑖𝑛
and Γ𝑚𝑎𝑥 , the minimum and maximum |Γ| values, where
√︁
|Γ| = ℜ(Γ) 2 + ℑ(Γ) 2 ,
(1)

Figure 2: A plot of the calculated field flatness of the 10Hz
gun for each beadpull, each colour represents a different load
event. The mean average field flatness is (92.3 ± 3.5)%.

is the magnitude of the reflection coefficient and
Γ𝑚𝑎𝑥 − Γ𝑚𝑖𝑛
.
Γ𝑚𝑎𝑥 + Γ𝑚𝑖𝑛
if the cavity is under-coupled, or
𝛽=

(2)

Γ𝑚𝑎𝑥 + Γ𝑚𝑖𝑛
.
(3)
Γ𝑚𝑎𝑥 − Γ𝑚𝑖𝑛
if the cells are over-coupled. The frequency at which Γ𝑚𝑖𝑛
occurred was recorded as the resonant frequency of the cavity
which was then used to calculate the cavity frequency under
operating conditions.
𝛽=
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Table 2: The Inverse Variance Weighted Means and their Errors from the Results of the Gun-10 Cathode Unload/Reload
Analysis.
Quantity
Vacuum Freq. (GHz±kHz)
% field flatness
𝑄0

Weighted mean
& uncertainty
2.998528 ± 1.2
92.3 ± 3.5
10902 ± 39
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SIMULATIONS & PREDICTED
BEAM MOMENTUM
The final objective was to determine the beam momentum
that the upgraded Gun-10 will be likely to deliver. This was
done via a series of simulations using CST Studio Suite
[3] and ASTRA in conjunction with the 𝜋 mode vacuum
frequency and 𝑄 0 of the hybrid Mo/Cu photocathode which
is likely to be used in Gun-10 when it goes back online,
calculated as being 2998.564 MHz and 10537 respectively.
The field flatness, vacuum frequency and 𝑄 0 of the gun
are very sensitive to the degree to which the photocathode
intrudes into the internal cavity space. The nominal position
is for the tip of cathode to be flush with the back-plate,
however, due to manufacturing errors and baking induced
changes to the cathode’s dimensions, the actual value of
cathode penetration needed to be determined. This was
achieved via a CST simulation with an in-built parameter
sweep of cathode penetration from −250 microns, via zero
to 250 microns. Here, the minus values describe a situation
where the puck is shy of being flush with the backplate,
which is plausible.
From the results of the simulation, the photocathode was
determined to have a penetration value compatible with zero,
so the next step was to simulate this situation, again using
CST and the values of the E-field along the z-axis as inputs
for an axially symmetric ASTRA simulation. A plot of zcoordinate vs. |𝐸 |, ℜ(𝐸) and ℑ(𝐸) is shown in Fig. 3. A
slight complication with using the CST data as an input for
the ASTRA simulation was that the ℜ(𝐸) and the ℑ(𝐸)
were out of phase with each other, leading to a situation
where |𝐸 | never achieved a zero value, even in the irises,
see inserted subplot in Fig. 3. This is an expected aspect of
the simulation since there is a travelling wave component
in the cavity that was present before the upgrade. ASTRA
was able to handle this as an input after the data was scaled
appropriately since CST uses a mean RF forward power
of 0.5 W and the nominal operating forward RF power of
Gun-10 is 8 MW, see Fig. 4 for the ASTRA simulation
results.

CONCLUSION
The stability and repeatability results for the unloading/reloading of the photocathodes were within acceptable bounds.
Simulations were carried out to find the extent to which
the run cathode was intruding into the internal space of Gun10, which impacts on the expected field flatness and consequently the beam momentum. The conclusions reached are
that the working face of the Cu puck on the run cathode looks
to be flush with the inside of Gun-10 and the predicted beam
momentum of Gun-10 using this cathode with a forward RF
power of 6 MW is 4.831 MeV/c, which is almost identical
to the momentum delivered by the original flat backplate
cathode at the same power.
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Figure 3: A plot of z-axis coordinate vs. electric field
strength in the second CST simulation with nominal cathode
penetration. The Peak E-field value and the field flatness
were found to be 21.260 kV/m and 98.9% respectively. The
inserted subplot highlights the slight travelling wave character of the gun.

Figure
4: A plot of the square root of forward RF power,
√
𝑃 𝑅𝐹 vs. momentum. The red plot shows the results of the
ASTRA simulation, while the green shows the same data
rescaled by a 𝑄 0 scaling factor; 𝑄 0,𝑚𝑒𝑎𝑠 /𝑄 0,𝑠𝑖𝑚 . The blue
plot shows the relation for the flat backplate for reference.
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WAKEFIELD MONITOR SYSTEM FOR X-BAND LINEARISER LINAC ON
CLARA ∗
N. Y. Joshi† , A. C. Aiken, C. Jenkins, A. Moss
ASTeC, STFC Daresbury laboratory, Warrington, UK.
Abstract
CLARA linear accelerator in phase-2 will utilise an Xband fourth harmonic linac to linearise bunch phase space.
Beam induced transverse higher order modes (HOMs) between 15.3 to 16.2 GHz will be coupled out through HOM
ports, which can be used to correct both position offset and
angle misalignment to minimise beam degradation due to
HOMs. In this paper we present design of a wakefield monitor system under development, with capability to use either
baseband broadband signal for basic alignment, and also
carry a detailed narrow-band spectrum analysis on all four
(X and Y transverse modes from two couplers) signals. Initial laboratory testing of its subsystem is also presented.

INTRODUCTION
The CLARA linear accelerator is being developed in
phases to serve as a test platform for new concepts and
technologies for future large scale XFEL facilities, such
as proposed UK-XFEL. It is undergoing a planned upgrade
to phase-II which will accelerate electron bunches up to its
nominal energy of 250 MeV [1, 2], using normal conducting
linac RF systems operating at ∼3 GHz. It will also utilise a
fourth harmonic X-band linac to linearise the bunch phase
space. The X-band linac will be installed on a five axis precision mover. The linac was designed by PSI in collaboration
with CERN. The relevant parameters of the X-band linac are
summarised in Table 1 [3, 4].
Table 1: Relevant specifications of the X-band linac cavity.
Parameter
Fundamental frequency
Length
Number of cells
HOM coupling cells
HOM frequency range
HOM impedance

Value

Unit

11.994
96.5
73
2
15.3 - 16.2
∼ 100

GHz
cm

†

STFC-UKRI
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The X band linac has two HOM couplers, the first is
located in the mid section of the linac and couples to the
HOMs from upstream cells. The second is at the end of
the linac and couples to the HOMs from the downstream
cells situated after the first HOM coupler. The HOMs are
coupled out through the side coupled waveguides with cutoff
frequency above the fundamental accelerating frequency to
prevent the large accelerating field at 12 GHz. Each HOM
cell has four ports, two each for X and Y bunch offset measurements, which can be combined to increase measurement
sensitivity. The cavity misalignment can be minimised by
measuring only the amplitude of the wideband HOM signals,
but the ability to study the spectrum in detail and extracting
the phase allows us to utilise it as a beam position monitor
(BPM) system by knowing the direction of the offset. Hence
the minimum requirement from the wakefield monitor system is to have four channels that can measure the amplitude
of the wideband HOM signals, but additional functionality of spectrum analysis and phase measurement is highly
desirable.

WAKEFIELD MONITOR SYSTEM
GHz
𝑘Ω/(𝑚𝑚 × 𝑚)

An electron bunch passing through the linac induces electromagnetic (EM) field, known as wakefield, which can be
expressed as sum of the field induced in fundamental and
various higher order modes (HOMs). The induced HOM
field interacts back with the bunch and degrades beam quality, hence it is desirable to minimise HOM excitation in the
linac. The amplitude of the induced dipole HOMs depends
on the bunch charge and transverse bunch offset from the
∗

cylindrical axis of the linac [4]. The phase of the HOM
field flips by 180 ◦ depending on the direction of offset from
the centre. By coupling out and analysing the HOM field
signals, bunch trajectory offset and angle can be determined
and used to minimise HOM excitation. The linac cell iris
and radius are varied along the linac length to achieve the
desired gradient profile of the fundamental accelerating field,
which also results in variation of the dipole HOM frequencies of the cells. As the HOM frequency varies along the
cavity length, cell misalignment within the cavity can be
studied in detail by analysing narrow band sections of the
HOM spectrum.

A wakefield monitor system is under development to facilitate HOM measurement and alignment of the cavity with
10 𝜇m resolution for 200 pC bunch charge. A simplified
block diagram of the system is shown in Fig. 1. It is designed as a modular system with signal processing in two
stages. To minimise the cable losses at the higher HOM
signal frequencies, the front-end box will be placed in the
accelerator tunnel next to the linac and can either measure
the baseband amplitude, or down convert the signal to less
than 1.5 GHz and send it to the back-end box in an RF room
through the long coaxial cables. The back-end box in the RF
room can further process the amplitude, or scan the HOM
spectrum for detailed narrowband analysis.
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Figure 1: Simplified block diagram showing one of the four wakefield monitor system channels.

Front-end box
The front-end box will host four RF channels and one
common local oscillator (LO) channel generating four signals. At higher HOM RF frequencies, availability of the
components poses constraints on the system design. Each
of the four front-end RF channels will accept only wideband
HOM signals using cavity band pass filter (BPF), followed
by power limiter to protect the circuit from the high signals
induced by large misalignment. To achieve higher measurement resolution at small beam offsets, while availing larger
dynamic range, a combination of a digitally controlled variable attenuator (RF5740-EVALZ-292, up to -22 dB) and
low noise amplifier (HMC963LC4) is used. A digitally controlled RF switch directs the amplified signal to either a
log-detector for baseband amplitude measurement, or to a
mixer which down converts the signal to 0.3 to 1.2 GHz.
The log detector (ZV47-K44+) further increases dynamic
range of the measurement. The down converted signal is
amplified before the second switch, which transmits them
through approximately 20 m long RF cable to the back-end
box in the RF room. Even with only 22 dB front-end gain
and 50 MHz bandwidth, the log detector should receive 15 dBm input power generating more than 50 mV output
voltage, sufficient to achieve 10 𝜇m resolution.
The front-end box also has a common local oscillator (LO)
channel which generates four stable ∼15 GHz LO signals
providing 15 dBm power for each RF channel. LO signals
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are generated by multiplying and mixing the 3 GHz master oscillator (MO) signal to preserve the phase coherence
during the down conversion.

Back-end box
The processed signal arriving at the back-end box will
again be multiplex depending on the mode of operation and
the digitiser chosen by our controls group. In the spectrum
analysis mode, individual mode peak will be analysed by
scanning the frequency of a direct digital synthesis (DDS)
LO board. The AD9914 DDS-LO board uses ∼3 GHz MO
signal as a clock and can generate coherent, ultra stable LO
signal up to 750 MHz. A frequency doubler will be used to
cover the higher frequency range of 750 to 1500 MHz for the
HOM signals from the downstream coupler. Amplitude and
phase will be retrieved using IQ demodulator (LTC5584)
feeding two digitiser channels.

Digital controls
The system can operate in two measurement modes
with a large dynamic range by utilising digitally controlled
switches, attenuators and DDS-LO source. Each front-end
channel needs total of eight digital controls, four for the attenuator and two each for the SPDT switches. A Red Pitaya
board [5] comes with sixteen digital GPIO channels, FPGA
and processor with embedded Linux which can run EPICS
IOC [6] to integrate in to the overall machine control system. One card will control two front-end channels. In the
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back-end box, Raspberry-Pi board will be used to control the
DDS-LO board and switches. DDS-LO frequency, attenuation and mode of measurement will be available as process
variable (PV) to set and read remotely through the control
system.

PHASE PRESERVATION AND INITIAL
COMPONENT TEST
3GHz
3.75
GHz

VNA / PhNA

f/4
0.75GHz

3GHz
fx4

15.75
GHz

12GHz

15GHz

fx4
3GHz

0.75GHz

Figure 2: Simplified block diagram of circuit to test phase
determination accuracy.
To utilise the HOM signals as a BPM, it is essential to
know the direction of the bunch offset, and hence the phase
of the HOM signals. A phase preservation viability test was
carried out in laboratory to test component performance and
phase jitter. As described in a simplified block diagram of
the test circuit in Fig. 2, 3 GHz from a vector network analyser (VNA) or a phase noise analyser (PhNA) was divided,
multiplied and mixed to generate the coherent signals of 15
and 15.75 GHz to act as the LO and RF signals respectively,
with a variable phase shifter in the RF path. The difference
frequency of 0.75 GHz was multiplied to regenerate 3 GHz
which was fed back to the VNA/PhNA to measure the phase
error.
The VNA (Agilent PNA-E8363C) was operated in zero
span mode at 3 GHz. The phase shifter was used to change
the mean phase delay in the RF path and phase stability was
recorded at each phase delay. The maximum observed phase
jitter was 0.39◦ , which is sufficiently accurate as the phase
changes by 180◦ step when the direction of the offset flips.
This measurement was verified by measuring the phase noise
using PhNA (R&S-FSWP8), which showed phase jitter of
0.32◦ over a frequency offset range of 10 Hz to 1 GHz, as
shown in Fig. 3.

SUMMARY
A Ku-band HOM wakefield monitor system is under development to measure bunch offset in X-band lineariser linac.
It is designed to facilitate not only the baseband amplitude
measurement, but also detailed spectrum analysis. Coherent
LO signal generation is implemented to preserve the phase to
derive the direction of the offset, to use it as a BPM. Testing
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Figure 3: Phase noise measurement of test circuit using
PhNA.
of high frequency component performance in laboratory verified phase jitter of better than 0.39◦ and sufficient amplitude
sensitivity to provide 10 𝜇𝑚 bunch position offset resolution.
A digital control setup is developed for the variable attenuators, switches and DDS board to achieve higher dynamic
range and operation mode selection remotely through central
control.
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LCLS-II-HE CRYOMODULE TESTING AT FERMILAB*
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L. Doolittle, S. Ferriera Paiagua, C. Serrano
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Table 1: Key Parameter Differences

Abstract
22 Linac Coherent Light Source II (LCLS-II) cryomodules were successfully tested at the Cryomodule Test Facility (CMTF) at Fermilab. Following the completion of
the LCLS-II testing program, CMTF has shifted to testing
cryomodules for the LCLS-II High Energy upgrade
(LCLS-II-HE). The first LCLS-II-HE cryomodule, the verification cryomodule (vCM), was successfully tested and
verified the readiness of LCLS-II-HE cryomodule testing
at CMTF, and production cryomodule (CM) testing has begun. Presented here are the production CM test acceptance
criteria, testing plan, and CM test results so far.

LCLSII

LCLS-IIHE

Nominal Cavity Gradient
[MV/m]

16

21

Max. Cavity Gradient
[MV/m]

21

26

Min. CM Voltage [MV]

132

173

Multipacting Processing
[Days]

1-2

4-5

Parameter

LCLS-II HIGH ENERGY UPGRADE
Having concluded the LCLS-II test program, Cryomodule Test Stand 1 at CMTF is now fully dedicated to LCLSII-HE CM testing. The infrastructure of the test stand remains largely unchanged. Eight, 7 kW solid state amplifiers have replaced the 4 kW amplifiers used during the
LCLS-II test program, which were installed and commissioned during the final LCLS-II CM test. An EPICS-based
controls system has also been implemented to conform
with a model like what is used for the accelerator controls
at SLAC. CMTF houses a state-of-the-art cryogenic facility with a cryogenic capacity of 500 W at 2 K [1].

ACCEPTANCE CRITERIA
The acceptance criteria have been slightly modified to
accommodate for the increase in nominal gradient but remains similar otherwise. The 1.3 GHz, 9-cell cavities for
LCLS-II-HE now use a 2/0 nitrogen doping recipe, with a
nominal gradient of 20.8 MV/m. Fig. 1 gives an overview
of some of the acceptance criteria parameters and Table 1
shows some key differences with respect to LCLS-II.
___________________________________________

* Work supported by the Department of Energy Contracts DE-AC0276SF00515 (Fermilab), DE-AC02-76F00515 (SLAC), DE-AC0205CH11231 (LBNL).
† cravatta@fnal.gov
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Figure 1: LCLS-II-HE acceptance criteria.
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CRYOMODULE TEST PROGRAM
Aside from extra time allotted for multipacting (MP)
processing, the installation, testing schedule, and removal
remain largely unchanged to that of LCLS-II.

CM Test Sequence
The CM test sequence is approximately:
•
•
•
•
•
•
•

Installation – 11 days
Cooldown, 24hr soak at 2 K – 5 days
Power rise, MP processing – 5 days
Thermal cycle/fast-cooldown – 1 day
𝑄 measurements – 2 days
Unit Test – 1 day
Pre warmup review, warmup, removal – 4 days

This test sequence is nearly identical to the LCLS-II testing program and has been described previously [2]. Due to
the anticipation of MP processing, CM testing throughput
at Fermilab has increased from ~39 calendar days per CM
to up to ~50 calendar days.

Multipacting Processing
The MP-band for 1.3 GHz, 9-cell elliptical cavities of
the type used for LCLS-II and LCLS-II-HE lies within a
range of ~ 17-23 MV/m. This presents a challenge to testing and operation as the nominal gradient (21 MV/m) lies
within the band. For this reason, it is critical to process MP
to achieve stable operation. Experience testing a prototype
CM, the vCM, and the first production CM at Fermilab,
F1.3-21 (F21), has confirmed the need for MP processing
and has helped to refine the MP processing test plan.
As seen both during cavity testing at Fermilab’s Vertical
Test Stand (VTS) and at CMTF, MP typically presents as
radiation spikes, sporadic quenching, or a combination of
the two during the initial power rise or power rise to max.
gradient. Upon returning RF power to the cavity, the cavity
may quench immediately or maintain field for some duration and then quench again. Figure 2 shows an example of
MP processing for a LCLS-II-He cavity.

In Fig. 2 one can see repetitive quenching in which the
gradient (blue trace) falls quickly to zero as the quench interlock is triggered. The green, red, and yellow traces represent radiation spikes on three different radiation monitors: Mobile FOX units and DecaRad detectors for x-rays,
Chipmunk detectors for gamma ray and neutron radiation.
The procedure for MP processing is as follows: increase
the gradient until the cavity quenches, restore RF power to
the cavity after quench, verify that the duration between
quenches is increasing or become stable, and finally repeat
this process and incrementally increase the gradient until
the quench field or admin. limit (26 MV/m), whichever
comes first.
Since the nominal gradient for operation lies within the
MP-band, careful attention to the nominal gradient has
been taken. Some cavities can be powered directly up to
the admin. limit without quenching and some sit stably for
several minutes or tens of minutes at gradient before
quenching. Therefore, extensive testing at 21 MV/m is performed. It has been seen that a cavity may even run for over
an hour without radiation, or with low-level radiation
spikes and no quenching, and then a MP-induced quench
takes place.
It is critical to avoid quenching prior to measuring 𝑄 ,
which is preceded by a thermal cycle and fast-cooldown
from 50 K to 2K, as trapped flux can degrade this parameter. After processing up to the max. gradient, and prior to
the thermal cycle/fast-cooldown, cavities are run individually, and later concurrently, at 21 MV/m for up to 4 hours.

CM TEST RESULTS
As of July 2022, two CM have been fully tested at Fermilab and both have met or exceeded the test criteria and
results will be presented here.
MP has been observed in many of the 16 cavities tested.
Field Emission (FE) has only been observed in three cavities so far: one cavity from the vCM had < 5 mR/hr radiation, which was fully processed during the Unit Test, and
two cavities F21 – both of which were below the 50 mR/hr
limit at nominal gradient.

Verification Cryomodule
vCM installation began in March 2021 and was tested
extensively from April 2021 through October 2021. There
were three stages of testing with this CM:
1. Initial testing: April – May
2. Re-test after coupler fix: May – June
3. Re-test after plasma processing: October

Figure 2: MP Processing – Cavity gradient (above) and radiation (below). Here one can see a quench followed by a
stable run for approximately 2hr before repetitive quenching and processing.
Electron Accelerators and Applications
Electron linac projects

During Stage 1 of testing, it was discovered that there
was an issue with the fundamental power coupler of cavity
1. It was decided to proceed with initial testing on the remaining seven cavities before warming the CM to repair
the coupler. Upon inspection, the antenna screw of the inner conductor had not been fully torqued. No damage was
observed, and the coupler was then reinstalled.
Stage 2 of testing included the full suite of tests from the
testing sequence, including an extended Unit Test. NomiTHPOJO12
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nally, a Unit Test consists of powering all cavities to nominal gradient for 10-12 hours. For the vCM, testing was instead carried out for 8 consecutive days to mimic linac operation.
After the second stage of testing, the vCM was warmed
to room temperature and plasma processing was performed
on 4 of the 8 cavities. The CM was then cooled and the full
suite of tests were once again performed, aside from a second Unit Test. Re-testing showed that cavity performance
did not suffer after processing. It should also be noted that
the 4 cavities which were processed did not exhibit MP
quenches or radiation. Details of the vCM results and
plasma processing can be found in Refs. [3] and [4].

First Article Cryomodule
The First Article CM, F21, is the first LCLS-II-HE production CM. It was installed in March 2022, tested through
April and May, and removed in June. The CM qualified
and all cavities were within spec aside from two parameters.
Three cavities in this CM produced 𝑄 measurements
below spec., which resulted in an average 𝑄 below 2.7e10.
This resulted in nonconformance for 2 K dynamic heat load
– the spec is 137 W, F21 measured 151 W at 21 MV/m.
This nonconformance may lie in the fact that these three
cavities were left over from LCLS-II and, despite being
within spec in vertical testing, were not the new 2/0 doped
LCLS-II-HE cavities.
Cavities 1-3 also exhibited nonconformance in that microphonics measurements resulted in a detune frequency
above the 10 Hz limit.
Cavity 1 and 6 exhibited FE, however the radiation was
within spec at nominal gradient.
Experience gained from MP studies with the vCM
helped to refine a plan for processing, resulting in F21 cavities exhibiting no MP after the thermal cycle and fast
cooldown.

CM Test Results
Figure 3 shows test results from the first to LCLS-II-HE
CM tests. Table 2 provides several key test parameters with
a comparison to specification.

Table 2: vCM and F21 CM Test Results
Parameter

Spec

vCM

F21

2.7

3.12

2.62

2 K Heat Load
@ 21 MV/m [W]

< 137

119

141

Max. CM Voltage
[MV]

N/A

211

203

Usable CM Voltage
[MV]

173

208

201

Field Emission
@ 16 MV/m [mR/hr]

< 50

0

1

Average 𝑄
@ 21 MV/m [e10]

CONCLUSION
Following the successful completion of the LCLS-II CM
test program, two LCLS-II-HE CM have been tested and
qualified at Fermilab.
With a test stand fully dedicated to LCLS-II-HE, a prototype CM has been tested with world record performance
for a CW machine. The success of this test validated cavity
performance for the vendor as well as Fermilab’s readiness
for the LCLS-II-HE program.
The first production CM, F21, has also been tested and
qualified, kicking off the production schedule for the remaining 12 CM.
The next production CM, F1.3-22, is scheduled to be installed in early August 2022 and from here the ~50 calendar day test cycle will begin.
REFERENCES
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Figure 3: Gradient and Q0 comparison between VTS and
CMTF tests for the vCM and F21.
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DISTRIBUTED COUPLING LINAC FOR EFFICIENT ACCELERATION OF
HIGH CHARGE ELECTRON BUNCHES
A. Dhar∗ , M. A. K. Othman, G. White, Z. Li, S. G. Tantawi, M. Bai, E. A. Nanni,
SLAC National Accelerator Laboratory, Menlo Park, USA
Abstract
Future colliders will require injector linacs to accelerate
large electron bunches over a wide range of energies. For example the Electron Ion Collider requires a pre-injector linac
from 4 MeV up to 400 MeV over 35 m. Currently this linac
is being designed with 3 m long travelling wave structures,
which provide a gradient of 16 MV/m. We propose the use
of a 1 m distributed coupling design as a potential alternative
and future upgrade path to this design. Distributed coupling
allows power to be fed into each cavity directly via a waveguide manifold, avoiding on-axis coupling. A distributed coupling structure at S-band was designed to optimize for shunt
impedance and large aperture size. This design provides
greater efficiency, thereby lowering the number of klystrons
required to power the full linac. In addition, particle tracking
analysis shows that this linac maintains lower emittance as
bunch charge increases to 14 nC and wake-fields become
more prevalent. We present the design of this distributed
coupling structure, as well as preliminary data from cold
tests on the structure’s real world performance.

INTRODUCTION
Future colliders, such as the Electron Ion Collider (EIC)
will require injector linacs to accelerate large electron
bunches over a wide range of energies [1]. Current designs
are typically based around long travelling wave structures,
where power is coupled on axis between cavities. We propose the use of a distributed coupling design as an efficient
means of achieving high gradient acceleration. Distributed
coupling uses unique waveguide and coupler design to power
each cavity individually [2]. This in turn allows the cavity
geometry to be optimized for shunt impedance, resulting
in more efficient structures generating an equivalent gradient. Using the known parameters and specifications of the
travelling wave design planned for EIC, we present here a
potential alternative that leverages distributed coupling for
better efficiency and higher bunch charge handling.

LINAC DESIGN
The re-entrant style cavity has become quite common
amongst standing wave structures, featuring a nose cone to
improve field enhancement while preventing surface magnetic fields from getting too large. As seen in Fig. 1, these designs exhibit the highest shunt impedance and efficiency with
smaller beam apertures [2]. However in order to effectively
handle large bunch charges, a large beam aperture would be
needed. Based on this chart S-band (2.856 GHz) structures
∗

represent the best balance between efficiency and beam aperture, and so an aperture radius of 14.12 mm in diameter was
chosen, which corresponds to a ratio of 𝑎/𝜆 = 0.135.

Figure 1: Plot of shunt impedance versus beam aperture for
re-entrant cavities designed at various frequencies. When
looking for a good balance between the two value, S-band
cavities with 𝑎/𝜆 ratios around 0.125. Reproduced from [2].
Implementing a distributed coupling manifold onto this
choice of cavity results in a structure as shown in Fig. 2. The
manifold incorporates a Y-coupler to split the power evenly
between two halves. The lengths of the couplers to each
cavity are design to provide 𝜋 relative phase shift between
cavities, to ensure the maximal power is coupled to the 𝜋
mode. In order to reach the target gradient of 16 MV/m, this
linac requires 4 MW of power. The relevant properties of
interest for this mode of operation are summarized in Table 1.
Further study in simulation revealed that cooling the structure down to liquid nitrogen temperatures (≊80K), would
greatly improve performance within the same footprint [3].
Table 1: Distributed Coupling Linac Properties with 5 MW
of Power.
Field Ratios
𝐸 𝑚𝑎𝑥 /𝐸 𝑎𝑐𝑐
𝐸 𝑎𝑐𝑐 /𝑍0 𝐻𝑚𝑎𝑥

−
2.63
0.995

Operation Temperature

300K

80K

Shunt Impedance
Acceleration Gradient

60 MΩ/m
16 MV/m

210 MΩ/m
30 MV/m

adhar@slac.stanford.edu
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(a) Emittance Simulations

Figure 2: A CAD model of the meter-long linac mechanical design, with the distributed manifold splitting into two
halves, each of which feeds 10 cavities each of the full 20cavity structure. Rails are included to protect tuning pins
along the central axis. Dimensions are in mm.

ELECTROMAGNETIC SIMULATION
In order to validate the theoretical performance properties for the linac, simulations in HFSS and ACE3P were
used [4, 5]. These simulations helped verify the 𝜋 phase advance between cavities, as well as the power splitting on the
Y-coupler. One phenomena that became apparent through
this analysis was the sensitivity of field flatness across the
linac to the relative tuning of individual cavities. Since the
wide aperture allows for cross coupling, cavity resonances
can affect each other and in turn how well they couple to the
𝜋 mode. This will be taken into consideration during tuning
steps as assembly continues.

Figure 4: Simulation results for beam dynamics through
the 20-cell structure. Significant improvement in emittance
can be seen when compared to baseline travelling wave designs (a). The transverse wakes are also significantly better
handled for a bunch charge of 14 nC when compared to an
existing design from PSI (b).

FABRICATION AND ASSEMBLY
Fabrication of the components for this structure has been
completed, and assembly of the first structure is underway.
The bulk of the vacuum space is formed from two slabs
which are brazed together (see Fig. 5) and then joined with
a separate Y-coupler piece. As assembly was underway
several cold tests were done to evaluate the cross coupling
between cells, as well as evaluating the shifts in the 𝜋 mode
throughout the assembly process.

(a) Machined slabs

Figure 3: Cross-sectional views of the linac vacuum space as
simulated within ACE3P. The left view shows how powers
flows within the manifold into each cavity with 𝜋 phasing.
This is done equally on both sides to ensure correct phasing
for every cavity to couple to the 𝜋 mode.
To evaluate beam dynamics under operation, calculations
were done to evaluate the output emittance and wake-field
effects of the structure as compared to existing designs for
EIC and other baseline travelling wave structures. When
considering emittance for bunches as large as 14 nC, we find
that the distributed coupling design maintains better emittance by a factor of 2, as shown in Fig. 4. Similarly looking
at wake-field distributions, we find a significant improvement of wake-field handling as compared to a comparable
travelling-wave structure from PSI [6].
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(b) Wakefield Distributions

(b) Brazed structure

Figure 5: View of the machined slabs after initial fabrication
(a) and their assembly after the first round of brazing together
(b). Further braze cycles will be used to braze the Y-coupler
on as well.
Based on our initial cold tests, we have seen that the 𝜋
mode is already very close to the target frequency before
brazing, but drifts further up after brazing. More importantly,
the strength of the coupling to the 𝜋 mode increased dramatically, implying that most cavities are already efficiently
coupling to this mode. Tuning this structure will involve adjusting each cavity to couple to this mode more strongly, and
then collectively tune the structure back down to 2.856 GHz.
This collectively tuning could be done through temperature or mechanical deformation. These initial results are
extremely promising for how well the fabricated structure is
matching simulated design.
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Figure 6: Comparison of the mode structure of the linac
before and after brazing. The measurements before brazing
were taken by aligning and placing the slabs on top of each
other.

CONCLUSION
In conclusion, this distributed coupling structure presents
a pathway to far more efficient structures for electron injection and other high bunch charge applications. While
the power savings are certainly an advantage, this efficiency
will also allow for more longer uptime for acceleration facilities, since fewer klystrons per unit length are required
to provide the same acceleration gradient. As assembly of
the prototype structure completes, we aim to perform final
tuning of the structure before conducting high power tests
and beam-line tests at SLAC. This design could act as a
template for future injector designs for upcoming colliders
and accelerator facilities [7].
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HIGH EFFICIENCY TRAVELING WAVE LINAC WITH
TUNABLE ENERGY *
Valery Dolgashev†, Agustin Romero, Anatoly Krasnykh, SLAC, Menlo Park, CA, USA
Sergey Kuzikov, Roman Kostin, Euclid Techlabs LLC, Bolingbrook, IL, USA
Philipp Borchard, Dymenso LLC, San Francisco, CA, USA
Abstract
We will present the physics design of a compact, highly
efficient, energy-tunable 9.3 GHz linac to generate up to
500 W of 10 MeV electron beam power for medical and
security applications. This linac will employ a patented
travelling wave accelerating structure with outside power
flow which combines the advantages of high efficiency
with energy tunability of traveling wave cavities. Unlike
standing wave structures, the proposed structure has little
power reflected back to the RF source, eliminating the need
for a heavy, lossy waveguide isolator. In contrast to the
side-coupled cavity designs, the proposed structure is symmetrical and therefore it does not have deflecting axial
fields that impair the beam transport. The high shunt impedance will allow the linac to achieve an output energy of
up to 10 MeV when powered by a compact commercial
9.3 GHz 1.7 MW magnetron. For pulse-to-pulse tuning of
the beam output energy we will change the beam-loaded
gradient by varying the linac’s triode gun current.

INTRODUCTION
The goal of this project is to design and high-power test
a prototype of a linac which is based on a new highly efficient traveling wave accelerating structure [1, 2]. The
structure offers high shunt impedance comparable to sidecoupled standing wave structures, but without the disadvantage of RF power reflected back to the RF source. The
goal is to meet or exceed most of the performance metrics
required by Department of Energy funding opportunity announcement DE-FOA-0002463. The linac’s accelerating
cavity will be approximately 60 cm in length. The final
linac will produce electron pulse bursts with tunable energy
up to 10 MeV, an average beam power of at least 500 W
and duty factor of about 0.08% driven by a commercial
9.3 GHz 1.7 MW magnetron [3]. These target requirements
and the main design features are summarized in Table 1.
The physics design of the linac progressed in following
steps: the first we performed an analytical study of the linac
parameters in which we understood that the linac has to be
of constant gradient type. To build the constant gradient
linac, we need to tune group velocity, so we completed a
parametric study of a unit cell to understand dependencies
of the group velocity vs. cell shape. In the next step we performed beam dynamics simulations of a gridded gun to

___________________________________________
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High Energy Physics under Research Opportunities in Accelerator Stewardship, under funding opportunity announcement DE-FOA-0002463.
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show that it could achieve required currents, then we created a concept of the mechanical design of the cavity.
Table 1: Linac Target Requirements and Design Features.
Metrics

Requirements

Energy Tuning Range
Output average beam
power at 10 MeV

<5 MeV...10 MeV

>500 W

Maximum cavity size
10x10x60cm
Target capital cost
< $1M
Other Design Features
Travelling wave structure with outside power flow
No circulator
Duty factor
0.08%
Frequency
9.3 GHz
Table 2: Initial acc. structure and linac parameters [2].
Metrics

Requirements

Qo
6800
Shunt Impedance
144 MOhm/m
Phase Advance per Cell
120 deg.
Cell length [mm]
10.745 mm (β = 1)
Number of cavities
56 (approximately)
Table 3: Analytical linac parameters.
Parameter

Value

Structure type
Linac length [cm]
Attenuation parameter, τ
Group Velocity, %c
Beam current at 5 MeV
Beam current at 10 MeV
Average beam power at 5 MeV
Average beam power at 10 MeV

Const. Gr.
60
1.0
2 …0.3
200 mA
70 mA
800 W
500 W

Figure 1: Quarter-cell finite element model of the β = 1, 9.3
GHz, 120 deg. phase advance per cell traveling wave accelerating
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structure. Surface electric fields are normalized to 100 MV/m accelerating gradient: a) magnetic fields with peak magnitude of
0.71 MA/m; b) electric fields with peak of ∼325 MV/m [2].

ANALYTICAL STUDY
We have performed an analytical study of a traveling wave
structure based on a linac’s regular cell parameters published in [2] and shown in Table 2 and Figure 1. For this
initial study we considered ultra-relativistic beam and tuning of the output beam energy using beam loading. The
results of this study are published in [4] and shown in Table
3 and in Figure 2. We have found that a structure with a
constant impedance cannot achieve the target parameters,
and the structure must have at least a constant unloaded
gradient. We also found that increasing the length of the
structure from 60 to 80 cm makes it possible to increase the
output energy above 10 MeV while maintaining the average beam power of 500 W. For the next steps in the beamdynamics study we will use Sergei Kutsaev’s code Hellweg
2d [5], which includes physics of beam loading and space
charge.

Figure 2: The net voltage gain and average beam power for
the constant gradient structure with length of 60 cm. Solid
curves show average beam power for magnetron duty factor of 0.08%. Dashed curves show beam loaded output energy. It can be seen from the graph that the linac with attenuation factor τ = 1 is the closest to achieving the target
parameters, and the result is not sensitive to the small
change of τ. For details, see [4].

TUNING OF THE GROUP VELOCITY
The analytical study showed that to achieve constant unloaded gradient, the group velocity of the structure should
vary between 2 and 0.3%c from input to output. In traditional, on-axis coupled traveling wave structures, the group
velocity is tuned by changing the beam aperture. In the

structure shown in Figure 1 there is no coupling through
the beam aperture, so we used coupling hole between the
cavity and the waveguide to tune the group velocity.
We created the parametrized HFSS [6] model for the structure’s cell. Using this model, we investigated the dependencies of the group velocity on the cell shape. For this investigation, we fixed the waveguide position relative to the
cell axis and sizes of the waveguide. We could vary two
hole dimensions, in the longitudinal direction, along axis,
hz and in the transverse direction, hy. This allowed us to
obtain group velocities in the range 0.4% - 5%c which are
sufficient for the design of a constant gradient structure
with the parameters shown in Table 3. The results of this
study, dependence of the group velocity, shunt impedance
and Qo are shown in Figure 3. Next, we investigated multimode properties of the structures for these cell shapes. We
found the structure is single-moded in the whole range of
group velocities.

GRIDDED GUN
We have considered two methods of varying output beam
energy well suited for a traveling wave structure: changing phase velocity of the electromagnetic wave and
changing the current of a thermionic electron gun. For
now, we are focused on changing the current of a gridded
electron gun. For the beam dynamics study we investigated two electron guns, one operating at 15 kV, which is
available commercially from AcceleRAD Technologies
[7], and a custom
30 kV version which may result in better linac performance as compared with the 15 kV gun. Results of our
simulations of a 30 kV triode gun are shown in Figure 4.
The gun parameters should be sufficient to allow for 70
mA to 200 mA of captured electron current, assuming at
least 40% capture, which is conservative. The beam data
from simulations of both guns will be used in beam dynamics simulation in both Hellweg 2d and a Particle-InCell code.

MECHNICAL DESIGN CONCEPT
Accelerator structures are usually manufactured by precision turning of individual cells and combined with precision milling for complex parts such as rf power couplers.
These multiple parts are brazed into a complete structure.
For our accelerating structure, we propose to use an alternative approach of precision-milling to cut cells into metal
blocks that comprise either half of the complete structure.

Figure 3: Group velocity (a), shunt impedance (b), and Qo vs transverse hole’s size, hy for longitudinal sizes hz: 5 mm (blue), 6 mm (black), and 7 mm (red). The structure is 9.3 GHz, traveling wave
with 120 deg. phase advance per cell.
Electron Accelerators and Applications
Electron linac projects

THPOJO16
729

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOJO16

The two metal blocks are then brazed together. We used
this approach to build prototypes for the CERN Compact
Linear Collider project [8–11]. We had utilized several
novel approaches for the structure design and manufacturing which could potentially decrease manufacturing costs
and improve operational performance. The dramatic reduction in the number of parts also results in lower production
costs. The simplified mechanical design improves the reliability of the manufacturing process.
We show our mechanical design concept of the new linac
in Figure 5. The constant gradient traveling wave structure
is built out of two brazed halves. To facilitate constant gradient the shape of each cell is different. The input part of
the structures is used for both bunching and acceleration
and thus has shorter cells than the downstream, β = 1 section. The structure has two parallel waveguides feeding the
cells, so we incorporated a milled-in waveguide power
splitter.

beam pipe, future location of a triode electron gun; 5 - direction of electron beam; 6 – β = 1 section of the accelerating structure; 7 – output RF power; 8 - tuning pin; 9 – output waveguide; 10 – output beam pipe, future location of
X-ray target; 11– fitting for water cooling.

SUMMARY
We have completed the initial study of a compact and
efficient electron linac. It is tunable from 5 MeV beam energy and 800 W of average beam power to 10 MeV and
500 W average beam power. The tuning is performed by
changing the injected current from a triode electron gun.
The accelerating structure is of constant gradient type,
60 cm long, with beam current ranging from 70 mA to
200 mA, fed by a 9.3 GHz, 1.7 MW commercial magnetron. The beam energy increases beyond 10 MeV with
500 W average beam power if the structure is lengthened
from 60 to 80 cm. We determined the dependence of the
group velocity to the structure shape to facilitate the constant gradient. For the gun, we are considering two options,
a commercial 15 kV version, and our new 30 kV design.
We developed a mechanical design concept for the linac
fabrication, which will be milled out of two blocks and
brazed together. We will follow this study with further
beam dynamics simulations and the engineering design.
We plan to build and test a 11.424 GHz version of the structure in 2023.
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PERLE OVERVIEW

Abstract
The regenerative Beam Break Up (BBU) excited by the
dipole Higher Order Modes (HOMs) in superconducting RF
(SRF) cavities is a crucial issue for continuous-wave highcurrent energy recovery linacs. Beam-induced monopole
HOMs can increase the cryogenic losses of the linac also.
One of the ways to limit these effects is to use HOM couplers
on the beam tubes of cavities to absorb and untrap cavity
eigenmodes. These couplers feature antennas designed to
damp dangerous HOMs and adequately reject the fundamental mode. This study illustrates an investigation of the
HOMs of a 5-cell 801.58 MHz elliptical SRF cavity designed for PERLE (Powerful Energy Recovery Linac for
Experiments), a multi-turn energy recovery linac (ERL) currently under study and later to be hosted at IJCLab in Orsay.
Time-domain wakefield and frequency-domain eigenmode
simulations have been used to calculate the cavity broadband
HOM impedance spectra and identify the dangerous BBU
HOMs. The transmission characteristics of several coaxial
HOM couplers have been studied. The efficiencies of several
HOM-damping schemes have been compared to propose a
HOM endgroup to be fabricated and added to the existing
bare SRF cavity.

INTRODUCTION
PERLE [1] is a novel ERL focusing on the generation of
high-current electron test beams in CW (continuous-wave)
mode for a broad range of particle accelerator applications.
For high-current ERL, a relevant effect is multi-pass BBU
which emerges when the electron beam interacts with the
Higher Order Modes of the accelerating cavity [2], giving
rise to beam instabilities and increasing the cryogenic load.
To mitigate this phenomenon, the next generation of ERLs,
such as PERLE, calls for using SRF cavities with strong
HOM-damping requirements [3].
This paper presents an HOMs investigation, carried out in
CST Studio Suite [4], for the 5-cell 801.58 MHz bare-cavity
design proposed for PERLE by Jefferson Lab (JLab) [1].
Several coaxial HOM couplers are optimized based on the
HOM spectrum of the cavity to extract the energy of the
most dangerous HOMs. In addition, HOM-damped cavities
are compared in terms of beam impedance, and suitable
HOM-damping schemes aimed to satisfy PERLE’s BBU
requirements are proposed.
∗
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The PERLE accelerator complex, shown in Fig. 1, consists
of a racetrack topology featuring two parallel superconducting linacs, each containing an 82 MeV cryomodule hosting
four 801.58 MHz 5-cell elliptical Nb cavities. Three vertically stacked recirculating arcs on each side complete the
accelerator configuration.

Figure 1: The PERLE accelerator complex layout.
Before entering the machine, a pre-accelerating unit following the source accelerates the electron beam up to the
injection energy of 7 MeV. The 20 mA electron beam is
boosted in energy by each of the two 82 MeV cryomodules.
Hence, in three re-circulation passes, the target beam energy
of approximately 500 MeV is achieved [5]. To allow operation in energy recovery mode, after the acceleration, the
beam is phase shifted by 180° to be decelerated in three consecutive passes. Consequently, in the deceleration phase, the
beam energy is transferred back to the SRF system, and the
final beam is directed to a beam dump at its initial energy [1].

SRF CAVITY DESIGN
The first 5-cell 801.58 MHz Nb bare cavity suitable for
PERLE has already been designed, fabricated, and successfully tested at JLab in 2018. The cavity design (Fig. 2)
features a rather large cell-to-cell coupling (𝑘 cc = 2.93 %)
to cope with HOM-damping needs, while keeping the ratios
of the surface peak electric field 𝐸 pk , and surface peak magnetic field, 𝐵pk , to the accelerating field, 𝐸 acc , small to pursue
a high accelerating gradient (𝐸 pk /𝐸 acc = 2.38, 𝐵pk /𝐸 acc =
4.62 mT/MV/m) [6]. The geometric shunt impedance of the
cavity is 𝑅/𝑄 = 524.25 Ω.

Higher Order Modes
For high-current ERLs, identifying and damping potentially dangerous HOMs is crucial for the beam stability and
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HOM COUPLERS
The primary goal of seeking a suitable HOM-damping
scheme consists in optimizing the HOM-coupler RF transmission according to the HOM spectrum of the cavity
(Fig. 3). In the following, the probe and hook-type coupler
design [9], and a rescaled version of the DQW coupler [10],
are selected for our investigation (Fig. 4).
Figure 2: Middle-cell (a) and end-cell (b) design of the
optimized 5-cell PERLE cavity. Unit is in mm.
refrigeration requirements of SRF linacs. Typically, the most
problematic parasite modes are the first two dipole modes
(TE111 and TM110 ) and the first monopole mode (TM011 ),
which usually reside below the corresponding beam tube cutoff and possess high 𝑅/𝑄 values. The longitudinal, (𝑅/𝑄) ∥ ,
and transverse shunt impedance, (𝑅/𝑄)⊥ , are calculated,
respectively, via:




𝑅
𝑄


=
⊥

𝑅
𝑄


=

𝑉∥2(𝑟=0)
𝜔𝑈

∥

𝑉∥ (𝑟=𝑟0 ) − 𝑉∥ (𝑟=0)
𝑘𝑟 02 𝜔𝑈

(W) ,
2

(W m-1 ) ,

(1)
(2)

where 𝑘 = 𝜔/𝑐 is the wave number, 𝑟 0 the radial beam
offset from the cavity axis, 𝑉∥ (𝑟=𝑟0 ) the transit-time corrected
voltage along the cavity, and 𝑈 the cavity stored energy. Figure 3 shows the HOMs with significant 𝑅/𝑄 values for the
5-cell PERLE cavity. The TM012 𝜋-mode appears at around
2.25 GHz and remains confined within the cavity mid-cells.
From Eq. (1) and Eq. (2), the longitudinal, 𝑅 ∥ = (𝑅/𝑄) ∥ ·𝑄 l ,
and transverse impedance, 𝑅⊥ = (𝑅/𝑄)⊥ · 𝑄 𝑙 , can be derived, where 𝑄 l is the loaded quality factor. Since RF losses
in superconducting cavities can be neglected, it is assumed
that 𝑄 l ≈ 𝑄 ext , where 𝑄 ext is the external quality factor,
which relates the HOM-damping by the coupler. Modes
with high 𝑅/𝑄 values require low 𝑄 ext values and vice versa.
To provide beam stability, the impedance of the most dangerous mode has to be reduced below the impedance instability thresholds (𝑍 th
for monopole modes and 𝑍⊥th for dipole
∥
modes), which can be computed via BBU analyses for an
ERL [7, 8].

Figure 4: Examples of HOM coupler designs: a) probe
coupler, b) hook coupler, c) DQW coupler.
HOM couplers are optimized using the 3D frequency
domain solver of CST [4]. The goal is to obtain high transmission at frequencies where HOMs with a high level of
impedance exist in the cavity without compromising the fundamental mode efficiency. As a first optimization attempt, a
transmission higher than -15 dB and -10 dB is aimed for the
worst monopole and dipole HOMs, respectively. Only the
coupler connected to the beam pipe is considered to reduce
CPU time. Beam pipe ends are terminated with waveguide
ports, allowing the excitation of monopole and dipole modes,
whereas the TEM mode is damped at the coaxial output of
the coupler. The S-parameters between each excitation mode
at the beam pipe port, simulating the field pattern inside the
cavity, and the port at the coaxial output of the coupler are
studied. Particularly, the TM01 -TEM transmission describes
monopole coupling, whereas the TE11 -TEM transmission
describes dipole coupling. A penetration depth of 20 mm
into the cutoff tube is chosen for the coupling antenna of the
three couplers. The results for the optimized couplers are
illustrated in Fig. 5. The hook coupler provides higher damping of the first two dipole passbands, while the DQW coupler
exhibits a better monopole coupling for modes around 1.43
GHz than the probe design. The main advantage of the
DQW design is its ability to provide good damping of both
the first monopole and dipole passbands. Otherwise, a combination of the probe-type and hook-type coupler is needed
for monopole and dipole damping. However, a higher transmission might be needed according to BBU requirements.

IMPEDANCE SPECTRUM

Figure 3: HOMs with the highest 𝑅/𝑄-values computed up
to 2.4 GHz in the 5-cell bare cavity.

Electron Accelerators and Applications
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The broadband coupling impedance spectra have been
computed using the 3D wakefield solver of CST [4]. The
longitudinal wake potential is calculated considering a single bunch of Gaussian shape traversing the cavity axis. Two
electron bunches with an opposite charge and equal offsets
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Figure 6: a) 2H2P and b) 4DQW HOM-damping scheme.

Figure 5: S21 of the HOM couplers: a) TM01 -TEM transmission, b) TE11 -TEM transmission for the most convenient
dipole polarization.
from the beam axis are used to simulate the dipole excitation [11]. Then, the impedance spectrum is derived using a
customized FFT [12] of the wake potential in both longitudinal and transversal directions [13]:
∫
𝑗 𝜔𝑠
1 ∞
𝑤 ∥ (r, 𝑠)e− 𝑐 d𝑠 (W),
𝑍 ∥ (r, 𝜔) =
(3)
𝑐 −∞
Z⊥ (r, 𝜔) =

𝑐
∇⊥ 𝑍 ∥ (r, 𝜔)
𝜔𝑟 0

(W m-1 ),

(4)

where 𝑤 ∥ is the longitudinal wake potential. Herein,
the transverse impedance at a certain 𝑟 0 radial beam offset
from the cavity axis is computed according to the PanofskyWenzel theorem. Two damping schemes are compared in
this paper as shown in Fig. 6. The first scheme comprises
two hook-type and two probe-type couplers (2H2P scheme).
In the second scenario, four DQW couplers (4DQW scheme)
are employed. HOM couplers are terminated with waveguide
ports, while open-condition is applied to the beam pipe ends.
Figure 7 shows the longitudinal and transverse impedance
spectrum of the cavity for the analyzed damping schemes.
Results show that the employed 4DQW scheme can capture the trapped monopole (TM011 , TM020 ) and dipole
(TE111 , TM110 ) modes more efficiently than the 2H2P
scheme. The impedance of the rather confined TM012 𝜋mode is independent of the damping scheme as it resonates
significantly above the TM01 beam tube cut-off. Yet, further
geometrical optimization of the end-cell shape may significantly improve the coupling to the TM012 𝜋-mode.
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Figure 7: Longitudinal (a) and transverse (b) impedance of
the cavity for the analyzed damping schemes. The wake
impedance is extrapolated from a wake length of 500 m.

CONCLUSION
In this paper, the HOMs of a 5-cell 801.58 MHz cavity
designed for PERLE were analyzed. Dangerous modes with
high 𝑅/𝑄-values were identified up to 2.4 GHz. Three different HOM-coupler designs (probe, hook, DQW coupler) were
optimized based on the HOM spectrum of the cavity. Two
different HOM damping schemes were compared (2H2P and
4DQW scheme). Results show that the hook coupler and
the DQW coupler provide higher damping for the confined
dipole and monopole HOMs, respectively. The damping
scheme with four DQW couplers showed promising results
in damping both monopole and dipole HOMs below the stability limit. Further aspects, such as the evaluation of HOM
power, need to be studied to decide on a final end-group
design for the PERLE cavity.
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Abstract
The Fast Radio Bursts are astrophysical events that get
much more attentions that increases year by year, due to
their mysterious properties of signals. The major properties of signals include a class of the brightest astrophysical
events, short durations of emissions, and larger dispersion
measures than the known short duration events observed so
far. Interestingly, the large values of dispersion measures
suggest the existence of abundant plasma around the parent bodies of emissions. To have a better understanding
of basic mechanism of the Fast Radio Burst emissions, we
initiated a ground-based research project at our 100 MeV
electron LINAC facility, in combination with the high-beta
plasma generation knowledge matured also at Nihon University, that mimics plasma fields in space. In this presentation,
we overview our project and report on the status of the experiment for the induced enhanced emissions from integrated
iterative interactions with plasma fields.

INTRODUCTION
Recently the astrophysical events named “Fast Radio
Bursts” get much attention owing to their mysterious signals.
The properties of the Fast Radio Bursts events include the
milliseconds-scale short emissions and their brightness that
is classified as a class of highest emissions ever observed.
Therefore the Fast Radio Bursts are totally distinguished
from the known astrophysical events. The signal was initially
reported in 2007 [1], and more people started paying attentions after the report of four additional signals in 2013 [2].
Although the detection of signals accompanies difficulties
due to their sudden occurrences and short emissions, the
number of the observed events increases gradually year by
year. It is worth mentioning that there appeared interesting
papers in these years, including the signals from our Milky
Way in 2020 [3, 4], over 500 events reported in 2021 [5],
and also the detail analyses of signal time structures within
milliseconds durations [6–8]. Although there have been significant progresses in observations regarding the Fast Radio
Bursts, we still need much more information to understand
their general features of emission mechanism that are still
veiled in mystery (see e.g. this review article [9]).
One of the interesting progresses understanding the typical properties of Fast Radio Bursts is the implication of
abundant plasma existence around the signal sources or par∗
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ent bodies. The dispersion measure of signals is one of the
important measure classifying the parent bodies of emissions. When a radio signal penetrate through ionization
regions, the signal suffers from a delay depending on its
frequency. Hence a large dispersion measure suggests the
existence of abundant plasma fields. For the Fast Radio
Bursts, the observed dispersion measures are generically
larger than those of the Galactic pulsers whose emission
durations are the similar milliseconds-scales (see this review [10]). On the other hand, there are few known events
emitting repeatedly, one of which was observed by the European Very Long Baseline Interferometry so that the position
of the source was detected at a satisfactory accuracy [11].
After the observation, the other research group reported that
the detail analysis of the polarization with the Faraday rotation measure for this event concluded the existence of an
extreme and dynamic magneto-ionic environment around
the source [12].
Once the high-energy charged particles enter into electromagnetic fields including plasma, the emissions occur as a
result of interactions. Recently, there appeared the reports
suggesting the existence of the high energy astrophysical
bodies called “PeVatrons” where the accelerated particles
reach the PeV scale, by observing the untra-high energy 𝛾rays [13, 14]. Together with the fact that the synchrotron
radiations are observed from many directions, we have no
doubt that high-energy accelerated particles are ubiquitous
in space.
To challenge the mystery of the Fast Radio Bursts, we
have initiated a laboratory astrophysical project at the Nihon
University, by reproducing the properties of the events on the
ground. Especially, we pursue the possibility of ultra-bright
emissions from the integrated iterative interactions between
high-energy charged particles and plasma fields. We believe
that the repeatable experiments on the ground provide the
detail data enough to help understanding the basic mechanism of the mysterious events in space. In this paper, we
first introduce the property of our accelerator system and
the plasma generation method suitable for this project, and
then illustrate our plan for the interaction experiment and
also the current status of preparation.

EXPERIMENTAL BACKGROUND
We have the linear accelerator at Nihon University, where
electrons are accelerated upto 100 MeV. We use three normal
conducting tubes for the 2.856 GHz RF accelerations whose
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Figure 1: A schematic of the oscillator FEL.

Figure 3: A schematic of the interaction experiment with
plasma fields at the accelerator facility.

Figure 2: An example of pulse growth respecting the oscillator FEL [15].

powers are supplied by two Klystrons. One of the interesting property of our system is the generation of slightly long
electron pulse trains reaching over 50,000 pulses at 2.856
GHz, that is recognized as a longer pulse train among usual
normal conducting acceleration systems. This property is
an advantage for experiments that need the integrated iterative interactions between relativistic electrons and mediums,
hence is good for our project requiring interactions with
plasma fields.
For a better understanding, we illustrate the oscillator free
electron laser (FEL) as an application of the integrated iterative interactions. We generate a high energy femtosecondsscale mid-infra-red pulses at this FEL by having the iterative
interactions between electron pulses and a self-generated
light pulse as the medium. As the schematic illustration
shown in Fig. 1, when the electron beam interacts with
the periodic magnetic circuit, a monochromatic light pulse
is generated. The generated light pulse travels inside the
resonator consisting of two concave mirrors, and then reinteracts with the synchronized next coming electron pulse.
After over 400 iterative interactions at our system, the resultant light pulse grows exponentially through the interactions
where the strong electromagnetic fields make the electron
pulse to have a density modulation causing the coherent nonlinear emissions. In Fig. 2, we show the simulation result of
the paper [15] for a better understanding of this exponential
growth as the interaction proceeds. We expect a similar,
but not the exactly same, integrated iterative interaction that
would occurs even when using a plasma field as the medium.

Electron Accelerators and Applications
Electron linac projects

For the plasma generation, the plasma 𝛽 is one of the
important measures classifying properties of plasma fields,
that is defined by the ratio between the thermal and the
magnetic pressures. Especially, the values of plasma 𝛽 are
larger then unity for most of the plasma fields in space. In the
plasma experiments, the field-reversed configuration (FRC)
is a well-developed example for the realization of a high
plasma 𝛽 (see e.g. this review [16]). At Nihon University,
we have the long-term experience of the FRC plasma field
generations, applications and their handling with the over
meter-sized equipments (see this article [17]). So it is our
advantage that we already possess the matured knowledge
and technology of the high 𝛽 plasma generations suitable
for the current project. Here we plan to employ a generation
method inspired by the FRC, realizing a high plasma 𝛽 that
cover a lot of the interaction territory.

CURRENT STATUS OF PREPARATION
We are now installing the plasma chamber where the FRCinspired plasma is generated and the accelerated electron
beam interacts with the plasma field. The schematic picture
for the installation is illustrated in Fig. 3. We expect that the
signals are generated from the interactions whose frequencies may stay around broad GHz regions, and also allowing
to reach the THz region. The frequencies of signals are not
determined only by the plasma average frequencies related
with their densities since the plasma fields can be modulated
through the interactions with electron beams. So we employ a plasma chamber made by ceramic shown in Fig. 4,
where alumina of ceramic is mostly transparent against RF
including the THz region.
We plan to measure the signals of interactions outside
of plasma chamber. Although the technologies of the RF
detections are quite matured, we need to separate frequencies
depending on each detector ability. First we plan to start
measuring the signals up to around 10 GHz, where the ultrawideband antennas (Fig. 5) can be used. For instance, the
antennas are designed for signals in the ranges of 900 MHz
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CONCLUSION
We introduce our laboratory astrophysical project mimicking the mysterious Fast Radio Bursts signals on the ground.
Our accelerator has a good potential for this project where
the integrated iterative interactions between the high energy
beam and the plasma fields might be a hint understanding
the basic property of the ultra-bright and short emissions.
Fortunately, our knowledge and technology of plasma generations are also matured enough to generate the property
mimicking plasma fields in space. Hence we have no doubt
that we are ready enough to exploit this good opportunity
digging into the mysterious astrophysical events.
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Abstract
High order modes (HOMs) in multi-cell superconducting
cavities are of particular concern in beam dynamics of linear
accelerators, mainly those operating in CW mode with high
current and high repetition rate. These undesired modes
may invoke beam instabilities, beam breakup and increase
the energy spread if not correctly pulled out and damped.
The study reported in this paper is applied for damping the
HOMs in the main Linac of BriXSinO, an ongoing project
of an Energy Recovery Linac at LASA INFN laboratory.
We developed a numerical model to study the interaction
of monopole HOMs with the beam in long timescale. The
presented model, named HOMEN (High Order Modes Evolution based on eNergy budget), allows the inclusion of loss
factors 𝑘𝑙𝑜𝑠𝑠 , crucial for evaluating the effect of the perturbing modes. At the same time, electromagnetic simulations
of the standing wave multicell cavity, highlighted the dangerous modes and revealed a tolerable beam energy spread
induced by HOMs. This method allows us to distinguish
all dangerous modes of our interest for implementing the
necessary damping mechanisms.

INTRODUCTION
The LASA (Laboratory for Accelerators and Applied
Superconductivity) INFN (National Institute for Nuclear
Physics) laboratory is currently developing a test-facility,
BriXSinO, which will address the challenges created by the
Energy recovery Linac (ERL) generation. BriXSinO is dual
high flux radiation Inverse Compton Source (ICS) of X-ray
and Free-Electron Laser (FEL) in the THz range, devoted
to medical applications and applied research [1–8]. The
machine will allow studies of applications of electron accelerators, and eventually to demonstrate a high peak and
high average brightness beam generation and acceleration.
BriXSinO is following the same philosophy of other projects
born on the MariX conception [9–11]. A key component
of this project is the ERL as a driver of both FEL and ICS
experiments, hosted by an arc compressor [12–14]. The
proposed BriXSinO’s ERL is designed to operate in CW
at 1.3 GHz, 5 mA average current in each of the accelerating and decelerating beams with an energy ranging from
22 MeV up to 45 MeV. The recirculated beam in the arc will
be later decelerated within the SW (Standing Wave) SC (
∗
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Superconducting) linac back to the injector beam energy.
The beam will pass in two directions, first in the two-pass
two-way acceleration mode, then in ERL mode with an opposite phase. This proposed scheme is intended to double
the energy exchange in the Linac and promote the efficiency.
In high current machines like BriXSinO, the excited HOMs
need to be damped in an efficient way to bypass beam break
up and avoid any additional cost regarding linac operation.
In this paper, our investigations will mainly focus on cavity spectrum simulation, wakefields calculation and HOMs
damping in the main linac cryomodule of BriXSinO’s ERL.

SCOPE OF HOM INVESTIGATION
HOMs are always problematic in SC cavities and mainly
those operating in CW regime. These parasitic modes are
not only source of beam instabilities, but will also increase
the cryogenic losses due to the power dissipated in the cavity
walls [15]. In a previous work, we presented a new model
called HOMEN, composed of a set of differential equations,
solved numerically to study the consequence of HOMs on
beam dynamics and stored energy inside SC cavities [16].
The main goal of the present paper is to underline which
HOMs exactly are dangerous and need to be damped, instead
of evaluating all the modes together.

WAKEFIELD SIMULATIONS IN 7-CELL
CAVITY
The performance of any accelerator is related to wakefields, therefore, the evaluation of the loss factor kloss is
essential in order to study HOM damping. This factor is
related to the amount of energy lost in modes when the beam
traverses the resonator leaving behind a wakefield.
Usually HOMs whose frequencies are above the beam
pipe cut-off are not of particular concern as they can be
easily extracted or damped using couplers or absorbers once
they propagate into the pipe. In case of coupled cavities,
some of these propagating modes may still be problematic,
as they can couple between the structures inducing trapped
modes in the pipes. For a reliable beam dynamics study and
for an effective HOM damping strategy, an electromagnetic
study of the cavities is necessary to focus on the properties
of the modes which are trapped in either the cavity or the
beam-pipe region. With this aim, we used an eigen-mode
study together with the wakefield simulations resorting to
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CST Particle Studio Eigen and Wakefield solvers [17]. Due
a particle bunch finite length, the induced wake potential is
calculated in time domain and then the coupling impedance
of the structure is obtained by applying a Fourier transform
of the wake potential.
In BriXSinO, the ERL SC linac is composed by three 7cell cavities of 1.5 m long each. We first simulated a single
cavity with pipes at both ends, later called module.
From longitudinal wakefield simulations of one module, we
evaluated the impedance up to 30 GHz. The impedance
spectrum shows some important peaks which corresponds
to HOM whose frequencies are presented in Table 1.
Figure 1 shows the distribution of electric fields of the
accelerating mode and the first trapped high order monopole
mode inside the cavity structure. The fundamental mode,
being below the cut-off frequency, is clearly well inside the
cavity, meanwhile the first HOM partially propagates in the
pipes.

Figure 2: Real part of the longitudinal Impedance up to
30 GHz.

Table 1: Frequencies and kloss Values of HOMs
HOMs

Frequency [GHz]

kloss [V/pC]

Mode 1
Mode 2
Mode 3
Mode 4
Mode 5
Mode 6
Mode 7

2.46
3.84
5.45
5.93
6.70
7.01
10.70

0.60
0.61
0.33
0.17
0.15
0.47
0.51
Figure 3: Real part of the transverse Impedance up to
30 GHz.
Each of the sharply peak frequencies corresponds to a
cavity mode which has been excited by the beam. For each
specific mode, in the longitudinal case the simulations allow
to calculate the loss factor presented in Table 1. The total
longitudinal loss factor is 3.5 V/pC for one 7-cell cavity
module.

HOM ANALYSIS AND DAMPING
Accurate simulations of the wakefield lead to more reliable evaluation of the variation of stored energy in the
cavity as well as of the bunch energy distribution. According to HOMEN model, the stored energy in the nth mode is
represented by the following expression:
Figure 1: Schematic of the fundamental mode on the top
and of the first HOM (𝑓 = 2.43 GHz ) on the bottom in the
7-cell cavity CST simulations.
Figures 2 and 3 show the real part of the longitudinal
and transverse impedance respectively, evaluated from the
wakefield for one module, using a bunch of length 𝜎𝑧 =
2.2 mm.
Electron Accelerators and Applications
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𝑑𝑈𝑛
= 𝑃Kly − 𝑃diss − 𝑃av + 𝑃HOM
(1)
𝑑𝑡
where 𝑃Kly is the power source, 𝑃diss is the power dissipated
on the cavity walls, 𝑃av is the average power transferred
to the electron bunch during acceleration and 𝑃HOM is the
power lost to HOM by the beam according to the loss factor.
Figure 4 shows a comparison of the growth in the stored
energy oscillation for two different values of kloss , one calTHPOJO25
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culated from wakefield simulation (0.61 V/pC) and one
(0.90 V/pC) used in our previous beam dynamics simulations [16]. For kloss = 0.61 V/pC, the results are more accurate as we stored less energy, 0.20 mJ rather than 0.34 mJ,
inside the parasitic mode at 𝑓 = 3.84 GHz, in the same characteristic time. Regarding the bunch energy distribution, we
obtained a better relative energy spread, 2 × 10−3 instead
of 1 × 10−3 which is important for the FEL injection in our
application.

Figure 6: Longitudinal impedance with an enlarged view of
Fig. 5.

Figure 4: Stored energy in the cavity for simulated and
estimated 𝑘𝑙𝑜𝑠𝑠 .
In case of high current, HOMs damping is of the utmost
importance. The absorbing material suggested for this purpose is direct graphite-sintered silicon carbide SC-35 from
Coorstek, which is the same used at Cornell [18]. The Silicon Carbide (SiC) HOM absorber is 125mm long with
hollow cylindrical shape and is placed in the middle of the
connecting pipes.

Figure 5: Longitudinal impedance of three modules compared with three times the single module evaluation and the
three modules with SiC absorber.
To visualize the effectiveness of these HOM dampers,
we evaluate the cavity impedance with and without SiC
absorbers. Figure 5 shows the longitudinal impedance for
the three coupled cavities without (blue peaks) and with
SiC installed as HOM damper in the pipes (red peaks). The
spectra are compared with the one considering three times
the single module impedance (green peaks). In the enlarged
THPOJO25
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view of the impedance in the three cases (Fig. 6), the blue
curve clearly presents more peaks compared to the green one
due to the modes propagating inside the pipes. The presence
of SiC absorber (red peaks) does not have an effect on the
first three modes, but it is effective on the modes that are
fully inside the connecting pipes.
Moreover, HOM damping act on both the stored energy in
the cavity and the bunch energy distribution at the cavity
exit in terms of energy spread. Considering the 2nd HOM,
we achieve an equilibrium for a characteristic time tch,n =
12.91 ms in case of damping as shown in Fig. 7. On the
other hand, for a normal quality factor (∼ 1010 ) , reaching
stability requires more days of simulations and more RAM
in order to show an accurate timing comparison. Since in
our case we are not interested in undamped quality factors,
we can say that HOM damping shows a favorable results.

Figure 7: Stored energy variation for damped and undamped
quality factors.

CONCLUSION
We investigated high order modes in the SC CW linac
of the ongoing studies of BriXSinO project. The principal
goal of this study was to simulate the loss factor parameter
looking at its effect on the stored energy variation and the
bunch energy distribution within the cavity. We reported the
first studies on the damping of the evaluated HOMs using
SiC absorbers.
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Abstract
Energy Recovery Linacs such as PERLE require high
average current high brightness beams. This sets particular
requirements on the kind of injectors that they can use as
the injectors must be capable of producing bunches at MHz
repetition rates, compressing the bunches to the specified
value and transporting those bunches while they are still in
the space charge dominated regime into the main ERL all
while keeping the emittance low. In particular, PERLE will
require a 20 mA beam consisting of 500 pC bunches with a
repetition rate of 40 MHz. These bunches will be required
to have rms lengths of 3 mm, a total beam energy of 7 MeV,
appropriate Twiss parameters to match them to the main loop
and transverse emittances of < 6 mm⋅mrad. In this paper, a
DC gun based injector capable of meeting this specification
will be presented with beam dynamics simulation showing
the behaviour of the beam from the photocathode to the exit
of the first main linac p ass. The beam dynamics challenges
will be discussed in terms of both the transverse emittance
growth and the sources of non-linearity in the longitudinal
phase space.

INJECTOR DESIGN AND SPECIFICATION
PERLE (Powerful Energy Recovery Linac for Experiements) is a proposed three turn energy recovery linac
(ERL) [1, 2]. The injector is the part of the machine were
the electrons are generated and the initial beam manipulations are performed before the beam enters the main ERL
loop. The design of the injector is important because it sets
the lower bound on the achievable beam quality. The design needs to deliver bunches at MHz repetition rates, while
preserving the beam quality from the cathode, compressing
the bunches to the required length, matching the Twiss parameters of the bunch to the main ERL loop and physically
transporting the beam into the main ERL. A number of different injector schemes were investigated before a baseline
was chosen. The layout of the baseline scheme can be seen
in Fig. 1.
The injector uses a 350 kV DC electron gun. PERLE
will use the ALICE electron gun [3] with planned upgrades
incorporated [4]. The shape of the electrode geometry was
re-optimised for PERLE [5]. After the electron gun the
beam is focused and emittance compensated [6] by a pair
of solenoids. A buncher cavity to compress the bunch is
installed between them. There is then an SRF booster linac
∗
†
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Figure 1: The layout of the PERLE injector. In the merger
section quadrupoles are shown in red and dipoles in blue.
with four independently controllable single cell cavities
which accelerates the beam to the injection energy of 7 MeV.
The beam is then transported and matched into the main
ERL loop by the merger. The merger presented here is a
three dipole design which is an established design used and
proposed by a number of ERL projects [7–10] . The example presented here uses four quadrupoles before the dipoles
to match the beam, the quadrupoles between the dipoles to
make the beamline achromatic (assuming no space charge)
and two quadrupoles after the dipoles for the final matching.
Only two quadrupoles are used after the dipoles due to the
limited space between the final dipole and main linac.
The injector was optimised in three steps. First the electron gun electrode geometry was optimised [5] based on
the beam dynamics performance using POISSON [11] to
model the electrostatics, ASTRA [12] to model the beam
dynamics and the many objective optimisation algorithm
NSGAIII [13] as the optimisation algorithm. The injector
beamline from the cathode to the exit of the booster was optimised using OPAL [14] to model the beam dynamics and
again using NSGAIII as the optimisation algorithm. Then
finally the merger from the exit of the booster to the exit of
the first main linac pass was optimised. The matrix code
Optim [15] was used to generate initial guesses for the magnet settings then the beam dynamics code OPAL and the
optimisation algorithm NSGAII [14] were used for the final optimisation of the merger. At the end of this multistep
optimisation procedure a solution was selected. The performance of that solution relative to the specification can be
seen in Table 1.
The emittance values are within the specification. The
final bunch length and Twiss parameters still require some
fine tuning. The remainder of this paper will be a discussion
of the beam dynamics of this chosen solution focusing on
Electron Accelerators and Applications
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Table 1: The achieved parameters of the chosen baseline
injector and the specified value both at the exit of the first
main linac pass.
Parameter
x emittance [mm⋅mrad]
y emittance [mm⋅mrad]
Bunch length [mm]
Beta x [m]
Alpha x
Beta y [m]
Alpha y

Achieved

Specification

5.0
2.7
3.2
6.1
-0.48
5.1
-0.17

<6
<6
3
8.6
-0.66
8.6
-0.66

the emittance growth mechanisms and the formation of the
longitudinal phase space.

BEAM SIZE AND BUNCH DISTRIBUTION
The evolution in beam size both transversely and longitudinally can be seen in Fig. 2. The transverse beam sizes
are maintained below a target value of 6 mm rms to ensure
the beam can fit through all the apertures. The quadrupoles
make the beam sizes asymmetric which can clearly be seen
and can be adjusted to match the Twiss parameters.

Figure 3: The charge density distribution of the bunch in the
horizontal and vertical planes at the exit of the main linac.
bunch core as well as a more diffuse head and tail. The tail
of the bunch forms during the ballistic bunching process due
to the non-linear relationship between particle energy and
particle velocity. In the horizontal plane a tilt can be seen
due to residual dispersion at the end of the merger. This is a
consequence of the space charge forces changing the energy
of the particles, and hence how they are bent by the dipoles,
as they move through the merger leading to an error in the
cancellation of the dispersion.

TRANSVERSE EMITTANCE
The evolution of the transverse emittances in the injector
can be seen in Fig. 4. In this figure initial emittance growth
can be seen which is then compensated in the booster linac.
In the merger the beam becomes axially asymmetric so the
emittance evolution is asymmetric. In the horizontal plane
the emittance increases significantly at the first dipole when
dispersion is introduced into the beam. It then decreases
significantly after the final dipole as the majority of the
dispersion is cancelled. In the vertical plane the emittance
grows slightly again before emittance compensating.
Figure 2: The rms transverse beam sizes and bunch length
along the injector beamline. The location of beamline elements is shown below the plot. The electron gun is indicated
in cyan, the solenoids in yellow, the buncher cavity as an
orange ellipse, SRF cavities by grey ellipses, quadrupoles
are shown in red and dipoles in blue.
The bunch length is initially long due to the long laser
pulse on the cathode which is used to reduce the space charge
forces in the gun. The bunch then expands to the position
of the buncher cavity the ballistic compression begins. This
ballistic bunching is the main form of compression in the
injector however there is additional velocity bunching in
the first cell of the booster linac. The interaction of the
longitudinal dispersion of the merger and the space charge
forces causes some undesirable debunching.
The charge density distribution of the bunch in both the
horizontal and vertical planes of the bunch at the exit of first
main linac pass can be seen in Fig. 3. There is a high density
Electron Accelerators and Applications
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Figure 4: The rms transverse emittance along the injector
beamline. The location of beamline elements in shown below the plot in the same way as in Fig. 2.
Examining the transverse phase space distributions at
the end of the main linac can allow us to determine which
mechanisms are responsible for the emittance growth in the
THPOJO26
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injector. The phase space distributions can be seen in Fig. 5.
In both planes there are non-linearities in the phase space
distributions which indicate slice emittance growth. These
non-linearities can originate with non-linear space charge
forces or from aberrations in the elements of the injector.
It can also be seen that all of the slices are relatively well
aligned rotationally with the exception of the front slice.
This indicates reasonably good, but not perfect, emittance
compensation. In the horizontal phase space there are also
translational offsets between the slices which is indicative
of residual dispersion. As discussed earlier the space charge
forces in the bunch cause this residual dispersion.

Figure 5: The transverse phase space distributions at the end
of the main linac. The bunch has been sliced longitudinally
into five slices, indicated by colour, so the slice rotations
and translations can be clearly seen. The slices by colour
from front to back are purple, red, green, orange and blue.
It may be possible to mitigate some of the emittance
growth mechanisms discussed above. Modifying the electron distribution by shaping the photoinjector laser pulse
could reduce the non-linear space charge forces and hence
the slice emittance growth [16]. The emittance growth due
to the residual dispersion could be reduced by matching the
longitudinal space charge (LSC) kick at the exit of the dispersive region with the Twiss parameters of the bunch at that
point [17]. The kick at that point determines the orientation
of the axis in phase space along which the slices are offset.
If the beam ellipse has the same orientation at that point
the emittance due to the LSC kick will be minimized. In
the case of the injector presented here this matching can’t
be achieved as there are only two quadrupoles between the
final merger dipole and the main linac so there aren’t enough
adjustable elements to achieve the match while matching
the vertical Twiss parameters to the main ERL loop. If the
available space here was increased two quadrupoles could
be added to give sufficient adjustable elements.

LONGITUDINAL PHASE SPACE
In addition to the transverse emittances of the beam the
longitudinal phase space distribution is also important. Ideally it should be as linear as possible to minimise the energy
spread at the interaction point. The longitudinal phase space
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of the bunch just prior to entering the main linac can be
seen in Fig. 6. The motivation for looking at the longitudinal phase space at this point is so that the phase space
non-linearities which develop specifically in the injector can
be seen without the effect of the main linac. In the plot it
can be seen that there has not being significant longitudinal
slice mixing. This is the desired behaviour as slice mixing
is incompatible with the emittance compensation technique
used in the injector [6].

Figure 6: The longitudinal phase space distribution just prior
to entering the main linac. The particle colour indicates
initial longitudinal slice.
An ”M” shaped non-linearity can be seen in the longitudinal phase space distribution. This is due to the combination
of a number of different non-linearities. The central dip originates from the ballistic bunching process. When the bunch
is longitudinally focused down to a waist the space charge
forces push outwards reversing the bunching. As the charge
distribution is asymmetric, due to the diffuse tail discussed
earlier, the longitudinal space charge forces are also asymmetric. As a result the head of the bunch starts debunching
before the tail. At this point during the bunching the longitudinal phase distribution is a ”V” shape. The bunch is then
accelerated by the booster cavity. The booster introduces a
second order RF non-linearity which is the outer ”wings”
of the ”M” shape. The asymmetry in the height of the two
peaks of the ”M” shape develops in the merger due to space
charge induced chirp that develops at the front of the bunch
where the charge density is highest.

CONCLUSION
In this paper a conceptual design of the PERLE injector which meets the specification has been presented. The
source of emittance growth in the transverse phase spaces
were discussed. The origin of the ”M” shape longitudinal
phase space due to the ballistic bunching process, booster
linac RF distortion and a space charge induced chirp developing in the merger was also discussed. The use of laser pulse
shaping and the addition of quadrupoles to allow for LSC
kick matching were presented as possible future directions
to reduce the emittance. Following this conceptual design
the next will be the technical design.
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FLASH2020+ UPGRADE – MODIFICATION OF RF POWER WAVEGUIDE
DISTRIBUTION FOR THE FREE-ELECTRON LASER FLASH AT DESY
B. Yildirim, S. Choroba, V. Katalev, P. Morozov, Y. Nachtigal, N. Vladimirov
Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
Abstract
One goal of the FLASH2020+ upgrade is to increase the
energy of the FLASH accelerator, which allows to generate
even shorter wavelengths, which, in turn, will allow new
fields of research. For this purpose, during the shutdown in
2022, two superconducting accelerator cryomodules for
ACC2 and ACC3 will be replaced by new ones. To fully
realize the potential of these cryomodules, European XFEL
type optimized waveguide distributions will be installed on
them. In addition, the existing ACC4 and ACC5 cryo-modules will also be equipped with new waveguide distributions, similar to the XFEL type. These waveguide distributions will be modified and improved so that the accelerator
can operate with maximum energy due to individual power
supply for each cavity. Furthermore, three RF stations will
receive a new klystron waveguide distribution, which will
improve the reliability of all systems. The new specific
waveguide distributions have been developed, produced
and tested at the Waveguide Assembly and Test Facility
(WATF) at DESY. All together will lead to increasing the
electron beam energy from 1.25 to 1.35 GeV.
This paper presents data on the production and tuning of
waveguide distribution systems for the FLASH2020+ upgrade at DESY.

INTRODUCTION
The Free-Electron Laser FLASH consists of a 1.3 GHz
RF gun and seven 12 m long TESLA type superconducting
accelerating cryomodules (ACC) with eight cavities each.
Five RF stations with 5 MW or 10 MW klystrons supply
cryomodules through a specific waveguide distribution
system with RF power [1].
One goal of FLASH2020+ upgrade is to achieve high
energies of the accelerator with high reliability. Due to different cavity power requirements individual waveguide
distribution systems for accelerator cryomodules were produced, tested and tuned. To create the entire waveguide
distribution as reliable as possible all sub-systems such as
klystron-, connecting- and cryomodule waveguide distributions have been customized to the module gradients and
also to the space conditions in the tunnel.
An additional air flow system for each RF station will
decrease the breakdown level in the waveguide distributions.
Figure 1 shows an overview of RF station 1 with its klystron-, connecting- and cryomodule waveguide distribution
for ACC2 and ACC3. These cryomodules are European
XFEL type modules with 0-degree phase advance between
the cavities. This allows easier final measurements for the
phase tuning.
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Figure 1: Overview of klystron- (1), connecting- (2) and
cryomodule waveguide distribution (3) for ACC2 and
ACC3.
The layout of RF station 5 is shown in Fig. 2. The cryomodule waveguide distributions for ACC4 and ACC5 are
different to the ones of ACC2 and ACC3. The reason for
that is both the module type and the insufficient space. Although these cryomodules have not been exchanged, new
and optimized waveguide distributions were constructed
and installed. The phase difference between the cavities of
ACC4 and ACC5 has been compensated due to the final
LLRF measurements [2].
In contrast to the previous modules the cryomodules as
well as the waveguide distribution systems for ACC6 and
ACC7 stay unchanged. The tuning for this station will be
done within the final phase measurements of the complete
accelerator.

Figure 2: Overview of klystron- (1), connecting- (2) and
cryomodule waveguide distribution (3) for ACC4 and
ACC5.
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WAVEGUIDE DISTRIBUTION SYSTEM
FOR ACC2 AND ACC3
The 10 MW multibeam klystron supplies power for the
cryomodules ACC2 and ACC3 through their specific
waveguide distribution system. Both distributions are designed like the former XFEL type distributions with a
0-degree phase difference between the cavities [3]. The
given gradients vary between 28.7 MV/m and 32.2 MV/m
for ACC2 and 24.3 MV/m and 33.0 MV/m for ACC3. The
total power for each cryomodule is approximately 2.6 MW.
Even though the LLRF measurements show a SWR of
1.3 and 1.2, it must be considered that the components with
a significant influence on the SWR, especially the 450 kW
isolators, show their optimum behavior at operation conditions, which leads to a substantial decrease of the total
SWR (see Fig. 3).

Figure 3: SWR vs. short circuit position of an isolator at
different power levels.
The coupling ratios of both distribution systems are comparatively balanced due to the similarity of the gradients.
These are totaled in the range of 8.7 dB and 10.2 dB. The
FLASH2020+ upgrade includes the complete replacement
of all components for RF station 1 such as klystron, modulator, cryomodules and all their waveguide components.

ones with a phase difference of 7 degree between cavities
for ACC4 and ACC5. Both cryomodule waveguide systems are unique and differ from each other due to the small
amount of available space in the tunnel and a different type
of main couplers for cavities.
The distribution for ACC4 has a symmetrical design
with its RF power input in the center of the system, shown
in Fig. 4. In addition to the 7-degree phase difference, the
total phase tuning of this distribution requires more effort
as the phase tuning of the cryomodules ACC2 and ACC3.
The gradients vary from 22.6 MV/m to 31.5 MV/m. The
power is approximately 181 kW to 352 kW, accordingly.
In contrast ACC5 has nearly the same structure such as
ACC2 and ACC3. The main difference is, that the
waveguide distribution is installed upside down due to the
old orientation of main couplers of the cavities (see Fig. 5).
The parameters such as gradients and equivalent power are
in a similar range of 22.9 MV/m to 30.9 MV/m and 187
kW to 340 kW.

Figure 5: Design of the cryomodule waveguide distribution for ACC5.
Especially the phase tuning between the waveguide distribution systems for ACC4 and ACC5 needs a high level
of accuracy since different main couplers are used. Those
have a specific phase difference, which needs to be considered carefully. The power distribution between the cryomodules will be realized with a tunable 3 dB shunt tee. The
total power for each waveguide distribution system is approximately 2.1 MW.

WAVEGUIDE DISTRIBUTION SYSTEM
FOR ACC4 AND ACC5
The waveguide distribution systems for the cryomodules
ACC4 and ACC5 transmit the RF power from a 5 MW
single beam klystron to the cryomodules.
In contrast to RF station 1, the cryomodules of RF station
5 have not been exchanged, so these are still the previous

Figure 4: Layout of the cryomodule waveguide distribution for ACC4.
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WAVEGUIDE DISTRIBUTION SYSTEM
FOR ACC6 AND ACC7
The upgrade for ACC6 and ACC7 includes the klystron
waveguide distribution system and the connecting waveguide distribution as well as the phase tuning for RF station
4 only, see Fig. 6. The given gradients vary between
20.6 MV/m and 35.9 MV/m with 151 kW to 458 kW accordingly for ACC6 and 13.0 MV/m to 38.4 MV/m with
60 kW to 524 kW for ACC7.

These air flow systems have been developed to decrease
the probability of breakdown and for phase tuning. By
changing the air pressure in the waveguides, the size of the
waveguide changes and therefore the RF phase
advance [4].
The air flow machine for the RF gun supplies an air pressure of maximum 1.5 bar inside two branches of the waveguides. Each waveguide branch is followed by a 2.5 MW
isolator. The main reason of using two isolators is to reduce
the RF power in each isolator and by this to ensure a highly
reliable system. In order to reach only one waveguide path
and thus to supply the maximum RF power to the RF gun
with the same phase, both branches have been combined
by a 3-dB asymmetric shunt tee.
A Programmable Logic Controller (PLC) is used to control the air flow machines.
The control of the airflow system is integrated in the control system of FLASH. Thus, operators can modify desired
parameters quickly and directly.

CONCLUSION

Figure 6: Design of the klystron waveguide distribution of
RF station 4 for ACC6 and ACC7.
Both module distributions have already been adjusted
and fine-tuned beforehand in 2019. To optimize the input
power distribution of the cavities, three additional attenuators have been installed between the cavity and the isolator.
Two of the them have been installed for ACC6 (0.8 dB for
cavity 2, 1.2 dB for cavity 8), the third one with 5.1 dB has
been used at ACC7 for cavity 8. Figure 7 shows the attenuator position for cavity 8 of ACC7. The reduction of
power to these limiting cavities allowed to increase the
power to the other cavities and thus the total power to the
modules. This improvement resulted in a total beam energy
gain of about 20 MeV, which is equivalent to one additional
cavity.

Figure 7: Position of the inserted attenuator for cavity 8 of
ACC7.

AIR FLOW MACHINES FOR THE WAVEGUIDE DISTRIBUTIONS FOR FLASH
The air flow system for the waveguide distribution for
the FLASH accelerator consists of two air flow machines
for the RF gun as well as one machine for every RF station.
THPOPA01
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The waveguide distribution for the FLASH2020+ upgrade, which consists of a large number of waveguide components, has been successfully installed in the FLASH tunnel. The waveguide distribution system for the RF stations
1, 4 and 5 as well as the cryomodules ACC2&3, ACC4&5
and ACC6&7 have been tuned and tested up to full power.
High reliability is expected from previous experience with
other RF waveguide distributions designed in a similar
way.
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UNFOLDING OF BREMSSTRAHLUNG PHOTONS ENERGY SPECTRA
EMITTED FROM 28-GHz ECR ION SOURCE
M. J. Kumwenda∗ , University of Dar es Salaam, Dar es Salaam, Tanzania
J. K. Ahn, Korea University, Seoul, Republic of Korea
Abstract
The aim of present study is to determine end-point energies of the bremsstrahlung photons energy spectra emitted
from 28-GHz Electron Cyclotron Resonance Ion Source
(ECRIS) by using inverse-matrix unfolding method. Azimuthal angular distribution of the bremsstrahlung photons
from 28-GHz ECR ion source were measured at Busan Center of Korean Basic Science Institute (KBSI). Gamma-ray
detection system consists of three round type NaI(Tl) scintillation detectors positioned 62 cm radially from the beam axis
and another detector placed at the extraction port for monitoring photon intensity along the beam axis. Bremsstrahlung
photons energy spectra were measured at six azimuthal angles at RF power of 1 kW to extract 16 O beam with a dominant fraction of O3+ and O4+ . Monte Carlo simulation based
on Geant4 simulation package was performed to take the
geometrical acceptance and energy-dependent detection efficiency into account due to large non-uniformity in the
material budget. We extracted true bremsstrahlung energy
spectra using the inverse-matrix unfolding method. The unfolding method was based on a full geometry of the Geant4
model of the ECR ion source. The highest end-point energies after unfolding method were found at angles 90° and
330° which both reaches 1.690±0.030 MeV. Therefore, the
high end-point energies intensity at angles 90° and 330°
were associated with the shape of the ECR plasma.

INTRODUCTION
Electron cyclotron resonance ion sources (ECRIS) are
magnetized plasma ion source used to produce intense multiply charged ions taking advantage of accelerating electrons
in the magnetic field with a GHz range radio frequency microwave [1]. The magnetic field of the morden ECRIS consists of mirror field (generated from 3 solenoid coils) combined with a hexapole field forming the so-called minimumB structure. The magnetic field serves two purposes, it fulfills the condition for resonant interaction between plasma
electrons and high frequency microwaves launched into the
plasma chamber. Due to the resonant nature of the heating
process electrons can gain energy beyond those required
for efficient ionization which make ECRIS intense sources
of bremsstrahlung. This is considered as an unfortunate
consequence as it increases heat load of the cryostats of
superconducting devices and poses a safety hazard [2].
In the ECRIS high energy bremsstrahlung photons are
generated on the plasma chamber walls as a result of the
interaction between the wall material and electrons escaping the magnetic confinement and, in the plasma, due to
the deceleration and collision of the charged particle. The
∗

kmwingereza@yahoo.com
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generated bremsstrahlung photons deposits energy in the
structure of ion sources and turns out to be substantial heat
load to the cryostat in case of superconducting ECRIS [3].
The cryogenic system can remove only a limited amount of
heat from the cryostat. If more heat is added to the system
than can be removed, the temperature of the liquid helium
rises and can cause the superconducting coils to quench [4].
Bremsstrahlung photons measurements produced in the
ECRIS have been made since late 60s. However, many
of these experiments used to measure the bremsstrahlung
photons energy in only one direction (axially) using one or
two detectors but under different conditions [5]. Therefore,
this study aims at determining end-point energies of the
bremsstrahlung photons energy spectra emitted from 28GHz ECRIS using the three round type NaI(Tl) scintillation
detectors positioned 62 cm radially from the beam axis.

EXPERIMENTAL SETUP
The experiment setup to measure bremsstrahlung photons
energy intensity from 28 GHz superconducting ECRIS of the
compact linear accelerator facility at the KBSI. ECRIS developed at the KBSI is composed of a six racetrack hexapole
coils and three mirror solenoid magnets. The axial magnetic
field is about 3.6 T at the beam injection area and 2.2 T at
the extraction region, respectively. A radial magnetic field
of 2.1 T can also be achieved on the plasma chamber wall. A
higher current density NbTi wire was selected for winding
of sextupole magnet. The inner face of the 0.05 m thick
solenoid coil is placed at a distance of 0.44 m from the beam
axis. The 0.10 m thick iron shielding structure is 1.20 cm
wide, 1.22 cm high and 1.70 cm long [6].
Bremsstrahlung photons energy spectra were measured
using three round type NaI(TI) detection system as shown
in Fig. 1 facing the edge of the ECRIS at the injection side.
The detectors were labeled with letters D1, D2, D3 and D4,
which were operated at +1300 V. The first three detectors
were attached on supporting structure as shown in Fig. 1,
while D4 was at the view port for monitoring the intensity of
the ECR plasma. The photon energy intensity was measured
at six angles in a 30° interval. The three detectors system
were placed at the two sides of the ECRIS, on the top and
left as depicted in Fig. 1.
Each NaI(Tl) detector was placed in a lead (Pb) collimator
of a 0.5 cm hole. The Pb collimator covered a full dimension
of the NaI(Tl) crystal. The 500 MHz FADC system was used
for data acquisition as shown in Fig. 2. The detector signal
was fed to splitting module and then to a NKFADC500 and
recorded in a coincidence with a reference signal from the
detector D4 placed at the view port. The 4-channel flash
ADC module (Notice Co.) recorded full pulse information
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where T(E0 ) is the original or true energy distribution of
gamma rays emitted by the source and R(E,E0 ) is the response function or sensitive matrix of the detector.
The task is to obtain the true gamma ray spectrum given
the measured energy spectrum. Thus, the desired photon
spectrum T(E0 ) is calculated from the matrix equation as
follows:
𝑇 (𝐸 0 ) = 𝑅 -1 (𝐸, 𝐸 0 )𝑀 (𝐸) ,
(2)
-1
R is the inverse of the response matrix.
The procedure for obtaining T(E0 ) from M(E) is known
as the unfolding (Deconvolution) of the measured spectrum.
Figure 1: NaI(Tl) scintillation detectors at the injection side
of the ECR ion source.

Unfolding of Energy Spectrum of Bremsstrahlung
Photons

from four NaI(Tl) detectors in every 1000 ns. The ring-buffer
data were then fed to a PC. Due to a huge data size the measurement was performed in every 3 minutes. Trigger logic
OR provide event triggering condition. The data recorded by
using the NKFADC500 flash ADC were in raw binary form.
The raw binary data were decoded to get ROOT format data
for analysis [7].

Fig. 3 is describing the comparisons of the unfolded (red
histogram) and experimental measured (black histogram)
bremsstrahlung photons energy spectra for the detectors D1,
D2 and D3 at the injection side of the ECRIS. All measured
spectra were normalized to the number of events taken in
the same time interval by the detector D4. It is observed that
the number of photons yields at the end of the high energy
region of the spectrum increases after unfolding technique.

Figure 2: Electronic readout showing the signal from each
detector.

DATA ANALYSIS
Energy Calibrations
Throughout the measurement the energy calibration of the
spectrum was taken using standard radioactive gamma rays’
sources namely, 60 Co source with gamma-ray energies of
1173 keV and 1332 keV and 137 Cs source gamma-ray energy
of 662 keV. Then, the three calibrated data points were fitted
using a least-squared chi-square linear fit to convert channel
number to its corresponding energy value. The background
photon energy spectrum was measured for 10 hours and was
normalized with the data taking time and subtracted from
the raw spectra for bremsstrahlung photon measurement.

Deconvolution Procedures
The measured spectrum in physical experiment are usually
distorted and transformed by different detector effects, such
as finite resolution, perturbations produced by the electronic
device, etc. In order to reproduce true photon spectrum
from the measured distributions it is necessary to take into
accounts these effects by means of response function [8].
Normally the response functions are obtained by response
matrix. From the basic mathematical relationship, the measured spectrum M(E) can be given as follows:
𝑀 (𝐸) = 𝑅(𝐸, 𝐸 0 )𝑇 (𝐸 0 ) ,
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(1)

Figure 3: Energy spectra obtained unfolding method.
By the application of inverse matrix unfolding method
to the continuous spectrum, the results show a more precise identification of the bremsstrahlung photons end-point
energy intensity in the spectrum. The highest end-point energies in a radial direction was observed at angles 90° and 330°
which both reaches energy of 1.690 MeV, and this energy
value is beyond predicted maximum energy of 1.330 MeV.
The maximum energy (Tmax ) that an electron can attain from
ECR heating at cyclotron frequency 𝜔 can be given as follows:
𝑇 max = 𝐸 max − 𝑚 e ,
(3)
where me is the mass of an electron and Emax is the total
energy of an electron.

RESULTS AND DISCUSSIONS
The end point of the spectrum reaches (1.690±0.030)
MeV in the radial direction as shown clearly in Fig. 4 for
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angles 90° and 330° which is beyond the maximum kinetic
energy available in the ECR heating. The ECR ion source at
the KBSI is operated with 𝑓 =28 GHz and 𝐵𝑚𝑎𝑥 =3.6 T, based
on equation (3) the maximum kinetic energy that an electron
can attain from the ECR heating at the given frequency is
1.3 MeV which means measured photons energy should
have energy less than 1.330 MeV, which is inconsistent with
experimental measured energy spectra of the bremsstrahlung
photons. It should be noted that, the maximum energy of
the bremsstrahlung photons is defined by the energy of the
incoming electron.
Moreover, the ECR plasma is formed in the shape of
the twisted triangular prism, due to sextupole magnetic
fields, [9]. The cross section of the ECR plasma was triangle at the injection side and therefore, the three corners
of the plasma triangle correspond to angles 90°, 210° and
330°, this implies that after every 120° there should be a
maximum angle. Electrons at three corners of the triangles are accessible to hit the chamber wall and produce the
bremsstrahlung photons. The corners at 90° (1.690±0.030)
MeV and 330° (1.690±0.030) MeV correspond two of the
maximum angles of the plasma triangle while the angles at
210° was not accessible during the measurements. Thus, the
high photon intensities at 90° and 330° are associated with
the shape of the ECR plasma. The high photon intensity at
30° and 60° cannot be explained with the shape of the ECR
plasma. The modulation phase should rotate by 60° between
the inverted triangle at the extraction section and the triangle
at the injection side.

for monitoring photon intensity along the beam axis. At the
injection side, the ECR plasma is formed in the shape of the
twisted triangular prism, due to the hexapole magnetic fields.
The the three corners of the plasma triangle correspond to
angles 90°, 210° and 330°, that means after every 120° there
should be maximum angle. Electrons at two angles namely
90° and 330° of the triangular shapes at the injection side of
the ECRIS can collide easily with the chamber wall and produce the bremsstrahlung photons. Hence, the high photon
intensities at angles 90° and 330° can be explained by the
shape of the ECR plasma. The gaps between the adjacent
hexapole coils could account for high end-point energies
observed at angles 0°, 30°, 60° and 120°.
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Abstract
The CERN Linear Accelerator for Research (CLEAR)
at CERN is a versatile user facility providing a 200 MeV
electron beam for accelerator R&D, irradiation studies for
space, and medical applications. After successful operation
in 2017-2020, CLEAR running was extended in 2021 for
another 5-year period. In the paper we give a status of the
facility, outlining recent progress in beam performance and
hardware improvements. We report on beam operation over
the last years and review the main results of experimental
activities. Finally, we discuss the planned upgrades together
with the proposed future experimental program.

INTRODUCTION
The CERN Linear Electron Accelerator for Research
(CLEAR) user facility is composed of a 200 MeV electron
linac followed by an experimental beamline, and it is operated at CERN as a multi-purpose facility with high availability, easy access and high-quality electron beams. Its main
scientific goals are: a) perform R&D on accelerator components for existing and possible future machines at CERN,
including beam instrumentation prototyping and high gradient RF technology; b) provide an irradiation facility with
high-energy electrons, e.g. for testing electronic components
or for medical studies on novel radiotherapy methods; c)
conduct experiments on novel accelerating techniques, like
electron-driven plasma and THz acceleration.
CLEAR also plays a role as a training infrastructure for
the next generation of accelerator scientists and engineers.
The CLEAR facility provides an electron beam covering
a large range of parameters [1–4] as shown in Table 1. A
schematic layout of the beamline is shown in Fig. 1: the 200
MeV linac, composed by one RF photoinjector and three
S-band accelerating structures, is followed by a 20m long
experimental beam line which includes a diagnostics section
and a first in-air spectrometer/test area (called VESPER, for
Very energetic Electron facility for Space Planetary Exploration missions in harsh Radiative environments), a long
section that can host several in-vacuum experiments and,
just before the dump, a final in-air test stand with another
spectrometer, where most of the experiments take place.
The in-vacuum test areas are used for beam instrumentation
R&D [5], high-gradient acceleration and linear collider related activities, and advanced accelerator technology studies
like plasma lenses [6–8]. Both the in-air areas are inten∗
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sively used for studies on medical applications of Very High
Energy Electrons (VHEE), like conventional and FLASH
radiotherapy and sterilisation of personal protective equipment [9, 10]. The other main area of application for the
in-air test stands is radiation hardness testing for electronics
components for accelerator and space applications [11–14].
In particular the VESPER area has been initially developed
in order to test components of the ESA’s JUpiter ICy moons
Explorer (JUICE) mission [15].
CLEAR re-uses equipment of the former CLIC Test Facility, CTF3, and began beam operation in September 2017.
It is a fully independent installation and runs independently
from other accelerators of the CERN Accelerator Complex.
Therefore, the facility can function also during LHC’s long
shutdowns and periodic upgrades. An yearly run typically
includes 35 to 40 weeks of beam time. At the beginning of
2021, CLEAR operation, initially approved for a period of
four years, was formally extended until the end of 2025.
Table 1: Updated List of CLEAR Beam Parameters
Parameter

Value

Beam Energy
Beam Energy Spread
Bunch length rms
Bunch frequency
Bunch charge
Norm. emittance
Bunches per pulse
Max. pulse charge
Repetition rate

30 − 220 MeV
< 0.2% rms (< 1 MeV FWHM)
0.1 − 10 ps
1.5 or 3.0 GHz
0.005 − 3 nC
1 − 20 µm
1 − 150
75 nC
0.8333 − 10 Hz

BEAM PERFORMANCE AND UPGRADES
The CLEAR operation team gradually extended the range
of available beam parameters during the last years, following the requests made by user groups. For instance, the
beam energy range was extended from the initial range
(100-200 MeV) first up to 200 MeV and down to 60 MeV,
and very recently further down to 30 MeV, although at the
cost of reduced beam quality.
The combination of improvements to the laser, the photoinjector and to the beam transport have increased the maximum charge per bunch to 3 nC. The implementation of a
double-pulse setup, obtained by splitting the laser pulse and
delaying one of the pulses through a tunable optical line,
allowed to accelerate two bunches (or trains) with adjustable
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Figure 1: CLEAR beam line in 2022. Notice that the electron beam travels from right to left. [2]
distance in the same RF pulse. This system has been recently used to double the frequency of the bunch trains from
1.5 GHz to 3 GHz, and together with the increase in bunch
charge allowed us to reach the record charge per pulse of
75 nC.
Several users require ultra-short bunches, with a duration
of less than 1 ps, and sometimes of the order of 0.1 ps. Since
the beginning, bunches in CLEAR were compressed using
the velocity bunching technique, and ultra-short bunches
were rapidly achieved and made available, down to the measurement resolution limit of 0.1 ps. However, the maximum
charge for bunches of 1 ps or below was limited to 0.2 nC.
A thorough simulation and experimental campaign allowed
to reach the 1 ps level for bunches of about 1 nC, and to
compress bunch charges of 0.5 nC down to 0.2 ± 0.1 ps [16].
A significant effort was made to improve the charge, position and size stability of the beam. Typically, the bunch
charge and position is strongly correlated to the laser pulse
intensity and position. Several improvements of the laser
system, with a more accurate temperature control of the
front-end, adjustments and re-alignment of the 75 m optical
line and replacement of ageing components, have reduced
the laser pulse pointing instability on the cathode down to
10 𝜇m and reduced the power fluctuations and the corresponding beam charge jitter to < 1% rms, and 5% peakto-peak.
Many improvements and modifications of the hardware,
controls and software were also carried out in CLEAR since
its first beam. We report below a few of the more recent
ones, which took place in the 2021/2022 winter shutdown.
The CLIC cavity Beam Position Monitors (BPMs) and
the CLIC structure were removed from the beam line. The
resulting larger beam pipe aperture at their former locations
lead to a better beam transport and an easier beam set-up.
The cavity BPMs will be put back for tests in the next months,
but can be removed afterwards. The CLIC structure will be
put back in place when the X-band power source X-BOX1,
presently under repair, will become again operational and
available. A new quadrupole was installed in the In-Air Test
Area. This quadrupole has been used for Very High Energy
Electron (VHEE) strong focusing studies in a water phantom,
described later.
The CLEAR photocathode has been renewed in 2021.
A thin layer of Cs2 Te was deposited by evaporation on the
cathode surface. This brought back the quantum efficiency to
the percent level, allowing to reach again bunch charges well
above 1 nC, after a degradation observed during the last run.
Other consolidation work concerned the vacuum system,
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now offering higher reliability and a better vacuum level
in several locations. Two optical fibers, object of previous
R&D work in CLEAR, in collaboration with the CERN
Beam Instrumentation group [17], were installed along the
machine next to the beam pipe in order to measure beam
losses and are being commissioned at present. The CLEAR
on-line optics model has been also updated and improved.
A lot was done in order to improve the flexibility, efficiency and reliability of the in-air test station at the end
of the beam line, especially for medical studies and R2E
irradiation tests. In particular the CLEAR team designed,
developed and built a robotic system called CLEAR-Robot
(C-Robot), which can be used to manipulate samples and put
them in and out of the beam trajectory for irradiation [18].
The robot can also position and insert into the beam a YAG
screen to measure the beam position and the beam size at
any transverse and longitudinal positions in the beam area.
The C-Robot is fully open-source. Pictures, drawings, 3D
renders and codes can be found on the C-Robot website [19]
and on the C-Robot Gitlab Repository [20].
An essential component for irradiation studies, especially
for medical applications, is a reliable and precise dosimetry. The development of dosimetry procedures and tools
adapted to VHEE beams and especially to high dose rates
has been the focus of a strong effort in CLEAR, in collaboration with several user groups. In particular, several methods
of passive dosimetry, using Gafchromic films and RadioPhoto-Luminescence Dosimeter (RPL) were qualified [18],
and real-time dosimeters like ionization chambers, diamond
or silicon detectors are under investigation [21, 22].

MAIN EXPERIMENTAL RESULTS
The CLEAR experimental program covered a large number of experiments in several areas. More than 80 formal
beam time requests were received since fall 2017, and the
vast majority of them were completed. In the following we
present some highlights.

Beam Instrumentation R&D
An extensive beam diagnostic R&D program was carried
out in CLEAR in collaboration with the Beam Instrumentation group at CERN and a few external institutes [5]. In
particular, issues related on the emission of diffraction and
Cherenkov radiation and the production of radiation in the
THz spectrum, and their use for beam monitoring purposes
were addressed [23, 24]. The program included the development of Cherenkov Diffraction Radiation (ChDR) Beam
Position Monitors (BPM) for the AWAKE experiment [25],
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beam loss detectors based on long optical fibers [17], dielectric ChDR pick-ups for LHC, micro Beam Profile Monitors
for secondary beams and several others. In addition, studies
on the improvement of bunch length measurement procedures when using an RF deflector were carried out [26].

Radiation to Electronics
Since its creation, the CLEAR beam has been often
used for irradiation of electronic components (R2E), mainly
to qualify their radiation hardness and explore the potential damage mechanisms [11]. Different effects were explored, from Single Event Upsets (SEU) [13] to Single Event
Latchups (SEL) [12, 14], to recent studies on neutron production [27]. All these studies needed very different beam
parameters, ranging from very low dose rates, obtained using
only the dark current emitted by the cathode, to irradiation
with the maximum pulse charge available at 20 Hz repetition
rate. The VESPER beamline was used in collaboration with
ESA to reproduce the radiation conditions within Jupiter’s
magnetosphere, which traps highly energetic charged particles in its massive magnetic field. Electronics for the JUICE
mission were thus tested and validated in the high-radiation
environment at CLEAR [15].

Novel Acceleration Methods - Plasma Lens
One of the main aims of CLEAR is to contribute to the
development of novel acceleration technologies. The highgradient CLIC accelerating cavities have been tested in
CLEAR in passive mode, experimentally assessing their
wake-field behaviour [28] and developing special wake-field
monitors, on top of the CLIC cavity BPMs studies mentioned above. Several contributions were made as well to
the AWAKE project at CERN, developing, as mentioned,
special BPMs and performing the AWAKE spectrometer
calibration [29]. Plasma lens technology opens up the possibility of using compact and very strong focusing devices
for charged particle beams. Unlike magnetic quadrupoles,
they focus the beam in both transverse planes simultaneously.
Such lenses could replace quadrupoles in future applications,
where small beams and compact dimensions are required,
such as linear colliders or plasma-based accelerators. The
main issues with such devices was the nonlinear aberration
observed in some of the first experiments [30, 31].
The CLEAR Plasma Lens experiment investigated this issue and could show that for heavy gases plasma and/or early
beam injection times such aberration, linked to non-uniform
temperature distribution, would be avoided [7]. The more
recent results obtained with the CLEAR Plasma Lens are
described in [8]. With argon in a 500 µm diameter capillary,
linear fields with a focusing gradient of 3.6 kT/m were obtained, an order of magnitude higher than the gradients of
quadrupole magnets, establishing active plasma lenses as
ideal devices for pulsed particle beam applications requiring
very strong focusing.
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Medical Applications
Although electrons are widely used to generate X-rays for
radiotherapy, in general they are not directly used for irradiation. The small medical electron linacs used in hospitals
for X-ray production have a limited energy reach, and low
energy electrons can only be used directly for the treatment
of superficial tumors given their low penetration range. However, the recent progress in high-gradient acceleration and
the future perspectives of novel plasma-based facilities made
possible the realization of very compact and possibly cheap
machines. Thus, the use of Very High Energy Electrons
(VHEE) for radiotherapy has gained interest.
Potential advantages are that the longitudinal dose deposition from VHEE is better than the one given by X-rays
(although not as good as for protons), less sensitive than
X-rays and proton beams to tissue inhomogeneities, and in
addition the delivered electrons (as well as other charged
particles) may be focused and steered in ways that are not
possible for X-rays. Even more importantly, recent studies on ultra-high dose rate delivery of ionizing radiation
(mean dose rate above 100 Gy/s), called FLASH radiotherapy (FLASH-RT), showed significant normal tissue sparing
with respect to conventional radiotherapy, retaining tumour
control. The FLASH effect seems to be present for all kinds
of ionizing radiation, but the use of electrons looks particularly promising given the high current that can be delivered
by electron linacs and the very high dose rates thus achievable.
The CLEAR user facility offered a unique opportunity
for experimental VHEE and FLASH studies. Medical application experiments done in CLEAR include: a) Dosimetry for VHEE, in particular at Ultra High Dose Rates
(UHDR), testing detectors and exploring the use of standard
electron-beam diagnostics for real time dose rate evaluation [18,21,22]; b) Chemistry studies (e.g., Oxygen Peroxide
production in water), c) Biological effects (e.g., on Plasmids
and Zebra-Fish Eggs) at very high dose rates, with the goal
to study the FLASH effect [32]; d) studies on VHEE dose deposition properties and optimization [33], including the use
of focusing. The entrance dose due to VHEE beams could
be reduced by focusing, concentrating the dose in the tumor
area. The VHEE Strong Focusing experiments showed the
possibility of having highly penetrating, focused VHEE at
depths >10 cm into a water phantom [34].

OUTLOOK AND CONCLUSION
CLEAR just entered its sixth year of operation and the
experimental parameter range available to users has been
largely improved, making it, among other things, a unique
VHEE and UHDR/FLASH test facility. New tools are also
available, such as the C-Robot which offers a really versatile
and adaptive instrument for irradiation experiments. The
perspective of granted operation for a few years ahead allows
to plan for even more substantial improvements, like a second
beamline [16] to ensure more testing slots and the increased
flexibility needed to satisfy ever growing user demand.
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METHODS FOR VHEE/FLASH RADIOTHERAPY STUDIES AND HIGH
DOSE RATE DOSIMETRY AT THE CLEAR USER FACILITY
P. Korysko 1∗ , J. Bateman 1 , C. Robertson 1 , University of Oxford, Oxford, United Kingdom
W. Farabolini, R. Corsini, L. Dyks, V. Rieker, CERN, Geneva, Switzerland
1 also at CERN, Geneva, Switzerland
Abstract
The CERN Linear Electron Accelerator for Research
(CLEAR), operating since 2017, is a user facility providing electron beams for a varied and large range of experiments. The accelerator can generate a 60-220 MeV electron beam and it was recently selected to study the feasibility of using Very High Energy Electrons (VHEE) at Ultra High Dose Rate (UHDR) for cancer radiotherapy. One
of the studies in CLEAR is to study the impact of sending the total dose in a short amount of time (also called
UHDR) and study the FLASH biological effect in which
deep-seated cancer cells are damaged while the healthy tissues are spared. The dosimetry in CLEAR is measured
using both passive dosimetry with radiochromic films or
radio-photo-luminescent dosimeters. In this paper different
methods for dosimetry studies and experiments in which
they are used will be presented.

INTRODUCTION
The CLEAR facility can offer an electron beam with a
large range of parameters to its users [1–4]. They are shown
in Table 1. A diagram of the beamline is shown in Figure
1. Two in-air test areas area available. The VESPER (Very
energetic Electron facility for Space Planetary Exploration
missions in harsh Radiative environments) and the In-Air
Test Area. In practice, both areas can be used for medical
applications studies like VHEE radiotherapy experiments.
Table 1: Updated List of CLEAR Beam Parameters
Parameter

Value

Beam Energy
Beam Energy Spread
Bunch length rms
Bunch frequency
Bunch charge
Norm. emittance
Bunches per pulse
Max. pulse charge
Repetition rate

30 − 220 MeV
< 0.2% rms (< 1 MeV FWHM)
0.1 − 10 ps
1.5 or 3.0 GHz
0.005 − 3 nC
1 − 20 𝜇m
1 − 150
75 nC
0.8333 − 10 Hz

C-ROBOT
In order to increase the range of experiments done in
CLEAR, four members of the CLEAR team designed, developed and built a robotic system called CLEAR-Robot
(C-Robot) [5]. It was built to place samples in the beam line
∗
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for irradiation for medical applications. The robot is made
of 3 linear stages for X,Y and Z axis, 6 limit switches (2 for
each axis), a 3D printed grabber, a mounted-camera system
with a moving optical filter and two tanks (one storage tank
and one tank in the electron beam). A rendered picture of
the system is shown in Figure 2. The C-Robot is controlled
using two custom Arduino circuits, and fully interface to the
local computing network.
There are two separate areas on the C-Robot, the storage
area where a laser-cut PMMA plate and PMMA water tank
are installed and can accept 32 different 3D-printed holders.
Each holder can be adapted for different experiments. Two
dosimetric films can be installed on each holder, one before
and one after the sample that needs to be irradiated. The
position in the beam area where the transverse and longitudinal positions of the holder can be chosen with a 50 µm
accuracy.
In order to measure the beam size and position where the
samples will be irradiated, a dedicated holder with a YAG
screen attached can be inserted in the beam area. The YAG
screen is angled by 45◦ compared to the electron beam and
thanks to camera mounted on the C-Robot, the beam position
and the beam size of the electron pulses can be measured
directly at any transverse and longitudinal positions in the
beam area.
The C-Robot is fully open-source. Pictures, drawings, 3D
renders and codes can be found on the C-Robot website [5]
and on the C-Robot Gitlab Repository [6].

METHODS FOR DOSIMETRY STUDIES
Radiochromic Films
Radiochromic films change colour macroscopically due
to polymerisation caused by ionising radiation. The change
in colour is related to the accumulated dose. After being
irradiated, the films are optically scanned and the resulting
image is processed to determine the optical density (OD).
The OD is then matched against a calibration curve, which
must be obtained, for each irradiated batch, at a calibration
facility. In CLEAR, various types of Gafchromic films are
used: EBT3 (with a range from 0.1 to 10 Gy), MD-V3 (1 100 Gy) and HD-V2 (10 - 1000 Gy). They are calibrated
at the eRT6 linac in the Centre Hospitalier Universitaire
Vaudois (CHUV). The films are cut to the exact dimensions
of the sample holder slots using a laser cutter. This method
also avoids the issue of layer detachment frequently caused
by other means of cutting.
To validate the scanning procedure, image processing
methods and reproducibility of this method, a large number
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Figure 1: CLEAR beam line in 2022. Notice that the electron beam travels from right to left. [2]
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analysis. By performing a Gaussian fit of the processed
image, one may also obtain an estimation of the beam size.

Camera

Radio-photoluminescence Dosimeters

Samples
and films holder

Figure 2: Rendered image of the C-Robot.
of films were irradiated under various conditions. Figure 3
shows a Gafchromic film irradiated in CLEAR. Following
the irradiation, the films are scanned using a 16-bit Epson
Perfection V800 Photo scanner at 300 dpi, using a mask
to ensure the same orientation and position on the scanner
plate for each film.

Radio-photoluminescence (RPL) dosimeters are silver
activated phosphate glass cylinders of 1.5 mm diameter and
8.5 mm length which work on the principle of radiationinduced luminescence centers [9]. RPLs are used for passive
beam loss measurements in machines such as the CERN SPS
and LHC [10]. The luminescence emitted upon exposure
to UV light is proportional to the absorbed dose, with a
supposed linear response in the range 1 Gy - 5 MGy. RPLs
have the advantage that measuring the luminescence centers
is non-destructive and they do not fade over time. To test
their response to VHEE beams, RPL cylinders were mounted
horizontally in sample holders. HD-V2 films were mounted
in front of and behind the RPL for reference. The RPLs were
then irradiated at a constant dose rate using 100 pC trains
with a size of ∼ 1.6 mm corresponding to an average dose
rate of ∼ 1 Gy/s. The doses measured by the RPL matches
the dose measured by the HD-V2 films with an error smaller
than 5% as shown in Figure 4. Both methods can then be
used in complete confidence.
x=y

300
RPL Dose [Gy]
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Figure 3: View of an irradiated film (left) and transverse fits used
to calculate the deposited dose (right).

The resulting images are then processed using a script
which reads the RGB pixel values. The optical density of a
single colour channel 𝑥 is the channel’s pixel value divided
by the 16 bit RGB colour space: 𝑂𝐷 𝑥 = −log(𝑥/65535).
The calibration data should be fitted to a function of the
form,
𝑂𝐷 𝑥 = 𝑎 + 𝑏/(𝐷 − 𝑐),
(1)
where 𝐷 is the dose [8]. The dose distribution is not uniform
across the film, and the relevant area must be selected for
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Figure 4: Dose measured on the RPLs vs. dose measured
on the HD-V2 films.

EXPERIMENTAL SETUPS
Water, Plasmids and ZFE Irradiations
CLEAR is working in close collaboration with CHUV
to study VHEE UHDR irradiations on three types of samples: Water samples, plasmids and Zebra Fish Eggs (ZFE).
These irradiations are done to study the feasibility of using VHEE at UHDR for radiotherapy. In order to irradiate
these different types of samples with the desired dose, the

Electron Accelerators and Applications
Industrial and medical accelerators

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOPA06

following procedure is observed: a scintillating YAG screen
is positioned in the water tank, in the beam area. The beam
size and position is measured with the screen. In order for
the electron beam to cover the whole samples, the C-Robot
would move the screen further in water, longitudinally, to
increase the beam size, due to the scattering effect of the
water, or closer to decrease it. When the beam size is chosen,
the charge of the electron pulse is measured and tuned to
delivered the required dose. The screen is then simply sent
back to its storage position and different types of samples,
in Eppendorf tubes, are positioned in the beam area where
the YAG screen was. The C-Robot can irradiate up to 30
samples. After that, an access to the machine is needed to
collect the irradiated samples and the films. The films are
then dried and stored in a dark environment for 12 to 24
hours for color stabilization. Finally the dose can be calculated after scanning the films and applying the calibration.
A view of an irradiated film and the fits used to compute the
size and the delivered dose is shown in Figure 3 and a plot of
one batch of irradiations of ZFE is shown in Figure 5. The
"Flash and Conv beam" corresponds to the dose delivered
to the Gafchromic films, the "Flash and Conv Eppendorf"
corresponds to the dose delivered to the samples.
For water sample or plasmid irradiations, a high dose is
required (up to 50 Gy) to observe the difference between
the UHDR irradiation, where the total dose is delivered in
less than 100 µs and the conventional irradiation, where the
total dose is delivered in a few minutes. The samples are
then analyzed CHUV chemists and biologists to observe the
production of H2 O2 and the migration of plasmids.

would be high. Another solution is to achieve the magnification with a flat scattering foil, and the flattening with a
foil with a more complex shape. Such scatterers were tested
in CLEAR and gave really promising results. A schematics
of the setup and the flat beam profiles measured with a 200
MeV electron beam and with these two scatterers are shown
in Figure 6 [11].

VHEE Strong Focusing

Y

The entrance dose due to VHEE beams could be reduced
by focusing using quadrupole magnets. It is also possible
to use multiple focused beams to treat a target region using VHEE. The VHEE Strong Focusing experiment aims
to show highly penetrating, focused VHEE at depths >10
cm into a water phantom, and show the possibility to treat
a target region using three focused VHEE beams delivered
in a weighted way to produce a spread out dose peak [7].
To measure a peak in dose deep in water, long holders were
designed and printed. Each of them can hold 13 to 26 radiochromic films with 5 mm between two consecutive films.
To find the correct longitudinal position of the peak in dose,
the beam size was scanned longitudinally in water thanks
to the YAG screen and the C-Robot, in order to find a vertical or horizontal beam size waist. Beam waists and peaks
in dose were obtained in water with different quadrupole
parameters.

VHEE Scatterers
A VHEE treatment beam would require to have a uniform transverse profile at the patient. These steps could be
achieved entirely through beam optics, however, the solution
would likely be susceptible to initial beam distribution, misalignment and jitter. Furthermore, in the case of a rotating
gantry, the cost of rotating many large, heavy quadrupoles
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Figure 5: Doses delivered on 10 samples of ZFE, targeting 10, 12

and 14 Gy for both UHDR (or FLASH) and Conventional irradiations.

eScatterer 1

Scatterer 2

Screen

X

Figure 6: Schematics of the scatterers study (top) and the flat
transverse beam profiles obtained on a YAG screen (bottom).

CONCLUSION
The CLEAR user facility at CERN has been intensively
used to study the potential use of Very High Energy Electrons
(VHEE) in cancer radiotherapy. In particular, irradiations
tests have been performed in the high dose rate regime, which
has arisen a lot of interest for the so called FLASH biological
effect, in which cancer cells are damaged while healthy tissue
is largely spared. High dose rate dosimetry, though, poses
a number of challenges, both to validate standard or new
methods of passive dosimetry, like radiochromic films and
RPLs, and to develop new tools to irradiate different types
of samples with the required beam parameters. Numerous
dosimetry studies and experiments were done in CLEAR
and promising results were obtained thanks to the C-Robot
and the collaboration with CHUV for samples irradiations.
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HIGH STABILITY KLYSTRON MODULATOR FOR COMMERICAL
ACCELERATOR APPLICATION
Michael Kempkes, Merouane Benjnane, Christopher Chipman, Marcel P.J. Gaudreau,
Anthany Heindel, Ziliang Ruan, Rebecca Simpson, Henry von Kelsch IV
Diversified Technologies, Inc., MA, USA
Abstract
Diversified Technologies, Inc. (DTI) designed and
developed a high stability modulator system for a
commercial linear accelerator application. The DTI
modulator delivers significant advantages in klystron
performance through highly reliable functionality as well
as flicker- and droop-free operation from 50-500 µs up
to 400 Hz (duty limited). The main assemblies on the
DTI system consist of a controls rack, high voltage
power supply (HVPS), modulator, and cooling manifolds
for the modulator, high voltage power supply and
klystron tube. Two HVPS (upgradeable to four) provide
stable and accurate DC voltage which is used to drive a
CPI VKP-8352C UHF-band pulsed klystron for the
linear accelerator. A solid state series switch, based on
DTI’s patented design, provides both pulse control and
arc protection to the klystron. Operating with four
HVPS, the DTI modulator is able to operate at a
maximum average power of ~750 kW at 105 kV, 47 A
nominal. At the end of the initial contract, DTI provided
two systems and a total of four HVPS (two of which are
used with each system).

INTRODUCTION
In 2021 Diversified Technologies, Inc. (DTI)
completed the development and acceptance testing of
two advanced, high voltage solid state klystron
modulator systems for a commercial linear accelerator
application. The modulators use a series-switch design
that DTI has delivered to hundreds of clients over the last
25 years. Modulators based on this switch design are

operational at sites around the world for accelerators,
radar transmitters, and industrial applications, and
deliver extremely high-quality pulses for a wide range of
klystrons, TWTs, and other high-power microwave
tubes.
The modulator design provides significant advantages
in klystron performance through highly reliable
operation and significantly exceeded the contract
requirements, as well as, flicker- and droop-free
operation over a range of operating parameters. Each
modulator system for this application includes two high
voltage power supplies (upgradeable to up to four HVPS
by a simple install of the additional HVPS), oil-filled
modulator tank, controls cabinet, auxiliary electronics
rack and cooling manifolds; the modulators connect to
the klystron via high voltage output cables and other
required interfaces (Fig. 1).

SPECIFICATIONS
DTI met the contractual pulse width and flatness
requirements with a modulator design which included:
 Two switching power supplies (capable of
operating with up to four), providing stable and
accurate DC voltage.



A solid state series switch, based on DTI’s patented
design and 25 years of refinement, providing both
the pulse control and the arc protection to the
klystron.

The major client-defined
summarized in Table 1.

specifications

are

Figure 1. Modulator system major subassemblies.
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Table 1. Klystron Modulator Specifications
Specification

Parameter

Voltage

105 kV

Current

47 A

Flat-Top Pulse Width

50-500 µs

Pulse Frequency

1-400 Hz (within
average power)

Average DC Power

<320 kW (2x HVPS)
<750 kW (4x HVPS)

Flat-Top Ripple and Droop

<0.5%

TECHNICAL DESCRIPTION
High Voltage Power Supplies
The klystron modulator system operates with two
standard DTI switching power supplies, each rated at 110
kV, 200 kW. Each HVPS uses a pulse width modulation
(PWM) inverter to provide voltage and current regulation
over the full output range. The system can operate with
up to four power supplies which enables an average
power capability of 750 kW (operating at 13.6% duty).
Nominal output behavior is 0.1% ripple and voltage
regulation, with fast response to transients. A heavy-duty
high voltage cable connects the power supply to the
modulator tank.

Modulator
The key element of the modulator design is the high
voltage solid state switch. which is comprised of seriesconnected IGBT modules, and operates at full cathode
voltage. The IGBTs in the switch give redundancy: two
of the six switch plates worth of devices can fail without
affecting the ability of the switch to operate at full rated
voltage.
Under normal operation, the switch acts as a
modulator, controlling the pulses to the klystron. A
secondary function of the switch is circuit protection.
When a klystron gun arc occurs, the fault is sensed and
the switch will open in less than 1 µs to disconnect high
voltage from the klystron cathode.
A 10 µF, 120 kV capacitor bank is located inside the
modulator tank, and provides < 0.5% droop at up to 500
µs pulses. In DTI’s design, it is not necessary to discharge
the capacitor when the load arcs. When an arc occurs the
solid-state switch simply opens, allowing the capacitors
to remain charged until the arc clears and operation can
resume (often at the next scheduled pulse). This allows
rapid conditioning of new klystrons, since they can arc
repeatedly with minimal delay before the next pulse is
applied.

Controls Cabinet and Auxiliary Rack

The cabinet is divided into separate compartments to
accommodate AC power distribution, low voltage DC
utility distribution, and a controls section which includes
the Programmable Logic Controller (PLC) for system
sequencing and other functions. The cabinet front panel
provides an E-Stop button, touchscreen, and BNC monitor
panel which allows convenient monitoring of buffered
signals from the control board.
One half of the controls’ cabinet enclosure consists of
an auxiliary supply rack which houses power supplies for
the ion pump and the focusing coils. The heater supply
floats at cathode potential. The control and monitor
signals for this supply are transmitted on a fiber-optic
cable between ground and cathode; circuit boards convert
between the electrical and optical signals.
The modulator tank HV controls enclosure is mounted
on top of the Modulator Tank and provides drive power
for the modulator switches and power supplies for other
internal tank components

Cooling Manifold
Separate cooling manifolds provide cooling flow loops
for both the modulator and klystron components. The
modulator cooling manifold (which can be mounted on
the modulator tank) delivers water coolant to the
modulator tank and each HVPS.
A separate klystron cooling manifold delivers water
coolant to the klystron collector, body, and gun box. It
also has spare circuits at the end users request for other
facility requirements.
Flow, temperature, and pressure sensors are installed in
the cooling loops to detect cooling faults and are routed
to the PLC modules in the controls’ cabinet.

CONCLUSION
In 2021 DTI completed a Factory Acceptance Test for
two klystron modulator systems, successfully
demonstrating the desired specifications of the customer
(Fig. 2). DTI’s customer expects to be fielding the first of
these systems in 2022.

Figure 2. Pulsed Cathode Voltage, 105kV (scale
12kV/V), 55 µs pulse width and 400 Hz repetition rate.

The control cabinet houses the main system controls
and interface, as well as most of the power distribution.
THPOPA09
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DEVELOPMENT AND INTEGRATION OF A NEW LOW-LEVEL RF
SYSTEM FOR MEDAUSTRON
M. Wolf∗ , M. Cerv, C. Kurfuerst, G. Muyan, S. Myalski, M. Repovz, C. Schmitzer
EBG MedAustron GmbH, Wr. Neustadt, Austria
A. Bardorfer, B. Baricevic, P. Paglovec, M. Skabar
Instrumentation Technologies, Solkan, Slovenia
Abstract
The MedAustron Ion Therapy Centre is a synchrotronbased particle therapy facility, which delivers proton and
carbon beams for clinical treatments. Currently, the facility treats 40 patients per day and is improving its systems
and workflows to further increase this number. Although
MedAustron is a young and modern center, the life-cycle
of certain crucial control electronics is near end-of-life and
needs to be addressed. This paper presents the 216MHz injector Low-Level Radio Frequency (iLLRF) system with option of use for the synchrotron Low-Level Radio Frequency
(sLLRF - 0.4-10MHz). The developed system will unify the
cavity regulation for both LLRFs and will also be used for
beam diagnostics (injector/synchrotron) and RF knock-out
slow extraction. The new LLRF system is based on a µTCA
platform which is controlled by the MedAustron Control
System based on NI-PXIe. Currently, it supports fiberoptics links (SFP+), but other links (e.g. EPICS, DOOCS)
can be established. The modular implementation of this
LLRF allows connections to other components, such as motors, amplifiers, or interlock systems, and will increase the
robustness and maintainability of the accelerator.

INTRODUCTION
The MedAustron Therapy accelerator contains a linear
accelerator [1] and a synchrotron to accelerate particles for
medical treatment. The most important radio frequency
components are the linear accelerator RF systems working
at 216.816MHz and and the synchrotron RF systems [2]
working at 0.4-10MHz. Till now, both accelerator parts
use different components to control the RF amplifiers and
monitor the cavities and the beam. Unfortunately end of
life notifications were received already for most of these
components and updates will be necessary in the near future.
A common solution for all replaced components is foreseen
to reduce the needed implementation effort and user training.
To develop this common solution, efforts of MedAustron and
Instrumentation Technologies are bundled in a joint project.

SYSTEM ARCHITECTURE
Requirements
The analog conversion requirements are summed up in
Table 1. To allow fast frequency changes for the synchrotron
a direct sampling solution is required and the LLRF shall
∗

markus.wolf@medaustron.at

Technology
Low level RF

Table 1: Analog Conversion Requirements for the LLRF
Systems
Frequency Range
Frequency Error
Sample Jitter
Channel Jitter
Amplitude Stab.
Phase Stab.
Group Delay

Injector

Synchrotron

216.816 ± 1 MHz
<10 kHz
<1 ps
<6 ps
<0.2 %FS
<0.1°
<500 ns

0.4 − 10 MHz
<100 Hz
<27 ps
<125 ps
<0.2 %FS
<0.1°
<500 ns

provide CW and Pulsed operation modes. Furthermore,
the LLRF shall allow connection to different supervising
systems and subcomponents like plunger motors for cavity
tuning or the RF amplifiers. If used as a beam diagnostic
backend, only the analog input channels are used.

Hardware Architecture
Limited resources are available for hardware development
and testing at MedAustron. Therefore only off-the-shelf
(COTS) hardware was selected. For expected long term
availability and easy replacement of single components, the
µTCA architecture was chosen. The most important components of the hardware are:
• Vadatech AMC560 [3]: Base board providing the computing power to connect to the supervision systems and
to provide a local control interface. The FPGA is used
for baseband conversion and cavity regulation.
• Vadatech FMC231 [4]: ADC/DAC extension board
for the AMC560. Provides 4 channels of 16bit 1GSps
ADC and 4 channels of 16bit 2.5GSps DAC.
• Vadatech FMC105 [5]: High speed connection to the
MedAustron Control System (supervising system) via
SFP+.
• Vadatech FMC155 [6]: GPIO for Interlocks and Modbus for plunger motor communication.
• Vadatech UTC004 [7]: µTCA management and 10MHz
reference clock distribution.

Firmware Architecture
The firmware architecture, seen in Fig. 1, was designed
having reusability in mind. The goal was to have an unified
firmware, which can support all applications planned in the
future. All building blocks of the firmware can be configured
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Figure 1: Firmware Architecture used for the µTCA LLRF.
to the needed application or can be disabled if not needed.
The most important building blocks are:
• Numerically Controlled Oscillator: The NCO is used
for the demodulation and modulation of the RF signals. With the fixed sampling frequency of the analog
converters and the necessity to support different frequencies, a cordic based implementation is used. The
requested frequency can be updated with 10 MHz using
predefined sequences. Multiple NCOs are available in
the current design and each of them provides the first 4
harmonics of the requested frequency.
• Digital Down Conversion / Demodulation: The DDC
block includes multistage filtering and demodulation
using cascaded CIC and IIR filters, allowing coefficient
updates at runtime. The DDC block provides in phase
and quadrature signal components at a rate of 10 MHz.
• Matrix Rotation: The matrix rotation block allows to
apply phase and gain corrections on the input signal
to compensate for cable and input stage delays and
attenuation. The matrix rotation can be set up to apply
a compensation dependant on the frequency defined by
the NCO.
• PI Regulation: The PI controller supports setpoint
and feed forward signal inputs and can be enabled and
disabled with high precision timing events. The regulation coefficients can be configured during runtime and
independently for the in phase and quadrature signal
components.
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• Direct Digital Synthesis / Modulation: The DDS
block generates the RF signals from the baseband input
provided by the PI controller. Multiple DDS outputs
can be added up to generate signals containing multiple
frequency components.
• Sequencers: Sequencers will provide setpoints for the
NCOs (tuning the frequency) and the cavity controllers
(I and Q or Amplitude and Phase setpoints) with a
maximum rate of 10 MHz. These sequencers can be
used to program any frequency, amplitude or phase
waveform into the LLRF to generate any RF pulse shape
requested.

RESULTS
In the first stages of the development the hardware was
tested against the analog requirements mentioned in Table 1.
Table 2: Analog Conversion Results for the µTCA LLRF
Measurement
Frequency Range
Frequency Error
Sample Jitter
Channel Jitter
Amplitude Stability
Phase Stability
Group Delay

0.3-400 MHz
locked to GPS clock - < 10−10
0.9 ps
5 ps
0.1 %FS at controlled temperature
0.07° @ 216 MHz
450 ns from DAC to ADC
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The results in Table 2 fulfill and partially exceed the given
requirements which was the first important milestone to start
the development of the LLRF.

Cavity Amplitude
Cavity Phase

150

Amplitude [% FS]

60
50

100

OUTLOOK

50

At the current state of the development, cavity regulation
is already possible and ready to be used in the linear accelerator at MedAustron. This will happen as soon as all the
necessary safety (external interlocks) and auxiliary systems
are implemented and tested. Most important here are the
reflected power measurement and the resulting interlock. To
keep the reflected power low, the implementation of the cavity tuning via plunger motors has to be finalized in the next
months. In the further future it is also planned to implement
a particle energy measurement system, based on the time
of flight of the particles in the transfer line from the linear
accelerator to the synchrotron. After finishing the linear
accelerator applications, the focus will be switched to applications in the synchrotron. Most important to mention here
is the synchrotron LLRF, which will not only regulate the
cavity in the synchrotron, but will regulate on multiple beam
parameters as the beam phase compared to the cavity phase
and the beam radial position. In the synchrotron, the µTCA
LLRF shall also provide the regulation of the RF-Knockout
cavity responsible for the slow extraction of particles from
the synchrotron to the treatment rooms.
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Figure 2: Using the µTCA LLRF as Signal Analyzer to find
the Cavity Resonance.
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Figure 3: Generating a regulated RF Pulse at 216.772 MHz.
At the current point of development, cavity regulation is
possible for multiple parallel cavities connected to one or
multiple AMC560 cards. This project milestone was tested
with a dummy cavity, as direct access to the medical accelerator at MedAustron is difficult and testing times would
be limited. To find the resonance frequency of the dummy
cavity, the NCO was set up to sweep through the frequency
range of 216.3 − 217.3 MHz using a static feed forward signal in the PI controller. In Fig. 2 the expected resonance
peak of the cavity can be seen at 216.772 MHz. With this
information, the LLRF could be reconfigured to use a static
frequency and to generate an RF Pulse of 500 µs with a ramp
up of 50 µs and a stable time of 450 µs. The PI controllers
were only configured preliminarily and introduced an over-
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shoot at the end of the ramp time, as it can be seen in Fig.
3. Nonetheless, this measurement shows stable RF signals
can be generated as needed for the linear accelerator. These
presented configurations and measurements were done with
a local control interface on the AMC560 card, because the
connection to the MedAustron control system is not finalized
yet.
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SUPERCONDUCTING CAVITY AND RF CONTROL LOOP MODEL FOR
THE SPIRAL2 LINAC
F. Bouly∗ , LPSC, Université Grenoble-Alpes,|CNRS/IN2P3,|Grenoble,|France
M. Di Giacomo, J.-F. Leyge, M. Tontayeva, GANIL, Caen, France
Abstract
The SPIRAL2 superconducting linac has been successfully commissioned with protons in 2020. During the commissioning, a model of the cavity and its LLRF control
loop has been developed. The model enables to have a better understanding of the system and was used to tune the
PI(D) correctors for beam loading compensation. Here we
review the development of such a tool, computed with MATLAB/Simulink to model transfer functions of : the RF and
mechanical behaviors (Lorentz detuning) of the cavity, as
well as all the elements that compose the RF control loop
(digital LLRF, amplifier, transmission lines, e tc.). A benchmarking of the model with measurements is presented.

INTRODUCTION
A superconducting (SC) cavity model, with its associated control loops (Low level RF and Tuning system ) have
been developed, by using Matlab/Simulink [1]. The aim
of this model was to assess the technological feasibility of
fast (∼ 100 ms) retuning of SC cavity for the operation of
a CW (continuous wave) linac. This is a specific requirement for Accelerator Driven System (ADS) operation, where
failure compensation is necessary to ensure a high reliability level of the machine [2, 3]. The model was also used
to validate and adjust the incident coupling, as well as the
performance requirements of the cold tuning system (CTS)
actuators (motor, piezoelectric devices). It also enabled to
carry out studies on ‘intelligent’ control of the CTS (Lorentz
detuning compensation, microphonics damping, etc) [1, 4].
However, it had never been fully benchmarked on a cavity
operating with beam. This has been achieved recently, during the commissioning and power ramp-up of the SPIRAL2
linac [5, 6]. We here give an overview of the model, present
its benchmarking and the improvements : in particular for
the digital LLRF model and the PI (proportional 𝐾 𝑝 , Integral
𝐾𝑖 ) controller.

MODEL
The block diagram of Fig. 1 describes the global principle
of the model. It consists in two loops :
• the LLRF feedback loop to control the phase and the
amplitude of the accelerating voltage (𝑉𝑐𝑎𝑣 ),
• the feedback loop of the tuning system. The transfer
function of the controller and the actuator acting on the
cavity frequency detuning can be adjusted depending
the simulation needs.
∗
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Figure 1: Model block diagram.
Computed in the Simulink environment, the main blocks
of the RF feedback control loops are : the cavity, the LLRF,
the IQ modulator and the RF power amplifier.

Cavity Model
The cavity accelerating voltage, 𝑉𝑐𝑎𝑣 , is deduced by modelling the cavity as an RLC resonating circuit (cf. Fig. 2
equivalent model).

Figure 2: Equivalent circuit.
The RF power generator (𝐼𝑔 ) and the beam (𝐼𝑏0 ) are seen
by the cavity as current generators [1, 7]. 𝑅 𝐿 is the loaded
shunt impedance, which is the sum of two parallel resistances: the external impedance (coupling) 𝑍 𝑒𝑥𝑡 , and the
cavity resistance 𝑅. The loaded coupling is classically defined as :
1
1
1
1
=
+
+
(1)
𝑄 𝐿 𝑄0 𝑄𝑖 𝑄𝑡
with 𝑄 𝑖 the incident coupling from the power coupler, 𝑄 𝑡
the coupling from the pick-up antenna and 𝑄 0 is the cavity
quality factor. The digital LLRF system is treating I/Q (In
phase / Quadrature) parts of the signal. It was chosen to
use the same formalism to derive equations that define 𝑉𝑐𝑎𝑣
evolution; and the associated Laplace transfer functions.
As developed in [7], transient of the real part (𝑉𝑐𝐼 ) and
imaginary part (𝑉𝑐𝑄 ) of 𝑉𝑐𝑎𝑣 can be written1 :







1




𝜔0 (𝑟/𝑄)
Δ𝜔
𝜔0
𝑉¤𝑐𝐼 =
2𝐼𝑔𝐼 + 𝐼𝑏𝐼 −
𝑉𝑐𝐼 + 𝑉𝑐𝑄 2𝑄 𝐿
4
2𝑄 𝐿
𝜔0



𝜔0 (𝑟/𝑄)
𝜔0
Δ𝜔
𝑉¤𝑐𝑄 =
2𝐼𝑔𝑄 + 𝐼𝑏𝑄 −
𝑉𝑐𝑄 − 𝑉𝑐𝐼 2𝑄 𝐿
4
2𝑄 𝐿
𝜔0

with the ‘dot’ notation 𝑓¤ =

(2)

𝑑𝑓
𝑑𝑡
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with
𝐼𝑏𝐼 = −2𝐼𝑏0
𝐼𝑔𝐼 = 𝐼𝑔 cos(𝜑𝑔 )
𝑉𝑐𝐼 = 𝑉𝑐𝑎𝑣 cos(𝜙 𝑠 )

𝐼𝑏𝑄 = 0
𝐼𝑔𝑄 = 𝐼𝑔 sin(𝜑𝑔 )
𝑉𝑐𝑄 = 𝑉𝑐𝑎𝑣 sin(𝜙 𝑠 )

(3)

The ‘linac definition’ is used for the shunt impedance,
2 /(𝜔 𝑊). 𝜔 is the RF angular frequency,
(𝑟/𝑄) = 𝑉𝑐𝑎𝑣
0
0
and the cavity detuning, Δ 𝑓 = 𝑓0 − 𝑓𝑐𝑎𝑣 (Δ𝜔 = 2𝜋Δ 𝑓 ), is
calculated as :
Δ 𝑓 (𝑡) = −Δ 𝑓 𝐿 (𝑡) − Δ 𝑓𝑚𝑖𝑐 (𝑡) − Δ 𝑓 𝐻𝑒 (𝑡) − Δ 𝑓𝐶𝑇𝑆 (𝑡) (4)
Microphonics (Δ 𝑓𝑚𝑖𝑐 ) and helium bath pressure (Δ 𝑓 𝐻𝑒 )
perturbations were not considered in this study but it can
be implemented in the model. The tuning system (Δ 𝑓𝐶𝑇𝑆 )
was considered as static, still transfer function of dynamic
systems (e.g piezos) can be implemented [1, 4]. Lorentz
detuning transients was considered with a first order equation [8] (𝜏𝑚 , mechanical constant and 𝑘 𝐿 , Lorentz factor ):
2
𝜏𝑚 Δ 𝑓¤𝐿 (𝑡) + Δ 𝑓 𝐿 (𝑡) = −𝑘 𝐿 𝐸 𝑎𝑐𝑐

(5)

LLRF and PI controller
The LLRF block is a simplified model of the digital system. Delays and saturation are introduced as well as Zero
Order Hold block to simulate the signal sampling. The LLRF
sampling time is : 𝑇𝑠 = (4/5∗ 𝑓0 ) −1 . Noise can also be simulated. Feedforward option was also introduced. When used,
it basically consists in a reset of the PI blocks output to a
given value - on each I and Q loop - when beam trigger is
‘ON’ [6]. Discrete PI controller from the Simulink library is
used. The correction method used in the real LLRF system
is a backward-Euler and it was implemented with discrete
transfer function (‘z-transform’) :
𝐻 (𝑧) = 𝐾 𝑝 + 𝐾𝑖 .𝑇 𝑒.

𝑧
𝑧−1

(6)

with 𝑇𝑒 = 4 ∗ 𝑇𝑠 , the sampling period of the controller.
The controller model was carefully benchmarked to ensure
that correctors coefficients (𝐾 𝑝 and 𝐾𝑖 .𝑇𝑒 ) match the values
entered, by the operators, in the control system.

Other subsystems
In this purpose, the effects of passive systems
(waguide,cables, etc.) were taken into account. The
attenuation (dephasing and delays when relevant) were
crosschecked, measured and implemented in the model.
The RF amplifier gain variation is also taken into account.
𝑃 𝑎𝑚 𝑝𝑙𝑖−𝑜𝑢𝑡 = 𝑓 (𝑃𝑖𝑛 ) was measured and implemented in
the RF generator block. Similarly, the I/Q modulation
𝑃 𝐼/𝑄𝑚𝑜𝑑 = 𝑓 (𝑉𝐼 𝐿𝐿𝑅𝐹 , 𝑉𝑄𝐿𝐿𝑅𝐹 ) is also implemented and
non-linearities are therefore considered.

BENCHMARKING
The model was benchmarked with the first cavity from the
B section of the SPIRAL2 linac [9]. Table 1 gives the main
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cavity and LLRF parameters. Figure 3 shows the beam loading effect and its compensation by the feedback LLRF loop
(measurements and model). Measurements were carried out
during the 16 kW power ramp-up with proton beam [5].

Table 1: Cavity and LLRF Parameters.
Cavity parameters and set points
88.0525 MHz
0.41 m
1 ms
9.9 105
6.449 MV/m
4.2 mA

𝑓0
𝐿 𝑎𝑐𝑐
𝜏𝑚
𝑄𝑖
𝐸 𝑎𝑐𝑐
𝐼𝑏0

(𝑟/𝑄)
𝑘𝐿
𝑄0
𝑄𝑡
𝜙𝑠
Δ𝑓

515 Ω
1.8 Hz/(MV/m)
2.5 109
1.8 1011
-26°
7 Hz

LLRF loop
Loop delay
Max. RF Power

2 µs
23.4 kW

I controller
Q controller

𝑇𝑠
𝑇𝑒
𝐾 𝑝𝐼
𝐾𝑖𝐼
𝐾 𝑝𝑄
𝐾𝑖𝑄

14.2 ns
56.8 ns
50
0.1
50
0.1

Figure 3 shows a good agreement between the model and
the measurements. The system behavior and the beam loading compensation is well reproduced. This tend to confirm
the robustness of the model. It will enable to carry out PID
tuning studies to anticipate the future LLRF settings, and
this for each cavity of the linac. The phase difference - which
is linked to the cavity detuning - is compared with the so
called ‘dpci’ signal [6] of the SPIRAL2 LLRF system. The
model also enables to calculate powers (reflected, transmitted, dissipated in cavity walls, etc), and in particular the RF
power of the generator (𝑃𝑔 ). The simulated evolution of 𝑃𝑔
is also matching quite well the measurements. Nevertheless,
the fine calibration of the powers and of the detuning measurement are still in progress and should be confirmed. One
can still conclude that the tendencies and order of magnitudes are well reproduced, especially for the accelerating
field. For instance, the model was used during the commissioning to confirm that some correctors values was too low,
and could be safely increased to optimise the beam loading
compensation. It also enabled to confirm that feedforward is
necessary to enhance the performances of the machine [6].

FEEDBACK & FEEDFORWARD
As previously mentioned the model is used to carry out
optimisation of the cavity control system: to tune the coefficients of the PI controller. Figure 4 shows another application example, where the integral coefficient of the I
loop (𝐾𝑖𝐼 ) was identified as not properly tuned : ten times
lower than the expected value. Once again the model is well
reproducing the real system.
One other application of this model is to study the feedforward effect. Figure 5 illustrates how it can be used by
comparing different tuning configurations: only feedback
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Figure 4: Beam loading effect in cavity 2 of the B section.
𝐾 𝑝𝐼 = 𝐾 𝑝𝑄 = 50, 𝐾𝑖𝑄 .𝑇 𝑒 = 0.1, but 𝐾𝑖𝐼 .𝑇 𝑒 = 0.01. 𝐼𝑏0 =
4.6 mA with a pulse duration of 1 ms.

Figure 5: Example of feedback and feedforward effects .
Here 𝐾 𝑝𝐼 = 𝐾 𝑝𝑄 = 15 and 𝐾𝑖𝐼 .𝑇 𝑒 = 𝐾𝑖𝑄 .𝑇 𝑒 = 0.01.
𝐼𝑏0 = 4.5 mA with a pulse duration of 2 ms.

CONCLUSION & PROSPECTS
Figure 3: Accelerating Field, phase difference (detuning
measurement) and RF power from amplifier at the beginning
of a beam pulse.

loop, feedback and feedforward triggered on the rising edge
‘Beam ON’, feedforward with loop delay compensation and
feedforward with 5 % error on the 𝑉𝑐𝐼 and 𝑉𝑐𝑄 set points.
This example confirms that when not operating in CW - with
low duty cycle but high beam loading - feedforward is necessary for the SPIRAL2 SC linac. And, as discussed in [6]
delays compensation is a key point to enhanced the control
of the beam loading during transients.
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A robust model of cavity and its associated feedback loops
have been developed. This model can be adapted to different
kind of cavity and tuning systems. It has been successfully
benchmarked during the SPIRAL2 operation, especially for
B cavities. The next steps will be to continue the fine tuning and benchmarking especially for section A of the SPIRAL2 linac. Studies to optimise the 𝐾 𝑝 /𝐾𝑖 per loop (I and Q
may have different corrections) will be carried out. In these
purposes dedicated measurements are foreseen during next
SPIRAL2 runs. The model can be used for other types of
cavities e.g. Spokes for ADS projects [10–12], to study and
provide control systems settings for fast retuning procedures
(failure compensation [13]).
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Abstract
Within the framework of MINERVA, the first Phase of
MYRRHA (Multi-purpose hYbrid Research Reactor for
High-tech Applications) project, IN2P3 labs are in charge
of the development of several accelerator elements.
Among those, a fully equipped Spoke cryomodule prototype was constructed. It integrates two superconducting
single spoke cavities operating at 2K, the RF power
couplers and the associated cold tuning systems. On the
control side, a MTCA.4-based Low Level Radio
Frequency (LLRF) system prototype has been
implemented by IJCLab including FPGA specific
firmware, a new μRTM frequency downconverter module
from the company IOxOS Technologies and EPICS
developments in collaboration with the SCK CEN. The
status of the LLRF system will be shown as well as its
preliminary tests results.

an optimized implementation for a maximal 250 MHz
clock operation, allowing to use this LLRF system for the
superconducting linac and the injector of MINERVA.

LLRF SYSTEM: HARDWARE
The MTCA.4-based LLRF system prototype is designed
around a main ditigal board, called IFC1420, a NATIVER5 from NAT and a MRF Timing system (Fig. 2) [4].

INTRODUCTION
The MINERVA, is the first construction phase of the
future MYRRHA facility (Fig. 1) [1]. It involves the
realization of an accelerator up to 100MeV, composed of
one injector operating at 176.1MHz [2] associated to a
MEBT line including a fast switching magnet for a future
parallel redundancy using a second injector, the first superconducting linac section (single Spoke cavities
@352.2MHz) composed of fifteen cryomodules
integrating 2 cavities each and a Proton target Facility.

Figure 1: Conceptual layout of the MYRRHA Facility with
in the cyan area, the MINERVA project (2019-2026).
A cooperation agreement on the ADS between the
CNRS and the SCK CEN in 2017 has allowed to launch a
specific prototyping contract, focusing on the realization
and the tests of a fully equipped Spoke cryomodule at 2K
and 20kW available by cavity for the accelerator field
regulation [3]. Within this framework, a MTCA.4-based
Low Level Radio Frequency system prototype has been
developed and evolved with the a new flexible RF frontend µRTM prototype developed by IOXOS and IJClab, a
complete overhaul of the firmware with new functions and
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Figure 2: MTCA based LLRF prototype system scheme.
For more flexibility, the planned “Fast RF interlock”
FMC mezzanine board prototype has been replaced by a
FMC digital IO board called DIO3118 from IOXOS
Technologies, associated to a specific 19” rack for the RF
and interlocks signals conditioning and interfaces. Two
boards have been also developed in collaboration, a µRTM
RF Front-end prototype called RDC1470 and a second
Cold Tuning System AMC board prototype including
Motor and piezo-actuators C&C.
The RDC140 board integrates four RF channels
allowing a signal conditioning (variable gain, filtering and
two operation modes: Direct sampling or down converter)
for sampling up to 250 MS/s. A specific Accelerator
reference channel associated to a PLL provides the
synchronized clocks to ADC, DAC, mixers in particular.
In addition, 3 DAC channels enable two output operation
modes: vector modulator or direct sampling. The board
operates with RF signals at 176.1 MHz or 352.2 MHz
selected by soft configuration.
The RDC1470 µRTM prototype (Fig. 3) has additional
features including three triggers inputs (useable for RF,
Beam and RF authorization triggers), two slow DAC and
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the possibility to provide a calibration signal to the RF
channels and mezzanine filter circuits adapted to the
frequency range used.

Figure 3: RFC1470 µRTM prototype board (IOXOS
Technologies).
The RF channels have been characterized @176.1 ADC
clock and a 44 MHz intermediate Frequency (IF), using
High Speed data converter (Texas Instruments, rectangular
window, full analysis bandwidth, 32768 samples).
Table 1: Channels Measurements
Signal
(MHz)
176.1
352.2

SNR
(dBFS)
~67.2
~66.6

SFDR
(dBFS)
~81
~85

ENOB
(bits)
~10.85
~10.76

Crosstalk
(dB)
>90
>80

With a 10 MHz bandwidth of interest, the SNR is
improved of 3 dB and the ENOB superior to 11.2 bits.
Concerning the CTS C&C AMC board (Fig. 4), it’s
associated to an external motor driver and a power module
for the piezo-actuators in order to tune the superconducting
cavity frequency using a cold tuning system [5]. An IPBUS
interface with the LLRF IOC is implemented into a FPGA
(KINTEX7) for receiving detuning data, as well as signal
processing and data transfer to a microcontroller dsPIC
managing the control signals of the piezo-actuators and the
communication with the motor driver.

Figure 4: CTS C&C AMC board (LPSC).
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LLRF SYSTEM: FIRMWARE
The user firmware developed with Vivado2018.3 is
localised in a specific area where all the input and output
signals linked to the hardware and data transfer are
available. Compared to the RFQ firmware version ( Inhouse LLRF prototype) [6], all the existing functions have
been modified and improved to pass the timing constraints
due to a max frequency used up to 200 MHz synchronized
with the ADC clock and new functions added:

Demodulation: two modes exist allowing an IQ
demodulation with the minimum of latency needed
for the normal conducting cavities used into the
injector and the Non IQ demodulation with a
9/2 ratio, one extra ENOB for 20% of latency
increase.

Low pass filter (FIR): a low pass filter on I and Q
values is implemented and can be by-passed.

Amplitude and Phase conversion: the CORDIC IP
of Xilinx is used with vector length adaption for
respecting the constraints associated.

IQ calibration: a rotation of the phase of the
transmitted signal is realized to align it with the
drive signal.

IQ error and IQ set point: the error is calculated in
function of the set point which can be a static value
or a sequence of values corresponding to a ramp
calculated into the FPGA.

IQ GDR/SEL: it allows to operate either in
Generator Driven resonator (GDR) mode using a
Proportional Integral controller for regulating the
accelerator field in magnitude, phase and frequency
or in Self excited loop (SEL) mode allowing to find
the eigenfrequency of the superconducting cavity in
order to tune it with the CTS.

IQ Open/Closed Loop: the open loop mode implies
the application of specific values on the IQ drive
signals for debugging or calibration and the closed
loop allowing the GDR or SEL operation.

Min Sign Level: to provide the detuning phase for
tuning the frequency of the cavity, it necessary to
verify that a signal level is sufficient for calculating
the phase with the CORDIC avoiding the
mechanical deformation if not the case.

Limit voltage detection: an interlock is
implemented for the forward, reflected and
transmitted RF signals in order to protect the
accelerating section: cavity, FPC, HSSPA.

Triggers and operation modes: Triggers and
operation modes are managed in function of the
Machine protection System and the Personnel
Safety System.
The LLRF data are exchanged using 64 registers of
32 bits using in read mode for the commands registers and
in write mode for the supervision registers. In parallel,
others data interesting IQ data are also buffered in large
buffers used as circulars buffers with a time resolution
around 130ns and the time depth of 0.5 ms working with a
pre and post trigger data.
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LLRF SYSTEM: SOFTWARE
Based on the ESS E3 framework [7], an EPICS IOC has
been developed to run via NFS (Network File System) on
the IOxOS board under the "YOCTO" embedded OS
(Fig 5). This IOC manages the data exchanges between the
board's FPGA and the supervision. It also allows raw data
from all RF channels to be captured in buffers for postmortem analysis. The TscMon runtime is integrated into
the IOC to allow configuration via simple scripts.

Table 2: Latency
Components
LLRF system ( Non IQ demod. mode)
SSPA (Measured with cables =0.4µS)
Cables (estimate : 5ns/m)
Total Latency

Latency
0.680 µs
0.100 µs
0.300 µs
1.180 µs

Concerning the amplitude and phase, the stability values
achieved the requirements +/- 0.1% rms and +/- 0.1° rms
until an operation set point under -10dBFS, knowing that
the input signal range could be adapted to the ADC range
with gain up to 52 dB (60dB in the new version).

CONCLUSIONS
Figure 5: EPICS and OS integration.

TEST RESULTS @176.1 MHZ
A power tests campaign has been realized on one
rebuncher cavity of the injector operating at 176.1 MHz
using 6kW RF power (max). The first step concerns the
frequency tuning of the cavity, using the open loop mode
allowing to use a lower RF power level, for tuning the
cavity frequency to 176.1 MHz: the LLRF system provides
to the motorized plunger driver the detuning angle, an
available process variable thanks to EPICS IOC, which is
moved by the operator targeting the best return loss value.
The second step consists to calibrate the transmitted
power signal to be in phase with the RF drive signal. Once
done, the frequency tuning system is set to automatic
mode. The increase of power, the third step, is facilitated
with the automatic ramp to the nominal value.

The LLRF prototype is validated at 176.1 MHz for
operating on the injector prototype. This system
constructed around an IOXOS technologies main board
(IFC1420) has involved a major effort of improvements
and reliability concerning the firmware and the driver
associated, through numerous test, today rewarded. A new
version of the µRTM RF front-end will be designed to add
more flexible about the usable frequencies (RF, IF and
ADC/DAC clocks) for future Accelerator projects. Last
step is the validation of the LLRF prototype performances
@352.2 MHz in nominal condition on the two Spoke
superconducting cavities inside a cryomodule prototype at
9 MV/m and 2 K before the end of 2022. Fault tolerance
strategies will be also tested with it.
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Abstract
Superconducting radio frequency (SRF) cavities are used
in modern particle accelerators to take advantage of their
very high quality factor (Q). A higher Q means that a higher
RF field can be sustained, and a higher acceleration can be
produced in the cavity for length unity. However, in certain situations, e.g., too high RF field, the SRF cavities can
experience quenches that risk creating damage due to the
rapid increase in the heat load. This is especially negative in
continuous wave (CW) operation due to the impossibility of
the system to recover during the off-load period. The design
goal of a quench-detection system is to protect the system
without being a limiting factor during the operation. In this
paper, we compare two different classification approaches
for improving a quench detection system. We perform tests
using traces recorded from LCLS-II and show that the ARSENAL classifier outperforms a CNN classifier in terms of
accuracy.

INTRODUCTION
Modern linear accelerators use superconducting radio frequency (SRF) cavities as the main component for achieving
high accelerating gradients. SRF cavities are used due to
their superior energy efficiency for the same accelerating
gradient and lower beam impedance. This means reaching
higher particle energies than normally possible at a lower
operating cost [1]. However, a lot of care needs to be posed
to the control system of SRF cavities due to the high susceptibility to external factors, e.g., external microphonics and
Lorentz force detuning [2]. One of the main limiting factors
for SRF cavities is the disruption of the superconductivity
in part or the entirety of the cavity. Such superconductivity
disruption is also referred to as quench. Quenches are mainly
caused by defects or contamination of the material [3]. They
must be avoided since the disruption of the superconductivity leads to an increased heat load and subsequent lengthy
disruptions in the cryogenic system.
The detection of quenches is usually performed by estimating the value of the unloaded quality factor 𝑄 0 . However,
∗
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we can only measure the loaded quality factor 𝑄 𝐿 , which
relates to 𝑄 0 and the external quality factor 𝑄 𝑒𝑥𝑡 as follows:
1
1
1
=
+
𝑄 𝐿 𝑄 𝑒𝑥𝑡 𝑄 0

(1)

Typical values for 𝑄 𝑒𝑥𝑡 and 𝑄 0 in normal conditions are
approximately 3 × 106 and 2 × 1010 , respectively. In the case
of a quench, 𝑄 0 can reach values as low as 107 . With such
values, from Eq. 1, it can be derived that it is necessary to
detect minimal variations of the value of 𝑄 𝐿 .
The decrease of 𝑄 𝐿 , e.g., as a result of a quench, can be
detected as an increase of the cavity half bandwidth 𝑓 (1/2) .
In pulsed machines, the amplitude decay estimation can be
used to calculate 𝑓 (1/2) thanks to the following:
𝑓 (1/2) =

𝑓0
1
=
2𝑄 𝐿 2𝜋𝜏

(2)

where 𝑓0 is the cavity resonance frequency and 𝜏 is the
exponential time constant of the cavity gradient decay. In
CW machines, since no amplitude decay is available during
normal operation, it is necessary to use the cavity signals
expressed as in-phase and quadrature (𝐼&𝑄) components.
For the half bandwidth calculation, starting from the cavity
dynamics model, the following is used:




𝐼¤
𝑄¤
𝐼 𝑝 𝐾 𝐼 𝑓 + 𝐵𝐼 𝐵 − 2 𝑝𝜋 + 𝑄 𝑝 𝐾𝑄 𝑓 + 𝐵𝑄 𝐵 − 2 𝜋𝑝
𝑓 (1/2) =
𝐼 2𝑝 + 𝑄 2𝑝
(3)
0
where 𝐾 = 𝑄𝑓𝑒𝑥𝑡
, 𝐵 = 𝑓20 𝑟/𝑄, 𝑟/𝑄 is the geometric shunt
impedance, and the subscripts 𝑝, 𝑓 and 𝑏 refer to the probe,
forward, and beam current signals, respectively. A possible different approach for the detection of a quench can be
derived from the estimation of the cavity power dissipation:
𝑃 𝑑𝑖𝑠𝑠 = 𝑃 𝑓 − 𝑃𝑟 − 𝑈¤

(4)

where 𝑃 𝑓 is the forward power, 𝑃𝑟 is the reflected power,
𝑉2
and 𝑈 = 𝑓0 (𝑟/𝑄)
is the cavity stored energy equation. In
this case, an increase in the cavity power dissipation above
a certain threshold indicates a cavity quench.
The approaches presented for CW machines require a precise calibration of the cavity signals and suffer noisy signals.
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Figure 1: Fault display classification window.
For those reasons, it is possible to have false quenches with
a consequent trip that results in unnecessary downtime.
In this paper, we compare two different approaches for
supervised anomaly detection in time series: 1) a Convolutional Neural Network (CNN) classifier based on the work
in [4]; 2) an ensemble of ROCKET classifiers [5].
The dataset used has been obtained during LCLS-II commissioning. LCLS-II is a superconducting linear accelerator
(LINAC) at SLAC that results from the collaboration between multiple laboratories. LCLS-II operates in CW operation mode to accelerate an electron beam with a repetition
rate of 1-MHz. Additionally, for this project, we built the
LCLS-II fault display, a panel that helps identify, analyze
and categorize faults. The main component is a user interface that enables the data selection for the training of the
quench detection scheme. The user interface is composed
of plot displays for the visualization of cavity signals and
processed data, e.g., the calculation of the quench detection
system.

LCLS-II FAULT DISPLAY
The main goal of a fault analysis interface is to provide
the means for performing incident review and post-mortem
analysis. Specifically, it needs to provide a way to review
past events, identify causes and debug.
The LCLS-II fault display allows for visualizing previous faults, automatically saved by the control system. Since
the initial focus of this project was on the quench detection
system, the fault display also calculates and plots the cavity
power dissipation. The calculations are performed independently of the FPGA to exclude bugs in the implementation.
A quench classification panel has been added to introduce
the human-in-the-loop paradigm. The goal of this panel
is to aid the classification of the events. At this stage, the
classification is relative only to quench events.
This quench classification panel gives an initial guess
about whether or not the event is a quench based on all
three methods explained. However, there are multiple ways
for those methods to fail, e.g., uncalibrated signals or data
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Figure 2: CNN network structure.
corruption. For this reason, the expert needs to manually
select whether the event is a quench or not. A screenshot of
the quench labeling interface is shown in Fig. 1.

ROBUST QUENCH DETECTION
During normal machine operation, a quench detection
system based on the cavity model can reach a false positive
rate of up to 47%. For this reason, a more robust method for
quench detection is an active research area [6, 7]. While classical methods use the cavity model to compute a signal that
represents a residual, improved quench detection schemes
require adding signals to add robustness to the classification.
We compare two methods for classification using the waveforms of the amplitude, phase, power, I, and Q signals from
the cavity, the forward, and the reverse probes. Additionally,
each data point is enhanced with additional waveforms, calculated starting from Formula 4. Specifically, we add the
calculated cavity stored energy, the system stored energy,
and the waveguide energy estimations.
The CNN classifier uses a sequence of convolutional layers interspersed with average pooling layers for filtering and
down-sampling, respectively. The structure of the classifier
is represented in Fig. 2. This CNN structure shows good classification accuracy with multivariate time series and good
noise tolerance [4].
The ensemble classifier is composed of 5 ROCKET classifiers using a ridge classifier with built-in cross-validation [8]
for the generation of the final classification.

EXPERIMENTAL RESULTS
The dataset used contains all fault traces stored during
LCLS-II commissioning. The data is stored when a trip
occurs and is tagged with the system that triggered the trip
event. Each data point contains multiple waveforms and
is enhanced with additional waveforms, calculated starting
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The results for both experiments show that the ARSENAL
approach performs better both in prediction and detection.
The accuracy scores recorded for the second experiment
are 0.96 for the ARSENAL classifier and 0.86 for the CNN
classifier.

CONCLUSION AND OUTLOOK

Figure 3: AUROC curves for the entire waveforms.

The experiments show that it is feasible to predict whether
the running conditions represented by a set of traces will lead
to a quench before the value calculated based on the cavity
model surpasses the quench threshold. However, utilizing
such a technique in a real machine requires fast reaction and
prediction times. The next step will be to implement both
techniques in field programmable gate arrays (FPGAs) to reduce both computation time and latency of the calculations.
Additionally, we presented a fault display that allows performing post-mortem analysis and incident review for most
quench-related faults and more. However, additional data
representation will help further improve the analysis capabilities. A future addition will be the bit-accurate representation
of the signals processed in FPGA, to be compared to a simulated version of the same traces. Such plots can help identify
FPGA-related issues that are not visible otherwise.
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Figure 4: AUROC curves for the reduced waveforms.
from Formula 4. The waveforms stored start 2 ms before the
event, end 2 ms after the event, and contain 2048 timepoints.
The dataset is split equally between training and testing set.
We performed two experiments:
• in the first experiment, the dataset includes the entire
waveforms;
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DEVELOPMENT OF A TUNER CONTROL SYSTEM FOR LOW-ENERGY
SUPERCONDUCTING LINAC AT RAON∗
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Abstract
We propose a tuner control system for low-energy superconducting linac at RAON. The frequency error of the
superconducting cavities must be smaller than a few of Hz
to operate in beam acceleration mode. To minimize the
freuqency error as much as possible, the error is calculated
in the low-level RF(LLRF), and the proposed tuner control
system changes the superconducting cavity frequency by
using a mechanical tuner and a motor attached to the cavity
directly. This control system deals with not only the initial
frequency error of the cavity but also the frequency drift of
the cavity induced by external disturbance such as the slow
fluctuation helium pressure automatically. In addition, an
automatic proportional gain calibration technique is also proposed. In this paper, the detailed operation and techniques
will be described.

INTRODUCTION
The low-energy superconducting linac at RAON has been
tested and installed in the SCL3 tunnel by the end of December 2021. In this low-energy section, there are two
types of the superconducting RF cavities, a quarter-wave
resonator (QWR) and a half-wave resonator (HWR) which
target resonance frequencies are 81.25MHz and 162.5MHz
respectively. The total number of QWR cavities and QWR
cryomodules are 22(1 QWR caivity per a cryomodule).
Also, there are two types of cryomodules for HWR cavities, HWRA type(2 HWR cavities per a cryomodule) and
HWRB type(4 HWR cavities per a cryomodule), and the
number of HWRA and HWRB cryomodules are 13 and 19
respectivevly.
Every cavity has a frequency tuning system, which consists of a mechanical tuner and a cryogenic stepping motor
inside of the cryomodule. The stepping motor is driven by a
power stage directly which exists in the SCL3 gallery.
The RF control bandwidths of QWR and HWR cavities
are from 100Hz to 200Hz, therefore, the frequency error
needs to be minimized as much as possible to excite cavities
at target frequency during beam acceleration mode. Therefore, an automatic tuner control system to compensate the
frequency error caused by external disturbances is required.
In this paper, a tuner control system for QWR and HWR
cavities is proposed to compensate the frequency error of
cavities by using this frequency tuning system automactically.
∗
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Figure 1: Tuner control system for SRF cavities.

CONTROL SYSTEM OVERVIEW
The tuner control system and RF system for one superconducting RF cavity are shown in the Fig. 1. There are a tuner
motor control server, a motor driver, a cryogenic stepper
motor, and a mechanical tuner for a cavity. The cryogenic
stepper motor is attached to the mechanical tuner directly in
the cryomodule. The motor driver generates driving current
which makes the stepper motor rotated.
In the tuner motor control server, there are two programs
running on it. The EPICS IOC [1] is for giving instruction to the motor driver via EPICS network. The frequency
controller is a c++ program that controls tuner motor automatically when the feedback switch is on. The frequency
controller acquires the frequency error of the cavity from
LLRF via EPICS network.
In LLRF, the frequency error is calculated in two ways
[2]. In self-excited loop(SEL) mode, the frequency error
is obtain by differentiating measured phase. In generatordriven resonator(GDR) mode, the phase difference between
the forward power and the pick-up power is used for the
frequency error.
Eight tuner motors for cavities are controlled by one tuner
motor control server. Therefore, there are a total of 16 tuner
control servers for the low-energy section.
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Figure 2: Frequency control logic when the LLRF operates
in SEL mode.

EPICS IOC and Frequency Controller
The main process variables (PV) of the EPICS IOC [1] for
tuner motor are the current pulse and the target pulse. The
current motor pulse is the read-back value from the motor
driver that counts the pulse of the output driving current.
This current pulse shows the position of the stepping motor.
The target pulse is the target position of the stepping motor.
The EPICS IOC automatically gives the motor driver moving
instructions until the current pulse reaches the target pulse.
The frequency controller controls the EPICS IOC for the
motor driver directly to remove frequency or phase error
of cavities. The error used by the frequency controller for
frequency tuning changes depending on the operation mode
of the LLRF. When the LLRF operates in SEL mode, the
frequency error is used. On the other hand, when the LLRF
operates in GDR mode, the measured phase difference between the forward and pick-up power is used for frequency
tuning [2] as mentioned above. The detailed control logic
for the frequency controller is described in the next section.

FREQUENCY CONTROL LOGIC
The flow-chart of frequency control logic is shown in the
Fig. 2. In case of when the LLRF operates in SEL mode, the
frequency controller fetches frequency error at every second.
If the frequency error is higher than the pre-determined
threshold(in this case +/-10Hz), then the controller calculates
Δpulse(=frequency error × 𝑃𝑔𝑎𝑖𝑛 ). The controller added the
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calculated Δpulse to the target pulse of the EPICS IOC, so
that the current pulse of EPICS IOC and the motor position
varies as much as the Δpulse.
The 𝑃𝑔𝑎𝑖𝑛 is very important parameter to minimize the
motor movement. If the Δpulse to make the frequency error
of cavity zero can be accurately calculated, the movement
of the tuner can be done at once. However, each cavity
and tuner has different frequency tuning gain, and therefore,
𝑃𝑔𝑎𝑖𝑛 should be characterized and optimized individually
for all cavities and tuner. In this sense, a automatic gain
calibration for the frequency controller has been proposed.
As shown in Fig. 2, after waiting frequency settling time
for the motor and the tuner, the frequency controller compares between the sign of the error before tuner movement
and the sign of the error after the tuner movement. If these
signs are the same which means that the 𝑃𝑔𝑎𝑖𝑛 is lower
than the optimum value, then the controller increases the
𝑃𝑔𝑎𝑖𝑛 . On the other hand, if these signs are not the same
which means that the 𝑃𝑔𝑎𝑖𝑛 is higher than the optimum value,
then the controller decreases the 𝑃𝑔𝑎𝑖𝑛 . The increment and
decrement of the 𝑃𝑔𝑎𝑖𝑛 can be set small enough to find the
optimum value of 𝑃𝑔𝑎𝑖𝑛 .
In case of when the LLRF operates in GDR mode, the
error used for this control logic is the phase difference between forward and pick-up power measured in the LLRF
as mentioned in the above and the other things to control
the frequency of cavities are the same as when the LLRF
operates in SEL mode.
With this control logic, the proposed frequency controller
can remove the frequency error of the cavity and find the
optimum value for proportional gain in background.

VERIFICATION OF THE CONTROL
LOGIC
To verify the proposed frequency controller without cavities and tuners, the motor driver with EPICS IOC and a tuner
emulator are used. The motor driver operates without a real
tuner motor attached to the cavity and just generates output
driving current. The tuner emulator is based on the selffeedback mode and direct digital synthesizer(DDS) mode
of the LLRF. The self-feedback mode of the LLRF is that
the output of the LLRF is fed back to the pick-up power
monitoring port by itself. The DDS mode is that the LLRF
generates RF signal with the user-controlled frequency. With
these configuration, if the tuner emulator controls the DDS
frequency of the LLRF according to the current pulse of the
EPICS IOC, the frequency error monitored in the LLRF is
the difference between the DDS frequency and the target
frequency. In this way, the tuner emulator can be modeled
successfully.
The test result of the frequency controller using the
tuner emulator is shown in the Fig. 3. In this test,
two of the frequency controllers and tuner emulators
are verified at the same time because one motor driver
could hold two of tuner motors. ‘SCL32-RF:LLRFT03:’
and ‘SCL32-RF:LLRFT04:’ are the prefix of LLRF PV

Technology
Low level RF

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOPA18

Figure 3: Verification result of the frequency controller using the tuner emulator.
names. ‘Ch3FreqErrR’ is the frequency error monitored
in the LLRF. ‘SCL32-BL02:Tun01-M01:’ and ‘SCL32BL02:Tun01-M02’ are the prefix of the motor driver PV
names. ‘CurrPulseR’ is the current pulse of the motor driver.
‘SetSelUpGain’ and ‘SetSelDownGain’ are the proportional
gain for the frequency controller mentioned in the above, and
‘SetFreqFBOn’ is the feedback switch whether the frequency
controller operates or not. With these PVs, the verification
for the frequency controller is conducted.
Initial frequency errors for ‘SCL32-RF:LLRFT03’ and
‘SCL32-RF:LLRFT04’ were set to 1kHz and -1kHz respectively. Also, a sawtooth-like frequency error were modeled
in the tuner emulator too. After ‘SetFreqFBOn’ was turned
on, the frequency controller started to operate, and the frequency error was also eliminated as time went on. The
frequency controller also found the optimum values for the
proportional gains as the feedback cycles repeated. The sawtooth like movements of the current pulse showed that the
frequency controller changed the current pulse to compensate the saw-tooth patterned frequency error modeled in the
tuner emulator successfully.
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CONCLUSION
In this paper, the tuner control system for low-energy superconducting linac is proposed. Based on the frequency and
phase error measured in the LLRF, the tuner control system
gives instructions and drives the stepping motor attached
to the tuner directly inside of cryomodule. The test result
shows that the proposed tuner control system can remove
the initial frequency error and compensate the frequency
drift of the cavity. In addition, the proposed gain calibration
technique finds the optimum value for proportional gain for
each cavity and operates in background.
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INITIAL HIGH POWER RF DRIVING TEST USING DIGITAL LLRF FOR
RF CONDITIONING OF 1 MeV/n RFQ AT KOMAC*
H. S. Jeong†, K. H. Kim, S. G. Kim, W. H. Jung, J. H. Kim, H. S. Kim, Y. G. Song, H. J. Kwon,
D. H. Kim, P. S. Lee
Korea Multi-purpose Accelerator Complex of KAERI, Gyeongju, Republic of Korea
Abstract
As a part of R&D toward the RFQ(Radio Frequency
Quadrupole) based heavy ion irradiation system, the
1 MeV/n RFQ was designed, brazed, installed and commissioned by staff researchers and engineers at KOMAC
(Korea Multi-purpose Accelerator Complex) of KAERI
(Korea Atomic Energy Research Institute). This 1 MeV/n
RFQ system includes the microwave ion source, EBIS,
RFQ, quadrupole magnets, switching magnet and the target
systems.
The digital based LLRF (Low-Level RF) was developed
to provide the stable accelerating field to the RFQ. This
LLRF has features such as direct RF detection/generation
without mixer, non-IQ sampling, PI feedback control, iterative learning based feed-forward control, and the digital
RF interlock.
In this paper, the characteristics of LLRF are described,
as well as the processes and results of an initial RF driving
test for the RFQ's RF conditioning.

Figure 2: 1 MeV/n RFQ RF chain diagram.
A TOMCO 240 kWpeak SSA(Solid State Amplifier) is
used as a high power RF source as shown in Fig. 3. The
SSA's 240 kWpeak output was demonstrated using a dummy
load. After that, the RFQ cavity's RF conditioning was successfully carried out up to 125 kWpeak until now.

INTRODUCTION
The 1 MeV/n RFQ was installed at KOMAC site as
shown in Fig. 1.

Figure 3: High power RF source installation.

LLRF UPGRADE

Figure 1: 1 MeV/n RFQ layout and installation.
The first beam acceleration experiment using 1 MeV/n
RFQ was conducted successfully in August 2022. The
LLRF commissioning and the high power RF driving test
were completed before this beam experiment.
The digital LLRF was developed as shown in
Refs. [1, 2]. Thanks to the configuration of the digital
LLRF, we were able to achieve the simplification of analog
parts such as eliminating analog mixer. As shown in Fig. 2,
the sampling frequency of ADC(Analog to Digital Converter) is 320 MHz to detect the 200 MHz RF field using
non-IQ sampling technic.

To compensate the heavy beam loading effect, the feedforward control logic is essential part in the LLRF algorithm [3-5]. The parallel type ILC(Iterative Learning Control) logic was implemented in the FPGA(Field Programmable Gate Array) of digital LLRF. As shown in Fig. 4, in
case of an abnormal circumstance where the RF field in the
cavity becomes unstable, this logic has a feature to bypass
the learning data using 2x1 multiplexer. As described in
Ref. [6], this was made possible via digital RF interlock
logic using a cavity pickup signal.

___________________________________________
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Figure 4: Implemented feed-forward control diagram.
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This ILC logic was verified in the LLRF test stand as
shown in Fig. 5.

Figure 7: RF source driving test setup.
The test results are shown in Fig.8. The RF pulse width
was 0.5ms and the repetition rate was 100 Hz.

Figure 5: LLRF test stand setup..
The transient response of a heavy beam loading was immediately compensated with a few iterations because of the
fast processing capability of the FPGA, as illustrated in
Fig. 6. These results show that ILC with feedback control
is capable of compensating for transient response to the
same extent as feedback control without transient response.

Figure 8: SSA test results.

Coupling Coefficient Measurement
After completing the SSA driving test with dummy load,
the 3-1/8 inch rigid coaxial lines and the directional couplers were installed in the RF distribution system. Also, in
order to confirm the coupling coefficient of the pickup port,
the measuring test using the network analyser was set up
as illustrated in Fig. 9. The results were used for calculating
the RF power in the cavity.

RF Conditioning of RFQ Cavity

Figure 6: ILC logic test results

In order to generate the stable RF field for the first beam
acceleration test, the RF conditioning was carried out. In
the RF conditioning process, the vacuum level was meticulously monitored. As a result, 125 kWpeak, 0.1ms, 1 Hz RF
pulse was stably generated in the cavity as shown in
Fig. 10.

HIGH POWER RF DRIVING TEST

FUTURE WORK

RF Source Driving Test with Dummy Load
To demonstrate the performance of the RF source, the
SSA driving test was conducted using dummy load. This
experiment was executed prior to the installation of RFQ
cavity that the 50 ohm dummy load was used with the RF
circulator as shown in Fig. 7.

Technology
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In order to apply the ILC algorithm to the 1 MeV/n RFQ
system, the consideration of the loop delay in the RF chain
is a critical point. According to the MATLAB with Simulink simulation, it has been confirmed that the presence of
time delays in the control loop (Fig. 11) can lead to diverge
the system as shown in the Appendix.
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CONCLUSION
The initial 1 MeV/n RFQ beam acceleration experiment
has been successfully finished. Prior to the beam acceleration test, the RF conditioning as well as a digital LLRF
upgrade and an RF source verification experiment were
carried out. In near future, in-depth study on the ILC will
be conducted to upgrade the digital LLRF system.
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Figure 11: Time delay in the control loop.
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APPENDIX

Figure A.1: Results of the simulation study on time delay effect on ILC.
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1 also at University of New Mexico, Albuquerque, NM, USA
Abstract
LCLS-II is an X-Ray Free Electron Laser (XFEL) commissioned in 2022, being the first Continuous Wave (CW)
hard XFEL in the world to come into operation. To accelerate the electron beam to an energy of 4 GeV, 280 TESLA
type superconducting RF (SRF) cavities are used. A loaded
quality factor (𝑄 𝐿 ) of 4 × 107 is used to drive the cavities
at a power level of a few kilowatts. For this 𝑄 𝐿 , the RF
cavity bandwidth is 32 Hz. Therefore, keeping the cavity
resonance frequency within such bandwidth is imperative
to avoid a significant increase in the required drive power.
In superconducting accelerators, resonance frequency variations are produced by mechanical microphonic vibrations
of the cavities. One source of microphonic noise is rotary
machinery such as vacuum pumps or HVAC equipment. A
possible method to reject these disturbances is to use Narrowband Active Noise Control (NANC) techniques. These
techniques were already tested at DESY/CMTB [1] and Cornell/CBETA [2]. This proceeding presents the implementation of a NANC controller adapted to the LCLS-II Low Level
RF (LLRF) control system. Tests showing the rejection of
LCLS-II microphonic disturbances are also presented.

INTRODUCTION
The SRF cavity is the device responsible for storing energy
in the form of electromagnetic field in a particle accelerator.
When a particle beam passes through a cavity, it interacts
with the field by exchanging energy with it. An SRF cavity
can be modeled as a narrow band filter centered around its
resonance frequency 𝑓0 . Even though the nominal resonance
frequency is specified at the cavity design stage, it can change
due to unwanted mechanical deformations during operation.
The difference between the nominal resonance frequency
and the actual one is referred as detuning, Δ 𝑓 .
The relation between power consumption and detuning of
a steady state cavity when driving it at its design resonance
frequency is
∗
†
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𝑃𝑓 =
4

𝑉2
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[1 +
𝑄𝐿

Δ𝑓
𝑓1/2

2

(1)

],

𝑓0
,
(2)
2 𝑓1/2
where 𝑃 𝑓 is the required power to drive a cavity at the
accelerating voltage 𝑉𝑐 , 𝑓1/2 is the cavity half bandwidth
𝑅
and 𝑄
is the cavity shunt impedance. Therefore, even if
decreasing 𝑓1/2 can reduce the power consumption needed
to reach a certain accelerating gradient, detuning signals
that are comparable or higher than 𝑓1/2 can negate such an
advantage.
Resonance control systems then play a crucial role in modern SRF CW accelerators for FELs, by keeping the cavities
close to the nominal resonance frequency. For LCLS-II
the maximum peak detuning that can be withstand without lowering the gradient due to power constraints is equal
to ±10 Hz. A method to reduce the cavity detuning is to
provide active compensation using the piezoelectric tuner
actuators attached to the cavity. In LCLS-II, these tuners
can steer the cavity frequency by up to 2 kHz.
𝑄𝐿 =

TYPES OF MICROPHONICS
DISTURBANCES
The cavity mechanical disturbances have different spectral
and time characteristics. However, two kind of external
mechanical perturbations are commonly found in every CW
SRF system and are accountable for the major part of the
cavity detuning.
• Drifts produced by the cooling system. Since SRF cavities are located in tanks filled with super-fluid cryogenic
helium, every drift of the pressure results in a detuning
variation. The typical timescale of this effect is usually
higher than seconds.
• Vibrations produced by machinery located in the proximity of the accelerator. Due to the necessity of actively
maintaining some physical characteristics in the accelerating system, like high vacuum and cryogenic temperatures, different kinds of pumps are required. This kind
of noise has a narrow bandwidth and a sinusoidal-like
shape.
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DESCRIPTION AND IMPLEMENTATION
OF THE NANC
For drifts generated by the cooling system, a controller
with an integral policy is generally used, and it is not discussed in this paper. For microphonics vibrations generated
by machinery, NANC [3] techniques were demonstrated in
the last decade at CMTB [1] and CBETA [2]. The advantage of this kind of controller is the capability of rejecting
sinuisoidal disturbances without exciting mechanical modes
of the cavity. Additionally, NANC is an adaptive controller,
meaning that it is capable of self-correct its internal parameters against variations of the noise properties. Therefore
such a controller was chosen to test microphonics rejection
on LCLS-II cavities.
The principle of operation of the NANC is to generate a
sinusoidal signal to drive the piezo actuator with the same
frequency as the microphonic detuning source 𝜔 𝑚 , but with
180◦ of phase offset; this way, the detuning source will be
perfectly cancelled. In principle, one should have a sinusoidal component for every source of microphonics. As
described in [2], the control signal 𝑢 𝑝𝑧𝑡 that drives the piezoelectric tuners is the superposition of multiple In-phase and
Quadrature (𝐼𝑚 and 𝑄 𝑚 ) components at different microphonics frequencies 𝜔 𝑚 :
𝑢 pzt (𝑡) =

∑︁

𝐼𝑚 (𝑡)𝑐𝑜𝑠(𝜔 𝑚 (𝑡)𝑡) + 𝑄 𝑚 (𝑡)𝑠𝑖𝑛(𝜔 𝑚 (𝑡)𝑡) (3)

𝑚

where the subindex 𝑚 represents each component of the
microphonics detuning spectrum. The NANC controller is
based on the gradient descent algorithm, and it updates the
𝐼𝑚 and 𝑄 𝑚 values at each iteration using the present values
at 𝑡 𝑛 and the adaptation rate 𝜇 𝑚
𝐼𝑚 (𝑡 𝑛+1 ) = 𝐼𝑚 (𝑡 𝑛 ) − 𝜇 𝑚 Δ 𝑓 (𝑡 𝑛 )×
𝑐𝑜𝑠(𝜔 𝑚 (𝑡)𝑡 𝑛 − 𝜙 𝑚 (𝑡 𝑛 )),

(4a)

𝑄 𝑚 (𝑡 𝑛+1 ) = 𝑄 𝑚 (𝑡 𝑛 ) − 𝜇 𝑚 Δ 𝑓 (𝑡 𝑛 )×
𝑠𝑖𝑛(𝜔 𝑚 (𝑡)𝑡 𝑛 − 𝜙 𝑚 (𝑡 𝑛 )),

𝜙 𝑚 (𝑡 𝑛+1 ) = 𝜙 𝑚 (𝑡 𝑛 )−𝜂 𝑚 Δ 𝑓 (𝑡 𝑛 )×
{𝐼𝑚 (𝑡 𝑛 ) sin(𝜔 𝑚 (𝑡)𝑡 𝑛 − 𝜙 𝑚 (𝑡 𝑛 ))−
𝑄 𝑚 (𝑡 𝑛 ) cos(𝜔 𝑚 (𝑡)𝑡 𝑛 − 𝜙 𝑚 (𝑡 𝑛 ))}
(5)
In addition to amplitude and phase delay adaptation, we
have implemented a frequency follower feature that tracks
the exact frequency of the microphonics source, making the
controller robust to drifts on the microphonics frequency.
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Table 1: Resource occupation of the NANC and FNAL ANC
resonance controller on Xilinx XC7K160T FPGA.
NANC
FNAL ANC Available
Used Used [%] Used Used [%]
LUT
45202 44.58 34354 33.88
Flip Flop 50300 24.8 48617 23.97
Block RAM 171 52.62 96.5 29.69
DSP slices
64
10.67 148 24.67

101400
202800
325
600

(4b)

In addition, 𝜙 𝑚 represents the lag of the tuner at a given
frequency, and it is also updated at each iteration by the
algorithm using Equation 5, where 𝜂 𝑚 is the adaptation rate.

𝜔 𝑚 (𝑡 𝑛+1 ) = 𝜔 𝑚 (𝑡 𝑛 )+
𝐼𝑚 (𝑡 𝑛 )𝑄 𝑚 (𝑡 𝑛+1 ) − 𝑄 𝑚 (𝑡 𝑛 )𝐼𝑚 (𝑡 𝑛+1 )
𝛾𝑚
𝐼𝑚 (𝑡 𝑛 ) 2 + 𝑄 𝑚 (𝑡 𝑛 ) 2

where 𝛾𝑚 is the frequency adaptation rate.
To use the controller a PyDM [4] user interface (UI) was
developed (Fig. 1). From the UI, the amplitude of 𝐼𝑚 and
𝑄 𝑚 , the phase delay 𝜙 𝑚 , and the frequency 𝜔 𝑚 can be modified manually or automatically, using the NANC algorithm.
When the NANC algorithm is enabled, the user should set
the values of the adaptation rates 𝜇 𝑚 , 𝜂 𝑚 and 𝛾𝑚 . Up to four
frequency components can be enabled to drive the piezoelectric actuator.
The NANC controller was implemented in the Resonance
Control Chassis’ (RCC) FPGA of the LCLS-II LLRF system [5], using one soft CPU per cavity. The choice of using
a soft CPU instead of using directly the programmable logic
of the FPGA was done to speed-up the algorithm development. Such a choice is made possible due to the frequency
of the microphonic disturbances, in the order of tens to hundreds of Hertz. Therefore a sample rate of 5548 Hz, which
is calculated by decimating the computed detuning sample
stream by 1024 using a Cascaded Comb-Integrator [6] filter
of the first order, is deemed to be enough to compensate
for the microphonic disturbances. At the same time, such a
value for the sample rate gives enough time to the NANC
algorithm to complete one iteration before the arrival of the
next detuning sample. The final occupation of the RCC’s
FPGA with four soft CPUs is listed in Table 1. The occupation is compared to the original resonance controller project
which includes a resonance controller written by the Fermi
National Accelerator Laboratory (FNAL) [7, 8].

(6)

TEST OF THE CONTROLLER
The controller was tested on the SRF cavities of the LCLSII LINAC at a temperature of 2 K and with a gradient of 5 MV.
It was tested with the field control both in open and closed
loop. Here we present results for just one of the SRF cavities,
as these results are representative of the performance of the
controller. For cavity 1 of cryomodule (CM) 16, initial
microphonics measurements showed a detuning component
at 54 Hz, as shown by the blue curve of Fig. 2; therefore,
we enabled one component of the NANC controller, setting
its frequency to 54 Hz.
The effect of the controller in the cavity detuning can
be seen in Figs. 2, 3 and 4. The controller successfully
compensates for narrowband microphonics, as seen in Fig
2, where the main microphonics component vanishes when
NANC is enabled. From Fig. 3, the reduction in cavity
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Figure 1: NANC Controller user interface for an individual component.

Figure 2: Detuning spectrum of CM16 cavity 1.

Figure 4: Detuning distribution of CM16 cavity 1. The red
dashed lines indicates the LCLS-2 specification limits for
detuning.

Figure 3: Cumulative detuning standard deviation on CM16
cavity 1.
detuning is ∼ 9 dB, and from Fig. 4 the cavity detuning lays
in between detuning requirements for LCLS-II when NANC
is enabled. Besides confirming the reduction of the detuning
noise, the impact on field stability was assessed. Figure 5
shows the amplitude stability standard deviation with NANC
enabled and disabled, and one can see an improvement of
∼ 0.01% when the tool is enabled.

Figure 5: Amplitude stability of CM16 cavity 1. the vertical
green dotted line indicates when the NANC tool was disabled.
of noisy cavities is reduced and reaches LCLS-II specifications. More cavities should be tested to have a better
understanding of the performance of the controller.

CONCLUSIONS
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LINAC in CW operation, with the addition of the frequency
follower feature. The controller is able to compensate for
narrowband microphonics and reduces cavity detuning by a
factor of 3. With this microphonics compensation, detuning

The authors would like to acknowledge the entire LCLS-II
LLRF team at SLAC and partner labs and the SRF team at
SLAC who kindly provided their support to test the controller.
The authors also acknowledge European XFEL GmbH for
funding the scientific collaboration between SLAC and
DESY.

THPOPA21
788

Technology
Low level RF

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOPA21

REFERENCES
[1] R. Rybaniec et al., “FPGA-based RF and piezocontrollers for
SRF cavities in CW mode”, IEEE Trans. Nucl. Sci., vol. 64, no.
6, pp. 1382-1388, 2017. doi:10.1109/RTC.2016.7543112
[2] N. Banerjee et al., “Active suppression of microphonics detuning in high Q L cavities”, Phys. Rev. Accel. Beams, vol. 22,
no. 5, p. 052002, 2019. doi:10.1103/PhysRevAccelBeams.
22.052002
[3] S. R. Kuo and D. R. Morgan, “Active noise control: a tutorial
review”, Proc. IEEE, vol. 87, no. 6, pp. 943-973, 1999. doi:
10.1109/5.763310
[4] PyDM - Python Display Manager. http://slaclab.
github.io/pydm/
[5] C. Serrano et al., “Design and Implementation of the
LLRF System for LCLS-II”, in Proc. ICALEPCS’17,

Technology
Low level RF

Barcelona, Spain, Oct. 2017, pp. 1969–1974. doi:10.18429/
JACoW-ICALEPCS2017-THSH202
[6] E. Hogenauer, “An economical class of digital filters for decimation and interpolation”, IEEE Trans. Acoust. Speech Signal
Process., vol. 29, no. 2, pp. 155-162, 1981. doi:10.1109/
TASSP.1981.1163535
[7] J. A. Einstein-Curtis, “Microphonics and active compensation”, No. FERMILAB-SLIDES-17-021-AD, Fermi National
Accelerator Laboratory, Batavia, IL, United States, 2017.
[8] J. Holzbauer et al., “Active Microphonics Compensation for
LCLS-II”, No. FERMILAB-CONF-18-612-AD-TD. Fermi
National Accelerator Laboratory, Batavia, IL, United States,
2018.

THPOPA21
789

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOPA22

C-BAND LOW LEVEL RF SYSTEM USING COTS COMPONENTS
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J. Krasna, COSYLAB, Ljubljana, Slovenia
R. D. Berry, A. Diego, D. Gavryushkin, A. Y. Smirnov, RadiaBeam, Santa Monica, CA, USA
Abstract
Low Level RF systems have historically fallen into two
categories. Custom systems developed at national laboratories or industrial systems using custom hardware specifically designed for LLRF. Recently however advances in
RF technology accompanied by demand from applications
like quantum computing have led to commercially available
systems that are viable for building a modular low-level RF
system. Here we present an overview of a Keysight based
digital LLRF system. Our system employs analog upconversion and downconversion with an intermediate frequency
of 100MHz. We discuss our phase-reference system and
provide initial results on the system performance.

INTRODUCTION AND HIGH LEVEL
ARCHITECTURE
The Low-Level Radio Frequency (LLRF) control system
is primarily responsible for delivering RF to amplifiers, receiving and processing signals for the various RF diagnostics,
and control of the RF cavities to include phase, amplitude,
and frequency. When building a LLRF system there are a
number of design considerations that lead to the choice of
frequency parameters, digital vs analog, and how to modulate the RF signals. One of the most common architectures
utilizes an intermediate frequency that is used for digitization and an analog system to perform up and down conversion [1]. However, base-band modulation has also been used,
for example the Swiss FEL utilized such an architecture [2].
Additionally, modern electronics are making systems that
perform direct digital down-conversion more popular [3].
For C-Band there are limited commercial options for direct
digital sampling that are also cost effective for a modest
scale system. This is largely due to the development time
required and operating in unusual modes such as the first
Nyquist band. Moreover, the technical challenges associated
with base-band modulation and noise mitigation makes a
digital system operating at an intermediate frequency more
attractive. As such we chose to build a COTS system based
on digitization at a reasonable intermediate frequency with
cost effective solutions. Figure 1 shows a functional block
diagram of our COTS LLRF system. Here we highlight the
notable interconnections and signals. For this system, we
have a common local oscillator that is distributed to all of
the analog electronics. The digital system generates a clean
reference signal that is re-distributed to the LLRF system as
a phase reference and also distributed to the timing system
and the laser system for phase locking.
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Figure 1: High level schematic of a generic LLRF control
system.

In this paper we will provide an overview of our design
choices and share some initial results of our phase and amplitude stability, noise levels, and linearity.

DIGITAL SYSTEM
The digital system is comprised of a an M3102A PXIe
Digitizer from Keysight and an M3201A PXIe Arbitrary
Waveform Generator also from Keysight. Our AWG resolution is 16 bit at a 500 MS/s sample rate. The digitizer
resolution is 14 bit at a 500 MS/s sample rate.
The choice of intermediate frequency is largely determined by the available digital components and the constraints on RF filtering, This typically is in the 10 – 100
MHz range. Our initial choice of the intermediate frequency
is 100 MHz. This is to allow for good isolation between IF
signals, RF signals, and baseband signals. When converting
from RF to IF, the RF signal at 5712 MHz is mixed with the
LO at 5810 MHz. This will generate a 100 MHz signal and
a 11524 MHz signal. The 11.5GHz signal will be filtered
out using analog components leaving the 100 MHz signal.
The IF signals will be digitized at a rate of 500 MS/s which
is readily available with modern digitizers. The choice of a
digital system that is 2.5x Nyquist will provide higher signal
quality while maintaining a reasonable cost. The digitizers
have a bandwidth of up to 200Mhz and we will show results
of our system with an IF of up to 175MHz. To extract the
RF waveforms the 100 MHz signal is mixed digitally with
another 100MHz signal giving a baseband waveform and a
200MHz signal. In order to resolve the cavity dynamics, we
need a minimum of 20 MHz bandwidth at baseband. Having
200MHz of space between the baseband signal and the secondary signal generated by the IF downmixing relaxes the
constraints on the filter design and reduces the need for high
order filters that cause ringing and other unwanted effects.
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Figure 2: Measurements of phase and amplitude stability as the intermediate frequency is varied.
The arbitrary waveform generator has built in I/Q modulation for phase coherent signal generation. It can generate
sinusoidal signals with envelope and phase modulation all
synchronized to an internal reference clock. The DACs are
16 bit which provides a high level of precision for the RF
drive signals. The digitizers are each four-channel analog
to digital converters (ADCs) that sample based on the same
fixed clock as the DACs. The ADCs operate at 500 MS/s
and have 14 bit resolution. This was chosen to allow for
precise measurement of the RF amplitude and phase at various locations in the RF network. 500 MS/s is a compromise
on cost with sample frequency. Higher frequency ADCs
and DACs would provide higher performance with regard
to control and noise reduction. We performed tests of the
500 MS/s system to ensure the reduced sampling capacity
would still provide the desired phase and amplitude stability.
Figure 2 shows the amplitude noise and phase noise as we
vary the intermediate frequency. Our budget is around 0.5
degrees phase noise and 1% amplitude noise. Thus an intermediate frequency of around 100MHz should be adequate.
Note that this measurement includes components used for
the upconverter and downconverter system.
The RF control algorithms are implemented run through
the digital LLRF system. We have implemented an EPICS
driver for both the M3102A digitizer and M3201A AWG.
We have EPICS based input-output-controllers that communicate between the main user interfaces and the LLRF
computer that lives in the Keysight chassis.

ANALOG SYSTEM
The analog system is comprised of three major components, the downconverter, the upconverter, and the local
oscillator distribution. For this system we chose a connecterized solution to avoid board design and layout engineering.
The downconverter chassis includes RF monitor ports to the
front panel to allow for diagnosing the system. The downconverter signals are sent directly to the digitizers. Mixers
and filters are specified. The upconverter chassis is very
similar to the downconverter chassis by design. Aside from
the filters and amplifiers, the components are identical. This
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Figure 3: Output of the mixer and upconverter as a function
of the drive amplitude for different LO levels.

enables the efficient construction of each system. We also
include monitors for the RF signals to enable efficient diagnosis of issues with the generated RF signals before they
go to the amplifier chain. The LO distribution is handled
by amplifying the LO source and then splitting it 8 ways
providing signal to the various analog systems. We built a
single LO distribution chassis that can generate 8 LO signals.
Testing of the analog system includes both the component
level testing and the system level testing. The mixers are the
largst source of nonlinearity in our system. Figure 3 shows
the output amplitude of the mixer as a function of the input
amplitude for three different LO settings.
Here we see a fairly straightforward nonlinear response
of the mixers in our range of operation. While this is not
ideal, nonlinear calibration curves can be implemented in
software to correct for this behavior. We also evaluated the
response of the whole system, Figure 4 shows the output
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Figure 4: Output of mixer as a function of the drive amplitude for different LO amplitude settings. We also show the
output of the upconverter to highlight the increase in noise
due to other components.

Figure 5: Frequency spectrum measurement of the four
channel upconverter
amplitude of the upconverter as a function of drive amplitude
for the different channels both with and without the addition
of the drive cable. Because cables are so lossy at C-Band
we need to build in significant overhead on the output of the
upconverter to account for these losses.
We also measured the frequency spectrum of the upconverter to verify a clean signal. Figure 5 shows the frequency
spectrum of the upconverter output near the center frequency
showing a relatively good noise level.

Figure 6: Frequency spectrum of the 476MHz signal that is
used for laser synchronization.

Figure 7: Frequency spectrum of the 39.667 MHz signal
used for timing synchronization.

signal and Figure 7 shows the frequency spectrum of the
timing system.

CONCLUSIONS
We have developed a commercial off the shelf C-Band
LLRF system for controlling a compact LINAC. We have
performed preliminary componet testing and are in the process of comissioning the system and evaluating long term
stability.

TIMING AND REFERENCE SYSTEM
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The final piece of our system is the timing and reference
signal distribution. The reference signal is generated by the
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Abstract
The current analog LLRF systems which have supported
the APS linac operation for over 25 years, will be replaced
with digital LLRF systems utilizing the latest commercially
available electronics technology. A customized LLRF system has been developed as the next-generation APS linac
controller. Two systems have been manufactured and delivered to the APS. On-site tests demonstrated they met the APS
linac operation requirements with the first system expected
to be integrated into APS linac operation this year.

be included. To support the interleaving operation required
by the future advanced accelerator study such as the APS
LEA [3], all the RF monitor values in the new LLRF system must have a corresponding timestamp with millisecond
resolution.
Table 1: LLRF System Main Specifications
Item

Parameter

RF Drive Out

Amp. Jitter
Added Phase Noise
Max Power Level

0.02 %
10 fs
20 dBm

RF Input

Data Rate
Repetition Rate
Channel Number
Timestamp Resolution
Amp. Resolution
Phase Resolution

119 MHz
30 Hz
10 and 20
1 ms
0.05 %
0.1 deg

INTRODUCTION
The linac at the Advanced Photon Source (APS) has been
operating for over 25 years [1]. The current setup is shown
in Fig. 1. It includes a number of S-band travelling-wave
(TW) RF structures with two thermionic RF guns, RG1 and
RG2. One provides beams for APS injection, while the other
is used as backup [2]. Downstream of the RF guns, there are
three linac sectors, L2, L4, and L5, each consisting of four
TW RF accelerating structures. For each sector, it is powered
by an S-band klystron with a SLED power compressor. The
beams are accelerated to 425 MeV before injecting into the
PAR and then the booster.
To prepare for the next decades of operation with APS-U,
the APS linac is undergoing a major refurbishment. One
of the main tasks is to develop new digital LLRF systems
to replace the existing analog LLRF controllers which are
getting obsolete.

RF CONTROL REQUIREMENT
There are five S-band klystrons in the APS linac. The
linac operates at 30 Hz. Each klystron needs a new LLRF
system. The main specifications are summarized in Table 1.
There are three klystrons that are connected to a SLED to
compress the RF pulse. As is required by the SLED, the RF
pulse signal generated by the new LLRF system must have
a phase reversal with a user-specified timing.
The new LLRF system needs to have enough RF monitor channels. The K2, K4, and K5 klystron stations, which
power the linac sector downstream, need more RF monitor
channels than the K1 and K3 stations. Each RF monitor
channel needs to provide time-resolved amplitude and phase
waveforms with around 10 ns resolution. Advanced features
such as post-mortem buffer and RF stability analyzer should
∗
†

Work supported by U.S. Department of Energy, Office of Science, Office
of Basic Energy Sciences, under Contract No. DE-AC02-06CH11357.
yaweiyang@anl.gov
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Specification

SYSTEM DEVELOPMENT
Over the past several years, the APS team has been collaborating with Instrumentation Technologies on the RF Beam
Position Monitor (BPM) for the APS-upgrade [4]. The new
digital LLRF system for the APS linac was developed in a
similar way on the Libera platform [5]. Figure 2 shows the
Libera LLRF system for the APS linac. It consists of two
types of units. One is Libera TSRF. the other is the Libera
digital processor.

Libera TSRF
Libera TSRF operates as the analog frontend of the LLRF
system. It generates the Local Oscillator (LO) and clock
(CLK) signals based on the reference 2856 MHz Master
Oscillator (MO) signal. The unit converts up to fourteen
2856 MHz RF inputs including the MO signal to 44.6 MHz
Intermediate Frequency (IF) signals.

Libera Digital Processor
The Digital Processor is based on MicroTCA.0 standard.
There are six AMC slots available in the crate, shown in
Fig. 2. Two single-width AMC cards, Vector Modulator
(VM) and Timing Control Module (TCM) are installed in
the middle. The VM in slot 1 operates as the up-converter
to generate RF drive signals. Slot 2 is for the TCM, which
distributes the CLK and trigger signals to other modules.
It also has a built-in interlock protection function. Four
double-width slots from slot 3 to slot 6 are reserved for the
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Figure 1: The APS Linac setup. There are five klystrons from K1 to K5. Three of them, K2, K4, and K5, are connected
with a SLED to power the linac sectors L2, L4, and L5. Each sector consists of four TW linac structures.
channels and the other has 11 input channels. The 22-input
setup needs two TSRF units and one Digital Processor unit,
as is shown in Fig. 2. Four ADC boards are installed in the
Digital Processor, each has six ADC channels. Two of the 24
ADC channels are reserved for reference signal processing
from the MO signal. Thus the number of RF input channels
is 22. The 11-input setup only needs one TSRF unit and two
ADC boards in the Digital Processor instead of four.
The APS linac has five klystron stations as shown in Fig.1.
The LLRF system with 22 RF input channels will be installed
at the three stations that have a SLED and four TW linacs
downstream. And for the remaining two stations, the 11input system will be installed.

DELIVERY AND ON-SITE TESTS
Figure 2: The first Libera LLRF system delivered to the
APS. It consists of two TSRF units and one digital processor
unit. Six AMC slots are marked in the photo.

KADC modules, two on the left side and two on the right
side. Each KADC module has six channels. The FPGA
chips of the AMC boards have been upgraded to Xilinx
Kintex Ultrascale+. The A/D converters we have chosen
are dual-channel 16-bit LTC2185 and D/A converters are
AD9117.

Software Development
The IOC software was upgraded to the EPICS7 interface. New features were developed including SLED timing
control, stability analyzer, and interlock postmortem buffer.
Three types of timestamps were added to all the RF monitor
values, including an ADC clock synchronized with an external MO signal, a CPU clock synchronized with an absolute
time reference server over the network, and a trigger counter
that can be synchronized with other instruments.

System Setup
To meet the APS linac operation requirement, two kinds
of system setups were developed. One has 22 RF input

THPOPA23
794

Two 22-channel LLRF systems have been manufactured
and delivered to the APS. Due to the Covid travel restrictions, the factory acceptance tests were performed over video
conferences.
After delivery at the APS, the bench tests were repeated,
which verified the specifications have been met including
RF drive level, amplitude and phase error, spectrum, ADC
channel gain difference, noise level, and crosstalk. Several
software bugs were identified and fixed during the acceptance test.
At the APS linac, a spare klystron K6, which has a SLED
and a water load downstream, was used for on-site acceptance tests. The test purpose was to demonstrate that the new
LLRF system meets the APS linac operation requirement
and demonstrate its integration into the APS control system.
The on-site tests verified that the new LLRF system could
generate and control phase-reversal signals to trigger the
SLED. Figure 3 shows an example. The phase reversal could
be seen in the klystron output before the SLED, which was
generated by the new LLRF system. This reversal would trigger the SLED to extract its stored energy to generate a very
narrow and rapidly decayed compressed pulse, as is shown
in the klystron output. Compared with the existing analog
switch, which is triggered by an extra fiber-transmitted signal, the timing jitters of the SLED trigger were avoided
because the phase reversal signal was digitally coded into
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the SLED output pulse varied with the water temperature
cycle. And this variation of the SLED output pulse could be
reduced with the feedback loop on. This feedback will be
further investigated for the future APS LEA operation when
strict requirements are imposed on beam stability.

Figure 3: Amplitude and phase curves of klystron output (a)
and SLED output (b)

the RF drive waveform in the FPGA chip. And we expect
the linac beam stability would be improved due to that.
The long-term stability of the test klystron was investigated with the new software features provided by the new
LLRF system. Figure 4 shows the result of a three-day test,
where the pulse-by-pulse amplitude and phase values from
different RF monitor channels were compared. Those values were averaged within a user-specified window in the RF
pulse. The result showed that there were significant RF amplitude and phase variations due to temperature and humidity
drift. And the klystron and SLED output have stronger instabilities than the other channels, which was mainly caused
by the klystron PFN modulator. As another major task of
the APS linac refurbishment, the PFN modulators are being
replaced with the latest solid-state modulators, which will
significantly reduce the RF instability once complete.

Figure 5: RF signal phases at different spots vs SLED water
temperature (red curve) when there is no feedback (openloop) and when the pulse-by-pulse feedback is on.

CONCLUSION
A new customized digital LLRF system has been developed for the APS linac under a collaboration between Argonne National Lab and Instrumentation Technologies. Two
systems have been manufactured and delivered to the APS.
The on-site tests have demonstrated that they meet the APS
operation requirements. The systems are being integrated
into the APS control system, with the first system expected
to be installed and operate in the APS linac by the end of
this year.
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In the current operation scheme of the APS linac, all the
klystron stations are running in open-loop mode. The new
digital LLRF system provides pulse-by-pulse feedback. And
we have demonstrated this feedback feature, as is shown
in Fig. 5. When there was no feedback, the RF phase of
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FIRST SELAP ALGORITHM OPERATIONAL EXPERIENCE OF THE NEW
LLRF 3.0 RF CONTROL SYSTEM*
T. Plawski†, R. Bachimanchi, S. Higgins, C. Hovater, J. Latshaw, C. Mounts
Jefferson Lab, Newport News, VA, USA
Abstract
The JLAB LLRF 3.0 system has been developed and is
replacing the 30-year-old LLRF systems in the CEBAF accelerator. The LLRF system builds upon 25 years of design
and operational RF control experience (digital and analog),
and our recent collaboration in the design of the LCLSII
LLRF system. The new system also incorporates a cavity
control algorithm using a fully functional phase and amplitude locked Self Exciting Loop (SELAP). The first system
(controlling 8 cavities) was installed and commissioned in
August of 2021. Since then, the new LLRF system has
been operating with cavity gradients up to 20 MV/m, and
electron beam currents up to 400 μA. This paper discusses
the operational experience of the LLRF 3.0 SELAP algorithm along with other software and firmware tools like
cavity and klystron characterization, quench detection and
dynamic power allocation for beam current.

INTRODUCTION
The CEBAF Accelerator at Jefferson Lab provides electron beams to four different physics (experimental) halls at
energies up to 12 GeV. This is accomplished using two linacs with over 400 superconducting cavities (SC) in 53 cryomodules. The linacs are connected with two recirculating
arcs. Three of the experimental halls can receive up to five
passes and a fourth can receive 5.5 passes [1]. The overall
delivered dp/p rms energy spread is 5x10-5 at currents up
to 400 uA (cw).
As part of the CEBAF improvement plan, a new cryomodule, C75, has been developed by modifying an existing older cryomodule [2]. The modified cryomodule cav7
9
ity’s Qext is 1.5 x 10 and has a Q0 of 8 x 10 . Average cavity
gradient for C75 cavities is approximately 16 MV/m. In
addition to the cryomodule upgrade, the plan calls for upgrading the RF zones with new LLRF systems (LLRF 3.0),
which will replace the old analog LLRF (LLRF 1.0) designed in late 1980s. Every cavity is powered and controlled individually, similar to the older RF systems. The
cavity amplitude and phase field stability remains unchanged and must be smaller than 0.04% and 0.5 deg rms.
respectively, for measured frequencies > 1 Hz.

LLRF 3.0 HARDWARE
The new LLRF system design builds upon experience
from the older CEBAF LLRF designs, and the recent participation in the LCLS-II LLRF design. The system utilizes
___________________________________________
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a modular architecture concept, where the RF receiver, RF
transmitter, fast digitizer and the FPGA carrier are separate
printed circuit boards.

RF Transceiver
There are three high frequency receiver channels
(1497 MHz) and one high frequency transmitter channel
(1497 MHz). The RF receiver and transmitter use heterodyning in a double balanced, level 13 frequency mixer. The
RF receiver channels are designed to provide very high
channel to channel isolation (>90 dB).
The RF receiver and transmitter are in the same chassis
as the digitizer and FPGA carrier. This was done to keep
the cost low and allow the new system to fit into the existing racks. The down side of this is an added crosstalk of 6
dB to the receivers from the transmitter, which is still
within the LLRF requirement of 80 dB.

Fast Digitizer and FPGA Board
Digitizer has four inputs to the ADC, two DAC outputs
and a clock generator. AD9653 is used for ADC to process
the 70 MHz inputs from RF receivers, DAC9781 for the
DAC to generate the 70 MHz for RF transmitter and
LMK03328 for the clock generator. Input to the clock generator is 70 MHz master reference.
The FPGA board is designed based on Intel Cyclone
10GX 672 pin FPGA. This board uses a MAX10 FPGA for
power sequencing and monitoring and is available in four
different sizes for resources (85k Logic Elements, 105 k,
150 k and 220 k). It is flexible in this sense that the user
can choose one of the options at the time of assembly without changing the design. The FPGA board can be connected to a server using the SFP module or RJ-45 for communication over Ethernet. QSFP modules are useful, if
there is a need to exchange information between the boards
at high speed (e.g., 2.5 Gbps).
The RF chassis communicates with an IOC using UDP
protocol. RF chassis in a zone are connected to an IOC over
a private network. All the chassis can transfer the data at
1 Gbps as the link between the server and the switch is
10 Gbps.

CONTROL ALGORITHM
The control algorithm is based on a digital Self Excited
Loop concept [3-5] and extended by an amplitude and
Phase Lock feature. This replaces the analog GDR (Generator Driven Resonator) based systems LLRF 1.0 and digital SEL/GDR LLRF 2.0 firmware. To distinguish this from
of GDR topology we use name SELAP (SEL with amplitude and phase locked). Figure1 shows a block diagram of
this algorithm that was first developed for LCLS-II LLRF
project [5]. At JLAB we developed a full (cavity +SELAP
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controller) Matlab model to better understand dynamical
behavior of this topology, followed by developing VHDL
firmware.
As one can see when the magnitude PI controller output
is constant and the phase PI controller equals 0, the system
is in free running SEL mode. Applying magnitude feedback, the amplitude is locked (stabilized), although the system is still in SEL mode. This mode (called SELA) helps
with compensating small amplitude modulation caused by
SEL mode imperfections.

Figure 1: Locked amplitude and phase (SELAP) concept.
Once the phase loop is closed (SELAP), the system will
compensate any cavity detuning by adding an offset vector
(Q in Fig.1). In practice, the system remains in full SELAP
mode as long as it has enough RF power. If the system
clips/saturates the RF power, the phase loop unlocks itself.
The system generates a beam shutdown signal for the machine. Once detuning drops below power saturation, the
phase loop locks back and beam operation can continue.
During simulation (Fig. 2) the narrow region in the middle of the graph reveals enough RF amplifier power to fully
lock the cavity phase. When detuning rises again, forward
power grows until it loses phase lock and the system reverts to unlocked phase operation.

Figure 2: SELAP simulation.
Cavity phase information, depending on the status of the
phase lock, needs to be processed by the so called “Stateful
Phase Resolver” (SPR) [6]. The SPR output is equal to +/Pi when the phase is spinning clockwise/counterclockwise
or follows the cavity phase when sufficient RF power is
available.

C75 OPERATION
SELAP operation starts with klystron characterization.
This procedure, automatically measures the maximum linear power of a klystron and then calculates X and Y vector
Technology
Low level RF

limits. While the Y vector limits depends on cavity gradient
and expected maximum, detuning allowance thus can be
calculated “off-line”, X vector limits depends not only on
cavity gradient but also on the beam load. The information
about beam current is constantly monitored and is used to
adjust this limit.
The klystron characterization routine is executed without
cavity detuning (bypassing) by using very short RF pulses
(< 200 microseconds). This short period prevents significant cavity field build-up.

Figure 3: Klystron characterization screen.
Figure 3 shows a graph with completed amplitude and
phase vs power (kW) measurement.
The next routine, called cavity characterization, provides
a fully automated measurement of cavity external Q and
gradient calibration (Fig. 4). Once characterization is completed, both coefficients are loaded into respective PVs
(EPICS Process Variable).

Figure 4: Cavity characterization screen.
There are a few more steps before the RF system is ready
for beam operation. These include:
 Operate cavity in SEL mode and find optimal control loop phase (for given amount of RF power, cavity reaches maximum gradient).
 Final check of resonance control system operation
and detuning angle zeroing.
 Switch to SELA mode. Forward power should not
rise significantly ( <10%). Larger value may suggest
incorrect control loop phase.
 Switch to SELAP mode. Forward power rises due
to compensation of the cavity detuning (microphonics). Cavity is ready for beam operation.
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Once SELAP mode is established, there is no reason
other than system maintenance /troubleshoot to switch to
other modes for cavity recovery. In the case of an RF trip,
an operator only needs to push RF ON button and the cavity is ready for beam operation within 1-2 seconds.
Cavity field regulation was measured using third party
instrumentation and therefore includes the LO (Local Oscillator) noise, which is typically subtracted from results
presented in many papers. The cavity gradient stability
maintained by the SELAP controller is shown in Fig. 5.
Amplitude modulation is 0.00726% rms and +/-peaks are
below +/-0.03%. This result well exceeds the CEBAF SC
cavity field gradient stability requirements of 4.5x10-4 [7].
During initial setup we use LLRF acquired waveforms to
ptimize P and I gains for the gradient loop.

CONCLUSION
The new design builds upon our own experience as well
as our collaboration on the LCLS-II LLRF project. The
modular architecture can easily accommodate new operational frequencies as needed in CEBAF. The upgraded
firmware greatly improves superconducting cavity operability. Recovery from an RF trip is instant (once conditions
causing trip have been resolved) and does not require any
human interaction.
System performance while in SELAP mode is similar to
when placed in GDR controller mode. It can be challenging
to select limits for X and Y vectors when a cavity is driven
near the klystron limit. One possibility is to lower cavity
gradient, another is to accept an elevated number of beam
trips.
LLRF 3.0 hardware/firmware/software is now used in
two CEBAF zones (2x8 cavities) and LLRF 3.0 firmware
has been installed in older LLRF hardware (LLRF 2.0) and
controls one zone. We are planning to propagate SELAP
controller firmware to all digital LLRF systems for SC cavities in the CEBAF accelerator.
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Figure 5: Cavity gradient noise measurement.
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MACHINE LEARNING ASSISTED CAVITY QUENCH IDENTIFICATION
AT THE EUROPEAN XFEL
J. Branlard†, A. Eichler, J. Timm, N. Walker
DESY, Hamburg, Germany
Abstract
A server-based quench detection system is used since the
beginning of operation at the European XFEL (2017) to
stop driving superconducting cavities if they experience a
quench. While this approach effectively detects quenches,
it also generates false positives, tripping the accelerating
station when failures other than quenches occur. Using the
post-mortem data snapshots generated for every trip, an additional signal (referred to as residual) is systematically
computed based on the standard cavity model. Following
an initial training on a subset of such residuals previously
tagged as “quench” / “non-quench”, two independent machine learning engines analyse routinely the trip snapshots
and their residuals to identify if a trip was indeed triggered
by a quench or has another root cause. The outcome of the
analysis is automatically appended to the data snapshots
and distributed to a team of experts. This constitutes a fully
deployed example of machine-learning-assisted failure
classification to identify quenches, supporting experts in
their daily routine of monitoring and documenting the accelerator uptime and availability.

root cause analysis, or leaving the root cause unknown if it
cannot (yet) be identified. The tool also fetches DAQ data
of the tripped station, before (20 sec) and after (5 sec) the
event, and bundles it into a data snapshot saved for postmortem analysis. A classic example of such a trip is when
the quench detection server (QDS) detects a quench and
trips the station by stopping the RF to minimize the impact
of the excessive cryo load induced by the quench on the
cryogenic system. The QDS decision algorithm follows the
standard approach of computing the cavity loaded quality
factor (QL) for every pulse and comparing it to a running
average [2]. Sudden drops in QL are interpreted as quench
and the RF is stopped. While this approach proved extremely successful to minimize down time when quenches
occur, false positives (i.e. “fake” quenches”) have also
been observed. As a part of operations supervision, an expert routinely reviews the last trips, analyzes the RF waveforms and concludes if a quench was real or not. An example of a real and a fake quench, compared to a nominal
pulse is given in Fig. 1. This plot illustrates the differences
observed during the decay part of the RF pulse, where QL
is computed by the QDS.

INTRODUCTION
The European X-ray free electron laser (EuXFEL) is a
user facility delivering ultra-short hard and soft X-ray
flashes with the highest brilliance worldwide, through
three undulator lines and serving up to six experiments. It
is based on a 10 Hz pulsed 17.5 GeV superconducting
linac, commissioned since 2017. Large accelerators require
a high level of automation, in particular for trip detection,
classification and recovery. XTLReport is a tool developed
over the last years [1] to track the linac uptime and categorize trips according to their root cause. In its current implementation, once an hour, the tool monitors for each RF station a total of 50 hardware interlock histories available in
the control system, coming from the following subsystems:
klystron, modulator, coupler, quadrupoles, cryogenics,
vacuum and machine protection system. On top of these
hardware interlock, software interlock properties (for example coming from the quench detection system or the finite state machine) are also being monitored. Often a trip
fires several interlocks, requiring experts to look at the
post-mortem time signals to reconstruct the chain of events
that lead to the trip. However, the accelerator conditions at
the time of the trip and the sequence of interlock often provide a unique signature allowing for trip classification, so
that once identified, this process can be automated. XTLReport has gone through several iterations, each time assigning a newly found sequence of interlocks to a new root
cause, hence providing live up/downtime accounting and
___________________________________________

†julien.branlard@desy.de

Technology
Low level RF

Figure 1: Normalized cavity gradient amplitude for a nominal, fake- and real-quenched pulse. The inset zooms on the
decay section at the end of the pulse, when the RF is
switched off.
As illustrated in Fig. 1, a real quench behavior corresponds to a steeper slope during the decay. However, other
phenomena can occur during the pulse, interfering with the
QL computation and fooling the QDS into detecting fake
quenches. In the fake-quench example of Fig. 1, one can
see a step-down in the decay around 1500 usec followed
by a step-up around 1800 usec. This behavior (suspected to
come from a failure in the digitization chain) is not a
THPOPA26
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quench but still yields a lower QL and will trigger the QDS.
More details about mechanisms that can fool the QDS and
fake-versus-real quench statistics are given in [3]. The corresponding QL values computed over the first 100 usec of
the decay are given in the legend of Fig. 1. The threshold
for quench detection is set to 5×105 (i.e. 10% of nominal
value), which corresponds approximately to a three order
of magnitude drop of the unloaded quality factor. In both
cases (fake and real quench), the threshold is exceeded.
Empirical threshold adjustment to minimize the number of
false positives was pursued, along with techniques to improve the robustness of the QL computation (such as extending the area of the decay over which QL is computed).
These measures helped in minimizing the number of false
positives. One should also mention that the QDS implementation at the EuXFEL is software-based (as opposed to
a hardware- or firmware-based implementation). Due to
possible delays between server communication, it can happen that the RF is not systematically stopped on the next
pulse following a quench, but several pulses later (up to
five in extreme cases).
The main motivation for this work was to develop a classification algorithm based on machine learning techniques
to decide if the quench was real or not, looking at the available post-mortem data sets. Purely data-based approaches
have been pursued in other labs [4]. The idea here is to exploit the known cavity model [5], hence requiring less
training data. The approach is briefly presented in the following section; its benefits are illustrated in the results section and future work is discussed in the conclusion.

UPDATED APPROACH TO QUENCH
IDENTIFICATION
The QDS makes use of the cavity probe signal to detect
quenches. However, the cavity forward and reflected RF
waveforms are also available and comply with the standard
electrical cavity model [5]. One can make use of this additional information to get more insight on the nature of the
trip, by exploiting differences between the detected cavity
probe and the expected trace (or virtual probe) computed
using the cavity model and the measured forward power.
This idea was explored in [6], computing a figure of merit
for each pulse, referred to as residual, which is an indicator
of model deviation, defined as:
𝑟 𝑡
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where the subscripts P, F, B, I and Q stand for probe, forward, beam, in-phase and quadrature voltages while 1/2 is
the cavity half-bandwidth. A generalized likelihood ratio
(GLR) is then computed to quantify the probability that the
measured residual indicates a fault. The complete derivation of residual and GLR is available in [3]. One benefit of
using the GLR as metric is that it intensifies small
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Figure 2: The Generalized Likelihood Ratio (GLR) proved
to be a useful metric to categorize trips. The shape and
magnitude of the GLRs differs greatly between trips.
The next step consisted in automating the trip review
to decide if a quench was real or not. A training set of 453
trips were reviewed by an expert and tagged as “real” or
“false”, to indicate if the trip was indeed a quench or was
due to some other fault. An unsupervised classification
based on k-means square was then used to define classes
for the datasets tagged as quenches. A class threshold was
defined using the quenched and non-quenched trips of the
training data set. More details on the machine learning algorithm are given in a paper currently in preparation. The
evaluation of new trips consists then of computing the distance to the class centre point. The trip is tagged as nonquench if this distance exceeds the threshold, as quench
otherwise. This analysis is run daily as a cron job for every
new trip snapshot [7]. The program computes the residual
and GLR for all pulses of the snapshot and decides if the
trip was a quench based on the GLR distance to the class
centre point. A picture to highlight the result (Fig. 3) is generated:

(1)

𝑡

,

differences between probe and model, while being robust
against changes due to standard accelerator operation such
as cavity detuning. The three residuals corresponding to the
three traces of Fig. 1 are shown in Fig. 2.

Figure 3: Graphical outcome of the GLR analysis.
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On the left, the RF waveforms: forward, reflected and
probe for the last nominal pulse (solid) and for the faulty
pulse (dashed lines) in amplitude (top) and phase (bottom).
The top right shows the time domain residual trace for that
faulty pulse and the lower right plot shows the corresponding GLR. The GLR waveforms (one per cavity per RF
pulse) are appended to the trip snapshot file. The outcome
is summarized into a table and emailed as a daily summary
to operation experts.

RESULTS
In this section, the following definition of accuracy a is
used:
𝑇𝑃 𝑇𝑁
(2)
𝑎
𝑇𝑃 𝑇𝑁 𝐹𝑃 𝐹𝑁
where TP is a true positive (i.e. the algorithm accurately
detected a quench), TN is a true negative (the algorithm accurately recognized that a trip was not a quench), FP is
false positive (i.e. a “fake” quench) and FN is a false negative (the algorithm failed to identify a real quench).
The QDS has been running since the first day of operation of the European XFEL (Jan. 2017) but the GLR postmortem analysis is run daily only since September 2021.
In this contribution, statistics are derived for the period
Sept. 22nd 2021 to June 8th 2022, corresponding to 195 days
of nominal RF operation (removing machine shutdown,
startup or software development days). Over this period,
124 trips snapshots were recorded. The QDS tripped 65
times, 55 trips were actual quenches (TP = 55), 10 were
false positives. Another 59 trips occurred but were triggered by other technical interlock mechanisms such as coupler interlock, machine protection system or high-power
inhibit (i.e. klystron gun arc for example). Among those
faulty pulses, three also presented a quench, not caught by
the QDS because another interlock triggered first (FN = 3).
All these trips were also analyzed using the GLR
method. All 55 quenches correctly detected by the QDS
were also correctly identified by the GLR. Furthermore,
among the 10 trips that “fooled” the QDS, the GLR discredited nine of these trips as “non-quench”. Amongst the
remaining cases, four were identified as possible quenches:
post analysis proves that one wasn’t (FP = 1) but three
were (FN = 3). These cases are counted as errors, since the
GLR failed to recognize with enough accuracy real and
false quenches. Table 1 summarizes the accuracy and their
different components for the QDS and GLR approaches.
Table 1: Accuracy of QDS and GLR
QDS
GLR

TP
55
55

TN
56
65

FP
10
1

FN
3
3

a
89.5%
96.8%

The accuracy comparison is not entirely fair, since the GLR
only runs on post-mortem data, and doesn’t carry the responsibility to interlock the RF, as is the case for the QDS.
It is reasonable to assume that the accuracy of the GLR
would change if this algorithm were to look at all pulses.
However, one should stress that all real quenches detected
Technology
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by the QDS were also correctly identified as quenches by
the GLR and the GLR accurately discarded the fake
quenches (nine out of ten instances). Figure 4 gives an example of a “fake” quench that triggered the QDS, but was
correctly identified as a non-quench by the GLR. The cavity gradient amplitude is shown for three consecutive
pulses. The first one being nominal and the subsequent two
flagged as faulty. In this example, the QDS stopped the RF
after two faulty pulses. The corresponding QL displayed in
the legend show a drop from nominal value in excess of the
5×105 threshold, hence triggering the QDS to trip the station.
The GLR traces are also displayed (right axis) and are
very distinct from the GLR traces corresponding to a real
quench (Figure 2). The GLR algorithm accurately tagged
these pulses as faulty, but not as quenches.

Figure 4: Gradient amplitude for three consecutive pulses:
the last nominal and the next two faulty ones (left axis) and
the corresponding GLR (right axis). The GLR for the nominal pulse is in the noise (not visible on this scale).

CONCLUSION AND FUTURE WORK
An overview of an approach relying on machine-learning methods to categorize trips as quench or not-quench
recently implemented at the European XFEL was presented. This approach relies on existing trip snapshots to
compute additional metrics (referred to as residuals) to
evaluate if the quench is real. The next step consists of running this analysis on live data (as opposed to post-mortem).
There are 2 options: a software- and a firmware-based approach. Running the analysis is computationally expensive
so that the software approach cannot be implemented on
the front-end CPUs. A solution would be to use external
CPUs sharing a direct PCIe bus connection to the front-end
CPU. The firmware solution is attractive because it doesn’t
require additional hardware, but might be quite expensive
in terms of FPGA resources. Both options are currently under evaluation. Another future work consists of looking
into adapting the GLR algorithm for normal conducting
cavities (such as the RF gun). The GLR approach could
then help categorize different gun trips.
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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 contains 13 half-wave resonator (HWR) low beta cavities (beta= 0.09) at 176 MHz
and 14 HWR high-beta cavities (beta = 0.18) at 176 MHz.
The low-beta and high-beta series were qualified in 2021
and 2022 respectively. This contribution will focus on the
observation of the multipactor barriers for all cavities. It
will present series of data obtained during the conditioning
of these cavities.

INTRODUCTION
In 2014, CEA (Commissariat à l’Energie Atomique et
aux Energies Alternatives, Saclay, France) was committed
to delivering a Medium Energy Beam Transfer line and a
superconducting linac (SCL) for SNRC (Soreq Nuclear
Research Center, Soreq, Israel), on the SARAF (Soreq Applied Research Accelerator Facility) site [1].
This new accelerator, called Saraf-Phase II, was designed to accelerate 5 mA beam of either protons from 1.3
MeV to 35 MeV or deuterons from 2.6 MeV to 40 MeV.
CEA planned the end of the commissioning of the last cryomodule for 2023.
The SARAF-Phase II accelerator contains 13 superconducting cavities with 𝛽
0.09, called low-beta (LB)
cavities, and 14 superconducting cavities for 𝛽 0.18,
called high-beta (HB) cavities [2]. A detailed presentation
of the results for LB series can be found in Ref. [3].
In 2022, the last HB series cavities were tested successfully. These 29 tests produced a lot of data concerning the
multipactor (MP) conditioning. The purpose of this paper
is to present some of these data and discuss them. It shows
that the duration of the conditioning of these cavities is inversely proportional to the power accepted by the cavity.

Table 1: Performances According to Final RF Simulations
Low 𝛃 cav.

High 𝛃 cav.

0.091

0.181

7

8.1

E (MV/m)

34.5

35.8

B (mT)

65.6

65.3

Parameter
β
E

Q

,

(MV/m)

@4.45 K

R/Q@β

8∙10

8

1.2∙109

189

280

Stored Energy (J)

5.7

16.8

RF losses @ Q (W)

7.9

15.5

(Ω

Figure 1 (left) presents the final design of the LB cavity
with its helium tank. Both inner and outer conductors are
cylindrical. Figure 1 (right) presents the final design of the
HB cavity with its helium tank. Contrary to the LB cavity,
the inner conductor is conical. See Ref. [3] for more information.

DESIGN
The design of both cavity kinds began in 2016 and was
described in Ref. [4]. The frequency for the superconducting LINAC is 176 MHz, in order to keep the RFQ [5]. Table 1 presents the performances for these accelerating
fields as mentioned in Ref. [6].
___________________________________________

* Work supported by the Commissariat à l’Energie Atomique et aux Energies Alternatives (CEA, France) and by Soreq Nuclear Research Center
(SNRC, Israel)
† Guillaume.ferrand@cea.fr
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Figure 1: LB (left) HB (right) SARAF cavity.

SIMULATION OF MULTIPACTOR
Before launching the manufacturing of the cavities, we
tried to simulate potential MP regions using the Musicc3D
software [7]. A few MP regions were found at low field,
from 30 kV/m to 100 kV/m as shown in Figure 2. We were
not able to find MP barriers at higher field, even if the experience showed that they exist for both cavities.
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exactly the same for both cavities, but the field of the second barrier seems different. It appeared that all cavities
show these 2 separate barriers, with variations of 0.1 to 0.2
MV/m from one cavity to another one.

Figure 2: LB cavity MP barriers according to Musicc3D.

VERY LOW FIELD MP BARRIERS
All tests were done with the cavity fully immerged in
liquid helium at 4.2 K (diphasic He at 1 atm.).
We observed MP barriers at very low field between 30
and 40 kV/m for both cavities. When the cavity is stuck at
this field, conditioning is not effective, even after hours.
If the cavity is first launched with an injected power
higher than 100 mW, these barriers are not visible. However, after a few ten minutes of tests at higher field (higher
than 2 MV/m), launching the cavity with 100 mW blocks
it in the barrier. The minimal required power to relaunch
the cavity is around 500 mW (with approximately 50%
chance to pass the barrier). Sometimes, after a few hours
without RF, the very low-field barrier is easier to pass.
These barriers tend to reinforce with time of testing.
We did not see any significant difference between LB
and HB cavities for very low-field barriers.

MEDIUM FIELD MP BARRIERS
Medium field barriers were found from 1.8 to 3.5 MV/m
for LB cavities and 1.6 to 2.7 MV/m for HB cavities. These
barriers have been successfully conditioned for all cavities.
However, time to condition them was variable from one
cavity to another one.
For LB cavities, it took only 20 minutes for cavity called
SLN103, and 1 hour for cavity SLN101, with a majority of
cavities between 30 and 40 minutes. Figure 3 shows the
evolution of the MP barrier in time for the three first series
cavities, SLN101 to SLN103. Most of the other cavities
behaved similarly to SLN102. After the end of the conditioning, we tested of the cavity on the full range to verify
that barriers were well conditioned. A second conditioning
was necessary for none of the LB cavities.
Figure 3 shows that the evolution is not linear. Figure 4
shows the conditioning for two cavities with approximately
the same conditioning duration. We observed two very
close MP barriers. When the first barrier ends, at 2.7
MV/m, the second barrier begins. Curves are close to a parabolic function. For the first barrier, the field seems to be
THPOGE01
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Figure 3: Time to condition the multipactor barriers for 3
LB cavities.

Figure 4: Evolution of Eacc in time for two LB cavities:
SLN102 and SLN105.
We observed the effect of the injected power on the evolution of the MP barrier. Cavity SLN111 was conditioned
with two different input powers: 5.8 and 3.0 W (4.7 and 2.7
W accepted powers). Figure 5 shows that the conditioning
is faster if the injected power is higher. The grey line represents the curve at 3.0 W multiplied by the ratio of the
accepted powers. The conditioning speed is almost proportional to the accepted power.
The same analysis was done for HB cavities. The evolution varies from one cavity to another one. Figure 6 shows
two different HB cavities. For comparison, the conditioning time was divided by the injected power, as we used
about twice more power for SLN126 than for SLN127. For
SLN127, conditioning lasted 30 minutes with 4.5 W accepted power. For SLN126, conditioning lasted 2 hours
and 45 minutes with 8.5 W accepted power. At some
points, SLN126 was 20 times “slower” than SLN127. We
tried to correlate the difficulty to condition the cavity to the
performance, but found no evidence of any correlation. At
the nominal field (8.1 MV/m), the 𝑄 for SLN126 and
SLN127 was 2.37 ∙ 10 and 2.54 ∙ 10 respectively. This
7% difference is close to the accuracy of the measurement.
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CONCLUSION

Figure 5: Evolution of the MP barrier for SLN111 with 2
different injected powers.

In this paper, we showed a few simulations of MP barriers with Musicc3D. We did not succeed to simulate barriers
at medium field, only the very low-field barriers.
During the test, three types of barriers were seen. Very
low-field barriers appeared for all cavities, but only after a
few ten minutes. These barriers cannot be conditioned but
were not critical for tests.
Medium barriers were the most common. Two barriers
were seen from 1.8 to 3.5 MV/m for LB cavities, and one
barrier from 1.6 to 2.7 MV/m for HB cavities. The evolution speed of these barriers was variable from one cavity to
another one. For HB cavities, it could vary by a factor 20.
We did not correlate this speed to the final performance of
the cavity. We observed a very good stability from one cavity to another one for barrier beginning and ending fields,
even when the conditioning time was varying a lot.
A low-field barrier that can be conditioned in a few
minutes was found only on HB cavities.
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Figure 6: Evolution of the MP conditioning for SLN126
and SLN127.

Figure 7: Multipactor barriers for cavity SLN122. The
small barrier at 0.4 MV/m is visible.

LOW FIELD MP BARRIER
Only with the HB cavities, we saw a very small MP barrier at low field, only after conditioning of the medium
field MP barrier. This barrier, between 0.4 and 0.5 MV/m
was always conditioned in a few minutes. For most of the
HB cavities we did not have time to record it before the
barrier was conditioned. Cavity SLN122 was the one
where this barrier was the most visible (Figure 7). As for
other barriers, after conditioning, it was never seen again.
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Abstract
The sustainable next generation particle accelerators require innovative solutions to overcome the current technological challenges set by existing bulk niobium superconducting radio-frequency (SRF) cavities. Thin film-based
multilayer structures in the form of superconductor-insulator-superconductor (SIS) may be the long-sought-after
breakthrough for higher performance SRF cavities by enhancing both accelerating gradients and quality factors. In
order to understand better the underlying mechanisms of
SIS structures to be coated onto (S)RF cavities, we study
various material properties with the resultant superconducting properties of high-power impulse magnetron sputtering (HiPIMS)-coated S(I)S structures of Nb-(AlN)-NbN
with different thicknesses which are designed to be coated
mainly on OFHC copper (Cu) samples for more efficient
SRF cavities. This contribution presents materials properties of the aforementioned HiPIMS-coated S(I)S structures
as well as the superconducting and RF behaviours of these
multilayers which are assessed comparatively via DC and
AC magnetization techniques.

INTRODUCTION
The existing bulk niobium (Nb) superconducting radiofrequency (SRF) cavity technology, which has been the
leading accelerator technology so far, is close to its theoretical field limit. Besides, field-dependent performance
degradation along with local breakdown phenomena restrict not only achievable accelerating gradients, but also
quality factors of bulk niobium SRF cavities [1]. Accordingly, innovative solutions need to be introduced to realize
ever increasing high performances with reduced infrastructural and operational costs so as to build the next generation compact particle accelerators which would outperform
the state-of-art particle accelerators based on bulk Nb, and
surpass the expected accelerating gradients of 50 MV/m
together with reduced RF losses.
In order to achieve these breakthroughs, one of the promising solutions is coating inner surface of (S)RF cavities
with alternating thin film-based multilayers in the form of
superconductor-insulator-superconductor (SIS) structure
THPOGE02
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given the fact that magnetic field penetration is a surface
phenomenon (i.e., RF field penetration depth for bulk Nb
is only about 40 nm.).
The theory, proposed by A. Gurevich, for the alternating
multilayer structures for SRF cavities [2], especially for
bulk niobium cavities, says that the simplest alternating
multilayer structures (SIS), made of superconductive thin
films with thicknesses less than the London penetration
depth of the cavity wall material, enhances not only the
quality factor (Q0) with lower surface resistance (Rs), but
also the vortex penetration field by means of the insulating
layers.
Theoretically, the SIS structure is a stronger candidate to
increase the theoretical field limit as well as the onset of
the vortex penetration by means of the insulating layer,
provided that the optimum layer thicknesses and material
combinations are realised, as compared to the SS bilayer
structure without any insulating layer. However, the SS bilayers are also worth studying as being a simpler structure
with promising RF performance of the SRF cavities by enhancing the vortex penetration onset via SS boundary [3].
As being an emergent scalable sputtering technique,
high-power impulse magnetron sputtering (HiPIMS) provides means to improve the quality of the deposited films
by producing higher quality deposited films in the recent
years thanks to its highly ionized denser plasmas, as compared to conventional physical vapor deposition techniques, yielding more effective control of the kinetic energy of the sputtered species with high ionization fractions,
which arrive onto the substrate surface, so as to allow fine
tuning of parameters of deposition processes [4].
In this paper, the assessment results of the HiPIMScoated SS and SIS structures based on materials characterizations such as scanning electron microscopy (SEM) as
well as superconducting and RF characterization techniques such as vibrating sample magnetometer (VSM), and
quadrupole resonator (QPR), respectively are detailed.

EXPERIMENTAL METHODS
The multilayer SS and SIS structures in the form of Nb /
NbN and Nb / AlN / NbN were coated mainly onto silicon
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as witness samples, in order to study in detailed the deposition parameters, as well as onto the OFHC Cu substrates
(QPR) by (reactive)-HiPIMS technique via a fully automated coating machine (CC800) of CemeCon AG GmbH
at University of Siegen as shown in Fig. 1.

Table 2: The deposition parameter window of HiPIMScoated S(I)S structures for QPR tests
Material

Cathode
Power
Density
[W/cm2]

Substrate
Bias
[V]

Deposition
Pressure
[mbar]

N2 Content
[vol%]

Nb
(AlN)
NbN

4.55
7.14
4.55

50
0
50

8.0 x 10-3
6.0 x 10-3
2.5 x 10-2

0
100
10

a)

Figure 1: The overview of the sputtering machine (CC800)
capable of DCMS and HiPIMS at University of Siegen
(USI).
The detailed description of the deposition processes as
well as the details of the machine (CC800) components at
USI were reported previously [5].The materials characterizations of all deposited films were done at USI as well.
The superconducting properties (e.g., the superconducting critical temperature (Tc), and the entry field (Ben ~ Bc1))
of the deposited SS (Nb / NbN) and SIS (Nb / AlN / NbN)
samples with thicknesses of (2.5 µm / 1µm) and (3 µm / 40
nm / 200 nm), respectively, whose deposition parameters
are detailed in Table 1, were characterized at IEE SAS via
vibrating sample magnetometer (VSM) technique as
shown in Fig. 2.
Table 1: The deposition parameter window of HiPIMScoated S(I)S structures for VSM measurements
Material

Nb
(AlN)
NbN

Cathode
Power
Density
[W/cm2]
6.82
7.14
6.82

Substrate
Bias
[V]
50
0
50

Deposition
Pressure
[mbar]
-2

2.0 x 10
6.0 x 10-3
2.0 x 10-2

N2 Content
[vol%]

c)

b)

Figure 3: a) The schematic overview of the QPR system at
HZB - adapted from [7], b) The uncoated Cu-QPR sample,
c) The HiPIMS-S(I)S (Nb/(AlN)/NbN)-coated Cu-QPR
sample.

RESULTS AND DISCUSSION
The effects of the certain deposition parameter space of
HiPIMS technique on morphological, microstructural,
stoichiometric, and interfacial properties of the SS and SIS
multilayer structures were assessed through various materials characterization techniques and those results were
published [5].

a)

0
100
8

b)

c)

b)

a)
Figure 2: The vibrating sample magnetometer, a) Quantum
Design Inc., model 6000 with the VSM option at IEE SAS,
b) the operating principle of VSM technique – adapted
from [6].
The deposition parameters of HiPIMS-coated SIS and
SS structures with thicknesses of (3 µm / 180 nm) and (3
µm / 35 nm / 180nm nm), respectively, analysed with CuQPR sample tests at HZB as shown in Fig. 3, are detailed
in Table 2.
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Figure 4: The SEM images of surface and cross-section of
a) SIS, and b) SS structures deposited for VSM measurements – adapted from [5], c) SIS structure deposited for
QPR test.
The morphology of the HiPIMS-coated SIS for QPR
shows more faceted features along with enhanced columnar microstructure, as shown in Fig. 4, compared to HiPIMS-coated SIS structure for VSM measurements.
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Figure 5: The dc magnetization curves of SIS and SS structures measured via VSM technique.
The determination of the Ben [Oe] for both SIS and SS
structures were not straight forward given the fact they do
show several flux jumps as shown in Fig. 5. The meaningful comparison that could be done from the obtained dc
magnetization curves of SIS versus SS structures was that
the flux jumps start to appear at lower magnetic field for
the SS structure with respect to the SIS structure, hinting
that SIS structures could be indeed a better candidate for
magnetic field screening with respect to SS structures as
the theory suggests, excluding the possible effects of the
specific size and shape of the samples on the reported dc
magnetization loops.While the determined critical temperatures were 9.25 K and 9.3 K for the base layers (Nb) of
SIS and SS structures, respectively, the critical temperatures of the top superconducting layers (NbN) could not be
determined as being relatively thin layers with respect to
the thicker Nb base layers. Therefore, AC susceptibility
technique, with higher sensitivity compared to the dc magnetization technique (VSM), should be implemented to determine Tc values more reliably for thin multilayer structures.

SIS

a)

SS

b)

When it comes to the other SS versus SIS structures,
coated with HiPIMS for QPR tests at HZB, SS seems to
outperform SIS structure by sustaining its Meissner state
up to higher magnetic fields within the lower temperature
range with lower surface resistance values, albeit having
lower Tc as shown in Fig. 6a-c. We may speculate that the
SS structure behaves more like bulk Nb as compared to the
SIS structure. Both multilayer structures had similar surface resistance (Rs) values during the initial cool down at
low frequency measurements as shown in Fig. 7a. However, it was also observed that Rs values for these two multilayer structures seem to deviate from each other at lowest
possible trapped flux during vertical test stand (VTS) heat
cycles as shown in Fig. 7b. The SIS structure seems to be
more sensitive to flux trappings with respect to the SS
structure. Further assessments of the observed RF phenomena are to be detailed in the dissertation of D. Tikhonov.

a)

b)

Figure 7: Surface resistance of HiPIMS-coated SS and SIS
structures as a function of sample temperature, a) at three
different resonant frequencies, b) during the first cool
down and VTS heat cycle - adapted from [8].

CONCLUSION

c)

The recent RF characterization results suggest that SS
structure is worth studying in depth along with SIS structures for a more comprehensive understanding of the fundamental mechanisms responsible for potentially higher
SRF performance of the multilayer structures for the next
generation compact particle accelerators.

ACKNOWLEDGEMENTS

Figure 6: Surface resistance as a function of peak field on
sample for, a) HiPIMS-coated SIS, b) HiPIMS-coated SS
structures at different temperatures. c) The combined peak
field on sample versus set temperature curves of both HiPIMS-coated SS and SIS structures.

THPOGE02
808

The synthesis and materials characterization in this work
forms part of the SMART project funded by the Federal
Ministry of Education and Research of Germany (project
number 05K19PSA).
The characterization of the superconducting and RF
properties in this work forms part of the European Union’s
IFAST collaboration H2020 Research and Innovation Programme under Grant Agreement no. 101004730.

Technology
Superconducting RF

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOGE02

REFERENCES
[1] Y. Trenikhina, “Investigation of niobium surface structure
and composition for improvement of superconducting radio-frequency cavities”, PhD Thesis, Illinois Institute of
technology, Chicago, Illinois, USA, 2014.
[2] A. Gurevich, “Enhancement of rf breakdown field of
superconductors by multilayer coating”, Appl. Phys. Lett.,
vol. 88, p. 012511, Jan. 2006.
doi:10.1063/1.2162264

[3] T. Kubo, “Multilayer coating for higher accelerating fields
in superconducting radio-frequency cavities: a review of
theoretical aspects”, Supercond. Sci. Technol., vol. 30, p.
023001, Dec. 2016.

[5] A. Ö. Sezgin et al., “HiPIMS-Coated Novel S(I)S Multilayers for SRF Cavities”, in Proc. IPAC'22, Bangkok, Thailand, Jun. 2022, pp. 1234-1237.
doi:10.18429/JACoW-IPAC2022-TUPOTK016

[6] Quantum Design, Inc., “Vibrating Sample Magnetometer
(VSM) Option User`s Manual”, Ed. 5: 2011, pp. 1-3.
[7] S. Keckert et al., “Mitigation of parasitic losses in the quadrupole resonator enabling direct measurements of low residual resistances of SRF samples”, AIP Advances, vol 11, no.
12, p. 125 326, 2021. doi: 10.1063/5.0076715
[8] D. Tikhonov, The 5th IFAST WP9 meeting presentation,
May 2022.

doi:10.1088/1361-6668/30/2/023001

[4] A. Anders, “Metal plasmas for the fabrication of nanostructures”, J. Phys. D: Appl. Phys., vol. 40, pp. 2272–2284, Apr.
2007.
doi:10.1088/0022-3727/40/8/S06

Technology
Superconducting RF

THPOGE02
809

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOGE03

DESIGN & MULTIPHYSICS ANALYSIS OF THREE-CELL, 1.3 GHZ
SUPERCONDUCTING RF CAVITY FOR ELECTRON BEAM
ACCELERATOR TO TREAT WASTEWATER
Pankaj Kumar,∗ Abhishek Pathak, Raghava Varma
Indian Institute of Technology Bombay, Mumbai, India
Abstract
To treat industrial effluents including contaminants of
emerging concern (CECs), Irradiation treatment by electron
beam accelerator has shown promising results. Our aim
is to design and develop a superconducting linear electron
accelerator. A 1.3 GHz, three cell conduction cooled, TM
class superconducting cavity has been proposed to accelerate a 100 mA electron beam from 100 keV to 4.5 MeV.
The main aim of the design is to optimize the cavity for
low heat loss and high accelerating gradient. The optimized
ratio of peak surface electric and magnetic field to accelerating field for cavity are E 𝑝𝑘 /𝐸 𝑎𝑐𝑐 = 2.72 and H 𝑝𝑘 /𝐸 𝑎𝑐𝑐
= 4.11 mT/(MV/m). The optimized Geometry factor (G)
and R/Q values for this cavity are 246.7 and 306.4 ohms
respectively. Here we also addressed other multiphysics issues such as Lorentz force detuning (LFD), Higher order
modes (HOMs) and Multipacting. The multiphysics analysis helps to estimate the degree of these challenges. The
final Lorentz detuning factor of the cavity has been reduced
to 0.12 Hz/(MV/m)2 , HOMs of 2.18 and 2.9 GHz modes
are dominating except the main mode and Multipacting phenomena is not found at 15 MV/m of accelerating gradient.

INTRODUCTION
A 450 kW, 100 mA, 4.5 MeV High-Intensity Compact Superconducting Electron Accelerator (HICSEA) is proposed
by IIT Bombay as a sustainable alternative to treat wastewater. Figure 1 shows the schematic and different components
of the proposed accelerator.

Figure 1: A Schematic figure of proposed accelerator structure.
∗
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This paper discusses the RF design, optimization, and multiphysics analysis of a 1.3 GHz, three-cell Superconducting
RF cavity that will be used to accelerate the beam to a final
energy of 4.5 MeV. The main aim is to optimize the cavity
for low power loss and high energy gain while transmitting
a high-intensity beam of 100 mA with minimum emittance
growth and energy spread. To meet these requirements, the
cavities must be tuned for low peak surface electric (E 𝑝𝑘 )
and magnetic (H 𝑝𝑘 ) fields, allowing us to raise the accelerating gradient and a high GR/Q value with a large beam pipe
radius, allowing the beam to gain maximum energy and pass
with minimal disruption. The simulation and optimization
are done using the 3D electromagnetic simulating code CST
Microwave Studio for high-frequency components.
This superconducting cavity also has certain technological
hurdles that must be solved for efficient acceleration. These
concerns include cavity deformation due to radiation pressure, beam instability induced by High order modes (HOMs),
and multipacting of electrons through the cavity’s surface.
These faults are generated by the cavity’s inadequate geometry optimization, resulting in increased power loss and beam
instability.
Thus, a multiphysics analysis of this cavity is required to
eliminate these kinds of cavity issues. The CST microwave
studio is used to perform: (1) Lorentz Force Detuning (LFD),
(2) HOMs analysis, and (3) Multipacting analysis. All of
these simulations are performed for an accelerating gradient
of 15 MV/m.

RF CAVITY DESIGN AND OPTIMIZATION
The designed cavity has three cells from which We have
designed the inner and end cells individually to optimize the
geometric parameters of the cavity due to the coupling of the
beam tube pipe with the end cell. [1]. The second and third
cells are tuned for minimum heat loss and a strong accelerating gradient which is constrained by the peak electric and
magnetic fields. The power dissipation in the cavity is also
influenced by the Geometry factor and the R/Q value. Therefore, both cells are tuned to reduce E 𝑝𝑘 /𝐸 𝑎𝑐𝑐 and B 𝑝𝑘 /𝐸 𝑎𝑐𝑐
while increasing the Geometry factor (G) and R/Q value for
fundamental mode (F = 1.3 GHz). Both cells have a half-cell
length of 5.77 cm (L = 𝛽𝜆/4), where (𝛽 = 1) is the ratio of
electron velocity to light velocity, and 𝜆 is the wavelength
of the fundamental mode. The iris radius of R𝑖 = 3.2 cm is
chosen to maximize the cell-to-cell coupling (K𝑐𝑐 ) as well
as R/Q. The cavity’s initial cell design is critical because the
electron entering the cavity has a low velocity (v = 0.4c to
0.6c). The synchronous electron must be able to see the cor-
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rect phase. To match the phase of the incoming electron with
the RF field, the length of this cell (half-length L 𝑓 = 𝛽𝜆/4
= 2.5 cm, where 𝛽 = 0.5) is reduced. To get an improved
mechanical characteristic with minimal field emission, this
first cell is adjusted further, and a wall angle (𝜃) of 8𝑜 is
inserted in the first half cell near the cavity’s entrance to
avoid field emission.

Figure 2: Three cell elliptical cavity and its tunable parameters.

Table 1: Final RF Parameters of the Cavity
Parameters
Frequency (GHz)
Accelerating Gradient (MV/m)
𝐸 𝑝𝑘 /𝐸 𝑎𝑐𝑐
𝐵 𝑝𝑘 /𝐸 𝑎𝑐𝑐 (mT/(MV/m))
Q
G (Ω)
R/Q (Ω)
G x R/Q (Ω-Ω)
𝐾𝑐𝑐 (%)

Value
1.3
15
2.72
4.11
4.6 × 1010
246.7
306.4
75 619
1.86

in the cavity when it is functioning. Lorentz Force Detuning (LFD) studies, multipacting analysis, and Higher Order
Modes (HOMs) analysis are conducted for the optimized RF
design to ensure a smooth and reliable operation.

Lorentz Force Detuning (LFD)
Optimization and RF Parameters
The proposed three-cell niobium cavity is optimized by
varying the cavity’s parameters (see Fig. 2) while considering geometrical restrictions into account. The peak surface
electric and magnetic fields are reduced by adjusting the
iris elliptical radii (a and b) and equatorial elliptical radii
(A and B) as shown in the Fig. 4. The peak surface fields

The Structural Mechanics solver from CST was employed
for this study, and the Lorentz force was imported from
the eigenmode solver for LFD calculation. Initially, the
LFD coefficient of an optimized cavity was calculated to
be -3421 Hz/(MV/m) 2 at an accelerating gradient of 15
MV/m. As a result, the operating frequency is reduced by
769.7 KHz for the same gradient. This detuning is reduced
by applying mechanical stiffness by placing stiffening rings
around the cavity at the equator, as shown in Fig. 4. The
displacement of these stiffening rings is kept at zero in all
directions during the computation. The final LFD coefficient
is 0.12 Hz/(MV/m) 2 , resulting in a nominal detuning of 27
Hz.

Figure 3: Variation of E 𝑝𝑘 /E𝑎𝑐𝑐 and H 𝑝𝑘 /E𝑎𝑐𝑐 with respect
to a,b and B,A.
are constrained by the cavity wall material, which is niobium (Nb). For single crystal niobium, the highest critical
magnetic field (Bc) is 180 mT and the maximum electric
field is 93 MV/m. [2]. Other parameters, primarily R/Q and
G value, have also been optimized for the cavity’s last two
cells, which are essentially intended as LL shape cavities for
ILC [2]. The final RF parameters of the optimized cavity
are shown in the Table 1 .

MULTI-PHYSICS ANALYSIS
As previously noted, multiphysics studies are critical for
the stability of the designed cavity to eliminate drawbacks
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Figure 4: Three cell elliptical cavity LFD analysis, a)
Locations of stiffener rings with boundary conditions of
Δ𝑋 = Δ𝑌 = Δ𝑍 = 0 cm (green colour) and, b) Cavity deformation (in cm) after adding stiffener rings.

Higher Order Modes (HOMs) Analysis
Other than the fundamental mode i.e. 1.3 GHz, Higher
order modes can be also present in the cavity, including
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Figure 5: R/Q parameter vs Frequency graph for optimized cavity, a) for longitudinal (monopole mode), b) for transverse
mode.
transverse and axial modes that may affect beam quality
and extra power loss in the cavity. The R/Q value for a
particular mode indicates how successfully the energy held
in the cavity can be transferred to the beam. So HOMs must
have low R/Q to prevent the influence on particles. The axial
and transverse R/Q values can be calculated as [3],
∫ +∞
𝑧
| −∞ 𝐸 𝑛,𝑧 (𝑟 = 0, 𝑧)𝑒 𝑖 𝜔𝑛 𝛽𝑐 𝑑𝑧| 2
(𝑅/𝑄) ∥,𝑛 =
(1)
𝜔 𝑛 𝑈𝑛
∫ +∞
𝑧
|𝑖 𝜔𝑐𝑛 𝑎
𝐸 𝑛,𝑧 (𝑟 = 𝑎)𝑒 𝑖 𝜔𝑛 𝛽𝑐 𝑑𝑧| 2
−∞
(𝑅/𝑄)⊥,𝑛 =
(2)
𝜔 𝑛 𝑈𝑛
where 𝐸 𝑛,𝑧 is the axial electric field of n-mode inside the
cavity at a distance r from the cavity axis, a is radius of beam
tube, 𝛽 is the relativistic factor, 𝜔 𝑛 and U𝑛 are the frequency
and stored energy corresponding to the n-th mode. The R/Q
values for axial (monopole), and transverse modes are given
for different mode frequencies in Fig. 5. This figure shows
that the dominated axial and transverse frequency other than
the main frequency are 2.41, 2.18 & 2.9 GHz with R/Q of
26.58, 25.78 & 28.92 Ω respectively.

Multipacting Analysis
Multipacing is a phenomena caused by resonating electrons in the cavity with RF fields. At certain point, parasitic
discharge occurs through the conducting wall of the cavity,
resulting in a large number of electrons inside the cavity.
These electrons decreases the cavity’s performance by draining its RF energy (Q-value and maximal accelerating gradient E𝑎𝑐𝑐 ) and destroying the superconductivity through
cavity wall heating. For numerical simulations, Particlein-Cell (PIC) solver from CST-Microwave studio was used.
Because of its high precision, the Furman model was chosen for secondary particle emission from the niobium cavity
wall [4]. We only consider 1/4th part of the cavity for simulations to decrease simulation time and to limit particle
loss the cavity is covered by a material sheet with 100 % reflectivity and zero secondary electron yield. The simulation
results show that there is no multipacting found up to the
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accelerating gradient of 15 MV/m (operating gradient). For
higher accelerating gradients, the multipacting is found in
the equatorial region, which can be cured by adding some
bumps inside the equator region. This bumps can break
any synchronization between the RF field and secondary
electrons.

CONCLUSION
A three-cell cavity is designed for high intensity with energy gain of 4.5 MeV. In this structure, first cell is tuned for
phase synchronization of low energy particles with minimal
field emission, while the last two cells are optimized for
low power loss and high accelerating gradient. For an accelerating gradient of 15 MV/m, the maximum peak surface
electric and magnetic fields are 41.4 MV/m and 62.25 mT,
respectively, which are less than the critical limit 93 MV/m
and 180 mT for niobium respectively .
The LFD analysis was performed to treat cavity detuning
by applying stiffener around the equator, which reduced the
LFD coefficient (K 𝐿 ) from 3421 to 0.12 Hz/(MV/m)2 and
frequency detuning from 769.7 to 27 Hz. According to the
HOMs analysis, two HOMs, f=1.81 GHz and f=2.22 GHz,
are dominated in cavities other than the operating mode
(f=1.3 GHz), which are far from operating frequency.Finally,
multipacting analyses show that no multipacting phenomena
were observed at E𝑎𝑐𝑐 of 15 MV/m in the equatorial region.
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SOME INTERESTING OBSERVATIONS DURING VERTICAL TEST ON
ESS-HB-704 SRF CAVITIES*
K. Dumbell†, P. Smith, A. May, S. Pattalwar, A. Akintola, R. Buckley, J. Lewis, P. McIntosh,
A. Wheelhouse, A. Moss, S. Hitchen, C. Jenkins, M. Ellis, M. Pendleton, S. Wilde, K. Middleman,
M. Hancock, J. Hathaway, M. Lowe, D. Mason, C. Hodgkinson, P. Hornickel, G. Jones, G. Millar,
J. Mutch, A. Oates and J. Wilson, STFC Daresbury Laboratory, Warrington, WA4 4AD, UK
Abstract
The vertical test stand in use at Daresbury has three cavities loaded horizontally at different heights. The jacketed
cavities are supplied with liquid helium (LHe) from a
header tank at the top of the configuration. A few cavities
have been tested in different positions and the results have
been analysed.
The pressure of the helium inside the jacketed cavities is
affected by the height of the liquid helium column above
the jacket. Using results from earlier analysis during cooldown enables the pressure of the cavity to be determined
from the frequency of operation. Analysis of the effects
may allow for corrections to the frequency to be made.
In addition, there have also been some challenges at
higher power as the phase of the self-excited loop driving
the system, has been seen to change.
This paper discusses some of the observations and challenges that are being addressed in the continuing use of this
facility.

INTRODUCTION
High-β superconducting cavities for the European Spallation Source (ESS) are being tested in Daresbury Laboratory. The cryostat used [1] can be populated with up to
three jacketed cavities that can be tested during the same
run. The jacketed cavities are mounted horizontally but are
stacked vertically on a Cavity Support Insert (CSI) (see
Fig.1). For the accelerating gradient tests, the temperature
of all cavities are assumed to be at the same superconducting temperature of 2.0 K. The pressure in the cavities will
not however, be the same due to the different hydrostatic
pressure as the height of liquid helium above each cavity
will be different.
The separation of pairs of cavities is 0.62 m ( h ) and the
height of the top cavity is 0.984 m below the height of the
header. For the cavities the separation of 0.62 m can be
used to calculate the change in the hydrostatic pressure. Assuming the density of LHe ( ρ ) is 146 kg/m3 at 2.0 K [2],
this gives the increase in pressure ( p ) going down to a
lower cavity:
𝑝

𝜌ℎ𝑔

(1)

where ( g ) is the gravitational potential.
Thus the increase in pressure going down to a lower cavity will be approximately 8.9 mbar.
___________________________________________
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Figure 1: Arrangement of the cavities on the CSI.
During the commissioning phase of the test system there
were a couple of opportunities to test the same cavity in
different locations. This has yielded evidence of the effect
of the pressure dependence: one cavity has been tested in
all three possible locations.
As part of the specification tests the surface resistance of
the cavities is measured at several temperatures between
2.0 K and 4.0 K: in practice the upper temperature is restricted by cryogenic operations depending on whether a
top or bottom fill is used but the results presented here only
show the results from after the LHe becomes superconducting. The resonant frequency of the fundamental mode
of the cavity is measured at low power as the temperature
decreases: this is achieved by pumping down on the LHe
to bring the temperature down.
THPOGE05
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MEASUREMENTS
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Gaseous pressure above LHe ( / mbar )
Figure 2: Measurement of cavity during cool-down showing frequency dependence on vapour pressure over LHe in
CSI.

Accelerating Gradient Tests
One of the cavities has been tested in the 3 available locations (see Table 1).
Table 1: Runs involving the same cavity.
Position
Top
Middle
Bottom

704.149

f0 ( / MHz )

The vapour pressure of the gaseous helium (GHe) is
measured during this test. The resulting resonant frequency
as a function of the GHe vapour pressure when the LHe is
superfluid is shown in Fig. 2. These show that the frequency increases uniformly with the pressure inside the
jacket around the cavity. The reason is that the higher the
pressure surrounding the cavity deforms it to become physically smaller and hence will operate at a fractionally
higher frequency. Thus the predicted difference of 8.9 mbar
between cavity locations suggests a frequency change of
approximately 750 Hz (85 Hz/mbar).

f0 ( / MHz )
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Run
10
9
15

Date
10/3/2021
22/1/2021
17/6/2021

The result for the accelerating gradient tests are presented alongside in Fig. 3. The accelerating gradient tests
do not guarantee that the height of the LHe column is exactly the same since tests can be carried out with LHe levels well below the height of the header tank. However, for
all of the runs the cavity was tested first after the fill.
It should be noted that the level of the LHe does change
slightly during the test as LHe evaporates. The header is
designed such that the cross sectional area is greatest for
most of the operation. It is normally possible to repeat the
measurement a couple of times without any noticeable
change in the resonant frequencies. The date in Fig. 3
shows a reduction in the resonant frequency as the cavity
is operated at progressively higher accelerating gradients
but this is outside the scope of this article.

704.144
0.0

5.0

10.0

15.0

20.0

Accelerating Gradient ( / (MV/m) )

Figure 3: Accelerating gradient results from the same cavity in different locations.
The results show that the lower the physical cavity position the higher the frequency of operation. This arises
since the pressure in the jacket when in a lower position
will be greater than when the same cavity is in a higher
position at the same temperature due to the increased
height of the LHe.

CONCLUSIONS
The position of the cavity in the stack does have a small
effect on the operating conditions of the cavity due to the
pressure change. This effect is repeatable and a small adjustment can be made to compensate for this effect.
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SPLIT THIN FILM SRF 6 GHz CAVITIES
T. Sian∗1 , G. Burt1 , D. Seal1 H. Marks, Lancaster University, Lancaster, UK
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Abstract
Radio-frequency cavities used in particle accelerators are
usually manufactured from two half cells that are electron
beam welded together. In this case, the weld is located across
the peak surface current of the cavity. This weld can lead
to large increases in surface resistance and limit the performance of thin film coated cavities. Many problems with the
coating process for thin film Superconducting Radio Frequency (SRF) cavities are also due to this weld. Thin film
SRF cavities can perform as well as bulk niobium cavities if
the cavity is manufactured seamlessly, without any weld, as
they have a more uniform surface, however, they are much
more difficult and expensive to manufacture. A cavity with
a longitudinal split, parallel to the direction of the electric
field, would not need to be welded. These seamless cavities
are easier to manufacture and coat. This opens the possibilities to coat with new materials and multilayer coatings.
These cavities may allow SRF cavities to operate at significantly better parameters (higher quality factor and maximum
accelerating field) than current state of the art cavities. This
work discusses development and testing of longitudinally
split seamless cavities at Daresbury Laboratory (DL).

INTRODUCTION
The advantages of SRF cavities are that they have a much
lower surface resistance when superconducting (usually bulk
niobium cavities have a surface resistance of 104 to 106 lower
than bulk copper cavities [1]), which means that less heat
is lost in the walls of the cavity. This leads to the fact that
they can be run in continuous operation at high accelerating
gradients [1–3], when the resistive losses in copper at high
gradients can lead to melting of the cavity.
The main issue with using bulk super conducing cavities
is that they have a lower thermal conductivity than copper
cavities which can lead to localised heating and therefore,
that can cause a small area of the superconductor to become
normal conducting, when this happens the rest of the superconducting material quickly follows and becomes normal
conducting, this is called a quench [2, 3]. The idea of coating the inside of a copper cavity with a thin film of a super
conductor has been in development for many decades [2,
3]. The driving principle is that the copper cavity can provide better thermal conductivity than niobium spreading any
localised heating on the superconductor to the rest of the
cavity while the charge in the cavity is carried by the superconducting thin film [2, 3]. Another advantage of thin films
is that materials that are too brittle to be formed into cavities,
and have better superconducting properties than niobium,
∗
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can be coated onto a copper cavity and, perform just as
well if not better than pure niobium. Some such materials
include Nb3 Sn [4], MgB2 [5] and V3 Si. Superconducting
thin films have been used in several accelerators including
PIAVE-ALPI at INFN [6] HIE-ISOLDE [7, 8], LEP [7, 9]
and the LHC [7, 10].
A well known technique to manufacture RF cavities is to
create two half cells and then use electron beam welding to
join them. The main problem with this method of manufacture is that the weld, as it is around the area of highest
magnetic field and highest surface current in the cavity which
results in a higher resistance of the cavity. The weld also
leads to problems with cavities coated with superconducting
thin films. The cavities for HIE-ISOLDE for example found
micro cracks around the weld, these cavities had a large decrease in quality factor as the accelerating gradient increased.
Seamless cavities were then manufactured and coated and
the Q-slope was reduced [11]. Longitudinally split SRF
cavities are also currently in development at CERN, Slotted ELLiptical (SWELL) cavities are the baseline solution
the Future Circular Collider (FCC). Because the welds will
be in the Higher Order Mode (HOM) dampeners, they will
be away from electric field of TM11 mode [12], however,
SWELL cavities have not been manufactured or tested as of
yet.
This work describes design, manufacture, coating and
testing of seamless split niobium coated copper cavities at
DL. The cavities were designed to be seamless so no weld
was required and they were designed to be split so that they
could be coated in an open geometry, this also allowed for
easier access to the coated cavity for surface analysis.

CAVITY MANUFACTURE AND COATING
Three Oxygen Free High Conductivity (OFHC) copper
cavities were designed using CST Microwave Studio. The
cavities were designed to be TESLA shaped with a resonant
frequency of 6 GHz. The peak electric field was simulated
to be 150 MeV/m and the peak magnetic field was simulated
to be 0.37 T with 1 J of stored energy. The body of the
cavity was designed to be a cuboid shape to provide a simple
geometry for attaching thermometers, heaters and heat links.
The shape also provided a large thermal mass which aided
temperature stability. At the small ends of the cavity four M6
holes were made to allow mechanically stable attachment of
the antennas to the cavity to reduce microphonics from the
pulsing of the cold head.
The cavities were manufactured in house at DL using
a tungsten carbide milling tool. The milling tool for the
initial manufacture had a 10 mm bore nose at a speed of
6000 RPM (the fastest speed it could be used). The first

THPOGE09
815

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOGE09

adapter piece designed in house. Traces of the S11 and S21
parameters with a span of 20 MHz were taken. The bandwidth was then measured using the 3 dB points below the
resonant frequency of the S21 trace. The loaded quality
factor, 𝑄 𝑙 , was then calculated using:
𝑄𝑙 =

Figure 1: Cavities machined with the initial machining tool
and parameters (left) and the second machining tool (right).

(1)

where, 𝜔0 , is resonant frequency and, Δ𝜔, is the bandwidth.
The beta (coupling) of the cavity was calculated from the
S11 trace. using the formula:
𝛽=

measurements of the surface resistance were made after
the initial machining. The cavities were then cleaned in
an ultrasonic bath with acetone for 15 minutes and surface
resistance measurements were made again. The surface
resistance of the cavities were then measured at 4 K. The
cavities were re-machined using a 5 mm bore nose at a speed
of 45000 RPM providing a smoother finish and the cleaning
and measurement process was repeated. Images of the cavity
after each stage of machining can be found in Fig. 1 it can be
seen that the finish is more reflective after machining with
the smaller, faster bore nose.
After the second machining, cavity ‘A’ was cleaned, tested
then coated in two parts using pulsed DC sputtering of a pure
niobium target without any further polishing. The sputtering
was performed with a 300 W pulse with 2.10 A, 143 V. The
pulse frequency was 350 kHz, the dual time was 1.1 µs for
3 hours at 3.85 × 10−2 mbar of krypton at room temperature
(RT). An image of the cavity after coating can be seen in
Fig. 2.

𝜔0
,
Δ𝜔

𝑆11max − 𝑆11min
,
𝑆11max + 𝑆11min

(2)

where 𝑆11min and 𝑆11max are the minimum and maximum
values of the S11 parameters in dB.
The quality factor, 𝑄 0 , of the cavity was then calculated
using:
𝑄𝑙
.
(3)
𝑄0 =
1+𝛽
The surface resistance, 𝑅𝑠 , was then calculated using:
𝑅𝑠 =

𝐺
,
𝑄0

(4)

where the geometry factor, 𝐺, was taken from a CST microwave studio simulation of the cavity.

CRYOGENIC MEASUREMENT FACILITY
To cool down the cavity to cryogenic temperatures a SHI
Cryogenics RDK-415D2 cold head was used. A cold head
system was chosen as the measurements required are at low
power which was achievable with a lower running cost using
a cold head system rather than using liquid helium. The
first stage of the cold head was connected to a heat shield in
order to reduce the thermal radiation onto the cavity. The
cavity was connected to the cold head using two 20 mm thick
copper bars. Figure 3 shows the cavity mounted onto the
cold head. These copper bars were bolted onto the cavity,
indium was used between each connection to provide good
thermal contact. The cavity reached 4.2 K after 12 hours of
cooling. The cold head was operated in a vacuum vessel
with a base pressure of 10−6 mbar when cold.

RESULTS AND DISCUSSION
Normal Conducting Results
Figure 2: Cavity A coated with niobium.

SURFACE RESISTANCE MEASUREMENTS
The surface resistance was calculated from the Scattering
(S) parameters of the cavity. The S-parameters were measured using two antennas connected to a Vector Network
Analyser (VNA). The antennas were connected to the cavity using a mini conflat feedthrough and an OFHC copper
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Measurements were performed at RT before and after
each stage of cleaning and polishing. Measurements were
also made at 4.2 K after each clean. The surface resistance
of each cavity at each stage can be found in Table 1.
The surface resistance decreased after polishing each cavity which was expected. However, this surface resistance
is higher than ones measured at OFHC copper surfaces
SLAC. SLAC measured 𝑅𝑠 of a 5.7 GHz copper cavity to
be 1.6 × 10−2 W at RT and 4 × 10−3 W at 4.2 K [13]. Thus,
our best results for mechanically polished cavity surfaces
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Figure 4: The surface resistance 𝑅𝑠 as a function of temperature in the range 4.2 K ≤ 𝑇 ≤ 9.5 K

Figure 3: The cavity connected to the cold head before the
heat shield and outer vacuum chamber were installed.
Table 1: Surface Resistance Measurements (in Ω) at Each
Stage of Cleaning and Polishing
Cavity

As Received After Clean

at 4.2 K

W
A
A - polished
B
B - polished
C
C - polished

–
2.3 × 10−2
2.6 × 10−2
2.2 × 10−2
2.44 × 10−2
2.2 × 10−2

10−2

2.6 ×
2.2 × 10−2
2.4 × 10−2
2.2 × 10−2
2.5 × 10−2
2.5 × 10−2

10−2

1.1 ×
6.3 × 10−3
6.8 × 10−3
6.7 × 10−3
9.5 × 10−3
4.7 × 10−3

are 37% higher at RT and 17% higher at 4.2 K, that could
be explained by due to the better surface finish of the copper
cavities at SLAC.

Superconducting Results
The cavity (‘A’) coated with niobium film was tested at
4.2 K. Heaters attached to the cavity were then used to obtain
the surface resistance at higher temperatures. The surface
resistance as a function of temperature is reported in Fig. 4.
The critical temperature (Tc ) in this section will be quoted
as three numbers, 𝑇c90 , 𝑇c50 and 𝑇c10 which are the temperatures corresponding to the surface resistance at 90, 50
and 10% of the superconducting transition, respectively.
The coating on the cavity had a 𝑇c90 = 8.55 ± 0.5 K,
𝑇c50 = 8.25 ± 0.5 K and a 𝑇c10 = 7.6 ± 0.5 K. These values are below the expected values for bulk niobium. It could
possibly be explained that this is due to some defects in the
film.
The surface resistance at 4.2 K was measured to be
5.32 × 10−1 mW, the BCS resistance for niobium at 4.2 K
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at 6 GHz is 1.15 × 10−2 mW, which is significantly lower
than the measured resistance, this again has been attributed
to the defects in the coating.
Thus, the first split coated split cavity was tested at the
temperature range of 4.2 K ≤ 𝑇 ≤ 9.5 K. This allows to
demonstrate that the main idea of split cavity and superconducting thin film coating on it are working, all equipment
designed and built for the split cavity testing at cryogenic
temperatures is working well.

CONCLUSION
A seamless superconducting thin film radio frequency
cavity based on a novel concept of a longitudinal split has
been explored by our team. Three OFHC copper cavities
were designed, manufactured, mechanically polished and
coated with niobium at DL.
One of the advantages of this open geometry design is that
the cavities can easily be manufactured, polished, cleaned,
coated and examined at every stage.
The Nb coating had a lower 𝑇𝑐 than pure Nb and a higher
surface resistance, it is expected that this is due to defects
within the coating.
Future work will include testing of other coatings and
upgrading the system to perform measurements at higher
power. A study on the effect of the sharpness of the edges
where the two halves of the cavity meet on the performance
of the cavity will also be undertaken.
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Abstract
Research is ongoing into the use of superconducting thin
films to replace bulk niobium for future radio frequency
(RF) cavities. A key part of this research requires measuring
the RF properties of candidate films. However, coating and
testing thin films on full-sized cavities is both costly and
time-consuming. Instead, films are typically deposited on
small, flat samples and characterised using a test cavity. A
cost-effective facility for testing such samples has recently
been built and commissioned at Daresbury Laboratory. The
facility allows for low power surface resistance measurements at a resonant frequency of 7.8 GHz, temperatures
down to 4 K and sample surface magnetic fields up to 1 mT.
A brief overview of this facility as well as recent results from
measurements of both bulk Nb and thin film coated samples
will be presented.

Ultimately, for these reasons, thin film cavities could lead to
shorter, more sustainable accelerator structures.
The development of thin film SRF cavities requires 5 main
areas of research: (1) substrate surface preparation, (2) thin
film deposition, (3) film characterisation, (4) superconducting DC properties measurements, (5) superconducting RF
evaluation. So far, the focus has been on studying the properties of thin films on small planar substrates mainly due to
cost savings and ease of deposition and analysis. Results
from all 5 areas of research will be used to determine which
samples are most likely to perform well on a cavity-shaped
geometry for further testing.
A facility for the superconducting RF evaluation has recently been commissioned [3]. The addition of this facility
now allows for research and development in all 5 areas of the
thin film development programme at Daresbury laboratory.

FACILITY OVERVIEW
INTRODUCTION
For over 50 years, the overwhelming majority of superconducting radio frequency (SRF) cavities used in particle accelerators have been manufactured from bulk niobium. This material’s extremely low surface resistance, 𝑅𝑆 ,
means that cavities reach very high intrinsic quality factors
(𝑄 0 ≈ 1010 -1011 ) at liquid helium temperatures. This also
allows for continuous wave operation in order to create very
stable beams with low energy spread.
However, Nb cavities are now pushing the theoretical
limits in accelerating gradient, 𝐸 𝑎𝑐𝑐 ≈ 55 MV/m [1]. For
example, 1.3 GHz TESLA shaped Nb cavities have recently
reached 𝐸 𝑎𝑐𝑐 ≥ 50 MV/m [2]. As a result, there is a push
to develop cavities using alternative superconducting materials to reach higher 𝑄 0 and 𝐸 𝑎𝑐𝑐 . These materials are
typically deposited onto copper cavities as thin films tens
of nanometers to a few micrometers thick. One of the main
incentives for using bulk Cu instead of Nb as the substrate is
the significant reduction in material and production costs. In
addition, the much higher thermal conductivity of Cu allows
for increased thermal stability of cavities during operation.
∗
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The facility for RF testing of planar samples 90-130 mm
in diameter is now in full operation [3, 4]. A diagram of the
facility is shown in Fig. 1.

Figure 1: A schematic of the cavity and sample mounted to
the stage 2 plate of the cryostat, previously reported at [3].
This facility utilises a bulk Nb half-cell cavity, first reported in [5], operating at a resonant frequency, 𝑓0 = 7.8 GHz.
The cavity itself is surrounded by three quarter wavelength
chokes designed to contain the fundamental mode frequency
within the cavity and minimise leakage. This means that no
physical welding is required between the cavity and sample,
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allowing for an easy sample changeover. The cavity and
sample are mounted in a liquid helium free cryostat detailed
in [6].
The cavity recently received a light buffer chemical polishing (BCP) treatment at INFN followed by a 120 ◦ C vacuum
bake for 48 hours at Daresbury Laboratory. This was carried out to reduce RF power dissipated on the cavity and
maximise power on the sample. Recent tests have demonstrated a minimum stage 2 temperature of 3.1 K. Overall,
the facility is used to make measurements of 𝑅𝑆 at sample
temperatures, 𝑇𝑆 ≥ 4 K and sample peak magnetic fields,
𝐵𝑆, 𝑝𝑘 ≤ 1 mT. Crucially, with the lack of sample-cavity
welding, a very high sample throughput rate of 2-3 per week
can be achieved.

to remove any defects from manufacturing and produce a
smoother surface. This is to reduce 𝑅𝑆 as well as the effect
of field emission at higher fields.
The Nb sample being evaluated was treated using a recently developed metallographic polishing method at IJCLab
[8, 9]. This technique has the potential for cost-savings and
higher levels of repeatability compared to standard BCP and
electropolishing (EP) used for Nb cavities. Images of the
sample pre- and post-polishing are shown in Fig. 3.

Sample-Cavity Gap Optimisation
During the final stages of commissioning, an investigation
into the optimum sample-cavity gap size was carried out in
CST [7] with the aim of maximising the RF power dissipated
on the sample. The results from these simulations are shown
in Fig. 2.

Figure 3: The bulk Nb sample pre- and post-metallographic
polishing shown from left to right.
Measurements of 𝑅𝑆 as a function 𝑇𝑆 for this sample before and after polishing are shown in Fig. 4. These measurements, and subsequent results shown, were taken at constant
𝐵𝑆, 𝑝𝑘 < 1 mT. Previous measurements showed 𝑅𝑆 to be
constant as a function of low 𝐵𝑆, 𝑝𝑘 at constant 𝑇𝑆 [3].

Figure 2: Results from sample-cavity gap simulations.
The method for calculating the 𝑅𝑆 of samples relies on a
calorimetric method detailed in [4]. Therefore, it is desirable
to maximise the percentage of input power dissipated on the
sample. Assuming a critically coupled antenna, the results
of modelling demonstrate that this occurs with a gap size
of 1 mm, as shown in Fig. 2. Above 3.5 mm, the leakage
through the gap rapidly increases due to significant de-tuning
of the chokes. Therefore, a gap of 1 mm used and maintained
with G-10 spacers between the cavity and the sample.

SAMPLE CHARACTERISATION
Bulk Nb Sample
In order to provide a baseline for future sample measurements, a bulk Nb sample disk was tested (𝑅𝑅𝑅 = 400). Previous measurements on a different bulk Nb sample highlighted
the sensitivity of the 𝑅𝑆 to surface treatments [3], however a
polished sample had yet to be tested. Polishing is an important step in the preparation of all bulk Nb cavities in order
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Figure 4: 𝑅𝑆 as a function of 𝑇𝑆 for the bulk Nb sample before and after metallographic polishing. Dashed line shows
the BCS fit to post-polished data with 𝑅𝑟 𝑒𝑠 = 5.70 µΩ.
These results show a significant improvement in 𝑅𝑆 after
polishing of ≈ 120 µΩ at 4.2 K. Visually, the sample surface appears much smoother and more reflective as shown
in Fig. 3, so those results are as expected. The theoretical
BCS resistance for the polished bulk Nb sample at 7.8 GHz
has been fitted using a multi parameter least squares fit [10]
based on the widely used Halbritter code [11]. Initial parameters: 𝑇𝑐 = 9.25K, 𝛥/𝑘𝑇𝑐 = 1.85, London penetration
depth = 32 nm, coherence length = 39 nm were used. The
fit calculated a residual resistance, 𝑅𝑟 𝑒𝑠 = 5.70 µΩ. This
can likely only be reduced with further surface treatments.
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The sample will now be used as a substrate to test the RF
performance of thin film multilayers.

Nb Thin Film Coated Cu Samples
In addition to the bulk Nb sample, three Nb on Cu thin
film samples were also tested. Samples 1 and 2 were deposited using pulsed DC magnetron sputtering onto 100 mm
diameter Cu disks. Sample 3 was deposited by high impulse
magnetron sputtering (HiPIMS) onto a 130 mm Cu disk.
Details of these deposition techniques can be found in [12,
13]. Sample substrates were mechanically polished before
deposition: Sample 1 and 2 with a diamond abrasive and
sample 3 with diamond turning. Based on previous measurements, the thin film samples measured in this paper are
≈ 1-3 µΩ. Future surface analysis will be carried out to
measure thickness accurately. The results of measurements
of 𝑅𝑆 as a function of 𝑇𝑆 for three samples are compared in
Fig. 5.

than both the Nb films and bulk Nb. For example, at 5 K,
𝑅𝑆 is ≈ 70 µΩ lower than the metallographically bulk Nb
and ≈ 19 µΩ lower than thin film Nb. Given these results,
NbTiN is a promising candidate film that should be analysed
further in addition to the Nb samples.

Figure 6: 𝑅𝑆 as a function of 𝑇𝑆 for the NbTiN sample compared with the polished bulk Nb and Nb thin film sample 3.
The next step will characterise the films in a magnetic
field penetration facility [15]. This would allow investigation
of the effect of a DC magnetic field applied parallel to the
sample surface, in similar conditions to the field induced
inside a cavity. Surface characterisation of all samples shown
will also be carried out to further understand the results.
With full results for each sample, measurements on cavity
depositions can be considered.

CONCLUSIONS
Figure 5: Nb on Cu samples 1-3 shown from left to right.
These results show that sample 3 has the lowest 𝑅𝑆 whilst
sample 1 has the highest 𝑅𝑆 . Though surface analysis has
yet to be carried out on these samples, these results might
be as expected due to the smoother surface produced from
diamond turning on sample 3 compared with using a diamond abrasive on the other two samples. This means that
sample 3 is likely to have fewer defects and less field emission causing an increase in 𝑅𝑆 . Also, sample 2 experienced
some de-lamination which could contribute to an higher 𝑅𝑆 .
Sample 1 appears to have larger grain size which could lead
to increased losses at the grain boundaries.

NbTiN Thin Film Coated Cu Sample
For the first time, an alternative superconductor has been
characterised with this facility. The sample characterised
was a NbTiN thin film deposited onto a 100 mm Cu substrate
disk (polished with diamond abrasive) by pulsed DC magnetron sputtering. With a 𝑇𝑐 = 11.6 − 17.5 K [14], NbTiN
would be a good alternative to Nb. It is also a suitable candidate for multilayer films which has the potential to increase
the lower critical field, 𝐻𝑐1 , and 𝑄 0 of the cavity and hence
increase 𝐸 𝑎𝑐𝑐 .
The measurements of 𝑅𝑆 as a function of 𝑇𝑆 are shown in
Fig. 6. These results show a low temperature 𝑅𝑆 to be lower
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A facility at Daresbury Laboratory capable of measuring
𝑅𝑆 of planar thin film samples at 𝑇𝑆 ≥ 4 K is now fully
operational. Crucially, this facility allows for a very high
throughput rate of 2-3 samples per week, enabling the quick
RF characterisation of samples to keep up with the high rate
of sample production. In addition to the samples already
tested, more single layers, including Nb3 Sn, Nb3 Al, NbN,
MgB2 , V3 Si, as well as multilayers, will be characterised
with this facility and followed up with DC magnetic field
penetration measurements and surface characterisation.
Daresbury Laboratory now has facilities fully operational
in all 5 areas of our thin film development programme. As a
result, the programme can move at a faster rate to find candidate samples for future cavity depositions and accelerate
the progress of thin film SRF research.
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DESIGN OF PRODUCTION PIP-II SSR1 CAVITIES ∗
C.Narug, M. Parise, D. Passarelli, J. Bernardini, FNAL, Batavia, IL, USA
Abstract
The testing and manufacturing process of the PIP-II Single
Spoke Resonators Type 1 (SSR1) prototype jacketed cavity
presented opportunities for refinement of the production series. Experience from the prototype cavity and the design of
other cavities at Fermilab were used. The mechanical design
of the production jacketed cavity has been modified from
the prototype design to allow for improvements in overall
performance, structural behavior, and manufacturability of
the weld joints.

OVERVIEW
The PIP-II project has the scope to upgrade the existing
Fermilab’s accelerator complex to deliver the most intense
high-energy beam of neutrinos for the international Deep
Underground Neutrino Experiment at LBNF. It is based
on a proton driver superconducting linac that composes
of five different Superconducting Radio Frequency (SRF)
cavity types: half wave resonator (HWR), 325 MHz single
spoke resonators type 1 and type 2 (SSR1, SSR2), low-beta
and high-beta 650 MHz elliptical 5-cell cavities (LB650,
HB650). Significant contributions from international research institutions in India, United Kingdom, Italy, France
and Poland are planned to provide expertise and capabilities
in accelerator technologies to the project.
The current PIP-II beam optics design requires that each
SSR1 cryomodule contains four superconducting focusing
lenses (solenoids) and eight identical SSR1 cavities, where
each cavity is equipped with one high-power RF coupler and
one tuner. Positioned as the second cryomodule type in the
linac, the two SSR1 cryomodules operate at a frequency of
325 MHz with continuous wave (CW) RF power and peak
currents of 5 mA to accelerate H- beam from 10 MeV to
32 MeV.

CAVITY STRUCTURAL DESIGN

Figure 1: SSR1 Resonator Cross Sectional View

fluctuations and overall ease of tuning under operating conditions. To do this an internal niobium ring was EB welded
to the cavity and flanges. The cavities are required to operate
in CW regime in superfluid helium at a temperature within
the range of 1.8 – 2.1K. The assembled cavity can be seen in
Figure 2 and an explosion view with the components labeled
can be seen in Figure 3.

Figure 2: SSR1 Cavity

The SR1 resonator is made of two pressure vessel components, an SRF cavity and a liquid helium containment
vessel. The cross sectional view of the assembly can be seen
in Figure 1.

Cavity
The inner vessel of the SSR1 resonator is a superconducting cavity. This vessel is subject to external pressure
excerpted by the liquid helium while the inner surfaces see
ultra-high vacuum. All cavity parts are formed and machined
using bulk RRR (extra-pure) niobium and EB welded to each
other. The system of stiffeners present on the cavities were
investigated and optimized to maintain mechanical stability,
acceptable response to microphonics and Helium pressure
∗
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Figure 3: SSR1 Cavity Components
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Helium Vessel
The helium vessel is the outermost vessel of the SSR1
resonator and is constructed from titanium grade 2. The
SSR1 helium vessel will be designed to hold liquid helium
at a temperature of 2 K. It is subject to internal pressure.
The main parts that comprise the helium vessel are two halfshells, two conical plates and two dome heads. Parts of the
helium vessel are attached using a combination of EB, Fusion, and TIG welding. The helium vessel also includes the
support base for securing the resonator inside the Cryomodule. Other features are included on the cylindrical shells:
anchor points for the tuning system and threaded bosses that
will accept hoist rings for handling operations. There are
several openings in the helium vessel to allow the connection with the cryogenic, vacuum systems and beam line. The
helium vessel is connected to the Nb cavity by the coupler
flange, vacuum flange, the two beam pipe flanges, and the
transition rings. The bellows facilitates the adjustment of
the cavity frequency (tuning) acting on the beam pipe flange.
The assembled helium vessel can be seen in Figure 4 and an
explosion view with the components labeled can be seen in
Figure 5.

Figure 5: Helium Vessel Components
features, Fermilabs Environmental, Saftey, and Health Manual (FESHM) provides additional design guidelines [2,?3].
While additional verification will be needed for industry provided components, such as the bellows, components have
been able to be shown to meet both to meet the FESHM and
BPVC analysis requirements.

PRODUCTION CAVITY DESIGN
CHANGES

Figure 4: Assembled Helium Vessel

DESIGN VERIFICATION
The cavity is is required to have an external MAWP of
0.205 MPa. During operation at 2K, the external MAWP of
the cavity increases to 0.41 MPa. The cavity has a tuning
range of 0.26 mm that also needs to be considered when
designing the components. During the warm up of the cavity,
it is possible for helium to leak into the main volume of the
cavity, applying an internal pressure load of up to 0.205
MPa.
The designs of components to withstand the required loads
have been verified using the analysis methods provided by
the Section VIII Division 1 of the ASME Boiler and Pressure
Vessel Code (BPVC) [1]. Due to the non-standard geometry of the cavity, the additional guidance of section U-2(g)
was followed to perform design by analysis of the assembly
using the methods of Part 5 of Section VIII Division 2. To
allow for the use of nonstandard materials, weld joints, and
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Three significant changes have been made to the helium
vessel design between the prototype and production models;
the iris ring was modified, the bellows and slip joint were
re-positioned, and the external flange was expanded. Additional minor changes to the helium vessel have been made
to the helium vessel to bridge the connections between these
components. The development of the weld joints between
the helium vessel and cavity components have also been
improved based on previous experience with the Niobium
to Titanium joints [4].

Iris Support
The uris supports on the SSR1 cavitiy is designed to stiffen
the assembly at the connection between the helium vessel
cavity. The prototype design used an array of 6.25mm thick
stiffeners to connect the cavity membrane to the beam tube
of the assembly.
During the analysis of the prototype SSR1 cavities, the
results showed that the MAWP of the assembly was lower
than the required MAWP limit as per the FESHM guidelines [2], but higher than the ASME BPVC limit. Because
all of the requirements of the FESHM guidelines were not
met, the cavity was classified as an exceptional vessel and
required additional internal reviews and documentation to
be performed before it was shown to be safe for use in the
cryomodules.
To improve the design, the iris ring from the SSR2 cavity
were modified to fit the SSR1 cavity. Instead of using mul-

Technology
Superconducting RF

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOGE13

tiple rib stiffeners, one ring stiffener was used to attach the
cavity membrane to the flange of the helium vessel. Performing the analysis on the updated version of the cavity, it was
shown that analysis requirements of the FESHM guidelines
were met, allowing for the potential for the SSR1 cavities to
be non-exceptional?(Fig.?6).

design required the precise alignment of the helium vessel
and cavity flange. The flange would then be attached to the
helium vessel through using a EB butt weld. In addition to
difficulties in alignment, the welded connection also created
a risk of weld sputtering through the joint directly onto the
cavity.
To correct for the alignment and welding risks, the spoke
flange will be attached to the helium vessel through the use
of an adaptor ring. The flange will be welded to an adaptor
ring which will be TIG welded to the outside of the helium
vessel. The change in the design can be seen in Figure 8.

Figure 6: SSR1 Iris Support, Prototype Design (left), Production Design (right)

Bellows and Slip Joint
During the manufacturing of the SSR1 Prototype cavities,
issues occurred due to the location of the slip joints in the
connection between the helium vessel and cavity. In the
prototype design, the slip joint was located near center of
the cavity. When attempting to weld the connection after
attaching the bellows, due to the distance from the bellows
and the slip joint, it became difficult to control the spacing
of components?(Fig.?7).
To improve this feature, the slip joint was moved to be
right next to the bellows assembly. Instead of attempting to
align multiple parts simultaneously, with the design change,
the bellows and end of the helium vessel can first be welded
into the flanges of the cavity, then the bellows can be adjusted
with the slip joint and attached to the helium vessel.

Figure 8: SSR1 Spoke Flange, Prototype Design (left), Production Design (right)

CONCLUSIONS
Addressing some of the issues seen during the manufacturing the prototype SSR1 cavities have lead to improvements
in the design. The design changes have reduced the need for
additional documentation to be collected, thereby reducing
lead times on the vessels while also reducing the risk to
critical components. The changes also improved the ability
of partner organizations to assemble components reducing
project risks.
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Helium Vessel Adaptor Ring
The prototype design of the flange of the SSR1 helium vessel spoke flange was done such that the flange was attached
to the helium vessel using an adaptor ring. The prototype

Technology
Superconducting RF

[2] Dressed Niobium SRF Cavity Pressure Safety, Fermilab,
FESHM 5031.6.
[3] Guidelines for the Design, Fabrication, Testing and Installation
of SRF Nb Cavities, Technical Division Technical Note TD09-005, Fermi National Accelerator Laboratory.
[4] M. Parise, J. Bernardini, and D. Passarelli, “Niobium to Titanium Electron Beam Welding for SRF Cavities”, presented
at the LINAC’22, Liverpool, UK, Aug.-Sep. 2022, paper TUPOGE13, this conference.

THPOGE13
825

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOGE15

MEASURING THE SEEBECK COEFFICIENT AT CRYOGENIC
TEMPERATURES FOR LCLS-II-HE PROJECT
L. Shpani∗ , M. Ge, A. Holic, M. Liepe, J. Sears, N. Verboncoeur
Cornell Laboratory for Accelerator-Based ScienceS and Education (CLASSE),
Ithaca, NY, USA
Abstract
The Seebeck effect plays a crucial role during the
cooldown procedure in SRF based accelerators, like LCLSII at SLAC. The temperature-dependent Seebeck coefficient
quantitatively measures the strength of electric potential induced by thermal gradients in metals. This effect is present
in cryomodules and drives thermoelectric currents generating magnetic fields. These fields can get trapped in cavities
and cause additional dissipation in RF fields. We have therefore designed and commissioned an experimental setup that
does continuous measurements of the Seebeck coefficient
for cryogenic temperatures ranging from 200K down to below 10K. We present results of the measurements of this
coefficient for materials commonly used in cryomodules,
such as niobium, titanium, niobium-titanium, silicon bronze,
and stainless steel.

INTRODUCTION
LCLS-II will be the first XFEL based on 4GeV continuouswave superconducting RF (CW-SRF) accelerator technology.
The LCLS-II-HE will increase the energy of the CW-SRF
to 8GeV, increasing the photon energy range from 5keV of
LCLS-II to at least 13keV at 1MHz repetition rates [1].
Nitrogen-doped niobium SRF cavities with high quality
factors of 2.7 × 1010 at 4K will be used. Because of the
high sensitivity to RF dissipation from trapped magnetic
vortices resulting from magnetic fields in cryomodules
during cooldown, reducing thermoelectric currents and
their resulting magnetic fields is crucial to maintain the high
quality factor of the cavities [1, 2].
The Seebeck effect is a phenomenon in which a potential difference is induced between two ends of an electrical
conductor when a temperature gradient is applied across
it, as carriers diffuse from the hot end to the cold end of
the sample [3–5]. The Seebeck coefficient is a temperature
dependent material property, which is a crucial value needed
to estimate these thermoelectric currents.

The voltage difference induced induced in a metal due to
a temperatre gradient can be described by
𝑇2

𝑉 =−

𝑆(𝑇)𝑑𝑇,

The value of the temperature-dependent Seebeck coefficient itself is the ratio of the potential difference and temperature gradient across the metal, namely
𝑆 𝑎𝑏 (𝑇) = lim

Δ𝑇→0

ls936@cornell.edu
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(2)

Measurement Method
Measurement was done using the differential method [3],
using a small temperature gradient across the sample
(between 1 to 5K) . We simultaneously measure the
temperature on each side of the sample and the induced
potential difference. Figure 1 is an illustration of the
Seebeck effect on two dissimilar metals with the interfaces
at temperatures 𝑇1 and 𝑇2 (𝑇1 ≠ 𝑇2 ).

Figure 1: Seebeck effect for two dissimilar materials, namely
the lead wires and the metal of interest, with the interfaces
at temperatures 𝑇1 and 𝑇2 . A proportional voltage 𝑉 is generated.
We can measure the potential difference across the metal
of choice using lead wires shown in Fig. 1 as leads. The
measured potential difference in this case is given by
∫ 𝑇2
𝑉 =−
[𝑆 𝑏 (𝑇) − 𝑆 𝑎 (𝑇)]𝑑𝑇,
(3)
where 𝑆 𝑎 is the Seebeck value of the metal of interest,
and 𝑆 𝑏 is the Seebeck value of the Pb wires [5].
Using the known values of the Seebeck coefficient for
Pb [6] we can add a correction as follows:

(1)

Δ𝑉
+ 𝑆 𝑏 (𝑇𝑎𝑣𝑒 ),
Δ𝑇
= (𝑇1 + 𝑇2 )/2 and Δ𝑇 = 𝑇2 − 𝑇1 .
𝑆 𝑎 (𝑇𝑎𝑣𝑒 ) = −

𝑇1
∗

Δ𝑉
.
Δ𝑇

𝑇1

MEASUREMENT SETUP

∫

where 𝑇1 and 𝑇2 are the temperatures of the two ends of the
sample, and 𝑆(𝑇) is the temperature dependent Seebeck
coefficient.

where 𝑇𝑎𝑣𝑒

(4)

Technology
Superconducting RF

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOGE15

Experiment Setup
The experimental setup was inspired by [4], and it consists
of a copper sample holder mechanically bolted to a copper
base, which is electrically insulated through 0.015” thick
aluminum oxide sheets. The 3D CAD model of the setup is
shown in Fig. 2 (A), and photographs of the disassembled
and assembled sample are shown in Fig. 3 (A) and (B)
respectively. The sample is clamped down to the holder
using heaters on both ends of the sample, as well as two
G10 clamps. The heaters are 5 W Dale resistors, and they are
used to create the desired temperature gradient across the
sample. The G10 clamps are also used to press the sample
against the cernox sensors placed underneath, as shown in
Fig. 3.

for niobium, titanium, niobium-titanium, silicon bronze,
stainless steel 316L and 316LN.

Figure 4: Measured cryogenic Seebeck coefficients for a
variety of materials.
Measurements of niobium and titanium are consistent
with literature [6], which validate the experimental setup.
Note that our measurements are continuous in contrast to
the sparse data points in the literature.
Figure 2: 3D model of the measurement setup. (A) Close
up of assembled setup. Sample is mounted on the copper
base; (B) Setup mounted on the cryocooler cold head.

CONCLUSION
We have optimized and commissioned a system to measure Seebeck coefficients at cryogenic temperatures.
We present first-ever data for the cryogenic Seebeck coefficient for Nb-Ti, stainless steel, and silicon bronze, materials
commonly used in superconducting RF cryomodules. This
data is useful to compare the impact of these materials on
generating thermoelectric currents.
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Figure 3: Pictures of the disassembled (A) and assembled
(B) setup.
The cooldown was done using a 1.8W 4K Cryocooler,
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RESULTS
Preliminary results of the measured Seebeck coefficient
for temperatures ranging from 10K-200K are shown in Fig. 4

Technology
Superconducting RF

This work is supported by the DOE LCLS-II HE Project.
Special acknowledgement goes to Paul Bishop for his help in
cutting the insulating sheets, as well as the implementation of
the lead wire heat sink. We would like to show our gratitude
to Peter Quigly for his help in setting up the temperature
monitors. We also thank Greg Kulina for his help during
assembly.

REFERENCES
[1] T.O. Raubenheimer et al., “The LCLS-II HE, a high energy upgrade of the LCLS-II”, in Proc. 60th ICFA Advanced Beam Dynamics Workshop on Future Light Sources
(FLS2018), Shanghai, China, 2018, pp. 6-11. doi:10.18429/
JACoWFLS2018-MOP1WA02
[2] D. Gonnella, J. Kaufman, and M. Liepe, "Impact of nitrogen
doping of niobium superconducting cavities on the sensitivity
of surface resistance to trapped magnetic flux", J. Appl. Phys.,
vol. 119, p. 073904, 2016.
[3] J. Martin et al., “High temperature Seebeck coefficient metrology”, J. Appl. Phys., vol. 108, p. 121101, 2010. doi:10.
1063/1.3503505

THPOGE15
827

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOGE15

[4] A. Guan et al., "An experimental apparatus for simultaneously
measuring Seebeck coefficient and electrical resistivity from
100K to 600K”, Rev. Sci. Instrum., Vol. 84, p.043903, 2013.
doi:10.1063/1.4798647
[5] M. Ge, A. T. Holic, M. Liepe, and J. Sears, “Seebeck Coefficient Measurement at Cryogenic Temperatures for the LCLS-II

THPOGE15
828

HE Project”, presented at the SRF’21, East Lansing, MI, USA,
Jun.-Jul. 2021, paper THPFDV006, unpublished.
[6] Frank J. Blatt et al., "Thermoelectric power of metals", (1st
edition), New York: Plenum Press, 1976, p. 180. ISBN 978-14613-4268-7

Technology
Superconducting RF

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOGE16
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Abstract
Currently, fine grain niobium (Nb) (grain size ∼ 50 µm)
and large grain Nb (grain size of a few cm) are being used for
the fabrication of superconducting radio frequency (SRF)
cavities. Medium grain forged ingot with grain size of a
few hundred µm may be beneficial for cost-effectiveness as
well as providing better performance for future SRF-based
accelerators. Forged ingot Nb with medium grain size is
a novel production method to obtain Nb discs used for the
fabrication of superconducting radio frequency cavities. We
have fabricated two 1.5 GHz single cell cavities made from
forged Nb ingot with a residual resistivity ratio of ∼ 100.
The cavities were chemically and mechanically polished
and heat-treated in the temperature range of 650-1000 ∘ C
before the rf test. One of the cavities reached an accelerating
gradient of ∼34 MV/m with a quality factor 𝑄0 > 1010 , while
the second cavity was limited at 14 MV/m, likely due to a
weld defect at the equator.

INTRODUCTION
Future accelerator projects have a high demand for highperformance and cost-effective superconducting radio frequency (SRF) cavities. SRF cavities made from fine grain
(FG) (ASTM ∼ 5-7) and large grain (LG) (grain size ∼
cm) have been already installed in several accelerator facilities [1–3]. The production of FG niobium requires multiple
steps and stringent quality assurance methods, whereas the
LG niobium can be directly sliced from an ingot greatly
simplifying and lowering the production cost of bulk Nb
discs [4]. Even though the performance of cavities fabricated from LG Nb are comparable or better than that of
cavities made from FG Nb, the accelerator community is
reluctant to use LG Nb due to nonuniform mechanical properties arising from the large grains with different orientations.
This feature complicates compliance with pressure vessel
regulations in some countries. Twenty-four 1.5 GHz 5-cell
cavities made of LG Nb have been recently built by Research
Instruments GmbH, Germany, for the C75 cryomodule refurbishment program at Jefferson lab C75, with 16 of those
cavities already operating in the CEBAF tunnel [3, 5].
To minimize the shape variation during the deep drawing
process, while keeping the production cost low, medium
grain (MG) Nb with the grain size of several mm was produced by forging and annealing a large grain billet [6]. The
∗
†
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process requires fewer steps than the manufacturing of FG
Nb while producing more homogeneous grains with the mechanical properties required for deep drawing of half cell
for SRF cavities [7]. Two 1.3 GHz single-cell cavities were
fabricated at KEK using high-purity, residual resistivity ratio
(RRR) > 300, MG Nb and one of them reached an accelerating gradient, 𝐸𝑎𝑐𝑐 , of 38 MV/m at 2 K [8]. Further material
cost reduction could be realized with lower purity Nb, because of fewer ingot melting cycles. In this contribution we
describe the fabrication, processing for two 1.5 GHz single
cell cavities made of medium-purity MG Nb and present
their cryogenic cryogenic rf test results for two 1.5 GHz
single cell cavities made of medium-purity MG Nb. Measurements to characterize the flux expulsion as well as the
rf performance with respect to annealing temperature and
surface preparations were part of this study.

CAVITY FABRICATION AND SURFACE
PREPARATIONS
The MG Nb cavity development at Jefferson Lab is being
carried out as R&D related to the C75 CEBAF cryomodule
refurbishment program [9]. Two single-cell cavities of the
C75 inner cell shape and labeled C75-SC2 and C75-SC3,
have been fabricated from 3 mm thick MG Nb discs of
RRR ∼ 100, produced by ATI Specialty Alloys, USA. The
two discs used for the fabrication of C75-SC3 had been
annealed by the Nb vendor at a higher temperature than
those used for C75-SC2. The fabrication was done by using
conventional methods of deep drawing of the Nb discs and
electron beam welding of the half-cells and beam tubes. The
shape deviation of the half-cells was inspected with a 3D
laser scanner and ∼ 63% of the points were within ±0.1
mm from the ideal shape, as shown in Fig.1. This value
is consistent with what was achieved with a standard FG
Nb discs, using the same dies, and it is better than those
achieved using LG Nb.
After the fabrication, the cavities received ∼120 µm of
inner surface removal by electropolishing (EP) followed by
vacuum annealing at 650 ∘ C for 10 hours. The cavities again
received 25 µm inner surface EP. Standard procedures were
followed to clean the cavity surface in preparation for an
rf test: degreasing in ultra-pure water with a detergent and
ultrasonic agitation, high pressure rinsing with ultra-pure
water, drying in the ISO 4/5 cleanroom, assembly of flanges
with rf feedthroughs and pump out ports and evacuation.
After the first cryogenic rf test, the cavities were baked
in-situ at 120 ∘ C for 48 h and re-tested. Afterwards, the cavTHPOGE16
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EXPERIMENTAL SETUP
Three single-axis cryogenic flux-gate magnetometers
(FGM) (Mag-F, Bartington) were mounted on the cavity
surface parallel to the cavity axis in order to measure the
residual magnetic flux density at the cavity outer surface
during the cooldown process. Three sensors were placed
at the equator, ∼ 120∘ apart. The magnetic field uniformity
within the cavity enclosure is ∼ ±1 mG. Six calibrated temperature sensors (Cernox, Lakeshore) were mounted on the
cavity: two at the top iris, ∼ 180∘ apart, two at the bottom
iris, ∼ 180∘ apart, and two at the equator, close to the FGMs.
The cavity was inserted in a vertical cryostat and cooled
to 4.2 K with liquid helium using the standard Jefferson
Lab cooldown procedure in a residual magnetic field of <
2 mG. This procedure results in a temperature difference
between the two irises ΔT > 4 K when the equator temperature crosses the superconducting transition temperature (∼
9.25 K), which provides good flux expulsion conditions. The
average rf surface resistance was obtained from the measurement of 𝑄0 (𝑇 ) at a low rf field (𝐵𝑝 ∼ 20 mT) from 4.3 1.6 K. The 𝑅𝑠 (𝑇 ) data were fitted with the generic expression and methods used in Ref. [10] to extract the residual
resistance. The high-power rf measurements were done at
2.0 K, acquiring 𝑄0 (𝐸𝑎𝑐𝑐 ).

RESULTS AND DISCUSSIONS
Flux Expulsion

Figure 1: Fabrication of single cell cavities (a) deep drawn
half cell, (b) 3D scan of half cell and comparison with design,
and (c) final single cell cavities.

ities were subjected to a 2-step centrifugal barrel polishing
(CBP) with medium and fine polishing media. This resulted
in a mirror-like finish of the inner surface after removing
∼60 µm followed by an additional ∼30 µm removal by EP.
The cavities were then annealed in high vacuum at 800 ∘ C/3h
and tested at 2 K for a third time. Finally, C75-SC3 was
annealed at 1000 ∘ C/3h and tested a fourth time. The final
chemistry was omitted after the last two heat treatments because of using clean Nb caps to cover the flanges inside the
furnace.
THPOGE16
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The ratio of the residual DC magnetic field measured
after (𝐵𝑠𝑐 ) and before (𝐵𝑛 ) the superconducting transition
qualitatively explains the effectiveness of the flux expulsion
during the transition. A value of 𝐵𝑠𝑐 /𝐵𝑛 = 1 represents the
complete trapping of the magnetic field during cooldown,
whereas a flux expulsion ratio of ∼1.65 at the equator would
result from the ideal superconducting state. Figure 2 shows
the result of flux expulsion measurements on cavity C75-SC3
after annealing at different temperatures. The flux expulsion
behavior is poorer compared to cavities made from LG Nb
[11] but comparable to that of cavities made from FG Nb
subjected to 800 ∘ C heat treatment [12, 13]. No significant
improvement in flux expulsion was observed even after the
1000 ∘ C heat treatment. The flux trapping sensitivity, the
increase in residual resistance per mG of trapped flux was
measured to be 0.67 nΩ/mG for C75-SC3 after 1000 ∘ C/3h
heat treatment.

RF Results
Figure 3(a) shows a summary of the rf test results for
C75-SC2. The cavity was limited by a quench at 14 MV/m.
The quench location was found to be at the equator, by using
oscillating super-leak transducers (OSTs) [14]. An optical
inspection after the 2𝑛𝑑 rf test showed an overall roughness
and a possible weld defect at the quench location. Surprisingly, the quench location did not change in the 3𝑟𝑑 rf test,
after CBP and EP, even though the optical inspection of the
Technology
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Figure 2: Flux expulsion ratio, 𝐵𝑠𝑐 /𝐵𝑛 as a function of temperature difference Δ𝑇 = (𝑇𝑡𝑜𝑝−𝑖𝑟𝑖𝑠 − 𝑇𝑏𝑜𝑡𝑡𝑜𝑚−𝑖𝑟𝑖𝑠 ) for cavity
C75-SC3, after successive heat treatments. Inset shows the
COMSOl simulation of full flux expulsion of perfect superconducting cavity.
quench location showed a much smoother surface and no
large defects as shown in Fig. 4 (c).
Figure 3(b) shows the summary of rf test results for C75SC3. The first 3 tests were limited by quench whereas the
last test after 1000 ∘ C/3h was limited by strong multipacting
(MP). The quench location found by OSTs was near the
equator and the optical inspection following the 2𝑛𝑑 rf test
showed an overall rough surface and a feature close to the
equator weld as shown in Fig. 4 (b). The quench induced by
the MP was observed at the same location.
The cause for the severe MP in the last test of C75-SC3 is
not clear and several 5-cell cavities for the 1𝑠𝑡 C75 cryomodule were limited by the same phenomenon [3, 5]. We have
changed the shape of a cavity by compressing and stretching the cavity in order to explore if the shape deformation
was related to the strong MP. However, the rf tests did not
show any significant change in MP behavior after tuning the
cavity by up to ∼ 20 MHz. To further explore if the MP was
due to the contamination, the cavity’s rf surface was EP’ed
25 µm and rf test was repeated. During the first power rise
the cavity reached 30.3 MV/m and limited by quench. After
the quench, the cavity’s gradient dropped to 26 MV/m and
unable to reach the previous gradient. The fluctuation in
magnetic field recorded by FGM mounted on outer surface
of cavity was ∼ ±1 mG.
As a result of MP, both the accelerating gradient and quality factor degraded. The decrease in quality factor after the
cavity quench or multipacting has been observed a few times
in cavities made from bulk Nb [15], but extensively seen in
multi-metallic cavities [16], likely due to the generation of
thermocurrents during cavity breakdowns. A FGM installed
at the MP location near the equator showed large magnetic
field fluctuations during the breakdown events. The increase
in residual resistance was found to be higher than 10 nΩ,
which corresponds to about 20 mG of additional magnetic
Technology
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Figure 3: The summary of rf results, 𝑄0 (𝐸𝑎𝑐𝑐 ) at 2.0 K after
each heat and surface treatments for cavity (a) C75-SC2 and
(b) C75-SC3. The vertical arrows represents the rf tests were
limited by quench. The rf test for cavity C75-SC3 after 1000
∘ C/3h was limited by multipacting.

Figure 4: The photograph of the cavity’s quench locations:
(a) & (b) before and (c) & (d) after CBP and EP for cavities
C75-SC2 and C75-SC3 respectively. The marked features
are suspected to be the quench locations from OST measurement.

flux trapped in the cavity as a result of cavity breakdown.
The residual magnetic field inside the Dewar did not change
and it was ∼ 1 mG for all tests.
THPOGE16
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SUMMARY
We have successfully fabricated, processed and tested
two single-cell 1.5 GHz cavities made from medium purity,
MG bulk niobium. The cavities made with MG niobium
showed poorer flux expulsion and higher flux trapping sensitivity compared to FG and LG niobium [11], likely due to
a higher density of dislocation sites, as a result of forging
process. To achieve better flux expulsion and lower flux trapping sensitivity, the cavities may require to be heat treated
higher than 1000 ∘ C, which however, will negatively impact their mechanical properties. The rf performance of one
cavity exceeded the C75 project specification in gradient
with high quality factor, when the cavity is cool down in
a minimum residual magnetic field. Research Instruments
is currently fabricating a C75 5-cell cavity from the same
type of material. The cavity will be processed with the same
treatment procedures currently followed for all other C75
cavities, made of large-grain Nb, which consists mainly of
CBP, EP, and vacuum annealing.
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DESIGN OF A 1.3 GHz RF–DIPOLE CRABBING CAVITY FOR
INTERNATIONAL LINEAR COLLIDER*
S. U. De Silva†, J. R. Delayen, Old Dominion University, Norfolk, VA, USA
R. Rimmer, Thomas Jefferson National Accelerator Facility, Newport News, VA, USA
Table 1: Total Transverse Voltages

Abstract
The International Liner Collider (ILC) requires crabbing
systems to increase the luminosity of the colliding electron
and positron bunches. There are several frequency options
for the crabbing cavity. We have designed a 1.3 GHz compact 1-cell and 2-cell rf-dipole crabbing cavity to compensate for luminosity degradation due to large crossing angle.
This paper presents the 1-cell and 2-cell cavities designed
to meet the current specifications including the fundamental power coupler and higher order mode couplers.

INTRODUCTION
The International Liner Collider (ILC) is designed to
collide electrons and positrons that are accelerated in two
separate linacs spanning over 20 km as shown in Fig. 1
[1, 2]. The baseline design will operate at a center of mass
(CoM) of 250 GeV colliding electrons and positrons at
speed of light with an upgrade planned for CoM of 1 TeV.
The expected luminosity goal is ~1034 cm-2sec-1. The ILC
requires crabbing cavities to compensate for the luminosity
degradation due to the large crossing angle of 14 mrad [3].
Operation without crab cavities may lead to a luminosity
reduction up to 80%.
The crabbing systems are installed on the electron beam
line as shown in Fig. 2. The key specifications of the crabbing systems are following [4]:
• Total beam line space – 3.8 m
• Total transverse impedance specifications – Zx <
48.8 MΩ/m and Zy < 61.7 MΩ/m
• Minimum crab cavity beam aperture – 25 mm
The total transverse voltages are shown in Table 1.

Beam
Energy
Frequency
[GHz]
Total
Voltage
[MV]

250 GeV
3.9

2.6

1.3

3.9

2.6

1.3

0.615

0.923

1.845

2.5

3.7

7.4

The recent crabbing cavity system development for the
ILC has several crabbing cavity options under study [4]. In
this paper we study 1-cell and 2-cell cavity designs based
on the rf-dipole design operating at 1.3 GHz [5, 6].

1.3 GHz CRABBING CAVITY DESIGNS
The 1.3 GHz rf-dipole crabbing cavity is a compact cavity design where both 1-cell and 2-cell options as shown in
Fig. 3 that are viable solutions for the ILC. Both cavities
are designed with a 25 mm pole separation and a 30 mm
beam aperture for effective HOM extraction.

Figure 3: 1-cell (left) and 2-cell (right) 1.3 GHz rf-dipole
crabbing cavities.
Table 2: RF Properties
1-cell

2-cell

Unit

–

1.198

GHz

2.142

2.039

GHz

3.83

3.85

MV/m

6.84

6.84

mT

[R/Q]t (V /P)

444.8

892.7

Ω

G

129.9

Property
SOM
st

1 HOM
Ep

*

Bp

*
2

Figure 1: Layout of the Electron-Ion Collider.

Figure 2: Beamline layout of the crabbing system.
__________________________________________
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1 TeV

2

RtRs (V /P)

5.78×10

132.2
5

1.18×10

Ω
4

Ω2

Vt per cavity

1.35

2.70

MV

Ep

44.8

45.0

MV/m

Bp

80.1

80.0

mT

100.3

103.4

mm

450

mm

Cavity diameter
Cavity length
*

#

At Et = 1.0 MV/m

310

#

Flange to flange
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The rf properties of the two designs are listed in Table 2.
The 2-cell cavity has a similar order mode at 1.198 GHz
below operating mode. The poles in the cavity are designed
to achieve balanced peak surface fields of 45 MV/m and
80 mT. 1-cell and 2-cell designs reach transverse voltages
of 1.35 MV and 2.70 MV respectively at the maximum surface fields. The maximum transverse voltage of 7.4 MV for
1 TeV CoM is achieved by 6 1-cell cavities and 3 2-cell
cavities that provides a total transverse voltage of 8.1 MV
with a 10% margin. The cryomodule layout of the two cavity options are shown in Fig. 4. The cryomodule fits within
the 3.8 m beam line space also includes the parallel beam
pipe with a separation of 197 mm incorporated into the
vacuum vessel as shown in Fig. 5. There is the possibility
of including an additional cavity within 3.8 m for both 1cell and 2-cell cavity options in achieving higher safety
margin and preventing any single point failures.

for the 30 mm beam pipe. The impedance thresholds per
cavity are:
• 1-cell cavity: Zx < 8.14 MΩ/m and Zy < 10.27 MΩ/m
• 2-cell cavity: Zx < 16.27 MΩ/m and Zy < 20.57 MΩ/m

Figure 6: TESLA HOM coupler (top left), 1-cell cavity
with HOM dampers (top right), and 2-cell cavity with
HOM dampers (bottom).

Figure 4: Conceptual cryomodule layout for 1-cell (top)
and 2-cell (bottom left) cavity options with front view (bottom right).

Figure 5: Conceptual He vessel layout for 1-cell (top) and
2-cell (bottom left) cavity options.

HIGHER ORDER MODE DAMPING
The higher order mode (HOM) damping is achieved by
TESLA type HOM couplers as shown in Fig. 6 [7]. The
HOM couplers are placed on the beam pipe in the 1-cell
cavity. The 2-cell cavity requires a coupler placed at the
center of the main body to suppress the modes with fields
trapped between the two cells.
Figure 7 shows the transverse horizontal and vertical impedances of the 1-cell and 2-cell cavities calculated using
the circuit definition. The modes are evaluated up to 8 GHz
which is above the TM010 cut-off frequency of 7.65 GHz
THPOGE18
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Figure 7: Horizontal and vertical impedances for 1-cell
(top) and 2-cell (bottom) cavities.
In the 1-cell cavity there are two modes which is the 1st
HOM at 2.142 GHz, and 3.02 GHz that requires further
damping. Similarly, in the 2-cell cavity the two modes at
3.209 GHz and 3.141 GHz requires further damping. Increasing the beam aperture will allow effective propagation
of these modes in lowering the impedance.

MULTIPACTING ANALYSIS
The multipacting resonances were evaluated for both 1cell and 2-cell bare cavities using Track3P code in the
SLAC ACE3P suite [8]. The secondary electrons were
traced for 50 rf cycles for primary electrons with 20-2000
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eV impact energies. The location of the secondary electrons and the corresponding impact energy as a function of
transverse voltage is shown in Fig. 8 and Fig. 9.
The concerning resonant particles are located on the end
cap and at the beam aperture rounding surface. The low
voltage resonant barrier is similar to that has been seen in
the past rf-dipole cavities and is expected to be processed
easily [5]. Further analysis will be carried out for any resonances in the HOM dampers.

The analysis is carried out for cavities with 3 mm uniform
thickness assuming cryogenic temperature Nb properties
with beam pipes and FPC constrained [9]. The tuning force
is applied to a cylindrical tuner tab of 10 mm diameter. The
peak stresses are around the tuner tab attachment and
within the allowable of 43.5 MPa as shown in Fig. 11. The
tuner tab geometry can be optimized to reduce the stresses.
The tuning parameters for both 1-cell and 2-cell cavities
are listed in Table 3.
The achievable maximum tuning range of the 1-cell cavity is 1.96 MHz for a force of ~3.2 kN. The 2-cell cavity
was simulated with a dummy pipe replicating the on-cell
HOM damper. The achievable maximum tuning range of
the 2-cell cavity is 2.23 MHz and requires slightly higher
force at the top surface with the HOM damper to achieve
symmetric displacement.

Figure 8: Multipacting resonances of the 1-cell (top) and 2cell (bottom) cavities.

Figure 9: Impact energies of the 1-cell (top) and 2-cell (bottom) cavities.

MECHANICAL ANALYSIS
Stress Analysis
The stresses are calculated for both 1-cell and 2-cell cavities with 3 mm uniform thickness and constrained beam
pipes and FPC. The analysis is carried out assuming room
temperature Nb properties with an external pressure of
2.2 atm [9]. The allowable stresses require to be below
43.5 MPa. The estimated maximum stress is 25 MPa for
the 1-cell cavity and 32 MPa for the 2-cell cavity that are
well below the allowable as shown in Fig. 10.

Figure 10: Stresses in the 1-cell (left) and 2-cell (right) cavities at an external pressure of 2.2 atm.
The compact size of the cavity allows the cavity to be
fabricated out of bulk Nb ingot [10]. This method allows
to fabricate the cavity with varying thickness at carefully
selected locations in order to reduce stresses and sensitivity
to pressure.

Tuning Analysis
The preliminary tuning analysis is done for both 1-cell
and 2-cell cavities to estimate the available tuning ranges.
Technology
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Figure 11: Deformation (top) and stresses (bottom) for the
1-cell (left) and 2-cell (right) cavities at the maximum tuning range.
Table 3: Tuning Parameters
Parameter
Total displacement [mm]
Tuning sensitivity [MHz/mm]
Tuning range [MHz]

1-cell
0.23
8.5
1.96

2-cell
0.27
4.1
2.23

CONCLUSION
Two compact 1-cell and 2-cell 1.3 GHz rf-dipole crabbing cavity options have been designed for the ILC including FPC and HOM dampers. The 1.3 GHz crabbing cavities meet the beamline space requirement of 3.8 m for both
1-cell and 2-cell cavity designs. The cavities are designed
with a 25 mm pole separation and a 30 mm beam aperture
to enhance HOM propagation. The HOMs are damped using TESLA type HOM couplers. The existing TESLA
dampers designed for 1.3 GHz dampers simplifies the
damper design used in the crabbing cavities. Further increase of beam aperture will be evaluated to suppress the
HOMs that are above the impedance thresholds along with
other damping methods. The compact cavity is an ideal geometry to be machined out of a Nb ingot and will be explored for prototype fabrication.
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Abstract
Over the past few decades, bulk niobium (Nb) has been
the material of choice for superconducting radio frequency
(SRF) cavities used in particle accelerators to achieve
higher accelerating gradients and lower RF losses. Multilayer (SIS) structures consisting of alternating thin layers
of superconductor(S) and insulator(I) deposited on a bulk
Nb have been proposed to enhance the sustained peak surface magnetic field and produce a higher accelerating gradient. In this study, multilayers based NbTiN and AlN deposited on bulk Nb are used to test the proposed enhancement using the DC magnetic Hall probe technique. The
technique detects a penetrating magnetic field through the
multilayer sample as it is placed under an external magnetic field produced by a magnetic coil. This work reports
the characterization and measurements of the magnetic
field of full flux penetration through single layers of
NbTiN and bilayers of NbTiN/AlN on bulk Nb.

tration depth, λ to screen the bulk Nb from external magnetic field. Bc1 of a thin film with thickness, d<< λ, is given
by
𝑙𝑛
0.07 ,
(1)
𝐵
where 𝜙 is the flux quantum and ξ is the coherence length
[7]. Eq. (1) shows that Bc1 is greatly increased in the overlying superconducting layers. If a vortex penetrates at a defect in the first S layer, it can propagate into the next S layer
and further in the bulk Nb triggering a thermomagnetic avalanche. An insulator layer between two superconductors
provides a strong barrier for propagation of vortex to the
bulk of the Nb cavity [7]. Materials such as MgO, Al2O3
and AlN are suitable candidates for I layers.
In this work, NbTiN and AlN based multilayers deposited on bulk Nb were studied for SRF accelerating cavity
applications.

INTRODUCTION
Niobium (Nb) radio frequency cavities are widely used
to accelerate a charged particle beam in particle accelerators. The performance of bulk Nb SRF cavities has significantly improved over the last decade and is approaching
the peak magnetic field at the equatorial cavity surface
close to the niobium dc superheating field 𝐻𝑠 ≈ 240 mT
which gives the maximum accelerating field gradient to
about 52 MV/m at 2 K for 1.3 GHz single cell cavities [1].
Since the best Nb cavities are already close to the fundamental limit of the material, new SRF materials with higher
superheating magnetic fields than Nb are needed to reach
accelerating gradients ∼ 100 MV/m at 2 K or ∼ 50 MV/m
at 4.2 K.
The concept of multilayer structures comprised of alternating layers of superconductors and insulators fabricated
on bulk Nb (Fig. 1) has been introduced as a feasible solution to overcome intrinsic material imitation in [2]. The
type-II superconductor candidates with Tc > Tc (Nb) and
Bsh > Bsh (Nb) such as Nb3Sn [3], NbN [4], NbTiN [5],
MgB2 [6] and some Fe-based superconductors could potentially enhance the surface field at onset of vortex penetration, Bp above Bc1 of Nb. The enhancement is achieved
by depositing S layer films with thickness below its pene_________________________
*Work supported by NSF Grants PHY-1734075 and PHY-1416051, and
DOE Awards DE-SC0010081 and DE-SC0019399.
†isene001@odu.edu
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Figure 1: Superconductor (S)- Insulator (I)- Superconductor (S) multilayers to enhance the peak surface magnetic
field of niobium RF cavities.
NbTiN is a suitable S layer material for SIS structures
which is a B1-compound with a critical temperature of 17.8
K. It has a NaCl structure where Ti and Nb form a face
centred cubic (fcc) lattice and N atoms occupy all the octahedral interstices. NbTiN adheres well with the substrate.
AlN is the chosen insulator that can be grown with a wurtzite hexagonal close-packed or sphalerite B1 cubic structures. The deposition method was optimized to deposit the
superconductor and insulator layers on bulk substates and
on top of each other maintaining the quality and properties
of each layer and of the base substrate [8, 9]. In this work,
the focus is on the magnetic field penetration measurements on NbTiN monolayers (SS’ structure) and
NbTiN/AlN multilayers (SIS’ structure) on bulk Nb.
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THIN FILM DEPOSITION
NbTiN and AlN thin layers are deposited on bulk Nb using reactive Direct Current Magnetron Sputtering (reDCMS) in an Ultra-High Vacuum (UHV) system with a
base pressure of 10-10 Torr. The Nb substrates are prepared
by buffered chemical polishing (BCP) removing 5um from
the surface. Multiple Nb substrates with 2-inch diameter
and 250 μm thickness were used as substrates along with
witness samples that are used to probe the films’ quality
and their properties. The films were deposited in a same
run to ensure the identical environmental conditions. The
films were deposited at 450 °C on bulk Nb after a 24 hourbake at 600 ℃, then post-annealed at 450 °C for 4 hours.

Figure 2: XRD scans for (a) NbTiN (83.5 nm)/AlN (3.7
nm) (b) NbTiN (83nm)/AlN(14 nm) (c) NbTiN (166
nm)/AlN (11 nm) (d) NbTiN (74.5 nm) (e) NbTiN (149
nm) on bulk niobium substrates.
Even though bulk-like properties can be achieved at the
deposition temperature of 600 oC both for NbTiN, highest
Tc and AlN, more pronounced dielectric properties, the
successive deposition of these layers on top of each other
requires the temperature to be reduced to 450 oC to limit Al
diffusion into Nb and NbTiN which results in amorphous
structures and diffuse interfaces [8, 9].

Table 1: Thicknesses of NbTiN and AlN Layers and
Transition Temperatures

Sample #
1
2
3
4
5

Thickness
(nm)
NbTiN
AlN
83.5
3.7
83.0
14.0
166.0
11.0
75.4
0
149.0
0

Tc
(K)

ΔT
(K)

14.5
14.4
15.7
16.2
16.3

1.47
1.49
0.79
0.40
0.30

The crystallographic structures of deposited thin films
were examined by X-ray diffraction (XRD) analysis from
a Rigaku Miniflex II X-ray diffractometer. NbTiN crystal
structure mostly contains 111, 200 and 220 crystal orientations (Fig. 2).
The resistances of the films were measured from 4.5 to
300 K using standard four-point probe method. The resistance decreased as the temperature is lowered. As shown
in Fig. 3, a sharp resistance decrease observed for monolayer NbTiN on bulk Nb around 16.2 K (red and purple
curves). NbTiN/AlN films on bulk Nb show two transitions
around 15 K (NbTiN transition) and 9.2 K (Nb transition).

Figure 3: DC resistance as a function of temperature for
monolayer NbTiN on bulk Nb, exhibits sharp superconducting transition around 16.2 K and NbTiN/AlN structure
on bulk Nb exhibits two transitions one at 9.2 K and other
around 15 K.
Electron backscatter diffraction (EBSD) indicates multi
crystal nature of the deposited film on bulk Nb (Fig. 4).
Monolayer NbTiN on Nb shows a higher quality crystal
structure compared to NbTiN/AlN on Nb.

Table 1 describes the thicknesses measured using witness samples and NbTiN transition temperatures extracted
from resistivity measurements (Figure 3) on deposited thin
films.
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other side at the sample centre, 4.4 mm and 10.0 mm from
the centre, detect magnetic fields penetrating through the
sample.

Figure 4: SEM images and relevant Inverse Pole Figure
(IPF) map from EBSD showing the poly-crystallinity of
films for (a) NbTiN/AlN and (b) monolayer NbTiN structure coated on BCP bulk niobium. The IPF map is filtered
for confidence index above 0.1.

Figure 6: Full flux penetration detected by the centre Hall
probe through the layered niobium comparing with the
bare niobium substrate at 4.35 K.

DC MAGNETIC FIELD PENETRATION
MEASUREMENTS
DC magnetometers have been commonly used for planner sample characterization. In some other techniques like
SQUID, the magnetic signal is affected by demagnetization effect of flat samples immersed in a homogeneous DC
field. In order to overcome this issue, a dc magnetic Hall
probe technique has been developed to perform the measurement emulating the magnetic field configuration at the
equator of SRF cavities [10].

Figure 5: Basic experimental setup of dc magnetic Hall
probe technique with magnetic field profile in the Meissner
state which emulates the magnetic field configuration at
the equator of accelerating cavity. HP1, HP2 and HP3 are
Hall probes which are mounted at the center, 4.4 mm and
10.0 mm respectively along the sample radius.
As shown in Fig. 5, the magnetic field is applied with a
multiturn coil which size is much smaller than the sample
size. In this case the radial field decays rapidly away from
the coil, the sample can be considered as an infinite plane.
In this technique, the magnetic field is applied to one
side of the sample and three Hall probes mounted on the
Technology
Superconducting RF

Figure 7: Full flux penetration detected by the center Hall
probe through layered niobium comparing with the bare niobium substrate at 2.00 K.
Figures 6 and 7 show the penetrating magnetic fields detected by the centre Hall probe as functions of the surface
field at 4.35 and 2.00 K, respectively. In the Meissner state
current loops induced at the surface of the superconductor
produce the magnetic field which cancels the applied field
and does not let it penetrate through the sample. Above a
certain applied magnetic field B>Bp the magnetic flux penetrates through the sample and the Hall probes detect the
magnetic field on the other side of the sample. The field of
full flux penetration Bp is a useful characteristic of the
shielding effect of multilayer structure coated on bulk Nb
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as it shows the enhancement of Bp of multi-layered samples
relative to Bp of bulk Nb.
Results of field penetration measurements shown in
Figs. 6 and 7 indicate that the field of full flux penetration
is higher for both NbTiN monolayer and NbTiN/AlN multilayer on bulk Nb as compared to bare Nb. The percentage
increase of the magnetic field at the full flux penetration of
each layered samples at 4.35 K and 2.00 K is listed in table
2. The maximum shielding effect was observed on the
NbTiN on Nb, SS structure. Further studies of the field enhancement of NbTiN multilayers are planned in future
work.
Table 2: Percentage Increase of Field at First Penetration
of Layered Nb Compared to Bare Nb
Sample # Percentage increase %
At 4.35 K At 2.00 K
1
7.5
10.3
2
8.9
12.9
3
19.6
24.3
4
16.1
22.9
5
21.4
27.1

CONCLUSION
NbTiN based SS and SIS structures have been grown on
BCP bulk Nb. The film quality depends strongly on the
presence of an AlN layer. The prepared SS’ and SIS’ samples were used to investigate the shielding effect of layered
Nb to characterize them for SRF cavity applications. We
observed that the magnetic shielding depends on the layer
thickness and the quality of the samples. The maximum increase of field at full flux penetration of 21.4 % at 4.35 K
and 27.1 % at 2 K compared to bulk Nb was achieved in
this study.
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Abstract
Over the last years several different approaches to increase
the performance of superconducting radio frequency (SRF)
cavities by heat treatments have been developed and tested.
At DESY, the R&D aims for cavities with enlarged quality factors while maintaining high accelerating gradients,
since an envisaged upgrade of the European XFEL requires
both. For this purpose, medium temperature (mid-T) treatments around 300 °C seem to be very promising. Lately, the
furnace infrastructure at DESY was refurbished and now a
niobium-retort furnace capable of carrying 1.3 GHz ninecell cavities can be used for R&D studies. Vertical test results
of single-cell cavities treated in this furnace at medium temperatures are presented and compared to four cavities treated
similarly in a furnace at the company Zanon Research &
Innovation Srl (Zanon). All mentioned cavities show enlarged quality factors but at the same time reduced gradients
compared to their reference measurements before the midT treatment. The DESY treatments were accompanied by
small niobium samples for surface analyses, which are also
presented. Furthermore, the influence of post-treatment high
pressure water rinsings is studied.

MEDIUM TEMPERATURE TREATMENT
Fundamental in-situ medium temperature (around 300 °C)
bake studies [1] showed very high quality factors. Two studies [2, 3] applied then mid-T treatments using commercial
UHV furnaces followed by subsequent cleaning and assembly steps under air. This modified process allows a possible
future application for accelerator cavities. The typical cavity
performance – described by quality factor Q0 versus accelerating gradient E𝑎𝑐𝑐 (Q(E)) – is very similar to those of
nitrogen doped cavities [4, 5], showing a rise of Q0 culminating at an E𝑎𝑐𝑐 of about 16 MV/m, which is often called
“anti-Q-slope”. It has to be investigated, whether the mid-T
treatment results in similar gradient limitations like specific
doping recipes [4,6] or whether it is capable of high gradients
above 30 MV/m.

TREATMENTS AT ZANON
Since the furnace infrastructure at DESY was under commissioning, in the year 2021 a cooperation with Zanon was
established in order to study the effect of mid-T treatments of
SRF cavities. Two sets of two 1.3 GHz single-cell cavities,
∗
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were treated for three hours at 300 °C. The first set of cavities
was treated completely open in one furnace run, while the
cavities of the second set were closed by DESY caps. One
cavity per set was low temperature treated beforehand [7],
while the other one came directly from an electropolishing
(EP) procedure. All cavities were vertically tested before the
furnace treatment in order to define a baseline performance.

Furnace Infrastructure at Zanon
The furnace chamber is made of stainless steel and actively
water cooled, providing a usable space of (0.6 x 0.6 x 1.3) m3 .
Thermal shield layers are made of molybdenum, as well
as the heaters. The temperature is controlled over three
zones achieving a uniformity of ± 5 °C using ten T-sensors,
which are not placed directly on the treated cavities. A
maximum operation temperature of 1250 °C is allowed and
the furnace provides a starting pressure of 1 × 10−8 mbar at
room temperature.

Results of Zanon Treatments
After the heat treatment at Zanon and a high pressure
rinsing (HPR) at DESY, the vertical performance test took
place. Compared to the baseline tests, all quality factors of
the 2 K measurements are enhanced, while simultaneously
the maximum accelerating gradient is decreased. For three
of the four cavities relatively large (enhanced) residual resistances (R𝑟𝑒𝑠 ) in the range of 5 − 8 nΩ have been deduced,
which mask the clear reduction of R𝐵𝐶𝑆 . The only exception
is cavity 1DE9, which shows by far the best result, not only
in terms of R𝑟𝑒𝑠 , and hence it will be discussed here in detail.
The Q(E)-curves before and after the mid-T treatment are
shown in Fig. 1. This cavity underwent no low temperature
treatment before and was closed by caps during the treatment. Some field emission was recorded in the test after
the mid-T treatment. After an additional HPR, the cavity
improved significantly to a Q0,𝑚𝑎𝑥 of 4.6 × 1010 measured
at 2 K, the R𝑟𝑒𝑠 is with 2 nΩ very low by DESY standards
and the accelerating gradient reaches 24 MV/m.
For all of the curves shown in Fig. 1 – and elsewhere in
this contribution – a test-to-test uncertainty of about 10% in
E𝑎𝑐𝑐 and up to 20% in Q0 can be assumed [8], even if it is for
legible reasons not depicted. The uncertainty within curves
of one single vertical test is about a factor of two lower.
Summarising the treatments at Zanon, it can be stated that
relatively large R𝑟𝑒𝑠 often mask the reduction of R𝐵𝐶𝑆 . All
2 K-curves are also shown in the summary section in Fig. 4
marked by a “Z”. Caps are important for mid-T treatments
in this furnace, since the two cavities treated without them,
show the lowest gradients and higher R𝑟𝑒𝑠 . Also, a prior
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Figure 2: Single-cell cavity with DESY cap mounted on the
insert of the niobium-retort furnace (visible at the bottom).
Figure 1: 1DE9 before and after mid-T treatment at Zanon
with caps, no low T treatment was applied beforehand, hence
the high-field Q0 -slope is visible is in the baseline.
low-T bake seems to be unfavourable (cf. 1DE7 and 1DE5
in Fig. 4) in terms of E𝑎𝑐𝑐 and Q0 . Hence, it was not applied
for the further studies at DESY.

Effect of Additional HPR Treatments
Additional HPR improved the cavity with field emission a
lot, while three others showed no difference after HPR. This
could be confirmed also with the cavities treated at DESY,
which did not change their performance due to an additional
HPR applied after the first mid-T test.
Niobium sample studies concerning surface modification
caused by different amounts of HPR cycles are in full swing
at the moment at the University of Hamburg.

TREATMENTS AT DESY
By the end of 2021, the first heat treatments became possible in the newly refurbished all niobium furnace at DESY.
Up to now, the furnace qualification and two successful treatments at 800 °C took place as well as three mid-T treatments.
The latter are subject of this section.

Niobium-Retort Furnace
Attached to the ISO 4 area of the cavity assembly clean
room, the furnace consists of a niobium-retort with a separate supporting vacuum containing the heaters. The usable
diameter is 0.3 m and the depth 1.3 m, so that a 1.3 GHz
nine-cell cavity or two single-cell cavities can be treated at
once, all hanging in vertical position as shown in Fig. 2. The
maximum reachable temperature is 1200 °C. The complete
refurbishment consisted of a renewal of the complete vacuum, cooling & control system and the implementation of
a partial pressure control & mass spectroscopy. The cryo
pumping system is oil-free and provides a base pressure at
room temperature of 2 × 10−8 mbar. The pressure during a
cavity treatment at 800 °C is about 3 − 4 × 10−7 mbar. In
parallel to first successful cavity runs, the commissioning of
the furnace is not yet fully completed i.e. improving the water cooling, control features, qualification of partial pressure
system and establishing reproducible treatment protocols.
THPOGE22
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DESY Treatment Results
Three cavities were mid-T treated until now: 1DE19
for 4.5h@335 °C, 1AC2 (a new baseline was established
after the Zanon process) 3.25h@325 °C and 1RI2 for
20h@250 °C. The 20 hours run marks the beginning of
a study about the impact of the diffusion length and the niobium oxide layers. 1DE19 had caps on both flanges, while
the others only had one cap on the top flange in order to
prevent particles from falling into the cavity volume. The
characteristic signs of mid-T treated cavities were observed
and can be found in Fig. 4: Enhanced quality factors at 2 K
caused by reduced R𝐵𝐶𝑆 , lower accelerating gradients and
at least for the first two cavities also a lower R𝑟𝑒𝑠 .

Flux Trapping Sensitivity
Most cavities showed a significant sensitivity for flux trapping after mid-T treatment: The Q0 after the first breakdown
(“quench”) at E𝑚𝑎𝑥 dropped, which could be cured by a
warm-up to room temperature. For all the subsequent Q(E)curves, the measurements were stopped at about 25 MV/m
on purpose, avoiding a quench with its drop of Q0 .
This observation is in good agreement with the results
of other studies [1, 3]. At the moment a sophisticated Bmapping system is being implemented at the DESY vertical
test infrastructure [9] and further analyses of this topic will
follow, including a thorough check of the magnetic hygiene.
In addition, those studies shall reveal why the sensitivity
differs for the different cavities and/or recipes for mid-T
treatments.

Witness Sample Studies
The DESY treatments were accompanied by niobium samples, which received an EP directly before the furnace runs.
Scanning electron microscopy analysis showed no peculiarities and the absence of carbides. Normalised secondary ion
mass spectrometry (SIMS) profiles are shown in Fig. 3. The
profile for the sample with 1DE19 is very similar to the one
shown in Fig. 3(a). Interesting is the high amount of oxygen
on the sample witnessing the 20h@250 °C run in Fig. 3(b),
which can not be observed for the shorter mid-T runs. It
seems that the oxygen has diffused less deep into the bulk
than for the shorter and warmer treatments since the other
samples do not show the apparent end of an oxygen profile
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1RI2”. Very similar performance characteristics have been
observed in [3] after mid-T treatments, but also for N-doped
cavities [10], indicating that the impurities N and O have a
comparable effect on the cavity performance.

(a)

(b)

Figure 3: Normalised SIMS profiles for witness samples
of (a) 1AC2 (3.25h@325 °C) and (b) 1RI2 (20h@250 °C).
Shown are intensity vs. sputter time.
in the analysed region. Rough estimations of the diffusion
lengths support these observations and a more sophisticated
modelling will follow in the future.

SUMMARY OF MID-T CAMPAIGN
In Fig. 4, the Q(E)-curves measured at 2 K for all treatments are shown. The filled symbols give the final status of
the respective vertical tests including the maximum gradient.
The additional curves with empty markers were taken in
order to explore the maximum Q0 and hence stopped before
the cavities quenched.

Figure 4: Q(E) for all mid-T treatments. “Z” stands for treatments at Zanon, while “D” abbreviates DESY. Temperature
and duration of the treatments are given and whether the
cavity was closed by caps. Empty markers depict curves,
which were stopped before reaching the quench.
Using Q(E)-curves taken at 2 K and 1.5 K and assuming
that the temperature dependent part of the surface resistance
is negligible at 1.5 K, a measure which can be assumed to
be close to the R𝐵𝐶𝑆 at 2 K can be deduced and is shown
in Fig. 5. At medium gradients of about 16 MV/m the
estimated R𝐵𝐶𝑆 of 3 − 5 nΩ is significantly lower after all
mid-T treatments compared to the baseline test after EP (9 −
12 nΩ). Moreover, a characteristic concave curvature can be
observed which causes the anti-Q-slope. Both hold also true
for mid-T treatments which turned out to be less successful
in measures of E𝑎𝑐𝑐 and Q0 at 2 K, like e.g. “Z 1AC2” or “D
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Figure 5: R𝐵𝐶𝑆 estimation for all mid-T treatments and corresponding baseline measurements (dashed). “Z” stands for
treatments at Zanon, while “D” abbreviates DESY. Temperature and duration of the treatments are given.

CONCLUSION & OUTLOOK
The easy applicable mid-T treatments as chosen path towards cavities with high quality factors seem to be promising.
First steps in direction of maintaining large accelerating gradients are made. Clean furnace conditions and the usage of
caps seem to be mandatory, while additional HPR cycles
do not yield better performance results for the cavities presented here. All cavities show characteristic Q(E)-curves
and a reduced R𝐵𝐶𝑆 , most of them with large Q0 and two
with gradients of about 30 MV/m. In addition, an enhanced
flux trapping sensitivity was observed for most of the mid-T
treated cavities.
SIMS studies show significant differences of oxygen concentrations for the different treatment recipes, detailed analyses of this effect are ongoing.
Future studies will aim towards an optimised recipe in
terms of temperature and duration of the treatment. In addition, the flux trapping behaviour will be analysed in detail,
as well as the magnetic hygiene and influence of the grain
structure of the niobium. The frequency behaviour of mid-T
treated cavities around T𝑐 seems to reveal also more information, hence data analyses of frequency versus temperature
measurements have been started recently.

ACKNOWLEDGEMENTS
We thank the company Zanon Research & Innovation Srl
for the cooperation and the possibility to use their furnace.
Without the cleanroom & AMTF teams at DESY preparing the cavities and performing the vertical tests, the here
described work would not have been possible.

THPOGE22
843

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOGE22

REFERENCES
[1] S. Posen, A. Romanenko, A. Grassellino, O. S. Melnychuk,
and D. A. Sergatskov, “Ultralow surface resistance via vacuum heat treatment of superconducting radio-frequency cavities”, Phys. Rev. Applied, vol. 13, no. 1, p. 014024, 2020.
doi:10.1103/PhysRevApplied.13.014024
[2] F. He, W. Pan, P. Sha, J. Zhai, Z. Mi, X. Dai, S. Jin, Z. Zhang,
C. Dong, and B. Liu, et al. “Medium-temperature furnace
baking of 1.3 GHz 9-cell superconducting cavities at IHEP”,
Supercond. Sci. Technol., vol.34, p. 095005, 2021.
doi:10.1088/1361-6668/ac1657
[3] H. Ito, H. Araki, K. Takahashi, and K. Umemori, “Influence
of furnace baking on Q–E behavior of superconducting accelerating cavities”, Prog. Theor. Exp. Phys., vol. 2021, no. 7,
p. 071G01, 2021. doi:10.1093/ptep/ptab056
[4] A. Grassellino et al., “Nitrogen and Argon doping of Niobium for superconducting radio frequency cavities: a pathway
to highly efficient accelerating structures”, Supercond. Sci.
Technol., vol.26, p. 102001, 2013.
doi:10.1088/0953-2048/26/10/102001
[5] M. Martinello et al., “Effect of interstitial impurities on the
field dependent microwave surface resistance of Niobium”,
Appl. Phys. Lett., vol. 109, p. 062601, 2016.
doi:10.1063/1.4960801

THPOGE22
844

[6] D. Gonnella et al., “Industrial cavity production: lessons
learned to push the boundaries of Nitrogen-doping”, in Proc.
SRF’19, Dresden, Germany, Jun.-Jul. 2019, pp. 1199–1205.
doi:10.18429/JACoW-SRF2019-FRCAA3
[7] L. Steder and D. Reschke, “Statistical analysis of the 120°C
bake procedure of superconducting radio frequency cavities”, in Proc. SRF’19, Dresden, Germany, Jun.-Jul. 2019,
pp. 444–447. doi:10.18429/JACoW-SRF2019-TUP020
[8] D. Reschke, V. Gubarev, J. Schaffran, L. Steder, N. Walker,
M. Wenskat, and L. Monaco, “Performance in the vertical
test of the 832 nine-cell 1.3 GHz cavities for the European
X-ray Free Electron Laser”, Phys. Rev. Accel. Beams, vol. 20,
p. 042004, 2017.
doi:10.1103/PhysRevAccelBeams.20.042004
[9] J.C. Wolff, J. Eschke, A. Goessel, D. Reschke, L. Steder, and
L. Trelle, “Commissioning of a new magnetometric mapping
system for SRF cavity performance tests”, in Proc. IPAC’22,
Bangkok, Thailand, Jun. 2022, pp. 1215–1218.
doi:10.18429/JACoW-IPAC2022-TUPOTK011
[10] D. Bafia et al., “New insights on Nitrogen doping”, in Proc.
SRF’19, Dresden, Germany, Jun.-Jul. 2019, pp. 347–354.
doi:10.18429/JACoW-SRF2019-TUFUA4

Technology
Superconducting RF

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPOGE23

VERTICAL ELECTRO-POLISHING OF 704 MHz RESONATORS USING
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Abstract
CEA, KEK and Marui Galvanizing Company have been
collaborating to apply the Vertical Electropolishing (VEP)
process of elliptical SRF cavities to a 704.4 MHz singlecell β=0.86 ESS-type cavity, using a rotating so called and
patented ‘Ninja’ cathode. First presented results were
promising with a gradient of 27 MV/m achieved, without
any heat treatment applied. The performance has been
pushed further since. The cavity has undergone a heat treatment at 650 °C during 10 h, followed by a final VEP sequence and a baking at 120 °C during 48 hours. The
achieved gradient at 2 K was 44 MV/m (power limitation),
and the quality factor Q0 exceeding 5E10 up to 10 MV/m.
The superiority of VEP compared to standard ‘BCP’ chemical treatment is demonstrated and we intend now to scale
the process to a 5-cell β=0.86 ESS cavity. We also intend
to push further the performance by applying the “2-step
baking” (75 °C and 120 °C) proposed by FNAL, which
was successfully applied at CEA Saclay on 1300 MHz single-cell resonators with gradients above 50 MV/m
achieved after VEP bulk treatment.

routinely treated by standard ‘Buffer Chemical Polishing’
(BCP). The Marui technology involves a rotating cathode
with wings nearing the surface of the cell. Extensive parameter investigation is presented in [4, 5]. A β=0.86
704.4 MHz cavity has been purchased for the study
(EH101 cavity). Bulk (200 µm removal) VEP treatment
was carried out and achieved performance was promising
[6]. The experiments have been updated: the cavity was
tested after heat treatments at 650 °C and 120 °C while
15 µm were removed from the cavity (‘flash’ VEP) in between. The EH101 cavity on the VEP set-up is shown in
Fig. 1.

INTRODUCTION
In 2014, CEA Saclay has started studying vertical electropolishing of 704 MHz elliptical niobium cavities within
Eucard project for Super Proton Linac (SPL) [1] beta=1
cavity application. The involved 5-cell cavity was electropolished in a mixture made of hydrofluoric and sulphuric acids HF(40%)-H2SO4(96%) (volume ratio 1-9)
with a fixed rod cathode and it appeared that efficient hydrogen removal was the key for a successful treatment. In
fact, inefficient stirring of the acid generates topological
features at the surface of the cavity, especially in upper
cells, and results in a strong asymmetric removal between
upper and lower half cells [2]. Furthermore, it is likely to
generate so-called Q-disease [3] phenomenon, which can
be efficiently cured by a heat treatment. The SPL cavity,
which suffered from strong Q-disease reached 19 MV/m
after heat treatment at 650 °C (test limited by field emission) [2].
In order to optimize the vertical electropolishing treatment, KEK, Marui Galvanizing Company Ltd and CEA
Saclay have started a collaboration to improve the performance of 1300 MHz ILC type resonators, and more recently, 704.4 MHz ESS type elliptical resonators. The later
goal is to improve the performance of ESS type cavities
Technology
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Figure 1: EH101 single-cell cavity installed on the VEP
set-up.

BULK TREATMENT
The VEP set-up designed at Saclay is described in [7].
Experimental details (cavity, cathode, treatment parameters) used for the bulk treatment have been discussed in [6]
and summarized in Table 1 below. The preliminary results
were promising. First hints for a very efficient cavity treatment were achieved since no Q-disease was observed before any heat treatment. The corresponding RF test results
are presented later in the graph in Fig. 3 which compiles all
the tests carried out on the cavity. The performance
achieved on the single-cell cavity before heat treatments
matches ESS cavity performance specifications [8], with a
gradient of 27 MV/m achieved at a Q0 of 6E9.
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Table 1: Experimental Parameters
EH101 Cavity Parameters
R/Q [Ω] @β=0.86
G [Ω]
Epk/Eacc
Bpk/Eacc [mT/(MV/m)]
2

Inner surface [m ]
Supplier
Nb RRR
Nb Supplier
Treatments Parameters
Acid temperature (in tank)
External cool down water
Acid flowrate
Voltage
Current
Removal rate
Electrolyte
HF acid mass concentration
Ethanol rinsing (static)
Ninja Cathode Parameters
Number of wings
Al cylinder diameter
Cathode rotation speed
PVC ext cylinder diameter
Cathode/cavity surface ratio

Value
113
250
1.88
3.86
0.55
Zanon RI
>300
Tokyo Denkai
Value
15 °C
12 °C
15-20 L/min
19-20 V
25 A
0.1 µm/min
HF-H2SO4
0.5%
60 h
Value
4
70 mm
20 rpm
114 mm
0.2

The cavity was rinsed by High Pressure Rinsing and assembled in ISO5 clean room prior to RF test in vertical cryostat at 2 K and 1.4 K. The performance was increased significantly both in terms of accelerating gradient Eacc and
quality factor Q0.The Q0 at low Eacc at 1.4 K is over 1E11
and 5E10 at 2 K (please refer to Fig. 3). Eacc is increased
significantly around 35 MV/m. A Q-slope is observed with
an onset around 30 MV/m. Additional mild baking under
vacuum at 120 °C during 48 h was carried out as a final
step, with the possible removal of the Q-slope in mind. The
baking was successful since the gradient was further increased up to 45 MV/m. A residual Q-slope is observed for
gradients above 40 MV/m, due to some field emission. The
gradient is limited by the power available. The temperature
dependence of the surface resistance Rs is represented in
Fig. 4 for the different tests. The achieved residual resistance R0 is lower than 2 nΩ after the heat treatment at
650 °C followed by the flash VEP. The cavity behaves similarly to the 1300 MHz resonators treated by electropolishing: the mild baking is responsible for a decrease in the
BCS resistance while the residual resistance R0 is increased.

RESULTS AFTER HEAT TREATMENTS
The cavity was then heated under vacuum at 650 °C during 10 h. The treatment was carried out at IJCLab Orsay.
The temperature and pressure evolution during treatment is
shown in Fig. 2.

Figure 3: Q0 = f(Eacc) measured at 2 K and 1.4 K for the
different treatments.

Figure 4: Surface resistance Rs as a function of 1/T measured at 1.1 MV/m before/after heat treatments.

DISCUSSION AND OUTLOOK
Figure 2: Temperature (orange curve) and pressure (grey)
evolution during the heat treatment.
An additional ‘flash’ (⁓15 µm removal) VEP sequence
was carried out. The set of parameters used for the bulk
treatment (Table 1) was maintained except for the HF concentration in the electrolyte: the HF content was increased
since a batch of acid from a different supplier was used.
THPOGE23
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As shown with the former treatment of the SPL cavity,
efficient removal of the hydrogen bubbles generated at the
cathode is of paramount importance for an efficient electropolishing treatment since they might be responsible for
features at the niobium surface and for a Q-disease phenomenon. The presented experiments were carried out with
parameters chosen towards an optimized control of the hydrogen production for the 704.4 MHz cavity:
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Large area of the cathode
Efficient swiping of the cell thanks to the cathode
wings
 High rotation speed of the wings
 Low temperature of the acid and external cooling
 Acid with low HF concentration.
The efficient hydrogen removal makes it also possible to
improve the homogeneity of the removal [6] compared to
the BCP in vertical position [9, 10]. The drawback of this
protocol is a low removal rate (0.1 µm/min), compared to
standard BCP chemical polishing (0.5 µm/min) [10]. However, the achieved RF performance is excellent and the superiority of VEP compared to standard BCP treatment, routinely used for ESS cavity series production [8, 11],
demonstrated. We intend now to investigate the possible
benefit of the ‘2-step baking’ proposed by FERMILAB
[12] which makes it possible to push further the performance of 1300 MHz Tesla shape resonators compared to
the standard baking at 120 °C. This recipe which includes
an intermediate step at 75 °C, was successfully applied at
CEA after VEP on a 1300 MHz single-cell cavity with
Eacc>50 MV/m achieved (Fig. 5). We intend now to apply
this baking recipe to EH101 after additional 10 µm removal by flash VEP to evaluate the possible benefits to
704.4 MHz resonators.

Figure 5: Gradient >50 MV/m achieved at CEA after VEP
+ ‘2-step baking’ (FERMILAB recipe) at 75 °C-120 °C on
1AC3 Tesla shape 1300 MHz single-cell cavity.
The process will finally be transposed to a 5-cell geometry configuration like the ESS 5-cell β=0.86 cavity
(HB03, see Fig. 6). The cavity has been treated by BCP for
the baseline test. Once the RF-test done, bulk VEP will be
carried out with a dedicated cathode designed and fabricated by Marui Galvanizing Company Ltd, which is already available for the experiment. The schematic of the
treatment is shown in Fig. 7.

Figure 6: HB03 ESS-prototype cavity (β=0.86) to be
treated by VEP with dedicated cathode after RF test.
Technology
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Figure 7: Schematic of the treatment of the 5-cell β=0.86
ESS cavity.
It will also be interesting to compare achieved results
with these obtained by horizontal electropolishing treatment for 650 MHz elliptical resonators (see for example
[13]) for the Proton Improvement Plan-II (PIPII) accelerator [14].

CONCLUSION
Promising results have been achieved after vertical electropolishing of a 704.4 MHz, β = 0.86 single-cell ESS cavity. Heat treatment at 650 °C and final baking at 120 °C after flash VEP make it possible to reach gradients over
40 MV/m on a single-cell cavity. The 2-step baking recipe
could provide additional benefits and will be tested on
EH101 cavity. We intend now to transpose the process on
a 5-cell cavity with a dedicated cathode which has been
purchased, and thus finalize a cavity treatment protocol
that might be applied for future machines using this type of
cavities, such as MYRRHA [15].
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MACHINE LEARNING FOR BEAM ORBIT CORRECTION
AT KOMAC ACCELERATOR
Dong-Hwan Kim†, Seung-Hyun Lee, Jeong-Jeung Dang, Hyeok-Jung Kwon, Sang-Phil Yoon, HanSung Kim, Korea Multi-Purpose Accelerator Complex-KAERI, Gyeongju, South Korea
Abstract
There are approaches to apply machine learning (ML)
techniques to efficiently operate and optimize particle accelerators. Deep neural networks-based model is applied to
experiments, correcting beam orbit through the low energy
beam transport at the proton injector test stand. For more
complex applications, time-series analysis model is studied
to predict beam orbit in the 100-MeV beamline at KOMAC. This paper describes experimental data to train neural networks model, and presents the performance of the
machine learning models.

INTRODUCTION
KOrea Multi-purpose Accelerator Complex (KOMAC)
has been providing 100-MeV proton beams to users since
2013 [1,2]. In order to make facility operation more stable
and reduce the time required for beam tuning, an automatic
scan program has been developed and utilized. However, it
is not a systematic method due to lack of linkage between
data and physics model. Advanced control techniques are
applied only to specific areas such as feedback control to
compensate for transient beam loading in low level RF systems [3].
Machine learning, which has recently been in the spotlight again with the rapid increase in computing power and
the development of new algorithms, is showing various applications and good results in the field of accelerator control [4,5]. In the low energy beam transport (LEBT) section
of high-power linear accelerator like KOMAC, beam orbit
correction is important for beam matching with the subsequent RFQ to minimize beam loss. MYYRHA and IPHI
develops neural networks algorithm for LEBT tuning of
proton injectors. The collimator position and vacuum pressure were set as input nodes, and the output nodes were
trained on beam transmission data [6].
In KOMAC, there was a previous study verifying the
practicality of a machine learning model trained with beam
dynamics simulation data in LEBT. The model made with
more than 700,000 computational data showed a similar
level of accuracy while running more than 10 times faster
than the traditional simplex algorithm [7]. Here, this study
shows the results of developing a trained neural networks
model which performs beam orbit correction based on
beam measurement data so that beam control can be automated and advanced.
In addition, we present a preliminary study to develop an
effective machine learning model in medium or high energy beam transport with more complexity. To overcome
the finite number of beam diagnostics and beam correctors,

time series analysis is applied to the transverse dynamics
of a bunched beam with time-sequence. It shows the results
of applying the long short term memory (LSTM) model
and a transformer model.

METHOD
Beam dynamics simulation and beam experiments are
carried out to develop deep neural networks model for
beam orbit correction at the proton injector test stand and
time-series analysis model for beam orbit prediction at the
KOMAC.

Deep Neural Networks Model for Beam Orbit
Correction at the KOMAC Proton Injector Test
Stand
Beam orbit correction has been studied in proton injector
test stand at the KOMAC by developing deep neural network model. Proton injector has very simple structure to
adapt machine learning model with just a few number of
control variables and measured beam parameters as shown
in Fig. 1.

Figure 1: Layout and calculated beam dynamics of proton injector test stand at the KOMAC.
Low energy beamline consists of three focusing magnets
including a dipole and two solenoids and two steering magnets. Transverse beam profiles are measured at the beam
profile monitor installed at the diagnostics chamber located
between two solenoids.
The initial beam properties change according to the operating parameters of the ion source, which affects the
beam dynamics in the low energy beamline. As demonstrated in Fig. 2, we collect beam experimental data and
train deep neural networks to make low energy beam orbit
correction model for various operating variables.
Adjustable variables include absorbed power and ion
source solenoid strength in microwave ion source part, and
magnetic field strengths of dipole, solenoid#1, horizontal
steerer, and vertical steerer magnets in the low energy
beamline. As shown in Fig. 2(b), the neural networks
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model is composed of an input layer with 6 nodes, three
hidden layers with 32 nodes each, and an output layer with
4 nodes which are beam measurement data.

downstream that have not been measured. In this context,
beam orbit is predicted by using the informer model that
showed state-of-the-art performance among transformerbased models [8], and it was compared with the seq2seq
model which is composed of long short-term
memory(LSTM)-based encoder and decoder.

Figure 3: Calculated beam dynamics from 3-MeV RFQ to
100-MeV proton beam dump.
The beam orbit data on a horizontal plane is collected
from beam dynamics simulation data on the KOMAC 100MeV dump beamline as plotted in Fig. 3. From 3-MeV
RFQ exit to 100-MeV beam dump, beam dynamics is calculated on accelerator cavities and beamlines with a total
length of 80-m. A beam orbit is computed at over 1700
points divided by accelerating gaps and beamline element
positions. The time series data is analysed by models that
can predict the beam orbit near the end of beamline or
beam dump.

RESULTS

Figure 2: (a) Overview of beam experiments and flow of
data to train deep neural networks model. (b) Layout of
neural networks model for the low energy beam orbit correction.

Time-series Analysis Model for Beam Orbit Prediction at the KOMAC Linear Accelerator
For systems with such a small number of control knobs,
it is easy to build a data-driven neural network model using
parameter scan. However, there are numerous beam optics
elements for the entire accelerator, and it is almost impossible to accumulate data by scanning each of them. The
number of beam position monitors and the number of controlling magnets are usually limited. In particular, when the
number of beam diagnostics is greater than or equal to the
number of FODO lattices, beam orbit errors mainly caused
by misalignment or field errors can be re-constructed.
Virtual diagnostics are needed to overcome the lack of
measurement data. The beam propagates in the longitudinal z direction, which is also a function of time t for a beam
bunch. Therefore, the beam has the characteristics of time
sequence data. Time series analysis can be used when a
variable at one point in time is affected by previous variables and by past errors.
According to the analysis method, finite data may be interpolated to reconstruct continuous trends. And it is also
possible to extrapolate beam trajectories in the future or
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Figure 4: Comparison of prediction errors and consumed
time between the DNN model and parameter scan method.
Low energy beam orbit correction methods are compared in terms of prediction errors and consumed time as
illustrated in Fig. 4. The deep neural networks (DNN)
model shows a prediction error distribution close to Gaussian, and the mean and standard deviation for horizontal(H)
steerer and vertical(V) steerer are (-0.05±0.10 A, 0.06±0.10 A). On the other hand, parameter scan method
shows a relatively flat error distribution due to a truncation
of discrete setting value.
The measurement was repeated 10 times under one operating condition, and the pulse beam repetition rate was 1
Hz. It takes 10 seconds to obtain the data on the average of
beam center and prediction error when the DNN model is
utilized to correct beam orbit. On the other hand, when
scanning current values from -3 A to +3 A for two steering
magnets, it takes 1690 sec at 0.5 A interval and 490 sec at
1.0 A interval. Combining and comparing the above results,
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the DNN model produces accurate results in terms of prediction error compared to the parametric scan method, and
consumes much shorter tuning time.
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Figure 5: Comparison of the prediction models for beam
orbit on a horizontal plane - (a) seq2seq (b) Informer.
Time-series analysis is performed on the beam orbit data
from beam dynamics calculation on the 100-MeV dump
beamline. As shown in Fig. 5, informer model overally produces better prediction than seq2seq model. Transformerbased informer model seems to be more robust to a sudden
change in beam trajectories near the beam dump than
seq2seq model. Mean absolute percentage error (MAPE)
of informer model is estimated to be under the 10% right
before the beam dump. However, the prediction error
sharply increases at the beam dump in both models. Instead,
this attribute could be utilized for anomaly detection to predict uncontrollable beam loss or severe damage on machine beforehand.

CONCLUSION
In the proton injector test stand at the KOMAC, deep
neural networks model is deployed to control low energy
beam orbits under various operating conditions. The machine learning model shows faster and more accurate orbit
correction than the traditional parameter scan method.
The beam orbit prediction model is constructed using the
long short-term memory-based seq2seq model and the
transformer-based informer model. The transformer-based
model infers 100-MeV proton beam orbit better. The technique covered in the study will be utilized to develop a machine learning-based beam orbit correction model or anomaly detection model for more efficient beam operation.

[4] A. L Eleden et al., “Neural networks for modelling and control of particle accelerators”, in IEEE Transactions on Nuclear Science, vol. 63, no. 2, pp. 878-897, Apr. 2016.
doi:10.1109/TNS.2016.2543203.

[5] E.Fol, J. Coello de Portugal, and R. Tomas, “Application of
machine learning to beam diagnostics”, in Proc. 7th Int.
Beam Instrumentation Conf. (IBIC’18), Shanghai, China,
Sep. 2018, pp. 169-173.
doi:10.18429/JACoW-IBIC2018-TUOA02.

[6] Mathieu Debongnie, “Study of machine learning methods
for optimization and reliability improvements of high power
linacs”, Ph.D. thesis, University of Grenoble Alpes, Grenoble, France, 2021.
[7] DongHwan Kim et al., “Validation of neural networks
model based on beam dynamics simulation for an automated
control in high-intensity proton injector”, Journal of the Korean Physical Society, 78, 2021, pp. 1185-1190.
[8] Haoyi Zhou et al., “Informer: Beyond Efficient Transformer
for Long Sequence Time-Series Forecasting”, The ThirtyFifth AAAI Conference on Artificial Intelligence (AAAI21), 2021, pp. 11106-11115.
doi:10.48550/arXiv.2012.07436

ACKNOWLEDGEMENTS
This work has been supported through KOMAC operation fund of KAERI by Ministry of Science and ICT, the
Korean government (KAERI ID no. : 524320-22)

Beam dynamics, extreme beams, sources and beam related technologies
Beam Dynamics, beam simulations, beam transport

THPORI02
851

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPORI09

DESIGN AND OPTIMIZATION OF A 1.3 GHZ GRIDDED THERMIONIC
ELECTRON GUN FOR HIGH-INTENSITY COMPACT
SUPERCONDUCTING ELECTRON ACCELERATOR (HICSEA) ∗
A. B. Kavar† , A. Pathak, R. Varma Indian Institute of Technology Bombay, Mumbai, India
Abstract
The design and optimization of the proposed 1.3 GHz
gridded thermionic electron gun aims to drive a conduction cooled superconducting electron accelerator that will
be used to treat contaminants of emerging concern in water
bodies. The gun geometry is Pierce-type and optimized for
beam current of 1A with 𝐿𝑎𝐵6 as cathode material at cathode potential of -100 kV. The final optimized cathode radius
and angle of inclination of the focusing electrode are found
to be 1.5 mm, and 77◦ respectively. For an emittance compensation electrode, the optimized values for thickness and
potential are 2 mm and -50 kV respectively, and separation
between cathode and compensator is 8 mm. Beam dynamics
calculations have been performed with self-developed particle tracking code that assumes space charge interactions and
imported fields. The beam dynamics simulations show that
with an initial pulse length of 50 ps having a bunch charge
of 5 pC, the pulse length of the bunch reduces to 33 ps. The
diameter, transverse and longitudinal emittance obtained are
2.8 mm, 1 mm-mrad, and 5 mm-mrad respectively.

INTRODUCTION
Our aim (IIT Bombay in collaboration with Tohoku, KEK,
Hiroshima, Waseda, Nihon, Osaka university, Japan) is to
design and develop a compact, high intensity superconducting electron accelerator which will provide beam energy of 1
MeV and beam current of 100 mA for wastewater treatment.
The preliminary stage of the project demands a start to end
physics design that include, (a) design and optimization of
a thermionic electron gun, (b) transport channel, and (c) a
single cell, superconducting tesla cavity as shown in Fig. 1.
With an objective of delivering a high intensity electron
beam, a thermionic electron gun is designed and optimized.
In this gun, a gridded cathode [1] with RF and DC bias signals is used to produce electron bunches with high repetition
rate. Such bunching mechanism makes the linac compact
and portable. The major disadvantage of this method is the
significant increase in beam emittance due to the presence of
the grid. The design and optimization of such a gridded gun
and the beam dynamics are the main emphasis of this paper.
Our preliminary beam dynamics simulations with codes like
CST demonstrate a significant dependence of beam parameters on mesh density and therefore we chose to develop our
own beam dynamics code for reliable results with shorter
computation time using PIC [2] algorithm. This paper thus
also focuses on the discrepancies in the results obtained
∗
†

Work supported by Prime Minister’s Fellowship by SERB-FICCI, Government of India.
anjalikavar5454@gmail.com

THPORI09
852

Figure 1: Schematic of proposed high-intensity, compact
super-conducting linear electron accelerator.
using CST and compares it with our own particle tracking
code.

GUN GEOMETRY
Thermionic electron gun designed here is configured by
cathode, anode, Wehnelt and focusing electrode. The geometry of these electrodes is optimized for good beam quality
and high beam current (1A) where the quality of the beam is
assessed by measuring the RMS normalized emittance. Optimization to minimise the emittance is performed by varying:
(a) Cathode radius, (b) angle of inclination of focusing electrode, (c) cathode-wehnelt gap, (d) Wehnelt thickness, and
(e) Wehnelt voltage.

Cathode and Cathode Assembly
Our calculations suggests that the electron emission capacity of 𝐿𝑎𝐵6 is better than tungsten and 𝐶𝑒𝐵6 at same
temperature as shown in Fig. 2.; therefore, 𝐿𝑎𝐵6 is chosen as
a cathode material for our electron gun. 𝐿𝑎𝐵6 also has a low
thermionic work function (2.66 eV) and a high melting point
(2715°C), in addition to it’s long life and lower sensitivity
towards air exposure than typical dispenser cathodes [3].
Initially, the focusing electrode’s angle is tuned for lower
emittance. Figure 3 (a) depicts the results of simulations for
angle of inclination of focusing electrode. It demonstrates
that with the angle of inclination of 77◦ , emittance is reduced
to 3.75 mm-mrad. The cathode radius was optimised with
77◦ of inclination angle as shown in Fig. 3(b). It has been
observed that at 1.5 mm of cathode radius, the emittance
is decreased to 2.52 mm-mrad. As a result, cathode radius
of 1.5 mm and inclination angle of 77◦ was considered for
further optimizations.
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Figure 2: Maximum current emitted by cathode materials at
given temperature.

Figure 3: (a) Transverse emittance variation with angle
of inclination of focusing electrode, (b) emittance variation
due to cathode radius along bunch propagation direction
(z).

Figure 4: (a) Transverse emittance and (b) current variation with Wehnelt voltage, (c) Transverse emittance and
(d) current variation with cathode-Wehnelt seperation, (e)
Transverse emittance and (f) current variation with Wehnelt
thickness.

Wehnelt
This is an extra electrode that is used to focus the
beam. When electrons leave the cathode, the Wehnelt’s
circular aperture repels them, driving them back
towards the axis. The effect of Wehnelt is investigated
for various Wehnelt voltages, thicknesses, and distance
from the cathode to minimise transverse emittance. The
optimised parameters are illustrated in Fig. 4 (a), Fig. 4
(c), and Fig. 4 (e), and are reported in Table 1 and
shown in Fig. 5. The parameters are varied in the range
of constant emission current of 1A as shown in Fig. 4
(b), Fig. 4 (d), and Fig. 4 (f).
Table 1: Optimized Parameters of the Designed Gun
Parameters
Value
Cathode material
Cathode Radius
Pierce angle
Cathode Potential
Cathode-Wehnelt distance
Anode Potential
Wehnelt thickness
Wehnelt Potential
Cathode-Anode Distance

𝐿𝑎𝐵6
1.5 mm (0.059 in)
77◦
−100 kV
12 mm (0.472 in)
0V
2 mm (0.079 in)
−50 kV
16.5 mm (0.65 in)

Figure 5: Design of an optimized Electron Gun.

CST BEAM DYNAMICS SIMULATIONS
Our grid-less thermionic gun optimization studies using
microwave CST and with hexahedral mesh shows convergence at a mesh density of 0.70 × 107 . After placing the
grid, mesh of 1.86, 3.65 and 4.5 × 107 was considered and
the results obtained are shown in Fig. 6. The obtained results
for beam emittance and beam size shows a plateau region
between a mesh density of 3.65 - 4.5 × 107 but increases
further as we increase the mesh density beyond 4.5 × 107
as shown in Fig. 6. This deviation has inspired us to develop our own particle tracking code to achieve numerical
convergence and accuracy.
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bunch charge of 5 pC is tracked through the designed gun.

Figure 6: (a) Transverse emittance and (b) diameter variation
of the beam with mesh density 1.8, 3.65 and 4.5 × 107 ,
(c) transverse emittance and (d) diameter variation of the
beam with mesh density 4.98, 6 and 10 × 107 along bunch
propagation direction (z).

Figure 8: (a) Transverse emittance, (b) diameter (c) longitudinal emittance and (d) bunch-length variation along bunch
propagation direction (z).
Obtained results shows the final RMS transverse and longitudinal emittance of 1 and 5 mm-mrad respectively, diameter
of 2.8 mm and bunch-length of 33 ps as shown in Fig. 8.

CONCLUSION

Figure 7: (a) Transverse emittance and (b) diameter comparison of the beam along bunch propagation direction (z).

Code Development for Particle Tracking
We performed particle simulations through self written
PIC scripts in the presence of applied field and self-field.
Field distribution from optimized geometry for the tracking
is exported from CST: electrostatic solver. Self-field is calculated by poisson solver. The particle position and velocity
are then advanced in time in the presence of self-field and
external field by the Euler-symplectic method. The process
is repeated for the next time step to track the particles.

A thermionic gridded electron gun is designed and optimized for a good beam quality, with a bunch charge of 5 pC
and bunch length of 50 ps. Particle tracking code is developed using MATLAB to solve the discrepancies observed
with CST PIC during mesh convergence study. Beam dynamics results obtained using our code shows reasonable
agreement with CST PIC at mesh density of 3.65-4.5 × 107
with final RMS normalized transverse emittance at the gun
exit of 1 mm-mrad, bunch diameter of 2.8 mm, RMS normalized longitudinal emittance of 5 mm-mrad and the bunch
length of 33 ps at gun exit.
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OPERATION OF THE CLARA LINEAR ACCELERATOR INJECTOR
WITH 2.5 CELL 10 Hz PHOTOCATHODE GUN WITH
INTERCHANGEBLE PHOTOCATHODES
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Abstract
During the commissioning and operation run in 20212022 the photoinjector of the CLARA facility, a 2.5 cell
cavity S-band photocathode gun originally developed for
the ALPHA-X experiment [1] was used. The copper back
wall of the cavity served as the gun photocathode during
operation until 2019. In order to reduce the significant time
required for replacement and/or reactivation of the photocathode, and to improve the flexibility of the injector the
gun has been upgraded for operation with DESY/INFN
style interchangeable photocathodes. This upgrade included a new design of the cavity back wall to accommodate the photocathode socket and equipping the gun with a
load-lock system. Modification of the gun also required replacement of the bucking coil, which zeros field in the photocathode emission plane. After the upgrade, the gun was
commissioned and then operated with a hybrid Cu/Mo
photocathode during the last two years. During the winter
2021 - spring 2022 experimental run, the gun steadily operated with a cathode field of 60-70 MV/m (limited by the
available RF power) and with an off-centre diamond turned
photocathode which delivered stable bunches with a charge
of 100 pC.

sign of the cavity cooling jacket was revised to improve
thermal contact of the cavity with the jacket. Final scheme
of the upgraded injector is shown in Fig. 1.

INTRODUCTION
Compact Linear Accelerator for Research and Application (CLARA) [2] is an S-band RF electron accelerator
which is under development at STFC Daresbury Laboratory. Phase I of the machine is now in operation and delivers 35 MeV/c electron bunches with a charge of 100 pC at
a repetition rate of 10 Hz. In 2019 the photoinjector of
CLARA was upgraded for operation with interchangeable
photocathodes with a final goal to improve beam quality,
increase duty factor, reduce the dark current and eventually
allow for operation with different type of photocathodes including high quantum efficiency Cs2Te. This paper gives
overview of the injector upgrade and its performance during the recent user run. The performance of the whole machine and achieved beam parameters are described in [3].

UPGRADE OF THE CLARA INJECTOR
The injector upgrade included three main tasks: the redesign of the cavity back wall to equip it with a photocathode socket, construction of a photocathode load-lock system and replacement of the bucking coil. In addition, de___________________________________________

† boris.militsyn@stfc.ac.uk

Figure 1: Layout of the CLARA photoinjector upgrade (top
view). 1-photocathode gun, 2-light box, 3-main focusing
solenoid, 4-bucking coil, 5, 6 H-V steering coils, 7-Wall
Current Monitor, 8-YAG beam viewer-collimator, 9-photocathode transport vessel, 10- heating chamber, 11-heating stage, 12-interchange chamber, 13, 14-magnetic manipulators.
The original design of the gun, with a replaceable cavity
back wall which also served as a photocathode, allowed the
upgrade to be implemented without significant intervention into original construction. The cavity back wall, which
was just bolted to the first cell, was redesigned and
equipped with a photocathode socket. Special attention
was paid to profile of the photocathode socket rim. Its elliptical profile was optimised to prevent surface field excess which may be potential source of field emission.
RF contact between the photocathode and the socket is provided by a gold coated spring. The back wall has been diamond turned from oxygen free copper with final roughness
of about 10 nm. A detailed description of the RF design and
RF commissioning of the upgrade is described in [4].
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The photocathode puck used in the gun upgrade is based
on the FLAB/INFN/DESY design which is also now used
by the LBNL-SLAC collaboration in the injector of LCLSII. The difference in the design of the VELA/CLARA facility design from these other photocathodes is its hybrid
scheme, where electrons are emitted from a copper tip
which is attached to Mo puck (see Fig. 2b). The tip is manufactured with off-centre diamond turning technology
which gives a surface roughness of less than 10 nm.

around the edge of the cathode would have high work function supressing any dark current coming from this area
where the field is higher. The cathode was seen to have an
initial QE of 2.0·10-4 and a 1/e lifetime of 32.7 days. Unfortunately, the dark current was seen to be relatively high
and so it was planned to replace this photocathode with one
that had been off-axis diamond turned to avoid the centre
pip (Fig. 3). On removal it was also seen that a ring that
looked like small crystallites or possibly just very high
roughness had appeared at the junction between the O
plasma treated region and that subsequently chemically
treated. This could also have contributed to the dark current.

(a)
(b)
Figure 2: Back wall of the gun cavity with photocathode
socket (a) and Mo photocathode puck with diamond turned
tip (b).

OPERATION OF THE PHOTOINJECTOR
WITH HYBRID PHOTOCATHODES
Initial RF conditioning of the modified gun was carried
out using a solid Mo cathode puck with a machined surface
finish that had a roughness which was much higher than
the intended run cathodes
After several experiments with different types of photocathode the design chosen for beam delivery was a hybrid
puck with a Mo body and a smaller Cu insert at the tip
(Fig. 2b). The first of these samples was a Cu insert with a
machined finish that had been chemically treated with
BPS172. The tip had been then heated to 150 °C before insertion to activate it. This cathode exhibited a high initial
quantum efficiency (QE) of 3·10-4 but degraded quite rapidly with a 1/e lifetime of 15 days (although its operational
life was about twice this before there was insufficient QE
to generate a 100 pC bunch charge).
The subsequent photocathode used in the modified
gun was produced using a new ‘in-house’ diamond tuning
capability. The surface finish was very good (around
5.7 nm Sq) but the cathode was on-axis turned so that there
was a large spike in the centre (more than 400 nm). To try
to minimise the dark current from this cathode a more elaborate preparation scheme was used. The puck with Cu insert was first Oxygen plasma cleaned which should leave
an oxidised surface with relatively high work function and
then chemically treated in the central emitting section. The
sample was then heated to 110 °C in the load-lock. By carrying out this procedure it was hoped that the central section where the laser will hit the cathode should have low
work function and thus high QE. However, the section
THPORI15
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Figure 3: Surface roughness of on-centre diamond turned
photocathode Cu insert.
The final photocathode prepared for this run has an
off-centre diamond turned Cu insert which was treated using Ar plasma instead of the chemical treatment, since
there were concerns about whether this treatment might
lead to greater roughness or cause higher dark current in
some other way. The Ar plasma treated cathode was initially heated to 150 °C but had to be heated to 250 °C (as
expected from previous laboratory studies [5]) to achieve
significant QE (8·10-5). The 1/e lifetime of this cathode was
270 days with a potential operational lifetime before being
unable to achieve 100 pC even longer.

DARK CURENT CHARACTERISATION
One of critical parameters of an electron injector is the
so-called dark current, defined as the charge generated during an RF pulse without any laser illumination. As some
CLARA experiments are very sensitive to dark current special attention was taken to investigate this process. Dark
current measurements were taken throughout commissioning and operation of the upgraded gun using a wall current
monitor and screen approximately 1 m from the gun exit
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(item 8 on Fig. 1). During initial high power RF conditioning with the Mo puck, dark current of over 10 nC per RF
pulse (2.5 us at the maximum gun field/klystron power)
were measured (with gun solenoids off), but was significantly lower after the replacement of a faulty gun Klystron
with a lower power one and several weeks of conditioning.
Subsequent dark current measurements were taken during commissioning with different cathodes. The dark current data taking and analysis methods were being developed during commissioning and measurements were not
always taken at consistent gun parameters, so it was difficult to assess/compare the dark current performance of
each cathode in great detail. However, some common features emerged: a reduction in dark current during RF conditioning of a given cathode was observed; and stronger
solenoid focussing reduced the amount of dark current
emitted from the gun.
It became clearer the “photocathode socket rim” (curved
edge of the opening in which the cathode sits) was a significant source of dark current. This was confirmed by both
comparison of CST dark current simulations with screen
images, and observations of screen images before/after
cathode retraction/reinsertion, especially when the cathode
was rotated in the process. For certain solenoid and gun
power settings, the dark current from the socket rim dominated the dark current emitted from the photocathode puck,
however at typical operating gun parameters for normal
beam transport, it was usually defocussed before the first
screen (Fig. 1). It also emerged that cathode size/shape,
and their position after insertion, could have a significant
effect on the gun field flatness and field on the cathode surface and thus significantly affect the amount of dark current produced, again making it difficult to compare dark
current from different cathodes.

Figure 4: Dark current on the YAG screen approximately
1 m from the gun, for nominal CLARA operating gun settings. Left; beam and dark current. Right; dark current
only. The colour maps are adjusted to emphasise the
beam/dark current in each image. The maximum pixel values/brightness from the left (beam) image is are around 20
times of the right (dark current) image.
During CLARA exploitation at an RF power of 4.54.7 MW (at the gun) using the final photocathode, the dark
current was around 1-1.5 nC per RF pulse with the solenoids off, and around the WCM noise level - 100-200 pC with the solenoids at nominal beam transport setting. This

dark current level stayed stable over the several months of
CLARA exploitation. Figure 4 shows the first YAG screen
image with beam and dark current for typical CLARA operation, with the cathode used in user exploitation.

AMPLITUDE AND PHASE STABILITY
OF THE GUN RF FIELD
As the beam delivered by CLARA is transported down
to experimental area in 20 m with a beamline which includes an S-bend, high requirements are imposed on beam
energy stability. Energy and phase stability of the injected
beam has a significant impact on overall energy stability.
Dependence of beam energy ( ) on RF power ( ) and
emission phase ( ) can be simply described as,
√

1

(1)

,

and are equivalent cavity impedance, crest
where, ,
phase and fitting parameter respectively. The impact of RF
amplitude and phase jitter on the beam can be calculated
observing horizontal
by measuring beam energy jitter
beam position and its jitter in the spectrometer beamline at
various phases around crest phase and fitting to,
1

4

,

(2)

where ,
and
are standard deviations of beam energy, RF power and phase respectively. Variation in beam
energy jitter with phase is shown in Fig. 5. The measured
phase jitter was 0.037 degree compared to 0.08 degree obtained from the fit, attributing 66 fs to laser-RF locking. RF
power showed a jitter of 0.07% at 4.6 MW.

Figure 5: Beam energy and variance at different phases
around crest, fitted to the above error equation.

CONCLUSION
The upgrade of the 2.5 cell 10 Hz photocathode gun for
operation with interchangeable photocathodes allowed for
significantly improving operational performance of
CLARA. It reduced the downtime required for photocathode replacement and following high power RF conditioning and opened perspectives for operation with Cs2Te material in the nearest future. It also allows the photocathode
infrastructure for future replacement of CLARA injector
for 400 Hz gun to be optimised. However, this upgrade has
minor negative effects such as a slight change of the field

Beam dynamics, extreme beams, sources and beam related technologies
Electron and ion sources, guns, photo injectors, charge breeders

THPORI15
857

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPORI15

profile in the gun with every new photocathode and some
increase of dark current. The reasons for the increased dark
current are currently under investigation.
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MACHINE LEARNING FOR RF BREAKDOWN DETECTION AT CLARA
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Abstract
Maximising the accelerating gradient of RF structures is
fundamental to improving accelerator facility performance
and cost-effectiveness. Structures must be subjected to a
conditioning process before operational use, in which the
gradient is gradually increased up to the operating value.
A limiting effect during this process is breakdown or vacuum arcing, which can cause damage that limits the ultimate
operating gradient. Techniques to efficiently condition the
cavities while minimising the number of breakdowns are
therefore important. In this paper, machine learning techniques are applied to detect breakdown events in RF pulse
traces by approaching the problem as anomaly detection,
using a variational autoencoder. This process detects deviations from normal operation and classifies them with near
perfect accuracy. Offline data from various sources has been
used to develop the techniques, which we aim to test at the
CLARA facility at Daresbury Laboratory. Deployment of
the machine learning system on the high repetition rate gun
upgrade at CLARA has begun.

INTRODUCTION
There are two main aims with this project. Firstly, we
aim to assemble a machine learning (ML) based system
that could be used to replace the current mask method of
radio frequency (RF) breakdown (BD) detection which is
standard in the automated code used in the RF conditioning
of accelerating cavities at CLARA[1]. Secondly, we aim to
ensure that the mid-process features of the same mechanism
could be used as inputs for an ML algorithm designed to
predict whether or not the next RF pulse would lead to a BD.
To this end, we constructed a 𝛽 convolutional variational
autoencoder (𝛽CVAE)[2] with RF conditioning data as inputs. After being trained as an anomaly detector this acted
as a live BD detector, in conjunction with a dense neural
network (NN), which would act with the capacity to replace
the current non-ML based BD detection system. In addition
to this, the 𝛽CVAE’s latent space could act as a viable input for a long short-term memory (LSTM) recurrent neural
network (RNN) that could be used to predict BDs, based on
the methodology set out by Kates-Harbeck et al.[3] who had
success in predicting disruptive instabilities in controlled
fusion plasmas.
For this investigation, we used data from the CLARA
accelerator (Compact Linear Accelerator for Research and
Applications) based at Daresbury Laboratory. CLARA is a
dedicated accelerator test facility with the capacity to deliver
high quality electron beams for industry and research. In
∗
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addition to the CLARA data, a larger dataset was provided
by the CLIC team at CERN covering a cavity test which
took place in CERN’s XBOX-2 test stand. The structure
tested in this dataset was a T24 high-gradient prototype Xband cavity produced at the Paul Scherrer Institute; further
details of this design have been reported previously [4, 5].
The CLARA data was collected as part of the routine RF
breakdown detection system.

RELATED WORK
Solopova et al.’s [6] application of a decision tree model
to assign both a fault type and cavity-specific location to a
collected breakdown signal at CEBAF represents the first
foray into using machine learning to classify RF cavity faults.
This work was then continued in Tennant et al.[7] where the
authors applied a random forest model to the classification
of faults and cavity identity for a larger dataset of breakdown
events.
Obermair et al. [8] took the first step towards machine
learning based detection and prediction of breakdowns. The
authors separately applied deep learning on two available
data types (event and trend data) to predict breakdowns.
In so doing, they were able to predict breakdowns 20 ms
in advance with good accuracy. In addition, they utilised
explainable AI on these models to elucidate the physics
of a breakdown. This pointed them towards an increased
pressure in the vacuum system before a breakdown, which
they indicated as an option for an improved interlocking
system. Their analysis of event data alone also reveals the
possibility to predict breakdowns with good accuracy, if
there has already been a breakdown in the previous minute,
i.e. prediction of follow-up breakdowns.
Previous work within our organisation also informed the
present studies. Another dataset from XBOX cavity testing was analysed for missed breakdowns using principal
component analysis and neural networks [9]. Very high classification accuracy was reported, but there was suspected
duplication of traces in the dataset.

METHODOLOGY
CLARA
Here we use data gathered during the RF conditioning
of CLARA’s 10 Hz photoinjector (Gun-10), which includes
both the RF pulse traces themselves and other non-RF, such
as the temperature and pressure inside Gun-10. The RF trace
data was gathered before ML was taken into consideration
and was therefore not ideal for our purposes, but it was
deemed to be sufficient for progress to be made. The trace
data was only recorded when the RF breakdown detector was
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Figure 1: A plot of the results of applying the tSNE/DBSCAN method to label the CLARA Gun-10 data
set. Each cluster is given an index with its population displayed below, i.e. the cluster in the top right corner of the
plot has an index of 6 and a population of 159. As examples
of the principal trace types, the large central cluster indexed
as 1 represents noise traces, cluster 4 contains only healthy
traces, 8 breakdown traces, and 7 is composite (healthy/BD).
activated and a BD identified, then the conditioning script
would record the pulse associated with the BD, as well as the
two previous and two subsequent pulses. Altogether, there
were 40 traces recorded per breakdown event (8 traces for
each of the 5 pulses). Specifically the traces were: klystron
(forward, reverse power, and phase), and cavity,(forward,
reverse power, and phase).
In order to provide the ground truth and label each
recorded trace as either, noise, healthy, BD or anomaly,
the traces were first grouped together by using sklearn’s
t-SNE[10] (t-distributed Stochastic Neighbour Embedding)
and DBSCAN (Density-Based Spatial Clustering of Applications with Noise) functions. The traces from each delivered
cluster were then over-plotted and inspected by eye with any
pure groups receiving the appropriate label and composite
clusters undergoing further t-SNE/DBSCAN analysis until
only pure groups remained. Figure 1 shows an example
of the clustering that was returned by the t-SNE/DBSCAN
method for this data set.
The next step was to construct the 𝛽CVAE at the core
of the BD detector and at the beginning of the planned BD
predictor. After much experimentation with spectrograms,
phase traces, and temperature and pressure data, it was found
that the most effective input for the 𝛽CVAE was a 2D array
comprised of the four normalised power traces, with dimensions of 4 × 1017. The most optimal structure of the found
for 𝛽CVAE is displayed and described in Figure 2.
The 𝛽CVAE was trained on 4659 healthy traces in order to
create the anomaly detector, which was then validated using
another 1164 healthy traces. For both training and validation the Adam optimiser and categorical cross entropy loss
function were used. Testing the 𝛽CVAE involved exposing
the algorithm to 706 healthy and 706 BD traces (1412 traces
in total) and subtracting the reconstructed traces from the
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original traces to produce 1D reconstruction error traces.
These were then used as an input for a simple dense neural network classifier with one ReLU activated hidden layer
with the same dimensions as the input layer and a binary
(healthy or BD) softmax activated output layer. Again the
Adam optimiser and categorical cross entropy loss function
were used.
A confusion matrix was then constructed by comparing
the class assigned by the model to the ground truth in order
to check for the accuracy and recall of the BD row for the
system, as in Table 2. For this dataset, the key statistic was
the recall of the BD row, since the accelerator not reacting
to a false negative could be damaging to the accelerating
structure, whereas reacting to a false positive merely results
in a slight reduction in the time efficiency of the accelerator.
An accuracy of 96.9% and a BD row recall of 98.0% was
achieved using the methods outlined above. We also noted
that approximately half of the false negative traces were in
fact healthy or anomalous after manual inspection. This is
not surprising since the labelling process relied on unsupervised ML processes and, had time allowed, all traces would
have been labelled individually by an RF expert.
Future work will include the integration of the ML BD
detector into the next version upgrade of the RF conditioning
code and the construction of the LSTM RNN for the predictive system. However, before this can be effective, more
appropriate data may need to be gathered from CLARA,
particularly more traces before a BD event and at a higher
RF repetition rate than 10 Hz. Since CLARA RF power
is pulsed if we were to follow the methodology set out in
Kates-Harbeck et al.[3] we can think of the noise between
pulses as missing data . In order to quantify the proportion
of data that is effectively missing, or pseudo-missing, we
can use the following relation,
𝑅DATA = 1 − 𝐷,

(1)

where 𝑅DATA is the proportion of the data that is pseudomissing and 𝐷, the compliment of 𝑅DATA , is the dimensionless duty cycle of the RF system, defined as,
𝐷 = PRR × 𝜏pulse ,

(2)

where PRR is the pulse repetition rate in Hz and 𝜏pulse is
the RF pulse length in seconds. For CLARA’s Gun-10 we
have a PRR of 10 Hz and an operational pulse length of
2.5 µs, which gives a duty cycle of 2.5 × 10−5 , or 0.0025%
and consequently a proportion of pseudo-missing data of
0.999975, or 99.997%. It seems reasonable to assume that
for any given system there may exist a “duty cycle threshold”
below which BD prediction using ML with RF trace data is
not practically possible and which may only be determined
experimentally.

CERN
The CERN XBOX data consisted of two primary data
types: event and trend. The trend data contained environmental data concerning the test cavity (i.e. temperature,
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Figure 2: The final structure of the 𝛽CVAE for the CLARA dataset study. The encoding half of the 𝛽CVAE was constructed
by using 2D arrays consisting of the four power traces (4 × 1017) as inputs to the first 2D ReLU activated convolutional layer
with subsequent 2D max pooling layer, the arrays were then flattened and inputted into a 1 × 4 ReLU activated dense layer
before being passed into the 1 × 2 latent space. The decoder consisted of two dense ReLU activated layers of dimensions
1 × 8 and 1 × 32, before a sigmoid activated output layer of 1 × 4068 (= 4 × 1017). The outputted 1D array was then
reshaped into a 4 × 1017 2D array in order to produce the reconstructed traces with the original input layer dimensions.
vacuum pressure) while the event data contained the signal
traces from a number of components of the RF system.
To keep consistency with the CLARA breakdown detector,
the trend data was discarded and only the RF traces were
used. These traces consisted of 16 channels, of which we
excluded 7, as follows. Two of the channels (‘DC UP’ and
‘DC DOWN’) corresponded to the Faraday cups upstream
and downstream of the RF cavity, and these were used for
automated labelling of the samples. A reading of less than
−0.05 from either cup would mark that trace as a breakdown.
The remaining 5 excluded channels were removed as they
were either repeated signals (i.e. the ‘PSR log’ channel
repeated ‘PSR Amplitude’ channel, but with log scaling)
or essentially noise (such as the Beam Loss Monitor signal,
which was indistinguishable from noise).
Further filtering was applied to ensure the quality of the
data, and traces were removed wherein the mean and variance of the amplitude traces indicated that the RF cavity
was not active (𝑥¯ × 𝜎 2 (𝑥) < 1 × 10−4 ), and the signals
were therefore considered noise. This filtering and classification resulted in 254,656 samples, of which 5,930 samples
contained a breakdown.
We then developed a beta variational autoencoder model,
as shown in Figure 3, to reconstruct only healthy signals.
The network was trained using 90% of the healthy signals.
The Adam optimiser was used with a learning rate of 1𝑒 − 3,
with the error function defined in Eq. (3). The network was
trained to convergence, which took 27 epochs. For 𝛽 a value
of 5 was chosen by grid search.
𝐸 (𝑥) = 𝛽𝐷 𝑘𝑙 (𝑁 (0, 1)||𝑃(𝑥|𝜇, 𝜎)) + 𝑎𝑏𝑠(𝑥 − 𝑥)
¯ ,

(3)

note that 𝐷 𝑘𝑙 represents the Kullback-Liebler divergence [11].
Once sufficiently trained to reconstruct healthy signals,
we utilised this overfitting to detect breakdown events as

anomalies. That is to say, when the network fails to reconstruct the signal well, we can be reasonably assured that
this represents a deviation from normal operation and thus a
breakdown event.
In order to classify the breakdown events, we began by
passing all breakdown events and an equal number of nonbreakdown events through the autoencoder, taking the reconstruction error for each channel and compiling those values
into a vector. Applying a K-nearest neighbour algorithm
to the per-channel reconstruction error vector resulted in
mediocre performance, as shown in Table 1. As such, we
elected to implement a simple multi-layer neural network
to perform the classification, while also concatenating the
latent space representation of the example to the per-channel
reconstruction errors to form the input vector. This new
neural network was then trained to convergence in 20 epochs
using the Adam optimiser, with a learning rate of 1𝑒 − 2
and a binary cross-entropy loss function. Results from this
network are shown in Table 3.
Table 1: kNN Results on CERN XBOX Data
True
False

Positive

Negative

89.6%
10.4%

98.8%
1.2%

Early work into prediction of breakdowns was undertaken
by replacing the classification network with an LSTM which
was trained on a label of time-until-breakdown. Unfortunately, this achieved little success with our most effective
attempt achieving 73% accuracy at predicting breakdowns
within 30 second windows. We hypothesise this is due to
the sparse nature of the sampling of shots, and future work
will involve collecting a higher frequency sampling of shots
such that this prediction might be enabled.
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Figure 3: For the CERN XBOX data, three of the input channels were of a lower dimension, and each channel was processed
by a CNN with filters of size 1 × 5, with the resulting feature vectors flattened and concatenated before being passed to a
dense ReLu layer and encoded into the latent space. The decoder is constructed of a single dense ReLu layer with each
channel consisting of a linear dense layer.

RESULTS
As can clearly be seen, both networks produced strong
results very high recall and accuracy. In particular, the high
recall value is significant for such an unbalanced dataset. If
a system of this type were to be deployed to an edge ML
system on an accelerator, a low false positive rate would be
extremely important for operator trust of the system.
Table 2: Results on CLARA Data
True
False

Positive

Negative

95.8%
4.2%

98.0%
2.0%
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was sufficient to predict breakdowns with good accuracy
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Negative

True 97.9%
99.6%
False
2.1%
0.4%
It is of note that approximately half of the false positives
in the CERN XBOX data are in fact true positives that were
mislabelled by the automated labelling, as verified by manual
inspection.

DEPLOYMENT

The authors would like to thank the CLIC team and the
Paul Scherrer Institute for the provision of their high-gradient
structure test data, in addition to Christoph Obermair and
Lee Millar from CERN for their advice on interpreting it. We
would also like to thank Hannah Kockelbergh (The University of Liverpool) for the studies that led on to this work, as
well as STFC’s Scientific Machine Learning (SciML) Group,
particularly Keith Butler, for supervising A. J. Gilfellon’s
work on this project.

REFERENCES

Work is now underway at the CLARA facility to deploy
this machine learning system, operating at 400Hz, using
a Xilinx Alveo U200 FPGA card. Additionally, in order
to facilitate further work in prediction of RF breakdowns,
a full duty cycle recording system is being developed in
parallel to capture all RF traces at 400Hz. Following testing
of this system against the mask method currently employed,
integration into the safety interlocks is intended.

[1] L. S. Cowie and D. J. Scott, “RF Conditioning of the CLARA
400 Hz Photoinjector,” in Proc. IPAC’19, Melbourne, Australia, May 2019, pp. 2067–2070.
doi:10.18429/JACoW-IPAC2019-TUPTS065
[2] I. Higgins et al., in Int. Conf. Learn. Representations, 2017.
https://openreview.net/forum?id=Sy2fzU9gl

CONCLUSION

[3] J. Kates-Harbeck, A. Svyatkovskiy, and W. Tang, “Predicting
disruptive instabilities in controlled fusion plasmas through
deep learning,” Nature, vol. 568, no. 7753, pp. 526–531,
2019. doi:10.1038/s41586-019-1116-4

We find that the application of a variational autoencoder
as an anomaly detector is extremely effective as a breakdown detector for RF cavities. A significant benefit of this
approach is that it requires only healthy signals to train a
strong detector, in contrast to supervised approaches which
require careful balancing of positive and negative signals.
Obermair et al.[8] showed that environmental trend data

[5] R. Zennaro et al., “High Power Tests of a Prototype X-Band
Accelerating Structure for CLIC,” in Proc. IPAC’17, Copenhagen, Denmark, May 2017, pp. 4318–4320.
doi:10.18429/JACoW-IPAC2017-THPIK097

THPORI16
862

[4] P. Craievich et al., “Consolidation and Extension of the Highgradient LINAC RF Technology at PSI,” in Proc. LINAC’18,
Beijing, China, Sep. 2018, pp. 937–940.
doi:10.18429/JACoW-LINAC2018-THPO115

Beam dynamics, extreme beams, sources and beam related technologies
Electron and ion sources, guns, photo injectors, charge breeders

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPORI16

[6] A. Solopova et al., “SRF Cavity Fault Classification Using
Machine Learning at CEBAF,” in Proc. IPAC’19, Melbourne,
Australia, May 2019, pp. 1167–1170.
doi:10.18429/JACoW-IPAC2019-TUXXPLM2
[7] C. Tennant, A. Carpenter, T. Powers, A. Shabalina Solopova,
L. Vidyaratne, and K. Iftekharuddin, “Superconducting radiofrequency cavity fault classification using machine learning
at Jefferson Laboratory,” Phys. Rev. Accel. Beams, vol. 23,
no. 11, 2020.
doi:10.1103/PhysRevAccelBeams.23.114601
[8] C. Obermair et al., “Machine Learning Models for Breakdown Prediction in RF Cavities for Accelerators,” in Proc.

IPAC’21, Campinas, Brazil, May 2021, pp. 1068–1071.
doi:10.18429/JACoW-IPAC2021-MOPAB344
[9] H. Kockelbergh and D. Dunning, “Summary of RF conditioning data analysis for cavity T24N5_L1 on Xbox 3,” STFC
technical note, 2020.
[10] L. Van der Maaten and G. Hinton, “Visualizing data using
t-SNE,” J. Mach. Learn. Res., vol. 9, no. 11, 2008. http:
//jmlr.org/papers/volume9/vandermaaten08a/
vandermaaten08a.pdf
[11] S. Kullback and R. A. Leibler, “On Information and Sufficiency,” Ann. of Math. Stat., vol. 22, no. 1, pp. 79–86, 1951.
http://www.jstor.org/stable/2236703

Beam dynamics, extreme beams, sources and beam related technologies
Electron and ion sources, guns, photo injectors, charge breeders

THPORI16
863

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

31st Int. Linear Accel. Conf.
ISBN: 978-3-95450-215-8

LINAC2022, Liverpool, UK
JACoW Publishing
ISSN: 2226-0366
doi:10.18429/JACoW-LINAC2022-THPORI19

HSMDIS PERFORMANCE ON THE ESS ION SOURCE
L. Neri†, L. Celona, S. Gammino, O. Leonardi, G. Castro, A. Miraglia, INFN-LNS, Catania, Italy
F. Grespan, M. Comunian, L. Bellan, C. Baltador, INFN-LNL, Legnaro, Italy
B. Jones, E. Laface, A. Gacia Sosa, Ryoichi Miyamoto, ESS, Lund, Sweden
Abstract
The ESS ion source, developed at INFN-LNS and installed at the ESS facility, is fully working and in operation
for the linac beam commissioning. The commissioning of
the source was done in Catania and in Lund showing high
reproducibility related to the beam diagnostic parameters
that can be measured with the subset of equipment currently available in Lund. The analysis of the data collected
during the commissioning in Catania discloses the possibility to use a new source configuration named High Stability Microwave Discharge Ion Source (HSMDIS), able to
improve beam stability and lower beam emittance. This paper shows the capability to increase the beam current intensity, with preserving beam stability, by changing only
the microwave power. Linearity was tested from 10 to 120
mA of the total extracted beam current. In addition to the
nominal beam current, we can provide the lower values
needed for the different phases of the accelerator commissioning and higher values for future accelerator development. The source stability is evaluated through intra-pulse
stability and pulse-to-pulse stability.

INTRODUCTION
The project to build and commission the ESS accelerator
to provide user beam in 2025 is progressing well. In particular, the Normal Conducting Linac (NCL) has been installed, RF conditioned and commissioned with full peak
current beam up to the first DTL tank. A shutdown period
has now started to allow the installation of three additional
DTL tanks and a Faraday cup. RF conditioning activities
of tanks 2, 3 and 4 will begin in early 2023 and further
beam commissioning soon after. At the end of that phase,
the temporary shielding wall in the tunnel will be removed
to allow the installation of DTL5 and connection to the Super-Conducting Linac.

High Stability Microwave Discharge Ion Source
The commissioning of the high-intensity Proton Source
[1, 2] developed by INFN-LNS, as an Italian In-kind contribution to the construction of the European Spallation
Source, named PS-ESS [3], was accomplished at LNS in
Catania [4-6]. Besides verifying the satisfaction of all
ESS [7] accelerator beam requirements, a new magnetic
field configuration [8] was discovered to be able to produce
higher stability and lower beam emittance compared to the
standard MDIS magnetic configuration. One of the key
features that enabled the discovery was the development of
a high-level control system [9] that make us able to test
several thousands of source configurations. Our group is
active in plasma and ECR ion source simulation since 2010
___________________________________________

† neri@lns.infn.it
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[10, 11]. Preliminary plasma simulations published in [8],
and further ongoing simulations, show that the plasma
heating schema and plasma dynamics change drastically
between standard MDIS magnetic configuration and new
one. For those reasons, we named this new mode of operation High Stability Microwave Discharge Ion Source
(HSMDIS).

BEAM CURRENT CONTROL
Several sets of beam parameters, called beam modes, are
defined to be used during the beam commissioning and
general tuning of the ESS linac. These modes consist of
various combination of beam current, pulse length and repetition rate to limit beam power for different stages of operation.
The probe mode is the lowest power beam, mainly for
initial checks of the system and hardware and beam threading, the process to correct the trajectory and deliver the
beam to the designated beam stop. In this mode, peak beam
current must be reduced to 6 mA.

Six Blade Iris
After the first LEBT [12] solenoid, a six-blade movable
collimator, named “iris”, was inserted to be able to reduce
the amount of transmitted current. The mechanics and the
control system enable the choice of the hole aperture diameter from 6 mm to 75 mm. It is also possible to change the
relative position of the aperture with respect LEBT geometrical axis, in a few millimetres range, depending on the
selected aperture size. The transmitted beam is measured
by a Faraday cup located in the diagnostic tank. The beam
intensity modulation measurement, done at ESS and shown
in Fig. 1, revealed that the transmitted beam did not preserve the pulse shape of the beam coming out from the
source. For the largest and the smallest diameters, the flatness of the flat-top beam pulse satisfies ESS accelerator requirements, while for most of the aperture sizes the beam
pulse shows a decreasing trend. This can be ascribed to an
accumulation of secondary electrons generated by the
beam stopped by the iris blades. This additional space
charge changes the beam space charge compensation configuration and produces a reduction of the transmitted
beam proportional to the accumulated distortion. There can
be a second hypothesis that can explain the observed behaviour, but the time-dependent emittance measurement
performed during the LNS commissioning proves that cannot be ascribed to the observed phenomena. If the radial
density distribution of the beam change during the pulse
duration, we can have a non-flat time behaviour selecting
only the beam inside a certain radius. Time-resolve emittance measurement showed that after one millisecond the
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beam converged to a fixed configuration that preserves
emittance and radial distribution for all the pulse duration.

Figure 1: Beam current modulation using different iris aperture diameters, from 6 mm to 75 mm.

Beam Optic
Beam current modulation using different energization of
the first LEBT solenoid is shown in Fig. 2. By reducing the
focusing force of the solenoid, part of the beam remains in
a certain diameter that can be focused by the second solenoid and then transmitted to the RFQ, while the external
part of the original beam is not focused and be lost in the
walls of the LEBT. The diameter size that can be focused
by the second solenoid is approximately the same as the
Faraday cup aperture and so can be measured by this device. Using this experimental setup same trend was observed with respect previous experiment. The variation of
the decreasing slope versus the amount of the transmitted
current is the same as in the previous experiment. The
beam fraction which is not focused by the first solenoid hit
the walls of the LEBT producing the same amount of secondary electrons as in the previous setup. Regardless of the
phenomena that produce secondary electrons, we observe
a change in the beam optics within a time frame of the order
of milliseconds.

Figure 2: Beam current modulation using different energization of the first solenoid, from 0 A to 250 A.

Chopper
The chopper [13] is housed the diagnostic tank, it can
apply a strong electric field that deflects the beam outside
of the collimator hole located at the end of the LEBT. In
the collimator, there is a conical part that can sustain the
heating power of the stopped beam. The powering electronics and the stray capacitance were designed to achieve
the electrostatic energization transition in less than a hundred nanoseconds. The beam optics transition, including
the space charge configuration transition, takes a few hundred nanoseconds [13]. With this device, it is possible to
select a temporal fraction of the produced beam pulse. This
device is turned on to stop the beam while is switched off
to let the beam passing. Perturbation of space charge compensation configuration, induced by electrons produced by
the beam lost in the collimator, act only during the time the
chopper is on and the beam is not passing through the collimator hole. Electrostatic modification of the space charge
configuration induced by the chopper electrode polarized
up to 11 kV is active only during the beam deflection. No
space charge modification is introduced by this device
when the beam is sent to the accelerator because is electronically switched off and the mechanical part do not interact with the beam. It is possible select beam intervals
from few microseconds to few milliseconds (shown in
Fig. 3B).

Figure 3: A) beam pulse produced by the source;
B) chopped beam pulse at the end of the LEBT.
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Microwave Power
The HSMDIS configuration is extremely interesting also
because it is extremely easy to change the amount of current produced by the source. With this magnetic configuration, the amount of produced beam is proportional to the
amount of RF power injected into the plasma chamber.
Beam pulse shapes for different microwave powers are
shown in Fig. 4 where it is possible to see the flatness of
the pulse shape produced. The intra-pulse stability requirement is satisfied for the entire range of pulse amplitude
shown.

current intensity and injected microwave power to the
plasma chamber, and the chopper beam pulse length modulation. The other tested methods do not guarantee a constant beam pulse modulation and a constant beam emittance shape.
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Abstract
The ISAC facility uses the ISOL technique to produce
radioactive ions for experiments. The post-accelerator consists of a room temperature linac (ISAC-I) and a superconducting linac (ISAC-II). After more than two decades of
beam delivery in ISAC, the RF systems have met various
challenges regarding increased operation requirements,
system stability issues and performance improvements.
This paper discusses the detailed challenges in recent years
in both ISAC-I and ISAC-II. The upgrade plan or mitigation solution to address each challenge is reported respectively. A hint of the long-term vision at ISAC is also briefly
described at the end of the paper.

INTRODUCTION
The Isotope Separator and ACcelerator (ISAC) at TRIUMF (see Fig. 1) uses the Isotope Separation On-Line
(ISOL) technique to produce rare-isotope beams (RIB) for
studies in astrophysics, nuclear structure and reactions,
electroweak interactions and material science [1]. RIB production consists of a 500 MeV cyclotron producing a proton driver beam of up to 100 µA onto one of two thick production targets, an on-line ion source and a mass-separator.
The radioactive ions are accelerated in a chain of linear accelerators (linac) consisting of a room temperature RFQ
and DTL to an energy of 1.5 MeV/u and a superconducting
linac that adds a further 40 MV to the beam for nuclear
physics investigations near the Coulomb barrier.

The ARIEL project [1] is a new RIB production facility
at TRIUMF under construction. An additional100 µA proton beam will be extracted from the main cyclotron and
delivered to the 50 kW proton target of ARIEL. A new 1.3
GHz electron linac (e-Linac) will provide a 30 MeV electron beam with the average beam power up to 100 kW to
the other electron convertor target in the same target hall.
The two ARIEL targets will add two RIBs and triple the
RIB availability by delivering three simultaneous beams to
ISAC. The e-Linac recently achieved 10 kW average beam
power to a high power beam dump at the beam energy of
30 MeV during beam commissioning.

ISAC-I CHALLENGES
ISAC-I is the room temperature linac for RIB acceleration. It consists of 18 continuous-wave (CW) RF systems,
with operating frequency ranges from 5.89 MHz to 106.08
MHz and RF power specified up to 90 kW. The first accelerator in ISAC-I is a 35.36 MHz split-ring, four-vane Radio
Frequency Quadrupole (RFQ), designed without a gentle
buncher or buncher section. The RFQ focusses and accelerates RIB from 2.04 keV/u (β = 0.0021) to 153 keV/u with
a mass-to-charge ratio of A/q ≤ 30 [2]. A post-stripper,
106.08 MHz variable energy drift tube linac (DTL) accelerates ions of 3 ≤ A/q ≤ 6 to a final energy from 0.15 MeV/u
to 1.53 MeV/u. The DTL structure has been configured as
a separated function DTL [3]. Five independently phased
IH tanks operating at φs = 0° provide the main acceleration.
Longitudinal focussing is provided by independently
phased, triple gap, split-ring resonator structures positioned before the second, third and fourth IH tanks. Quadrupole triplets placed after each IH tank maintain transverse focussing. The ISAC-I linac has been accelerating
RIBs and stable beams for experiments since 2000.

RF Amplifier

Figure 1: TRIUMF accelerator complex.
___________________________________________
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The demand of the accelerated RIBs at ISAC has been
growing over the years. Manual re-phasing by operators is
required to accommodate daily changes in energy and isotope species. Beam tuning is accomplished by turning off
all RF systems and then setting up the amplitude and the
phase of each RF system in the sequence from the upstream
to the downstream. To minimize the re-phasing time, RF
systems are required to ramp up from the ‘OFF’ state to the
high-power state and to stabilize in the operating regime in
a short time.
The tube amplifiers intrinsically require time for
warmup and stabilization as the tube and RF circuits are
heated by RF power. ISAC-I tube amplifiers have been in
operation for over 20 years. The aged matching circuit in
the tetrode tube amplifiers extends the warmup process,
which challenges the beam delivery requirements. Blowing warm air was applied to pre-warm the matching circuit
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as a temporary mitigation solution. The aged tube amplifiers have also been prone to the overheating issue of the
tube sockets. It causes system trips and RF downtime. In
addition, obsolete tubes being used in ISAC-I enhances the
challenge of system maintenance.
Solid-state amplifier (SS Amp) technology has been fast
developed in the past decade. The capital costs of SS Amps
for ISAC-I system are now comparable to tube amplifiers.
There are several advantages: 1) Considering the long lifetime of SS Amps, the long-term maintenance cost is less,
2) SS Amps have better phase stability in the warmup or
the normal operating regime can accommodate fast beam
setup, 3) the high gain of SS Amps eliminates the required
driver in the tube amplifier, 4) the matching issue between
the driver and the final stage is removed, 5) SS Amp is integrated with modules, which is easier for the troubleshooting, and 6) the replacement requires less RF circuit
knowledge for maintenance on the personnel training aspect.
As a long-term project TRIUMF has planned to replace
all the tube amplifiers in ISAC-I by SS Amps. The 106
MHz 4.8 kW SS Amp was installed and commissioned for
the bunch rotator in 2022 winter shutdown. The next replacement will be DTL tank4. The 106 MHz 25 kW SS
Amp is in production and is to be installed in 2023. Other
systems will be upgraded gradually in the future, while the
DTL tanks have the highest priority.

Low-Level RF (LLRF)
The beam delivery over a broad range of A/q requires RF
systems to operate in a large dynamic range of RF power.
In the high A/q regime, the high-power RF is challenging
as discussed above. As a contrast, in the extreme low power
regime, resonators could see multipacting (MP) barriers
and show instability in the operation. In addition, the hybrid LLRF system designed in the 1990s brings more challenges to the low power regime operation. LLRF is optimized for the full power operation. The hybrid system has
a non-linear response out of the dynamic range. The saturation regime in the higher end is not reached during operation. But the lower non-linear regime makes the scaling
of RF setpoints inaccurate. There are offsets in the hybrid
boards, which allow a non-zero output for a zero setting.
And the various offsets between systems makes the beam
tuning more complicated in the low power regime and requires more effort from the operator.
To address the issue of the hybrid LLRF and provide
identical control for RF systems, an FPGA based fully digital LLRF has been developed with high-speed ADC and
DAC [4] for the ISAC-I LLRF upgrade project. The first
digital LLRF, based on the VXI mainframe, was designed
for the ARIEL pre-buncher powered by a sawtooth waveform which is the combination of the three harmonics of
11.79 MHz. The system was also employed in the ISAC
pre-buncher and ISAC booster in 2019. The remaining systems in ISAC-I will be upgraded to the digital LLRF by
2023. The manufacture of the control boards has been completed. The new systems will be assembled and tested soon.
The new LLRF provides an on-board communication
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interface with the control computer, to avoid the increasing
maintenance cost of the VXI mainframe due to the obsolete
key components. The new LLRF system will be integrated
in a NIM crate, which is a long-lasting technology.

Phase Stability
Beam delivery experts have observed DTL beam transmission changes between day and night. The transmission
drift typically requires a few degrees of adjustment of the
synchronizing phase to restore transmission. The phase
drifts were measured systematically on the reference signal. The problematic location was determined to be between the control consoles of the RFQ and DTL. The five
DTL tanks are controlled by two RF control stations. Station #3 controls the rf systems for DTL tank1 to DTL tank3,
while Station #4 controls the final two DTL tanks. The reference signal for the two control stations comes from the
RFQ via two RF cables in parallel. The cables are a combination of RF-58 and RG214 cables, which are sensitive
to the ambient temperature with respect to phase drift. The
parallel signal path also enhanced the differential phase
drifts for DTL tanks. The reference signal path has been
modified to a single Andrew FSJ1-50A cable, which is
phase stable to temperature, from the RFQ to DTL and split
at Station #3 to Station #4 as they are located close to each
other. In phase measurements, RF noises and side bands
were found in the reference signal in the 35 MHz frequency
multiplier board. The control board has been replaced and
the noise is cleared. The above LLRF modifications have
been applied in the 2022 winter shutdown, and the system
stability has been improved.

ISAC-II CHALLENGES
ISAC-II is the superconducting (SC) linac downstream
of ISAC-I after a S-bend beamline. It accepts RIBs at an
energy of 1.5 MeV/u and further accelerates to > 6.5
MeV/u for A/q = 6 isotopes or > 16MeV/u for A/q = 2 ions.
The SC linac was built in two stages. Phase-I (SCB) consists of five cryomodules. Each cryomodule has four SC
quarter-wave resonators (QWR). SCB cavities operate at
106.08 MHz with two optimized beam velocities (β) at
5.7% and 7.1% of the speed of light. Phase-II (SCC) consists of three cryomodules. The first two modules have six
QWRs, while the last one has eight QWRs. SCC cavities
operate at 141.44 MHz with geometry β at 11%. All cryomodules have a 9 T SC solenoid in the centre position.
ISAC-II cavities operate at the temperature of 4 K. Cavities
are specified to run at the accelerating gradient of 6 MV/m
to provide 1 MV effective voltage each. The RF power loss
on the cavity wall is less than 7 W in the operating regime,
while the RF drive is 200 W in the full reflection regime to
broaden the bandwidth for control.
Phase-I was commissioned for operation in 2006 [5],
while the Phase-II upgrade was completed in 2010 [6].
Based on the accumulated experience and lessons learned
from the over 15 years operation, ISAC-II has developed
an on-going refurbishment program to overcome operation
challenges, to improve the system availability and reliability, and to pursue the long-term goal of establishing reliable
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operation beyond 40 MV. Since 2017, around 37 cavities
have been available for beam delivery. The total effective
voltage has been improved from 31 MV to 39 MV gradually, and the downtime of the beam delivery caused by the
RF system and cryomodule failures has been reduced by a
factor of 5 and is now maintained below 10 hours/year.

Cavity Ancillaries
The cavity availability is essential to improve and maintain the linac performance. In case that a failed cavity can
not be restored on-line, it will stay ‘OFF’ at least until the
linac warmup in the next winter shutdown, or even wait for
a few years depending on the priority. The analysis of the
cavity failures in ISAC-II identifies that the most vulnerable parts are on the drive side of the cavity. They include
the internal RF transmission line, the RF feedthrough and
the RF coupler, plus the cavity frequency tuner plate for
various reasons.
The original design selected an Andrew 3/8 inch cable
(FSJ2-50) as the internal transmission line in the vacuum
tank from the RF feedthrough on the lid of the CM to the
RF coupler. The black polyethylene (PE) jacket was removed to avoid the material outgassing and the particulate
contamination. After years of operation, seven cables had
failures, such as melted insulation material and an RF discharge in the connector. Although FSJ2-50 cable is rated
for 2 kW average power in the ISAC-II frequency regime,
it cannot promise long-term reliability at 200 W in the full
reflection regime in vacuum. One cause is the insulation
material is foam PE which outgases when it is warmed up
by RF power. The RF glow discharge is not an issue at 200
W under atmosphere pressure. But under vacuum, the RF
connector creates a ‘closed space’ inside. The outgassing
from the cable is accumulated in the connector. The local
pressure increases to the ‘optimized’ pressure of the RF
glow discharge. Consequently, cable breakdown occurs.
The issue has been solved by drilling a venting hole on the
connector jacket to prevent trapped gases. The other cause
is the RF contact loss at the joint between the cable and the
connector. Since the cavity operates in the full reflection
regime the peak current of the standing wave is equivalent
to 800 W average power in traveling wave. A comparison
test of maximizing (80%) and minimizing (10%) the RF
current at the connector position demonstrated the contact
loss is around 8 W at 200 W forward power, which is equal
to the RF loss along the cable due to attenuation. As vacuum does not cool the connector by convections to remove
the local heating, it enhances outgassing or even melts the
insulation material leading to cable failure. As a mitigation
FSJ2-50 cable was replaced by 1/2 inch FSJ4-50B cable
with 50% higher rated power to provide more tolerance for
the RF contact loss. One failure was observed on the
thicker cable after 5 years in operation. It was then decided
to upgrade the ‘normal’ RF cable to the hermetic sealed
rigid cable, which is specifically designed for the applications under vacuum, such as satellites. The length of the
cable was optimized to minimize the RF current at connector and feedthrough. A loop shape was added to provide
reasonable mechanical flexibility to reduce the side loads
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to the coupler and to tolerate the thermal shrinkage due to
cooldown. The rigid cable was installed in the first CM and
is in service of operation in 2022. The mechanical and thermal aspects were verified. It has been working well so far
on the RF aspect. The proof of the improvement will be
available in the next few years.
Along with the rigid cable upgrade, the RF feedthrough
on the lid of the CM was upgraded from MDC N-type to
the higher rated Kyocera N-type for the long-term reliability. The rigid cable also brought higher side loads to the
variable RF coupler. A redesigned coupling loop with nonmagnetic cross-roller bearings and symmetric loading mechanics that was developed for SCC was employed in SCB
to improve the mechanical motion.
Frequency adjustment of the ISAC-II cavity is done by
adjusting a 1 mm thick niobium plate at the bottom of
QWR. The tuner plate is driven by a warm servo motor
from the top of the CM via a vertical rod and a horizontal
lever connecting to the centre of the plate. The joint between the plate and lever assembly was a short rod welded
to the tuner plate for SCB. After over a decade’s operation,
cracks were found at the weld seam on a few cavities,
which increased the risk of losing cavities if the crack developed over time. The welded joint was replaced by bolt
and nut connection as the mitigation solution.
The upgrades discussed above cannot be completed at
once. They have been implemented to CMs through the ongoing refurbishment program to improve the cavity availability and long-term reliability year by year. It takes about
six weeks to remove a cryomodule to the clean room, complete the refurbishment and replace back on-line.

Field Emission
A critical challenge limiting the cavity operating performance in ISAC-II is field emission (FE) caused by the particulates on the RF surface in the high electric field region.
It increases RF power loss above the FE onset and reduces
cavity gradient at the specified 7 W level. The typical QEacc curve of a FE cavity is shown in Fig. 2 in the red colour, and compared to other normal cavities in the same
CM. This cavity could operate at 6 MV/m with < 7 W
power loss but with voltage in the strong Q-slope regime.
This increases RF instability regarding amplitude and
phase errors in LLRF for itself and for the neighbour cavities. As a consequence, the FE increases the chance of cavity trips, which leads to RF downtime. FE can trigger MP,
which is typically conditioned after the CM cooldown as
per the RF procedure. Reappearance of MP barriers extends the required time to restore the tripped cavity. More
severe Q degradations caused by FE were observed and
will be discussed in the next sub-section.
The cavity operating gradient is optimized based on the
downtime analysis. The mitigation solution to avoid instability and downtime from FE is to run the FE cavities below the FE onset. For example, Cavity #2 in Fig. 2 is set at
5 MV/m in the operation. To compensate the reduced performance from FE cavities, other cavities without FE are
pushed to higher gradient as required, even exceeding the
7 W limit for good cavities. Routine Q-curve
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measurements track the cavity performance and helps set
the cavity operating gradient. The year-to-year statistics
also monitors FE enhancements due to particulate migration from the dirty sections through the beamline. The
measurements are performed at least once a year in ISACII after the winter shutdown. More measurements are conducted if there is an obvious degradation or a significant
interruption to the cavity. The Q-curve measurement instead of the gradient measurement at 7 W and the RF setpoint optimization have been included in the RF procedure
since 2017. With the learning curve from the recent operation, the RF downtime has been greatly reduced, and the
total effective voltage has been gradually improved.

20~40 W forward power to quench due to the over coupling. As the amplitude feedback loop in LLRF was closed,
after the cavity quenched, the system drove significant
higher RF power, controlled by the drive limit in the LLRF,
to try to maintain the cavity gradient. The drive limit was
adjusted, then an interesting set of data was collected.
There was a temperature rising by about 1 K on the cavity
bottom before the quench indicated by RF, and it dropped
back to the baseline after quench in all quenches. There
was no Q degradation after quench when the forward
power was limited under 95 W. The first degradation by a
factor of ten was obtained at 115 W drive after quench. Additional cavity quench with longer durations in the quench
regime further reduced the Q by 50%. An obvious difference was that the cavity top temperature increased by
1~3 K 2 minutes after the cavity quench in the degraded
cases, but there were not noticeable changes in the nondegraded cases.

Figure 2: Q-Eacc curves of QWRs in a SCB CM.

Trapped Flux
FE can cause more severe cavity degradation during operation, as shown in Fig. 3. The cavity was set at 6 MV/m
in the Q-slope regime on the blue curve. After a cavity trip
associated with a significant increase of the helium load,
the cavity Q was degraded by one order of magnitude as
shown in the red curve. A cavity thermal cycle to the temperature above the SC transition of niobium in the zero
magnetic field background restored the cavity performance. It indicated the degradation was caused by a significant amount of trapped flux from the fringe field of the
operating solenoid. A recovery procedure (~4 hours) has
been developed to restore the linac to operation. The reason
of the flux trapping has been mystery for years, as the helium jacket of ISAC-II cavity is made with reactor grade
niobium which acts as a Meissner shield for the cavity
against the < 1 mT fringe magnetic field in the closet cavity
position.
A series of cavity tests were proposed to demonstrate the
possibility that the serious degradation is caused by FE and
cavity quench. Thermal cycling cavities above the SC transition while maintaining the SC solenoid cold and at 0.5 T
field proved that the fringe magnetic field from the solenoid is sufficient to cause a Q degradation by a factor of
fifteen. The Q reductions are consistent with the distances
from the cavities to the solenoid. A set of intended and aggressive cavity quenches were performed while the solenoid was operating at 4.7 T. In the quench tests, the RF
coupler was set in the over coupling regime, but not as
strong as that in the operation. The cavity required
FR1AA03
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Figure 3: Severe performance degradation of a FE cavity
during operation.

Figure 4: Schematic of the quench development in a FE
cavity that finally opens a hole in the Meissner shield and
traps flux from the solenoid fringe field.
Based on the above results of the quench tests, a theory
of opening a ‘hole’ in the Meissner shield by FE caused
cavity quench was developed as shown in Fig. 4. The emitted electrons gain kinetic energy from the RF electric field
and impact on the outer conductor. The deposited kinetic
energy warms up the cavity bottom. The warm zone grows
as FE persists and extends to the higher RF magnetic field
zone. The cavity quenches when the local RF magnetic
field is sufficient to cause a thermal quench and reduction
of RF voltage. As the cavity gradient drops the LLRF increases the drive power to try to maintain the cavity
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gradient. At this point, FE disappears, but the thermal
quench keeps developing due to > 100 W RF drive. The
huge heating power boils liquid helium in the jacket and
reduces the cooling efficiency for both the cavity wall and
the jacket wall. There are direct thermal paths connecting
the cavity wall and the jacket wall through the cavity top
plate and the stiffener ring at the middle height of the cavity. The RF heating power at the quench zone is conductively transferred to the jacket, that opens a quench zone on
the jacket wall and allows the magnetic flux from the solenoid to enter the Meissner shield. When the RF is off and
the cavity cools down, the flux is trapped in both the cavity
wall and the jacket wall. The cavity performance does not
degrade in the situations #1 – #3 in Fig. 4 but does in #4
and #5. The quench development from #3 to #4 takes about
2 minutes in the quench tests.
More cavity quenches were tested in the zero magnetic
field background to restore the Q afterward but did not succeed. The hypothesis is that the significant amount of the
trapped flux changes the quench mechanism from FE that
caused the initial thermal quench to Ohmic heating. This
does not replicate the development process of the previous
cavity quench to open a ‘hole’ on the jacket wall. The
jacket trapped flux persists in the future quenches. The
trapped flux on the cavity wall is re-distributed by quench
but cannot be released without a warm-up.
Since the mystery of severe Q degradation was revealed,
the avoidance solution has been developed. Operating cavities below the FE onset greatly reduces the opportunity of
the FE caused quench. To further protect cavities from unexpected incidences, a quench detection and interlock is required to eliminate this risk. Since the quench takes
minutes to open a ‘hole’ on the jacket, an interlock program
in EPICS with seconds response time based on the existing
cavity diagnostics is sufficient to manage the task.

Hydrogen in Niobium
ISAC-II QWRs have not been degassed during the cavity manufacture. SCB and SCC cavities were done in different vendors and with different batches of niobium. The
high hydrogen content in the niobium of SCC introduces a
stronger Q-slope in the medium field regime and limits the
cavity performance at 7 W RF loss [7]. The average operating gradient of SCB cavities is 6.3 MV/m, while that of
SCC is 5.4 MV/m in 2022. The cause was traced back to
the soft vacuum in the electron beam welder in the cavity
fabrication. Hydrogen also causes Q-disease when there is
a long interruption of the liquid helium supply. Systemic
tests show that SCC cavities degrade after 1 hour soaking
in the temperature range from 50 K to 200 K, while SCB
cavities need 10 hours. Consequently, in the event of a cavity warm-up above 50 K, the CM requires a full room temperature thermal cycle to avoid performance reduction.
To shorten the recovery procedure from days to hours,
600 °C degassing has been proposed in TRIUMF in the
next five years plan. A clean ultra-high vacuum furnace
will be procured and commissioned to conduct the treatment. As a proof of principle, a SCC cavity was degassed
and cold tested. The base Q increased from 1 × 109 to 2 ×
Proton and Ion Accelerators and Applications
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109 at 4 K. The medium field Q-slope was also mitigated,
and the gradient at 7 W RF loss was improved to 8 MV/m.
The SCB cavities will also benefit from the degassing but
with less gain expected as compared to SCC. With the hydrogen degassing completion for all ISAC-II cavities, the
total effective voltage should gain an estimated 6 MV.

CM Developments
The SRF team has a CM R&D program for future ISAC
upgrades. An ISAC-II style QWR cryomodule with a separated vacuum design has been developed, produced and
commissioned at TRIUMF for the energy upgrade of the
VECC ISOL-RIB facility [8]. The cavity, RF coupler, frequency tuner and cavity bottom assembly were redesigned
to accommodate the hermetic string requirements. The
warm-cold transition (WCT), inter-cavity transition (ICT)
and multi-layer insulation (MLI) were added to the new
design. The successful cryogenic and RF commissioning
completed in 2022 verified the functionality of the CM upgrades.

FUTURE AT ISAC
With the completion of ARIEL, there will be 3 simultaneous RIBs available to ISAC. The current ISAC installations can only provide one accelerated RIB to either the
medium or the high energy area. To exploit the full capability of ISAC, a new low energy beamline, a new RFQ and
a new low energy CM with 7 QWRs has been proposed to
accept RIB from ARIEL, accelerate to ISAC-II and bypass
ISAC-I. The parallel accelerator path will allow 2 accelerated RIBs delivered to both the medium and the high energy areas simultaneously. The new accelerator path in
ISAC and ARIEL will triple the RIB capability and reach
the full power of the RIB programs at ISAC.
The energy upgrade of the ISAC-II linac has also been
in the plan. In addition to the cavity performance improvement by hydrogen degassing, a SC booster CM, consisting
of 8 QWRs with β at 16%, located at the downstream of
SCC3 CM in ISAC-II accelerator vault has been proposed
to upgrade the total effective voltage by an additional 16
MV. It will accommodate the higher energy requirement
from experimenters and provide flexibility for the RIB operation with a total available voltage of 62MV in total.
As a short conclusion, ISAC linacs have been accelerating RIBs for experiments since 2000. The RF systems have
met operation challenges, such as aged critical components
and obsolete equipment. On-going refurbishment programs are based on systematic analysis and lessons-learned
from two decades of operation. The system’s availability,
reliability and capability have been improved by attacking
the most vulnerable parts in the RF chain. Development
programs and collaborations enhance and augment TRIUMF expertise in Linac technologies for the future.
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Abstract
IAEC/SNRC (Israel) is constructing an accelerator facility, SARAF, for neutron production. It is based on a linac
accelerating 5 mA CW deuteron and proton beam up to
40 MeV. As a first phase, IAEC constructed and operated a
linac (SARAF Phase I), from which remains an ECR ion
source, a Low-Energy Beam Transport (LEBT) line and a
4-rod RFQ. Since 2015, IAEC and CEA (France) are collaborating in the second phase, consisting in manufacturing
of the linac (Fig. 1). The injector control-system has been
recently updated and the Medium Energy Beam Transport
(MEBT) line has been installed and integrated to the infrastructure. It has been partially commissioned during the
first semester of 2022. This paper presents the results of the
integration, tests and commissioning of the injector and
MEBT, before delivery of the cryomodules.

INTRODUCTION
The Medium Energy Beam Transport (MEBT) is about
5 m long and includes 3 rebunchers and 8 quadrupoles.
Each quadrupole was equipped with a steerer for orbit correction. The main objectives of this MEBT are to:

 adapt the beam coming from the RFQ to the Linac,
 clean transverse halo if necessary: possibilities to add
3 sets of slits and a chopper,
 minimize the residual gas going to the Superconducting Linac (SCL), and
 measure the beam characteristics: current, position,
phase, energy, transverse and longitudinal profiles and
emittances.
The MEBT was first assembled and preliminary tests
were conducted at CEA Saclay mostly during the first semester of 2020. A dedicated test stand was built for checking alignment, vacuum, cooling, power supplies and the associated control systems. The MEBT arrived in Israel in
August of 2020, to be installed and integrated by SNRC
teams in its final position between the RFQ and a D-plate
already used during Phase I [1] for the purpose of the
MEBT commissioning. Two periods of commissioning
with beam at SNRC were scheduled in Dec. 2021, and from
May-December 2022 in parallel with other activities.

Figure 1: SARAF-LINAC.
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CONTROL SYSTEM

This application compares the current in 2 different ACCT,
for the moment at the entrance and exit of the MEBT.

The SARAF Linac Control System is based on EPICS and
MTCA.4, Siemens 1500 PLCs and Industrial PCs for the
hardware architecture.
The software developments include the controls over:
 the magnetic element power-supplies,
 the cooling systems (water),
 the vacuum systems (pumps, valves),
 the cavity LLRF (including tuning motors),
 the beam diagnostics (BCMs, BLMs) electronics.
The EPICS IOCs are running on the MTCAs and IPCs.
The MTCA platform is dedicated to fast acquisition and
standardizes the very compact NATIVE-R2 crate with a
common core on each crate: NAT-MCH-PHYS80 and
RTM COMex-E3 boards and MRF boards for the timing
system part (Fig. 2). For semi-fast and fast acquisition, a
set of IOxOS boards has been added to this common platform and is used for current measurements and Beam Loss
Monitors.

Figure 4: view of the SBCT.

BEAM DIAGNOSTICS
For this commissioning phase, almost all the diagnostics
are available and are represented in Fig. 5:
 2 ACCT for current monitor, transmission and SBCT,
 4 BPMs (Beam Position Monitor), for measuring the
beam position and phase,
 1 Fast Faraday Cup (FFC) in the first diagnostic box,
 1 Faraday Cup at MEBT exit in the second diagnostic
box
Figure 2: SARAF Linac Control System architecture [2].
The Injector including the RFQ was also updated with
this common platform. An EPICS view of the injector system is presented in Fig. 3.

Figure 5: diagnostics and layout of the MEBT the 8 quadrupoles are in blue and red and the 3 rebunchers are in light
grey.

Figure 3: LCS injector view for accelerator operators.
Part of this development also includes local and global
protection systems. As an example, a view of the SBCT,
the Section Beam Current Transmission dedicated to shutting down the beam in case of harmful losses (see Fig. 4).
FR1AA04
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The diagnostics are mostly for transmission, protection
and longitudinal characterization of the beam. A SEM-Grid
for transverse characterization will be integrated in the last
semester of 2022. It will be located in the first diagnostic
box. A system of three slits pairs is being prepared as well.
A D-plate was connected after ACCT3, with some available diagnostics for longitudinal characterization (phase
probes and FFC and a MPCT for current monitoring) as
shown in Fig. 6.
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Figure 6: Available D-plate diagnostics [3].

COMMISSIONING WITH BEAM
EIS Extraction Tuning
Different ways of optimizing the source extraction voltage are studied using the RFQ and the MEBT diagnostics.
The first method is the minimization of the fluctuations in
the beam phase due to the synchrotron oscillation in the
RFQ when varying the RFQ voltage as used at Spiral2 [4].
These fluctuations can be observed in Fig. 7 for 2 relatively
“extreme” voltages compared to the nominal 20 kV.

Figure 7: Beam phase measurement in one button of BPM3
(MEBT) as a function of the RFQ rod voltage for 3 source
extraction voltages.
Another method to optimize the EIS voltage is to monitor the transmission on the Faraday Cup at the end of the
MEBT (relatively to an ACCT located upstream of the
RFQ), see Fig. 8. The nominal EIS voltage gives the highest transmission through the RFQ. The Toutatis/TraceWin
simulation of a beam with a transverse emittance of 0.1 and
0.2 .mm.mrad seems to be in a good lower and upper
limit for the measurement and can indicate that the transverse emittance before the RFQ is of this order.
RFQ and MEBT Transmission Measurements
The RFQ and the rebunchers were conditioned to the voltages required for proton operation using the new LLRF
hardware and software [5]. The LEBT optics were adjusted
to optimize the beam transmission at the RFQ exit. The
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Figure 8: Beam transmission measurement (in black) on
the FC at the end of the MEBT as a function of the beam
injection energy. In blue and red, a TraceWin simulation of
the beam transmission through the RFQ for a perfectly
matched gaussian proton beam with a transverse emittance
of 0.1 and 0.2 .mm.mrad.
beam current was measured in the LEBT ACCT1 and in
two different locations after the RFQ, in the ACCT2 right
after the RFQ exit and in the FC at the end of the
MEBT.The transmission as a function of the RFQ voltage
(LLRF Uamp), presented in Fig. 9, shows that the transmission reaches a plateau for 710 mV (>90 %). From a
transmission point of view, this voltage is the most efficient. The obtained RFQ transmission is significantly
higher than reported during Phase I [6]. It is not clear yet
the reason of such discrepancy. It might be attributed to improvements introduced at this stage to the SARAF ion
source.

Figure 9: Beam transmission in ACCT2, in green, and
the FC, in blue, of the MEBT as a function of the LLRF
Uamp (RFQ voltage).
Transmission through the full MEBT was measured by
comparison of ACCT2 and ACCT 3, while stopping the
beam at the D-plate FC. The measurements yielded, practically, 100 % MEBT transmission. The MEBT optics was
set according to the beam dynamics simulations for this
measurement.
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Beam Offset at RFQ Exit

Bunch Longitudinal Size Measurement

At the exit of the RFQ the beam was showing strong deviations and strong variations of the deviation as a function
of the RFQ voltage, see Fig. 10. As the transverse diagnostics, namely the SEM-Grid, is not installed in the MEBT
and the BPMs are not zeroed through beam based alignment, only the variation of the offset is really considered.
Possibly the beam steering at the RFQ entrance should
minimize this variation.

The Fast Faraday Cup located after the first rebuncher
measures the longitudinal bunch profile. The measured
profile matches well the expected profile for simulations,
see Fig. 12, but it can be improved by applying some filters
to reduce noise or negative bouncing (at 50° for example)
on the experimental waveform.
10
Experiment
Simulation
8

Normalized profile
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Figure 10: relative variation of the beam transverse offset
(and angle) in the first 2 BPMs of the MEBT (optics off)
as a function of the RFQ voltage.

Figure 12: bunch longitudinal profile measured on the FFC
after the first rebuncher in blue, and the TraceWin simulation in red.

Rebuncher Phasing

Longitudinal Emittance

The 2 BPM following each cavity are used as phase
probes in order to tune the 3 rebunchers through the Signature Matching procedure [7]. The measurement (data) was
very well matched with a cosine fit and TraceWin simulations. There was however, a discrepancy between the rebuncher’s phase of no acceleration corresponding to an estimated energy of 1.28 MeV and the phase of the average
estimated energy of the fit (1.287 MeV). This results in a
12° offset between the 2 points as seen in Fig. 11.
All the rebunchers have been tuned and present the same
discrepancy. For the third rebuncher, the phase probes of
the D-plates were used.

The longitudinal emittance was calculated through the
gradient variation method [8]. The bunch length was monitored on the MEBT FFC as a function of the rebuncher
voltage (Fig. 13). A fast low-noise 6 GHz bandwidth amplifier, and 4 GHz scope were used in this measurements.
The scope was placed next to the FFC, in order to minimize
loss in the long cables.

Figure 11: Rebuncher 1 phasing. In green is the estimated
energy based on the measurement of the phase difference
between BPM2 and 3. In red is the cosine fit. In black and
blue are the discrepancy between the phase of no acceleration and the phase of the fit energy average.
FR1AA04
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Figure 13: Emittance scan. Longitudinal bunch size measured on the FFC as a function of the rebuncher 1 voltage.
Depending on the rebuncher focalization, the longitudinal profile of the bunch can become distorted and for this
reason the associated measurement was discarded for the
emittance measurement. Two methods can be compared for
calculating the emittance: (a) first order calculations (considering the rebuncher as a thin lens, neglecting space
charge and a stable emittance) through the parabolic fit of
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the square of the bunch size and (b) fitting the tracking simulations to the data through a minimization algorithm from
the RFQ exit. The results can be seen on Table 1, after back
tracking the emittance calculation for method (a) to the exit
of the RFQ. Similar measurements were performed with
the second FFC, placed at the beginning of the D-plate. In
this case, the third rebuncher was used in this measurements. The results of this measurement was consistent with
that presented in Table 1.

Figure 14: Layout of the SARAF chopper.

Table 1: Normalized RMS longitudinal emittance calculations at the RFQ exit (RFQ Uamp= 720 mV, VEIS = 20 kV)
Proton (5 mA)
Expectation
First Order (a)
Minimization (b)

.W,
.deg.keV
50.46
60.21
59.11

.W
-0.01
-0.50
-0.05

.W,
deg/.keV
1.43
0.78
0.93

Several measurements of emittance in different conditions of the source extraction or RFQ voltage were studied
after several weeks of shutdown and the installation of an
additional amplifier [9] on rebuncher 1 (see Tables 2 and 3,
respectively). These sets of measurements were done on
the same day and show significant discrepancies between
similar conditions of the injector which remain to be studied more extensively. A possible factor could be the adjustment of the transverse optics to maximize the beam current
on the FFC.
Table 2: Normalized RMS longitudinal emittance calculations at the RFQ exit for different source voltage from the
minimization method for protons (RFQ Uamp = 710 mV)
VEIS (kV)
19.2
20.0
21.1
22.0

.W,
.deg.keV
46.05
47.73
56.10
65.08

.W
0.15
0.33
0.44
0.41

.W,
deg/.keV
0.84
1.11
1.24
1.73

Table 3: normalized RMS longitudinal emittance calculations at the RFQ exit in different conditions from the minimization method for protons (VEIS = 20 kV)
RFQ Uamp,
mV

.W,
.deg.keV
77.39
76.43
61.49

680
710
740

.W
0.69
0.86
0.24

.W,
deg/.keV
1.84
1.03
0.86

FAST CHOPPER
SNRC developed a fast chopper in the LEBT (see
Fig. 14), to single out bunches [10]. It was achieved by fast
sweep the beam along a collimator and letting just a small
fraction into RFQ. The sweep HV pulse was synchronized
with the accelerator RF. Figure 15 shows the difference between the two chopper modes (a) slow and (b) fast to select
a so-called single bunch.
Proton and Ion Accelerators and Applications
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Figure 15: BPM and FFC signal after the RFQ (Phase I)
using (a) the slow chopper mode and (b) the fast chopper
mode.

CONCLUSION
The MEBT was installed at SARAF, followed by its
commissioning with and without beam. The feasibility of
transporting a proton beam of 5 mA peak current was
demonstrated and the main longitudinal characteristics
were analysed. The commissioning will continue with the
measurement of the beam transverse characteristics, the
transport and characterization of the deuteron beam, the increase of beam power and finally the installation and commissioning of the cryo-modules.
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Abstract
New neutron sources are needed both for Canada and internationally as access to reactor-based neutrons shrinks.
Compact Accelerator-based Neutron Sources (CANS) offer the possibility of an intense source of pulsed neutrons
with a capital cost significantly lower than spallation
sources. In an effort to close the neutron gap in Canada, a
prototype Canadian compact accelerator-based neutron
source (PC-CANS) is proposed for installation at the University of Windsor. The PC-CANS is envisaged to serve
two neutron science instruments, a boron neutron capture
therapy (BNCT) station and a beamline for fluorine-18 radioisotope production for positron emission tomography
(PET). To serve these diverse applications of neutron
beams, a linear accelerator solution is selected, that will
provide 10 MeV protons with a peak current of 20 mA
within a 5% duty cycle. The accelerator is based on an RFQ
and DTL with a post-DTL pulsed kicker system to simultaneously deliver macro-pulses to each end-station. Several
choices of linac technology are being considered and a
comparison of the choices will be presented.

due to present target technology that is foreseen to be developed in a staged way. In Stage 1, and assuming the addition of a pulsed switchyard, the 10 MeV beam is shared
between three end-users delivering simultaneously 2 kW
average power to the neutron Target-Moderator-Reflector
(TMR) and BNCT stations with 1 kW to the 18F station. In
Stage 2 the full current would be delivered in dedicated
mode to the neutron or BNCT station at 5 kW average
power. In Stage 3, after further target technology development, the full linac capability of 20 mA/1 mA would produce 10 kW average power on the neutron TMR.
A conceptual design study has been completed [1,2] that
supports the funding proposal submitted to the Canada
Foundation for Innovation (CFI). The conceptual design
includes a study of accelerator options, design considerations of the TMR system, and studies towards a small angle
neutron scattering (SANS) and multi-purpose neutron imaging end-station. This paper summarizes the work that has
been done to characterize the linac system of PC-CANS.
F-18 for PET
0.1 mA, 1 kW
PET

45 keV

INTRODUCTION
A Canadian consortium of neutron users, BNCT researchers and technical experts is proposing a compact accelerator-based neutron source (CANS) that would be
hosted at the University of Windsor. The PC-CANS (prototype Canadian CANS) is a relatively low-cost facility
that would serve the local community of neutron users, allow the development of BNCT in Canada and supply 18F
for PET at the University of Windsor hospital. It is envisaged that the PC-CANS could serve as a model to set up
other similar CANS facilities across Canada and serve as a
technical development centre towards a more powerful facility, C-CANS (Canadian CANS) that would be a national-scale facility and could be located elsewhere. A
schematic of PC-CANS is shown in Fig. 1. Briefly, it consists of a proton linear accelerator with a peak intensity of
10 mA at 5% duty factor (0.5 mA average current) to 10
MeV for a peak/average beam power of 100/5 kW. For neutron time-of-flight (TOF) considerations, repetition rates
are in the range from 20 Hz to 200 Hz. For upgrade potential and engineering margin the linac is designed for a peak
intensity of 20 mA. The beam intensity limitation is chiefly

Proton
Source

LEBT

3 MeV
RFQ
5%

MEBT

10 MeV
DTL
5%

Design Parameter

Value

Proton Energy

10 MeV

Duty Cycle
Total Peak Current

5%
20 mA

HEBT

TMR

Neutron Sciences
(Cold Neutrons)
0.2 – 0.5 mA
2 – 5 kW

BNCT

BNCT
(Epithermal Neutrons)
0.2 – 0.5 mA
2 – 5 kW

Figure 1: Schematic layout of PC-CANS [2].

LINAC CONSIDERATIONS
The pulsed low duty cycle high intensity scheme for the
PC-CANS favours a normal conducting linac. Important
optimization parameters are capital and operating cost, low
losses for hands-on maintenance, footprint and ease of operation given the non-laboratory setting. The PC-CANS
parameters allow some flexibility in the technical choice as
the space charge forces are not extreme and the RF duty
factor at ~7% (for 5% beam duty factor) reduces RF power
density in the structures. Several facilities have been built
or proposed in this regime with microwave frequencies
ranging from 300-400 MHz, though lower frequency linacs [3] have been proposed for higher beam intensities
(100 mA) requiring larger acceptances. The present PCCANS studies consider 352 MHz as the baseline since this
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is a common microwave frequency and standard linac cost
optimization would favour the highest frequency that supports the beam dynamics. Variants using a low frequency
RFQ (ie 176 MHz) and frequency jump in the DTL to
352 MHz have not been considered to date in order to
maintain a common RF technology for ease of operation/maintenance/spares.
Commercial ECR sources are available in this intensity
range. A source potential of 45 kV is suitable for moderate
space charge applications like PC-CANS. The choice is a
compromise between considerations of beam space charge
effects that may increase the transverse emittance at low
energy and limiting initial energy to promote efficient
bunching in the RFQ, where the longitudinal emittance and
length favours decreasing injection energy. A short LEBT
consisting of two solenoids is assumed in the design. A
handover energy of 3 MeV between RFQ and DTL is chosen where the RFQ length is modest and the initial cell
length of the DTL allows efficient acceleration for a reasonable DTL bore size of 20 mm.

matching. Each variant is first modelled in Trace-3D to set
the approximate matching conditions and tank lengths.
Table 1: Input and output beam parameters from
PARMTEQ. The outputs at 5 x RMS were used in the DTL
study.




units

 un-norm rms

 norm rms

units

xin

0.9055

2.492

cm/rad

2.553

0.025

cm-mrad

yin

0.9055

2.492

cm/rad

2.553

0.025

cm-mrad

xout

-0.671

10.267

cm/rad

0.316

0.0255

cm-mrad

yout

0.707

13.767

cm/rad

0.316

0.0268

cm-mrad

zout

0.423

723.102

deg/MeV

0.137

0.137

MeV-deg

The RFQ, bunches, focuses, and accelerates simultaneously an unbunched proton beam from source potential,
45 keV to 3 MeV. The RFQ vane parameters are modelled
in PARMTEQ [4] with the main cell parameters shown in
Fig. 2. The present variant has 295 cells, a length of 3.3 m,
with 78 kV vane voltage, a transverse focussing factor of
B=5.5 and a computed transmission of 97.7% for 20 mA
beam intensity. The estimated peak RF power loss is 400
kW (28 kW average at 7% duty factor) based on similar
RFQs that have been realized [5]. The input/output beam
parameters from the PARMTEQ study (Table 1) are used
as the input to the DTL study described in the next section
with transverse and longitudinal emittances of 5 x RMS.

Next the variant is independently modelled in LANA and
PARMILA. A common DTL bore of 20 mm is used. All
simulations assume a beam intensity of 20 mA.
RF power is a cost driver for PC-CANS and so shunt
impedance is an important consideration. Alvarez structures at this frequency and energy range have shunt impedances of 45-50 M/m [5] while CH structures with inherently smaller drift tubes have shunt impedances of
~85 M/m [9]. The difference means that CH structures
can operate at comparatively higher gradients with shorter
RF structures for the same RF power. Conversely Alvarez
structures have transverse focussing built into the drift
tubes while CH structures require external focussing which
add length and cost to the linac. The choice of gradient is
an optimization between cavity power and overall length –
the higher the gradient the shorter the RF structure but also
the higher the consumed RF power. Figure 3 shows how
the required RF power changes as a function of the effective shunt-impedance for various assumed gradients for an
effective voltage of 8 MV and an energy gain of 7 MeV for
20 mA beam loading. The vertical lines show the approximate shunt impedances for the Alvarez and the CH structure in this velocity range.

Figure 2: Main vane parameters for the PC-CANS RFQ.

Figure 3: Peak RF power loss as a function of accelerating
gradient and shunt impedance for Veff=8 MV and beam intensity of 20 mA. The two vertical lines correspond to the
approximate shunt impedance of the Alvarez (45 MΩ/m)
and the CH structure (85 MΩ/m) over this energy range.

RFQ DESIGN

DTL DESIGN
Seven DTL variants have been considered: two Alvarez
structures and five CH-DTL structures. Both LANA [6]
and PARMILA [7] are used for multi-particle modelling
while Trace-3D [8] is used for rapid prototyping and
FR1AA05
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MEBT
In all cases, except for Variant 1, a common MEBT is used
to match the beam from the RFQ to the DTL. The MEBT
geometry consists of 4 quadrupoles with a two gap
352 MHz buncher either between Q1 and Q2 or between
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Q2 and Q3 depending on the longitudinal matching optimization for a particular variant. The length of the MEBT
is 84 cm.

Alvarez Variants
The Alvarez linac operates in TM010 mode with 2π
phase shift between accelerating gaps. The drift tubes can
host either quadrupole electro-magnets or permanent magnets to provide strong transverse focus during acceleration
typically in a FODO lattice. Longitudinal focusing is
achieved by choosing a negative synchronous phase defined by the gap structure.
For the PC-CANS Alvarez variants, a field gradient of
E0=3.4 MV/m, corresponding to a Kilpatrick value of 1.8,
is chosen. This gives a length of the Alvarez tank at 2.6 m.
This variant requires 26 gaps (25 drift tubes) to produce
7 MeV of acceleration with an effective voltage of 8.1 MV.
For lower gradients (longer tanks) the number of cells
(gaps) scales with the length. Longitudinal focussing is realized by using a synchronous phase of -30 degrees while
transverse focussing is accomplished by installing PMQs
in every second drift tube with an alternating (FODO) gradient of ±64 T/m. This produces a transverse phase advance of 55-70 degrees at 20 mA over the whole energy
range.
Variant 1: In this Alvarez variant the MEBT is eliminated and replaced by a 15.5 cm drift. Adjustable quadrupoles in the first four drift tubes are used to match the beam
to the downstream FODO section. In this case the sixth
drift tube is the first FODO quadrupole.
Variant 2: In this Alvarez variant the MEBT (as described above is added to match the beam from the RFQ to
the DTL. The FODO structure is maintained for the whole
length of the tank.
The beam envelopes for the two Alvarez variants are
shown in Fig. 4.

The final phase space plots for the Alvarez Variant 2
(with MEBT) are shown in Fig. 6 for PARMILA and
LANA, respectively. Note that the distortion in the transverse and longitudinal phase space is less due to the better

Figure 5: PARMILA (top) and LANA (bottom) output (on
the same scale) for the Alvarez Variant 1 with no MEBT.
Shown are the x:x’ (cm,rad) and y:y’ (cm,rad) and -W
(deg,MeV) phase spaces.

Figure 6: Comparison of PARMILA (top) and LANA (bottom) output (on the same scale) for the Alvarez variant with
MEBT. Shown are the x:x’ (cm,rad) and y:y’ (cm,rad) and
-W (deg,MeV) phase spaces.
control of the longitudinal phase space with the addition of
the buncher.
With no buncher between the RFQ and DTL the longitudinal matching suffers but the overall cost is reduced.
Other variants like customized exit cells in the RFQ and
customized gap placement in the Alvarez will be considered to improve the longitudinal acceptance of the no
buncher case.

CH Variants

Figure 4: Trace 3D envelops of Alvarez Variant 1 (no
MEBT) and Variant 2 (with MEBT). In Variant 1 the first
four quadrupoles in the drift tubes are adjusted to match to
the downstream FODO.
The multi-particle phase space plots at the exit of PARMILA and LANA for Variant 1 are shown in Fig. 5. There
is good agreement between the two codes. The transmission is 100%. There is evidence of distortion of the transverse phase space from longitudinal coupling since, in the
absence of a MEBT, the beam debunches before the DTL
and the phase spread is quite large in the initial gaps.

Proton and Ion Accelerators and Applications
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In the CH structure the drift tubes are small with no magnetic focussing in the RF tanks. The CH structure operates
in the pi-mode with gap-to-gap separation of /2. Longitudinal focussing is achieved either with a negative synchronous phase structure or with a combined bunching and
zero degrees structure (termed KONUS [10]). Transverse
focussing is achieved periodically either with quadrupole
triplets in long tank variants or with quadrupole doublets
in short tank variants. The KONUS structure has less transverse defocusing and so affords longer tanks.
Variant 3: This CH-DTL variant adopts a KONUS
structure with an aggressive electric field gradient of
E0=6.6 MV/m corresponding to a Kilpatrick of 1.8. Here
two tanks are required with one triplet between tanks to
achieve transverse focussing. The MEBT is used to match
the beam to the first tank that operates at 0 degrees synchronous phase. The structure synchronous energy is lower
than the beam energy so that the beam is accelerated in the
2nd quadrant of the longitudinal phase space. In the second
FR1AA05
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tank the first three gaps are designed to provide a strong
longitudinal focussing with a synchronous phase of -60 degrees and then the rest of the drift tubes are designed with
a synchronous phase of 0 degrees.
The two DTL tanks have a combined length of 1.42 m
with 13 gaps (12 tubes) in the first tank and 16 gaps (15
tubes) in the second tank. The length of the triplet is kept
short at 37 cm to reduce longitudinal debunching. The total
length of the DTL including MEBT, RF tanks and triplet is
2.61 m. The beam envelops from Trace-3D are shown in
Fig. 7.

Figure 7: CH-DTL envelop simulated in Trace-3D for Variant 3.
Variant 4: This CH-DTL variant adopts a structure at 25 degrees synchronous phase with an electric field gradient of E0=6 MV/m. The DTL tanks are optimized in length
to reduce transverse and longitudinal emittance growth
giving the number of cells in Tank1, 2, 3 as 12, 9 and 12
respectively. The output phase space at 10 MeV as simulated in LANA and compared in PARMILA with results
plotted in Fig. 8.

Figure 8: The output phase space at 10 MeV as simulated
in LANA (upper) and PARMILA (lower) for 20 mA,
Eo=6 MV/m, 3 tanks, CH linac variant with -25 degrees
synchronous phase. Shown are the x:x’ (cm,rad) and y:y’
(cm,rad) and -W (deg,MeV) phase spaces.
Variant 5: This CH-DTL variant adopts a field gradient
of E0=5 MV/m with four DTL tanks. The number of cells
and synchronous phase for each tank are 9, 8, 10, 12 and 30, -30, -25, -25 respectively.
Variant 6: This CH-DTL variant adopts a field gradient
of E0=5 MV/m with three DTL tanks. The number of cells
and synchronous phase for each tank are 14, 11, 15 and 28, -27, -28 respectively.
Variant 7: This CH-DTL variant adopts a synchronous
phase of -25 deg, a field gradient of E0=6 MV/m with five
short DTL tanks. In this case quadrupole doublets of length
24 cm are used to provide periodic transverse focussing.
The number of cells for each tank are 5, 5, 6, 6, and 7 respectively. The Trace-3D envelops for this variant are
shown in Fig. 9.
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Figure 9: Trace-3D simulation of the CH short tank variant
with doublets between tanks and E0=6 MV/m.

Simulations Results
All variants are run in multi-particle simulation code
LANA assuming a MEBT of 84cm (except for Variant 1),
triplets of 37 cm or doublets of 24 cm. Except in the acceptance study the input beam parameters for the study use
the PARMTEQ output parameters with 5 x RMS emittance
values. For each variant the output emittance growth for
both the 99% and RMS phase space containment ellipse
are calculated by comparing the final emittance with the
initial emittance. In all cases the beam intensity is 20 mA.
All simulated variants with nominal emittance produce
reasonable beam dynamics with 100% transmission of the
particle ensembles. There are variations in the amount of
emittance growth produced for each variant. A summary of
the fractional emittance growth for both transverse and longitudinal planes for the various variants at the 99% level
are given in Fig. 10.
The Alvarez with MEBT (Variant2), KONUS (Variant3)
and 5 tank CH with doublets (Variant7) have the smallest
longitudinal emittance growth. The smallest transverse
emittance growth is with the Alvarez with MEBT (Variant2) with the doublet solution (Variant7) producing the
largest growth given that the beam has the largest average
size during acceleration.
Fractional growth
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3.0
2.0
1.0
0.0
Variant 1 Alv No
MEBT

Variant 2 Alv-4Q
MEBT

Variant 3 CH Konus

Variant 4 CH-6MV3Tank

Variant 5 CH-5MV4tank

Variant 6 CH 5MV3tank

Variant 7 CH 5 tank
doublet 6MV/m

eps_x (99%)

1.57

1.36

2.05

1.66

1.98

1.83

3.29

eps_y (99%)

2.31

1.57

1.79

1.76

1.38

1.59

1.94

eps z(99%)

1.82

1.29

1.30

2.15

1.87

2.15

1.29

Figure 10: Fractional emittance growth at the 99% level for
the various variants for the nominal input emittance.
An estimate of the longitudinal acceptance of each option is done by performing repeated runs with sequentially
larger longitudinal emittances and looking at the relative
emittance growth for both 99% ellipses. The results are
shown in Fig. 11 for 99% fractional growth. The nominal
transverse emittance is adopted and the size of the initial
longitudinal emittance is normalized to the nominal longitudinal input emittance. The results show that the Alvarez
with MEBT rebuncher (Variant2) is the most robust of the
variants with reasonable performance even up to 6 times
the nominal longitudinal emittance with the KONUS variant (Variant3) second with good performance up to 3 times
nominal emittance. The CH variants using negative synchronous phase structures give a 2-3 times margin while
the `no MEBT’ version of the Alvarez (Variant1) is the
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most restrictive due to the mismatch coming from the RFQ.
Some improvement may be expected by customizing the
final cells of the RFQ and the initial cells of the Alvarez.
In a similar study the transverse emittance was sequentially increased looking at the transmission through the
DTL. The results are presented in Fig. 12. The Alvarez
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Variant 6 CH 5MV3tank
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doublet 6MV/m
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Figure 14: Relative total peak power required with and
without beam loading for the different variants.
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Figure 11: Fractional growth in the longitudinal emittance
for 99% ellipse for five DTL variants (1,2,3,4,7) as a function of initial longitudinal emittance normalized to the
baseline input emittance.
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Figure 12: DTL transmission for variants 1,2,3,4,7 as a
function of relative transverse input emittance.

Length (m)

variants have the most dynamic aperture yielding 100%
transmission for up to 5 times the nominal input emittance.
All variants deliver nearly 100% transmission up to 3 times
the nominal emittance. The study also shows that the transverse emittance growth actually improves with the larger
emittance due to reduced space charge.
The length of the RF sections and the full length (including any MEBT and excluding any HEBT) of each variant
are highlighted in Fig. 13. The total peak power required
(with and without 20 mA of beam loading) is given in
Fig. 14. The RF length is directly related to the chosen gradient while the linac length is impacted by the number of
focusing sections required. Total power is reduced for
lower gradients but may require additional triplets in the
CH variants.
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1.00
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0.00
Variant 4 - Variant 5 - Variant 6 Variant 1 - Variant 2 Variant 3 CH 5MVCH-5MVCH-6MVAlv-4Q
Alv No
CH Konus
3tank
4tank
3Tank
MEBT
MEBT

Variant 7 CH 5 tank
doublet 6MV/m

Length (m)

2.65

3.33

2.61

3.16

3.86

3.50
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Tank length (m)

2.49

2.49

1.40

1.58

1.91

1.92
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Figure 13: Relative DTL lengths (including MEBT and excluding HEBT) and lengths of the RF sections only.
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The Alvarez no-MEBT variant is about the same length
as the KONUS CH-variant due to the significantly higher
gradient in the CH simulation. Also, the total power is
about the same for the two variants. The actual choice of
the gradient will come from a cost optimization of structure
and RF power. In all cases the average dissipated power is
acceptable due to the modest duty factor.

CONCLUSION
Several DTL variants are compared. These include an
Alvarez DTL, CH-DTLs operating in negative synchronous phase, and a CH-DTL operating in zero-degree synchronous phase (KONUS). The findings show that all variants yield reasonable beam quality with the Alvarez with
MEBT offering the best overall acceptance and beam quality. Further studies are in progress. The next steps are performing sensitivity and error analysis on a few most promising linac variants, and initiating the RF simulations and
refining the costing models.
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FULLY AUTOMATED TUNING AND RECOVER
OF A HIGH POWER SCL
A. Shishlo†, C. Peters, Oak Ridge National Lab, Oak Ridge, TN 37831 USA
Abstract
Techniques have been developed for a fast (less than one
hour), fully automated tune-up a high-power proton Superconducting Cavity Linac (SCL), as well as fully automated
recovery from a cavity failure with no human intervention.
These methods have been developed and demonstrated at
the Spallation Neutron Source (SNS) SCL, but they are applicable to hadron SCL operation in general and will be especially relevant to future ADS applications.

INTRODUCTION
Any existing and future high-power hadron superconducting linacs have tens or hundreds of accelerating superconducting RF cavities. Therefore, the tuning process for
these accelerators could take hours with high probability of
human mistakes if it is performed by operators. For user
facilities shortening the initial tuning setup time as well as
the retuning (for different configurations) time is very important for good availability. In the first part of this paper,
we describe the tuning process for the SNS superconducting cavity linac [1].

The SNS SCL is operated with energy margin by leaving
the final 1-2 RF cavities on but not accelerating. This is to
be able to operate with one or two cavities offline (damaged couplers, mechanical tuner problems etc.). If one of
the cavities is turned off during operation, the SCL can be
immediately retuned by operators in a matter of minutes.
This process also can be automated, and it was demonstrated during an experiment. The topic will be discussed
in the second part of the paper.

SCL RF CAVITY SETUP PROCESS
A setup process for an RF cavity includes defining two
parameters: field gradient (also called amplitude of the
cavity in the control system) and phase. At SNS the amplitude of each cavity in the SCL is defined after initial RF
conditioning after extended maintenance periods and before each production period. The amplitude should be as
high as possible, but it should be low enough to avoid cavity trips caused by field emission and multipacting.
During the SCL tuning process, amplitudes of the cavities are not changed. If during a production run, particular
cavity demonstrates increased trip rates, then the amplitude
of this cavity is decreased, or it could be switched off completely. After that, the retuning procedure should follow.
The distribution of cavity amplitudes for one of run periods
in 2022 is shown in Fig. 2. This figure demonstrates that
cavity gradients are not the same even inside each section,
and we cannot consider the SCL as a periodic lattice.

Figure 1: SNS superconducting linac. The last part of the
SCL is an empty space holder for future cryomodules of
the PPU project.
At this moment, the SCL accelerates H- ions from 185.6
MeV to 1 GeV (after completion of the Proton Power Upgrade (PPU) project the final energy will be 1.3 GeV). The
H- ions are then injected into an accumulating ring to reduce the beam pulse width from ≈1 millisecond to ≈1 microsecond. The linac repetition rate is 60 Hz producing
1.44 MW of beam power at the exit of the linac.
The SCL configuration is shown in Fig. 1. The acceleration is provided by 81 RF cavities that are enclosed in 23
cryomodules. The RF resonant frequency of all cavities is
805.0 MHz. There are two types of superconducting cavities, one for medium relativistic beta parameter (0.61) and
the other high beta (0.81). There is no difference between
these types of cavities from the point of view of phase and
field gradient control. The working temperature of the SCL
cavities is 2 K.
___________________________________________
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Figure 2: SCL cavity amplitudes on 03.15.2022.

Four Stages of SCL RF Phases Tuning
For the beam-based setup of SCL cavity phases we use
a well-known Time-of-Flight (TOF) method. To measure
the time-of-flight we have Beam Position Monitors (BPM)
that are installed after each SCL cryomodule. In addition
to the transverse deviation of the beam from the center,
these BPMs can measure the beam bunch phase relative to
the RF reference line and the amplitude of a signal generated by bunches passing through BPM.
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The cavities are tuned one by one. When we perform a
phase scan of a particular cavity, there are no RF fields in
any of the downstream cavities. It is achieved by not applying RF to these cavities when the beam pulse is triggered. The beam repetition rate is 1 Hz during the tuning,
so RF cavities remain stable by still pulsing at 59 Hz. Excluding only 1 RF pulse does not create instability in the
control system of SNS cryogenic facility that supplies 2 K
helium to keep the cavities cold.
During the beam-based tuning, we use very short
(around 0.5 us beam pulse) with 6 times reduced (relative
to the production conditions) beam peak current of approximately 5 mA. It means there is not beam loading in the
downstream cavities that can affect our TOF measurements.
There are four stages in the SCL tuning process:
 Setting up cavity phases using a TOF-like approach
without any knowledge of BPMs timing calibration.
 Measuring the beam energy using the SNS ring.
 Perform BPM timing calibration by backward analysis
of the cavities phase scan data collected during the first
stage and assuming the energy measured during the
second stage.
 Perform a model-based analysis of the phase scans using known timing calibration of BPMs and save model
parameters for a possible retuning in the future.

BPMs will be at the first order a “sine”-like function of the
cavity phase:
+ 𝑐𝑜𝑛𝑠𝑡
(3)
≅ 𝐴 ⋅ 𝑐𝑜𝑠 𝜑 + 𝛿𝜑
𝛥𝜙
The BPM phase is proportional to the time of bunch arrival at BPM’s position, so a minimum of function (3) will
define a cavity phase for a maximal acceleration of the
beam. After the cavity phase value is found, we reduce it
by a value that we call a synchronous phase. If we do not
have any preliminary information about cavities, we use 150 at the beginning. Usually, we keep synchronous phases
from the previous production run as a start point for SCL
tuning. The function (3) and the chosen synchronous phase
is shown in Fig. 4. The measured values are not exactly a
“sine”-like function, so we also add the second harmonic
to (3) during the analysis. During the scan, the phases
measured by BPMs cannot go beyond ±1800, so we add or
subtract 3600 to get a smooth curve in Fig. 4. To get exact
number of 3600 that we should apply, we use data from
BPMs between BPM1 and BPM2 (see Fig. 3).

Initial Phase Scan of SCL Cavities
The cavity scan includes changing the cavity phase from
-1800 to +1800 and recording the beam bunch phases from
two BPMs downstream of the cavity. The cavity and the
BPMs have their own phase offsets from the RF reference
line as shown in Fig. 3. At this stage we assume all these
phase offsets are unknown to us.

Figure 3: SCL cavity phase scan TOF scheme.
The BPM phase difference is defined by the velocity of
the bunch and the distance between BPMs
𝛥𝜙
where 𝜔

=𝜔

⋅

+ 𝑐𝑜𝑛𝑠𝑡; 𝛥𝑉 ≪ 𝑉

(1)

is a BPM’s Fourier analysis frequency, 𝛥𝑧 is

a distance between BPMs,

V0 and 𝛥𝑉 are velocity and a

change in velocity after exiting the cavity. The change in
the velocity is small, so at the first order it is proportional
to small energy change:
𝛥𝑉 ∼ 𝛥𝐸 ∼ 𝑈

⋅ 𝑐𝑜𝑠 𝜑

+ 𝛿𝜑

(2)

where URF is an effective voltage of the cavity, φ and δφ
are the cavity phase and a phase shift relative to the RF
reference line. Therefore, the phase difference between
FR1AA06
886

Figure 4: Phase scan of SCL RF cavity.
The accuracy of cavity phase for the maximal beam acceleration is better when BPMs are far away, and the amplitude of the curve in Fig. 4 is big relative to the beam
phase jitter (vertical errors) for each measured point in this
figure. On the other hand, the BPM amplitude signal,
which is defined by bunch length, should be high enough
to reliably get BPM’s phase. These are considerations for
choosing BPM pairs for each cavity.
Generally, this type of phase scan along the whole SCL
should include quadrupole adjustments to account for the
beam energy change in the scan process and to provide a
good beam transport to the end of the section. Fortunately,
at SNS we do not need this because of a big beam pipe and
cavity apertures (82 mm).
The described process of the cavity phase setup does not
need any information about cavity amplitude, phase offsets
for cavity and BPMs, and even distance between BPMs.
Usually, we use scan steps of 200 or 150 for 81 cavities, and
the scan time for the entire SCL is 30-45 minutes. The process is automated.

Measuring Final Beam Energy after SCL
The timing calibration of the BPM system could be performed in different ways. Before commissioning of the
SCL linac, it was calibrated by our beam instrumentation
group, but later we abandoned this practice due to workforce shortage. We implemented the procedure that includes measuring the beam energy using the SNS ring and
Proton and Ion Accelerators and Applications
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calibrating BPMs downstream of the last SCL cavity where
the beam trajectory is still in a straight line, and the energy
is constant. This approach and its verification are described
in [2]. This stage of the tuning process (if it is needed) is
not fully automated, and it involves the system-experts but
only in the control room and for a short period of time (1015 minutes).
When the timing calibration parameters of BPMs in this
section are found, we keep them inside the tuning application, and they usually do not change without repairs of the
RF distribution line, BPM software updates, or cable replacement.

Timing Calibration of SCL BPMs
After the previous stage, we have a set of calibrated
(known phase offsets from the RF reference line) BPMs.
They are physically downstream of the last SCL cavity.
Combining these data with the phase scan of the next upstream cavity which has an uncalibrated BPM after it, we
use data for all phase points in the scan to estimate the
phase offset of this BPM, and we add this BPM to the set
of calibrated ones. Going upstream through all cavities, we
reach the start of SCL, and we know phase offsets for all
BPMs including errors of this parameter. It should be emphasized again that up to this point no cavity model is involved in the analysis. Following the BPM offset calibration the application moves downstream, from beginning of
the SCL to the end, calculating the physical parameters for
each cavity.

SCL Model Initialization
After the previous stage, we can calculate the energy of
the beam for each cavity phase value during the scan. Also,
we can check that BPM phases are linearly proportional to
the BPM position at any of these points. This supports our
assumption about an absence of beam loading effects from
the downstream cavities. For each cavity we get the energy
at the entrance interpolating scan data from the neighbouring upstream cavity. Knowing this energy and the function
of the exit energy as the cavity phase we can calibrate the
cavity model. Operating with energy only allows us to ignore the relations between BPM and cavities phase offsets.
At SNS most applications for the control room are based
on OpenXAL a high-level accelerator control environment
implemented in Java and Jython [3,4]. This environment
includes an accelerator online model which in turn has SNS
superconducting cavity model [5]. The model describes the
superconducting cavity as a set of 6 zero-length accelerating gaps. Each gap has its own voltage and transit-time factor (TTF) as functions of the beam energy. The relative ratio between gap voltages is calculated from the simulated
field in the whole cavity, and TTF functions are from this
field longitudinal distribution. The cavity has one normalization factor for all 6 gaps which we call a cavity amplitude. The phase of the cavity is defined by the phase of the
first accelerating gap in the cavity. The amplitude and
phase offset between model and the RF distribution line are
found by optimizing these parameters to the best agreement with the output energy as the function of the cavity
Proton and Ion Accelerators and Applications
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phase. This function has a “sine”-shape like the one shown
in Fig. 4. Our estimation for accuracy of the cavity amplitude and phase are 1% and 1 degree respectively.

Empirical Beam Loss Reduction in SCL
The SNS design of the SCL did not predict any noticeable beam loss because of large aperture and ultra-high vacuum in this section. Nevertheless, during the commissioning and power ramp up there was substantial beam loss and
activation were measured. The beam loss was reduced by
increasing transverse beam sizes. Later, it was found that
this beam loss is caused by the intra-beam stripping mechanism (IBSt) which is universal for H- beams [6,7]. At this
moment, IBSt is not included in any SNS simulation models. The common practice of beam loss tuning in SCL is an
empirical beam loss reduction by changing cavities phases
and quadrupoles gradients after the initial 4-stages setup.
This beam loss tuning continues during the production run
when the tuning time is not limited. Later, we perform the
full RF phases scan without really changing the final cavity
phases and use these results as a pattern for future initial
setups.
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Figure 5: Synchronous phases of SCL cavities on
03.15.2022. Two last cavities are in reserve and do not provide full acceleration.
One typical set of synchronous cavity phases is shown
in Fig. 5. It demonstrates somewhat chaotic structure
which could be a reflection of cavity amplitudes in Fig. 2.
Because of the empirical approach, we are not sure that the
found beam loss minima is global, and unsure if it can be
improved.

LOST CAVITY AUTOMATED COMPENSATION EXPERIMENT
After the model initialization, we are ready to calculate
changes in the real machine if we need to change cavity
amplitude (assuming linear dependency between the model
and the control system cavity amplitude) or synchronous
phase for one or several cavities. Calculations for this
change take less than one second. The main reason for the
cavity amplitude change (decreasing it in most cases) is an
elevated trip rate or a quench. Usually, during initial tuning
we set the last 1-2 cavities in the SCL at -900 synchronous
phase (no acceleration) as a reserve to use them in the future to maintain the same beam energy output even with
degradation of some cavities upstream. The synchronous
phase changes are also necessary for some beam physics
FR1AA06
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experiments, and it is done fast without performing new
SCL phase scans. The accuracy of the model predicted final energy after retuning is about 1.5 MeV on the top of 1
GeV beam. The difference between the model-based prediction and the real results is not understood. At this time,
it is theorized that the cavity model must be improved.
As for the transverse optic changes during the adjustment of RF cavity phases, we usually do not need to make
changes, because energy differences are small.

Failed Cavity Compensation Experiment
It is not a frequent event, but from time to time we at
SNS lose functionality of one of the SCL cavities during
neutron production runs. After this, operators follow a
standard technical procedure: documenting beam and cavity parameters, vacuum, calls to experts, detuning the cavity from the resonance frequency, and, finally, retuning the
downstream cavities to get the same beam output energy,
and restoring the production power. The last part is not different from the retuning for the cavity amplitude change
described in the previous subsection.
The beam downtime is usually around 15-30 minutes,
and it is not considered as a main threat to the 90% availability of the whole facility. That is the reason why not much
effort was put to automate the recovery process for this
type of event. Nevertheless, a possibility of the beam recovery automation is important question for future of Accelerator Driven System (ADS) accelerators. They will
need fast recovery in a matter of seconds or less, so we implemented and tested the automated recovery to the full
production power after one cavity failure [8].
The SNS power on the target restoration was automated,
but some initial preparations were needed to avoid the
lengthy process of software development for steps that can
be done manually in advance. The preparations for the experiment included
 The failed SCL cavity was chosen to be intentionally
tripped and switched off. It was a cavity in the middle
of SCL to avoid quadrupole gradients retuning.
 The new cavity real phases were calculated to keep the
synchronous phases the same for all downstream cavities except two last ones that were used to correct the
final energy. The table with new phases was stored in
the operating memory of the tuning application.
 These new phases were tested in the live machine.
Waveforms of Adaptive Feed Forward (AFF) RF systems were generated with the retuned beam. These
waveforms are used to compensate beam induced
loading effects in cavities in addition to feedback system. The AFF waveforms also were stored in the application memory for each cavity downstream.
 After that the initial settings and production power
were restored.
To start the experiment the operator intentionally sent
signal that stopped supplying RF power to the cavity. This
signal stopped the beam, and our high-level application began the beam restoration process. First, it started the detuning process of the switched off cavity. It must be done to
avoid cavity excitation from the beam which in turn causes
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beam loss downstream. When beam bunches pass through
the cavity, they will induce an electromagnetic field at the
bunch frequency. If the cavity is still at or near the resonant
frequency (bunch frequency), the beam will be decelerated
and will arrive at the wrong synchronous phase at the entrance of the next cavity. The cavity frequency detuning is
done mechanically, so it is not fast. Figure 6 shows cavity’s
resonant frequency shift as a function of time. Our experience says that the detuning of 7 kHz is sufficient to avoid
significantly elevated downstream beam loss. It means that
downtime will be at least 10-15 seconds which could be
unacceptable for ADS accelerators.

Figure 6: Time dependency of cavity’s resonant frequency
shift during the cavity detuning process.
The uploading of the new cavity phases and AFF waveforms is a fast process, and it was done at the start of the
“damaged” cavity detuning process. The beam at 1 Hz repetition rate was restored after 5 seconds after the start of
the experiment. The repetition rate was increased to 60 Hz
during the next 60 second because of administrative restriction for SNS operations. Without this restriction it can
be done instantly. Figure 7 shows time dependency of the
normalized beam loss. It also shows that if we can tolerate
increased beam loss for some period, we can reduce the
downtime to at least 5 seconds which still could be unacceptable.

Figure 7: Time dependency of the average beam loss along
SCL normalized to the charge delivered to the target.
The average beam loss of 20 rad/C corresponds to a
beam fraction loss less than 10-4 [7], and less than 1 W/m
for 250 meters long SCL. In addition to that, the beam loss
at SNS superconducting linac is caused mainly by the IBSt
process for H- beam. It is expected that future ADS accelerators will use protons so beam loss should be a less significant issue. As an example, when SNS accelerated protons instead of negative hydrogen ions, beam loss was reduced by at least a factor of 30 [7], so the time of cavity
detuning to the acceptable losses could be reduced for protons even further than 5 seconds.
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CONCLUSION
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