
1 
 

ARIES-ADA Topical Workshop 

Experiences during Hadron LINAC Commissioning 

Online Workshop, January 25th to 29th, 2021 

INDICO-site:  https://agenda.ciemat.es/event/1229/    

Workshop Summary 
 
Editors: A. Alexandrov - SNS, W. Blokland - SNS, P. Forck - GSI, O. Kester – TRIUMF, J. 
Marroncle - CEA/Saclay, C. Oliver – CIEMAT, I. Podadera – CIEMAT, A. Reiter – GSI, F. 
Roncarolo – CERN, V. Scarpine - FNAL, Liu Yong – KEK 
 
 

 

Organised and sponsored by:        
 
This project has received funding from the European Union’s Horizon 2020 programme under Grant 
Agreement No 730871 

https://agenda.ciemat.es/event/1229/


2 
 

Workshop introduction and goals (Peter Forck - GSI, Ivan Podadera - CIEMAT) 
 
Within the frame of ARIES-ADA, topical workshops are executed to discuss actual subjects not covered 
in such a detailed manner at typical conferences but which are relevant for ongoing developments. 
Recent achievements during hadron LINAC commissioning and operation were reported at this 
workshop, and the international participants summarised long-term experiences. 

The aims of this workshop on ‘Experiences during Hadron LINAC Commissioning’ were to: 

 Bring together instrument designers, experts, and research groups working on proton or ion linear 
accelerators' commissioning. 

 Review the experiences on the commissioning of hadron LINACs from the first day of operation 
to more regular operation. 

 Discuss the discrepancies between the beam instruments requirements specified at the design 
phase and the real needs and applications requirements during commissioning. 

 Explore the feedback about the LINAC layout and usage of diagnostics test benches during stage-
based commissioning. 

 Strengthen existing collaborations between groups and develop new ones. LIPAC is a 
superconducting 

Originally, the workshop was planned as a face-to-face meeting to be hosted in Segovia (Spain) in June 
2020. However, due to the Corona pandemic it was cancelled and then executed as a remote workshop 
from January 25th to 29th, 2021 from 14:00 to about 17:30 o’clock Central European Time. The 
workshop comprises 30 oral presentations in life-format from laboratories in America (7 
contributions), Asia (5 contributions) and Europe (18 contributions) as well as 10 discussion sessions 
of 10 to 35 minutes’ duration. The program and presentations are available on 
https://agenda.ciemat.es/event/1229. The talks were not pre-recorded and are accompanied by short 
discussion to keep the workshop atmosphere. The remote format has the advantage that more people 
can participate; for this workshop 239 people registered from America, Asia and Europe with a 
distribution of 9 %, 21 % and 70 %, respectively. In average more than 100 people were connected 
simultaneously and participate in a lively manner to the discussion, see figure below.     

The workshop was jointly organised by CIEMAT and GSI with Dr. Ivan Podadera and Dr. Peter Forck as 
the chairpersons. The program committee consists of: Alexander Aleksandrov – SNS, Peter Forck – 
GSI, Jacques Marroncle - CEA-Saclay, Ivan Podadera – CIEMAT, Federico Roncarolo – CERN, Victor 
Scarpine – FNAL, supported for technical issues by Diego Obradors – CIEMAT. In addition to the 
program committee members, sessions were chaired by Willem Blokland - SNS, Oliver Kester -  
TRIUMF, Conception Oliver - CIEMAT, Andreas Reiter - GSI, Liu Yong – KEK.  

 

The number of online workshop participants as a function of daytime. 
 

https://agenda.ciemat.es/event/1229
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Session 1: Superconducting CW LINAC I (chair: Ivan Podadera - CIEMAT) 
 

Commissioning of test bench at LIPAc accelerator  

David Jimenez-Rey, CIEMAT, Madrid, Spain 

The LIPAC is a superconducting CW 1 MW deuteron accelerator, prototype of the IFMIF accelerator, 
being now commissioned in Rokkasho (Japan). The accelerator is being constructed as a collaboration 
between Europe and Japan with the aim to validating the technology to build a fusion-like 5 MW 
neutron source (IFMIF). 

LIPAC is commissioned in four stages. Phase A is the commissioning of the Injector up to CW and was 
already finished in 2017. Phase B is the one of RFQ and MEBT at low duty cycle (1 ms / 1 Hz) and ended 
up in 2019. Phase B+, which is now ongoing, is the commission of RFQ and MEBT at CW with a High 
Power Beam Dump. Phase C and D are both the commissioning of the superconducting LINAC, at low 
and high duty cycle respectively. During Phase B, a 125 mA deuteron beam was accelerated up to 5 
MeV and transported along the MEBT, with a pulse length of 1 ms at 1 Hz. 

Sixteen weeks were scheduled for Phase B, between July 2018 and July 2019. The commissioning 
started with a low current proton beam at a low duty cycle and was later increased in current up to 
similar space-charge conditions as of the nominal deuteron beam, before switching to the deuteron 
beam.  

During this Phase, first step was optimisation of the beam current (transmission), with target at the 
Low Power Beam Dump measurement. Voltage scan of the RFQ were done to optimise the 
transmission. Current transformers were the key devices at this stage. Later, transverse profiles were 
measured using SEM grids, and information correlated (at low currents) with residual gas fluorescence 
profile monitors. Beam position was also checked, and the energy calculated from the BPM’s. 
Transverse emittance was also calculated using slit/steerer/SEM grid combination, with very good 
agreement with the simulated one. Beam losses were measured with ionisation chambers Beam Loss 
Monitors during deuteron operation. Scintillator and neutron detectors were used before during 
proton operation. 

Some of the problems found in the instruments were: 1) offset problems with the ACCT, 2) absolute 
calibration of the BPM's, especially for the energy measurements, 3) damage of the wires due to 
pressure waves during venting of the accelerator, 4) radiation background for fluorescence profile 
monitors operation, 5) lack of signal of ionisation chambers during proton operation, 6) EMC and 
ground problems of some equipment.  

Phase B+ is planned to start during the first half of 2021. Finally, for the commissioning of the 
superconducting LINAC (Phases C/D), CVD diamond detectors for micro-loss monitoring and beam 
position monitors will be installed inside the cryomodule for operation. The diagnostics plate will be 
placed downstream the cryomodule for characterisation of the 9 MeV CW beam. 

 

Commissioning of normal and superconducting LINACs at GSI 

Winfried Barth, GSI Darmstadt and University Mainz, Germany   
 
GSI accelerator facility and Linac injector strategy: An UNILAC upgrade program is designated to 
prepare for high intensity high current heavy-ion, as well as for proton synchrotron injector operation 
for the Facility of Antiproton and Ion Research (FAIR). As a result, high duty factor beam time 
availability for the research program at GSI UNILAC will be strongly diminished due to the duty factor 
limitation for FAIR injector operation. 

High Current Injector commissioning: The disassembly of the Unilac pre-stripper linac (linac for all ions, 
final energy 1.4 MeV/u) of the Wideröe type took place in 1999. An increase of more than two orders 
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of magnitude in particle number for the heaviest elements in the SIS had to be gained. Since that time 
the new High Current Injector (HSI) consisting was installed and successfully commissioned. The High 
Charge Injector (HLI) supplied the main linac during that time. Simultaneously conditioning and running 
in of the RF-transmitters and RF-structures were performed. The HSI commissioning strategy included 
beam investigation after each transport and acceleration section, using a versatile diagnostic test 
stand. Extensive commissioning measurements (e.g. transverse emittance, bunch width, beam 
transmission) behind LEBT, RFQ, Super Lens, IH tank I and II and stripping section had been 
accomplished. An 40Ar1+ beam delivered by a MUCIS ion source was used to fill the linac up to the 
theoretical space charge limit. Routine operation started in November 1999. Serious degradation 
effects at the electrode surface of the 10m long HSI-RFQ required the repeated exchange of RFQ-rods 
– further improvements of RFQ-performance could be accomplished with a temporarily installed 
versatile beam diagnostics test bench. 

11.4 MeV/u charge separator commissioning: A charge state separator system was installed in the 

transfer line to the SIS18. After commissioning all components, beam commissioning was performed 

successfully with a heavy ion beam; the measured beam transmission was close to 100% for low and 
high current beams. The improved charge separation capability was simulated beforehand. Simulated 
and measured emittance growth effects are caused by small-angle straggling; additionally, the charge 
separator's vertical emittance is increased by dispersion. With an advanced beam diagnostics bench, 
integrated into the beamline, measurements are accomplished to prepare for the injection into the 

SIS18. Besides ion current, the beam profile and position, the emittance, the beam energy, and the 
bunch structure could be measured. 

Superconducting heavy-ion cw-Linac (HEmholtz LInear ACcelerator): Nine superconducting CHcavities 

operated at 217MHz provide ion acceleration to beam energies between 3.5MeV/u and 7.3MeV/u, 

while the energy spread should be kept smaller than ±3keV/u. A conceptual layout of the HELIAC was 
worked out, allowing the acceleration of highly charged ions with a mass to charge ratio of up to 6. For 
proper beam focusing superconducting solenoids have to be mounted between the CH cavities. The 
R&D demonstrator setup, embedded in a newly upgraded radiation protection cave, is located in the 
straightforward direction of the HLI. The vendor Research Instruments GmbH (RI) provided for 
sufficient cavity preparation. After high pressure rinsing (HPR) and advanced performance testing the 
initial design quality factor Q0 has been exceeded by a factor of four, a maximum accelerating gradient 

of Eacc=9.6MV/m at Q0=8.14'108 has been achieved. Prior to beam commissioning, the RF power 
coupler was tested and conditioned with a dedicated test resonator. At June 28th, 2017, after 
successful set up of the matching line and short commissioning and ramp up time of some days, the 
CH-cavity accelerated heavy ion beams (Ar11+) with full transmission first time up to the design beam 

energy of 1.866MeV/u. The bunch length measured with the bunch shape monitor (BSM) was 

measured as very sensitive to RF-phase changes. A change of RF-phase by 30 only, leads to a change 
of bunch length by more than a factor of 4, while the beam transmission is not affected. 

 

Beam Commissioning at FRIB 

Tomofumi Maruta, FRIB Michigan State University, East Lansing, USA   

The FRIB Injector LINAC accelerates all stable ion species to more than 200 MeV/u using 300 
superconducting RF resonators, providing 400 kW to the production target. The accelerator is divided 
into the following sections: a front-end (ion source, LEBT, RFQ and MEBT), a 3 LINAC segment (LS1, LS2 
and LS3), two folding segments (FS1 and FS2) and a Beam Delivery System to the target. The duty cycle 
is flexible: CW or pulsed. The design allows simultaneous multi-charge state beam acceleration (e.g. 
33+ and 34+ of 238U). Two objectives were defined for completing the beam commissioning: 
acceleration of 36Ar with energy >200 MeV/u and current > 20 pnA, and acceleration of 86Kr to produce 
84Se by fragmentation.  
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The commissioning was split into six phases: 1) Front-end (Ion Source, LEBT, RFQ, MEBT), 2) 

cryomodules =0.041 of LS1, 3) rest of LS1and first dipole of FS1, 4) rest of FS1, LS2, part of FS2 to the 
straight dump, 5) rest of FS2, LS3, BDS, 6) target. The commissioning started in May 2017, and Phase 4 
was completed by 2020.  

During front-end commissioning, a complete set of diagnostics was available along the line for beam 
tuning and finding set points of optical devices: Allison scanner, pepper pot, image viewers, wire profile 
monitors, BPM’s, faraday cups, current monitors, 4-jaw slits, choppers and attenuators. 

Before Phase 1, beam optics was simulated (FLAME, TRACK and IMPACT) for 40Ar and expected 
measurements at diagnostics, which later agreed to all with the experiments. 40Ar and 86Kr beam were 
successfully accelerated to 0.5 MeV/u by RFQ, as confirmed by a dipole magnet in MEBT, with a 
transmission of 85%.  

During Phase 2, the beam was for the first time transported through superconducting RF resonators. 

Argon accelerated up to 2 MeV/u by twelve QWR (=0.041) in three cryomodules. A diagnostics plate 
was installed after the cryomodules with the following measurements: absolute energy measurement 
by Silicon detector, beam profile measurements in transverse and longitudinal, current and position 
measurements. A phase scan application worked well. The energy was calculated by TOF of two BPM’s, 
only 0.2 eµA are necessary to measure a bunch arrival with respect to the reference RF. The scans are 
made at 20% of design amplitude to determine the arrival phase and then increase energy up to the 
nominal one. 

In Phase 3, the complete LS1 was commissioned in February 2019, with four ion species (40Ar, 86Kr, 20Ne 
and 129Xe) accelerated up to 20 MeV/u. Charge stripping with the carbon foil was demonstrated, to be 
used for first operation (liquid lithium stripper for high power operation will be installed as an 
alternative). Transverse and longitudinal emittance after LS1 were measured, without evidence of 
emittance growth in the transverse plane. Around 300 W were transported without any beam loss (CW 
operation, or high current at low duty). Faulty studies with cavity and cryomodules off were studied, 
achieving full transmission with small loss detection (5·10-4).  

The capacity of accelerating a two charge-state beam for 86Kr along the sc linac was also demonstrated. 
However, while there is full transmission at the end of the linac, a trajectory displacement of up to 7 
mm was found. Reason for this displacement was the misalignment of front-end elements. Although 
all elements were aligned with 0.2 mm in 2017, the installation of the LS1 cryomodules deformed the 

floor, which cause the optical elements to increase the misalignment to  0.5 mm.  

During 2020, LS2 was commissioned and the main functions verified, 36Ar was accelerated up to 204 
MeV/u and 129Xe and 86Kr up to more than 180 MeV/u. Multi-charge state acceleration was 
demonstrated as well, with e.g. three charge states of 129Xe (49+, 50+ and 51+) simultaneously 
accelerated. The measured transverse and longitudinal beam positions are close to the design. High 
level applications were developed for beam study, and tests of ion species change in a short time were 
performed successfully.    

Session 2: Superconducting CW LINAC II (chair Jacques Marroncle - CEA/Saclay) 
 
SARAF Phase I: Commissioning and operation experiences 
Leo Weissmann, Soreq NRC SARAF, Yavne, Israel 

The history of Phase I of the SARAF project was described listing some of the issues that the SARAF 
group faced over the period lasted more than 15 years. Firstly, the development of a novel fast chopper 
technique was highlighted. Secondly, the broad range of activities devoted to brining the SARAF RFQ 
to the Phase II specifications were described. This included the major modifications such as the 
addition of the second coupler, and design, machining, and commissioning of the new rods structure.  
It was then the turn of the Prototype Super conducting Module (PSM), which was submitted to repairs: 
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replacement of piezo-tuners, development of the in-house RF amplifiers, DC biasing the RF couplers 
allowing one achieving a stable 2 mA CW proton beam. The problems in the operation of PSM at high-
current CW beam were emphasised. Postmortem analysis of the PSM cavities may give one new insight 
with this regard.     

The learned lessons were implemented into the design of the Phase II cryomodules.   Some challenges 
in the transport of intense beams through the beam lines were encountered, including an accident in 
which a hole was drilled by the beam in a magnet's chamber. Finally, some time was spent describing 
the first prototype of a liquid lithium jet target (LiLIT 1), evoking briefly LiLIT 2 which was commissioned 
in 2018, and a liquid Gallium target, which is being constructed for use as a Phase II beam dump. The 
operation statistics and the scientific output of Phase I was presented, and the progress in Phase II 
construction was outlined.  In conclusion, the presenter emphasised the importance of Phase I of 
SARAF for the Israeli nuclear physics community and expressed hope that the experience, accumulated 
by the SARAF team, would help in the successful implementation of Phase II project.         

 

Commission of Spiral2 

Christophe Jamet, GANIL, Caen, France 

A global view of the commissioning of SPIRAL2 with a beam diagnostic feedback is presented.  

The SPIRAL2 accelerator, built on the GANIL's facility, at CAEN in FRANCE is dedicated to accelerate 
light and heavy ion beams up to 5mA and 40 MeV. The continuous wave accelerator is based on two 
ECR ion sources, a RFQ and a superconducting LINAC.  

The beam commissioning is planned in 4 phases, qualification of the ion sources and LEBT in 
laboratories, qualification of the injector on a Diagnostic Plate, LINAC beam commissioning and first 
experiment to NFS and S3 experimental halls.  

MEBT results give a good beam transport agreement between simulation and measurement and an 
RFQ transmission near 100% with H+, 4He2+ and 18O6+ beams. The commissioning shows that emittance-
meter in the MEBT is essential. The commissioning time associated with the D-plate was well invested. 
The design of the D-Plate and compatibility between diagnostics have to be well analysed before.  

The LINAC tuning is performed in several steps, beam alignments, amplitude and Phase tunings of 
cavities by a signature matching method, a matching of the MEBT beam to the LINAC channel and 
finally a slow increase of the power.  

In November 2019, a first proton beam was accelerated at the nominal energy, 33 MeV.  

The objective of 2020 was obtained in November with a proton beam of 16 kW, one tenth of the final 
value at full power. SPIRAL2 is a challenge for diagnostic monitors in term of intensity dynamic range. 
All beam diagnostics meet the design specifications but not yet the physics requirements in term of 
intensity (down to 100 nA for physic experiments). All beam diagnostics meet the design specifications 
even if optimisations and modifications continue.  

The main objective for the accelerator, in 2021, is to become a stable neutron facility for the 
experimental room NFS. 

 

Beam Commissioning of PIP-II Injector Test (PIP2IT) H- LINAC 

Alexander Shemyakin, Fermilab, Batavia, USA 

The PIP2IT test accelerator models the low-energy part of the future PIP-II H- LINAC at Fermilab. In its 
present configuration, the PIP2IT consists of the 30 keV H- ion source, LEBT, 2.1 MeV RFQ, long MEBT 
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with a bunch-by-bunch chopper, and two cryomodules operating in CW: Half-Wave Resonator (162.5 
MHz) and Single-Spoke Resonator -1 (325 MHz).  

The warm front end was fully commissioned in 2018 with complete characterisation of the beamline 
optics and beam parameters.  

Installation of all major components was finished in December 2020. Commissioning so far has been 
focused mostly on the acceleration of a short-pulse beam. In the 2 mA x 10 µs x 20 Hz regime, the 
beam energy was measured using the BPM system at 17 MeV with accuracy better than 1%.   

The scatter in BPM readings was analysed to distinguish the component related to the beam jitter. This 
component is likely to be defined by the noise in the ion source HV power supply. The remaining noise 
corresponds to 0.01 mm rms in transverse positions and 0.1º rms in Phase. 

The PIP2IT program will end in Spring’2021. By that time, it is expected that 

• the MEBT chopper is commissioned, and 0.55 ms pulses with an aperiodic bunch structure are 
accelerated to full energy 

• all available diagnostics is commissioned 

• the beamline optics is analysed, and the rms beam parameters are measured 

• a prototype Laser Wire is tested. 

Session 3: Pulsed LINACs: Spallation sources (chair: Willem Blokland - SNS) 
 
Experience from J-PARC LINAC commissioning 

Akihiko Miura, J-PARC, Japan 

The J-PARC started the beam commissioning in 2006 and achieved 181 MeV in 2007. The user 
experimental operation to generates neutrons in December 2008. The user experimental operation 
has continued with the exception of intervals due to the gigantic earthquake, hadron facility accident 
and neutron target failure. 

In J-PARC linac, a number of beam monitor types have been used, such as the beam position monitor 
(BPM) for beam orbit correction, slow current transformer (SCT) for the beam current measurement, 
fast current transformer (FCT) that was used to tune the phase and voltage of the acceleration field, 
and transverse profile monitor (wire scanner monitor) to mitigate the transverse mismatching. In 
addition, BLMs are required to identify the local beam loss and are part of an alert system that protects 
the linac against an activation. 

As recent progress, a carbon nanotube (CNT) wire is employed for the transverse profile monitors in 
low-energy part to prevent from wire break down. CNT wire showed excellent performance compared 
with the presently employed carbon fibre. In addition, prediction of over-heating by the secondly 
electron emission is presented. Bunch-shape monitor utilisation for longitudinal tuning and 
investigation on the failure of RF power supply is also presented. 
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Beam profile taken by CNT wire and carbon fibre. 

 

Commissioning and initial operating experience with the CSNS Linac 

Peng Yun, CSNS-CAS, Beijing, China  

The Front-end and DTL1-4 have been fully commissioned, the primary design goals concerning Ipeak & 
Iaverage, transverse emittance and beam energy have been achieved. The DTL output energy design 
values, measured by phase scan method, agrees well with that measured by the time-of-flight method. 
Beam transmission efficiency and beam loss are well optimised. More work needs to be done on the 
halo formation mechanism and mitigation method. 

 
Simulated and measured transverse emittance. 

 

ESS beam commissioning experience commissioning results 

Ryoichi Miramoto, ESS, Lund, Sweden 

The presentation started with an overview of the ESS linac, its plan and the status of Beam 
Commissioning (BC). It followed up giving some highlights, focusing on diagnostics for the 
commissioning of the source and LEBT. The superconducting proton linac of ESS, with a normal-
conducting injector up to 90 MeV and no accumulator ring, features design parameters of a 5 MW 
power, 2 GeV energy, 62.5 mA peak current, a long pulse length of 2.86 ms, and relatively low 
repetition rate of 14 Hz. This pulse length and repetition rate are required by neutron instruments and 
thus have a higher priority than the high peak current during BC and initial operations. Due to a tight 
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schedule, the ESS opted not to use a test-bench after the BC of the source and LEBT. This decision is in 
line with the aforementioned priority in the duty factor from the neutron instruments. 

The ESS source and LEBT went through an off-site beam commissioning at INFN-LNS (the in-kind 
provider) and were re-commissioned at the ESS site. The source is a microwave-discharge type, and 
the LEBT is a magnetic type with two solenoids and two dipole correctors per plane. Five types of 
diagnostics were available during the BC: beam current monitor (BCM), Faraday cup (FC), Doppler 
detector, fluorescence-based non-invasive profile monitor (NPM), and the Allison scanner type 
emittance meter (EMU). The characterisation of peak current and pulse shape was successfully 

performed: the source proves to be easily adjustable and multiple configurations meeting 
specifications of the peak current (~90 mA out of the source and ~70 mA out of the LEBT) and flatness 
(±2%) were established. The Doppler detector confirmed a good proton fraction of 80-85% in the 
source current (with respect to the specified >75%) during the early Phase of the off-site BC, when 
placed right after the source. After the LEBT was installed and it was placed between the solenoids, 
interpretation of the fraction measurement became less straightforward. The emittance was 
measured with the EMU between the solenoids and out of the LEBT. The NPM, installed at two 
locations, provided an additional and prompt way of estimating the beam properties between the 
solenoids. During the BC at the ESS site, all emittance measurements result in ~0.4 π mm mrad (~10% 
level agreement among locations and methods) for the aforementioned current case, with respect the 
specified ~0.25 π mm mrad, and its major cause is still unknown. Moreover, during the BC at the ESS 
site, a large trajectory error with an estimated peak offset of ~4 mm, was observed prior to applying 
corrections. The NPMs were additionally used as position monitors and having them at two locations 
allowed to estimate the angular offset out of the source and tilts of both solenoids (likely internal tilts 
of the coils). Overall, the prepared diagnostics was sufficient to perform required characterisations and 
no need of an additional type of diagnostics was identified. What is being improved for future BC steps 
and operations is the whole chain from making a measurement and acquiring and processing data. 
Finally, to address beam related issues such as the emittance and trajectory, ESS is evaluating a test-
stand for a source and LEBT. 

 

 

Warm and cold LINAC commissioning 

Alexander Aleksandrov, SNS, ORNL, Oak Ridge, USA 

The SNS linac was successfully commissioned and ramped up for the design beam power in about six 
years. The baseline diagnostics were, in general, sufficient for all commissioning stages, though many 
improvements were done over that period.  The SNS linac design proved to be very robust with large 

The ESS diagnostics in the LEBT. 
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tuning margins.  Beam Position and Phase Monitors are major tool for linac tuning after maintenance 
periods or when linac configuration has to be changed e.g., if some SRF cavities have to run at lower 
amplitude or even removed. Beam Loss Monitors are major tool for empirical loss minimisation at high 
power. We have not found yet good ways of using measured RMS beam parameters for linac tuning 
or operation.  Motivation and direction for future SNS diagnostics development is to enable a 
knowledge-based loss control. 
 

 
RF amplitude acceptable range is much larger than expected. 

 

Session 4: Pulsed LINACs: Spallation sources (chair: Andreas Reiter - GSI) 
 
Experiences from medical LINAC commissioning 

Bernhard Schlitt, GSI, Darmstadt, Germany 

After pilot projects at research institutes like HIMAC at NIRS and GSI started patient treatments using 
heavy ion beams in the 1990s, a growing number of dedicated clinical centres for ion beam therapy of 
cancer patients were built during the last two decades in Japan, Europe, and China, mainly applying 
carbon ion beams. About a dozen dedicated centres are in operation worldwide and eight additional 
centres are currently under construction or in planning stage. To reduce the footprint of these 
synchrotron facilities as well as operating expenses and effort, compact linac injectors operated at 
about 200 MHz – comprising at least one or two electron cyclotron resonance (ECR) ion sources, a 
radio-frequency quadrupole accelerator (RFQ), and an interdigital H-mode (IH-type) drift tube linac – 
were developed and built at NIRS in Japan and at GSI in Germany (in close cooperation with the 
Institute of Applied Physics IAP at Frankfurt University) and were industrialized later. A brief report 
about the 7 MeV/u, 217 MHz linac injector developed by GSI and IAP as well as the commissioning 
stages at HIT in Heidelberg, Germany, and at CNAO in Pavia, Italy, was presented. 

RFQ beam tests were performed at IAP and at GSI prior to installation on site to check RFQ 
performance and to prepare the RFQ to match the beam requirements at IH-DTL injection. On site at 
HIT and CNAO, a staged commissioning of the linac injectors was performed utilizing individual beam 
diagnostic test benches behind each injector section, i.e. behind ion sources and LEBT, behind the RFQ, 
and after the IH-DTL. All test benches comprised slit-grid beam emittance measurements (at CNAO, 
along the LEBT and at RFQ injection also slits and wire scanners for enhanced angular acceptance) as 
well as SEM profile grids, beam current transformers, and a Faraday cup. The test benches behind the 
RFQ and DTL sections, respectively, comprised also a set of three ring-shaped capacitive pick-ups (so-
called phase probes) for bunch measurements and for accurate time-of-flight beam energy 
measurements. An improved beam characterization and optimized beam matching at RFQ injection 
was achieved at CNAO by using a very compact emittance chamber placed at the exact RFQ injection 
point and by RFQ acceptance measurements using probe beams with much smaller emittances than 
the nominal beams. Severe problems with beam steering, that occurred behind the last LEBT solenoid 
and behind the RFQ during HIT commissioning, as well as a reduced RFQ performance could be 
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successfully mitigated in that way at CNAO. The working points of RFQ and IH-DTL were defined by the 
results of the beam commissioning (in particular, by phase and amplitude scans) in order to achieve 
optimized beam quality and linac transmission. Also the RF plunger settings of the IH-DTL were 
optimized with respect to beam quality. Finally, the design beam quality and currents were achieved 
at CNAO. 

 

Analysis of Low and Medium Energy Beams at HIT  

Rainer Cee, HIT, Heidelberg, Germany 

The Heidelberg Ion Beam Therapy Centre (HIT) is a synchrotron based medical accelerator facility for 
the treatment of cancer patients with protons and ions. Since the first treatment in November 2009 
more than 6500 patients have been irradiated with protons or carbon ions.  

Profile grids and phase probes are routinely used for monitoring the LINAC-beam properties. The 
obtained data serve as reference and permit us to investigate the beam behavior prior to failures. The 
goal is to have an early-warning system by comparison of beam patterns with previous occurrences.  

Since 2010 HIT operates a test bench for ion source and RFQ research and development. The setup is 
similar to the LEBT in our medical accelerator. In the last few years, we have measured several ion 
sources (ECR, EBIS) and the RFQ accelerator from our spares inventory. Since 2013 the test bench 
serves as a common low energy beamline of Siemens Healthcare and HIT with components from both 
partners. In 2019 we have characterized the spare RFQ of Siemens. The output beam was analyzed 
with respect to its energy via the time-of-flight (ToF) method based on three phase probes. The 
diagnostic line is also equipped with a profile grid, a beam transformer and a Faraday cup. We were 
particularly interested in the particle transmission and the RF working point at design output energy 
(400 keV/u). The measured transmissions (H3

+: 57%; 12C4+: 84%) turned out to be better than for the 
HIT spare RFQ which translates into a factor of 1.7 for the 12C4+ output current and a moderate current 
increase for H3

+. The RF power working point was close to 180 kW for both ions.  

We have also experimented with our proprietary pepper pot device and evaluated the measured 4D 
emittance data with our tool Pepper Pot Evaluation Programme (PePE). From this analysis, we are able 
to generate a corresponding 4D particle distribution. To increase its active area a pepper pot device 
with new layout is under development. We plan to install the pepper pot into the LEBT and use the 
measured beam distributions for the design of a new RFQ with high transmission. 

Contributions by: R. Cee, C. Dorn, E. Feldmeier, T. Haberer, A. Peters, J. Schreiner, T. Winkelmann, HIT 
GmbH, Heidelberg, Germany; O. Chubarov, A. Robin, Siemens Healthcare GmbH, Erlangen, Germany. 
 

Session 5: Pulsed LINAC's: Injectors I (chair: Federico Roncarolo - CERN) 
 
Status of the High Current Injector Programme at IUAC, New Delhi, India 

Gerald Rodrigues, Inter University Accelerator Centre, New Delhi, India 

The super conducting LINAC at the Inter University Accelerator Centre, New Delhi, is presently fed with 
a Tandem accelerator. This Tandem will be replaced by and RFQ and DLT linac to deliver higher beam 
currents.   

The on-going High Current Injector Programme consists in the construction the new LINAC injector, 
which consist of an ECR source, LEBT, RFQ, MEBT and two DTL cavities. It aims for a significantly 
enhancing the performances of the whole facility. The beam commissioning successfully reached the 
goal of accelerating up to the first two DTL cavities ion species with low A/q. The typical transmission 
values of 20% (DC beam) and 32% (bunched beam) along the Tandem accelerator have been already 
improved by the 25% and 36% values achieved with the new linac at the RFQ exit. It is believed that 
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this could be further improved by adding dedicated diagnostics at the RFQ entrance, RFQ exit and DTL 
entrance. 

The beam-based linac optimisation was carried out according to rigorous procedures. It was time 
consuming due to the high number of tuneable accelerator components.  Lot of effort was put in 
studying the optics and compare the results to the predicted values. Repeating the optimisation over 
time resulted to be very relevant to study the overall machine stability.   

In the near future, the higher level RF power tests will be carried out for the RFQ and DTL cavities, 
which aims at improving the overall transmission at the DTL exit. 

 

Linac4 Commissioning Strategy 

Jean-Baptiste Lallement, CERN, Geneva, Switzerland 

Since the end of the second LHC long shutdown (LS2), i.e. from the beginning of 2021, the H- LINAC4 
replaced proton LINAC2 (operated since 1978!) as source of protons for the whole CERN complex.  

While details about instrumentation were discussed in another workshop contribution by J.Tan, this 
presentation consisted in a comprehensive summary of the commissioning strategy and experience. 

H- ions generated by a cesiated ion source, are accelerated from 45 keV to 160 MeV and stripped to 
protons before injection into the Proton Synchrotron Booster (PSB). The linac, after the RFQ is 
composed of 3 families of normal conducting RF cavities (DTL, CCDTL and PIMS).  

The machine commissioning, lasted several years. At different stages during its construction different 
(temporary) diagnostic benches were developed for validating the source, the RFQ (3 MeV) and the 
first DTL (12 MeV) in a laboratory test stand. Later on, the accelerator was moved to the and then at 
the LINAC4 tunnel where the commissioning of the 50 MeV and 107 MeV acceleration used a modified 
diagnostics bench. These test benches were extremely useful to perform measurements not possible 
later with permanent installed diagnostics (like emittance via slit-grid at 45keV, 3MeV and 12 MeV) 
and validate diagnostics later used at higher energies (like BPMs for ToF measurements). At higher 
energies the beam commissioning was ensured by the permanently installed diagnostics. 

At every commissioning stage the diagnostics and the procedures systematically put in place allowed 
for the validation of the RF cavities and beam optics, but also to discover ‘classical’ hardware faults as 
magnetic elements polarity inversions. One of the key elements for the machine validation was the 
systematic comparison between experimental measurements and beam dynamics (longitudinal and 
transverse) models. This included numerical simulation for back tracking (via the models) particle 
distributions from high energy measurements to lower energy initial conditions.  

After the successful acceleration to 160 MeV and transport through the new line towards the PSB, a 
revised planning for its connection resulted in the great chance for more than two years of standalone 
operation periods as ‘reliability’ runs interleaved by shutdown periods used for maintenance. This was 
also very useful for learning about the whole machine, including its diagnostics. 

This contribution summarizes the LINAC4 experience, with key points useful for comparison to other 
similar linac commissioning experiences and potentially helpful for future projects:  

1. LINAC design-wise: 

 no major surprises in transverse planes: frozen focusing channel above 3 MeV. 

 Solid design and precise machining of the RF cavities. 

 Very good predictions from simulation codes (Travel-CERN, TraceWin-CEA). 

2. Today, after so many machine restarts and setting-up, the linac operation and performance mainly 
rely on: 
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 Beam Current Transformers, for transmission optimisation and machine protection 

 Time of Flight measurements via BPMs 

 Bunch shape monitors (as a validation after the PIMS, more can be done in the transfer-line). 

 Profile measurements along the machine and in the 2 dedicated measurement lines.  

3. Beam stability and performance mainly depend on RF and low energy front-end. 

4.  All efforts for the 3-12 MeV dedicated diagnostics stand (then repeated in the LINAC4 tunnel) were 
extremely useful.  

 

Development of CW heavy ion linac at IMP (normal-conducting) 

Xuejun Yin, IMP, Lanzhou, China 

The SSC-Linac is a cw heavy ion linac designed to act as the new injector for the Separated Sector 
Cyclotron (SSC) built at HIRFL to improve the overall facility efficiency and performance. It replaces the 
injector cyclotron an allows for significantly higher beam currents. It consists of an electron-cyclotron-
resonance ion source (ECR) is followed by a 4-rod RFQ and three IH-DTLs (operating frequency 53.7 
MHz) operated in cw mode. For the moment the new linac was successfully commissioned with two 
IH-DTL operational, allowing accelerating heavy ions to 0.58 MeV/u.   

In 2020 the linac in connection with the SSC accelerates various ion species (such as 78Kr13+, 
129Xe22+,209B32+) and, after acceleration in the cyclotron to 5.97 MeV/u, extract them to various 
experimental lines. The linac transmission reached 86.5% and provided beam for 3617 hours within 
year 2020. The average beam intensity extracted from the SSC was about one order of magnitude 
higher compared to the operation with the injector cyclotron.  To achieve the present operational 
performances, it is worth mentioning the action of the pre-buncher (operated at 13.417 MHz) installed 
in the LEBT. It is designed to increase the longitudinal capture efficiency, which reached 86% as 
expected for beam dynamics calculations. In a second stage, the linac will be equipped with the 3rd 
IH-DTL, thus allowing increasing the particle energy to 1.025MeV/u. 

During construction and commissioning in a temporary laboratory setup, the beam at the RFQ exit was 
characterised in terms of intensity, transmission and emittance by means of a set of slits, a wire 
scanner and a Faraday cup. Similar diagnostics, complemented by an ionisation profile monitor, was 
successfully used at the exit of DTL1. In addition, the absolute energy was determined via ToF using 
stripline BPMs.  The energy spread of different ion species was measured at the RFQ and DTL1 exit by 
inserting a target with an angle to the beam path and measuring (with a PIN detector) the resultant 
Rutherford scattered ions.  

In its final configuration at the SSC hall, the linac is equipped with permanent diagnostics in the LEBT, 
MEBT and HEBT (after the DTLs), such as wire scanners, Faraday cups, beam current transformers, strip 
line and button BPMs.  This allowed to characterize beam intensity, phase, transverse emittance for 
various ion species. 

Session 6: Pulsed LINAC's: Injectors II (chair: Oliver Kester - TRIUMF) 
 
BNL Experiences for 200 MeV H- Linac 

Deepak Raparia, BNL, Brookhaven, USA 

The BNL 200 MeV linac was built and commissioned in 1970 and is the backbone of the proton injection 
for AGS and the RHIC facility. In recent time the major fraction of the beam is delivered to the medical 
isotope production facility BLIP. 

Since 1970, the linac has gone through several upgrades. In 1982 switching to H- operation increased 
the intensity in the AGS, while decreasing the linac output overall. In 1989 switching to an RFQ pre-
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injector provided higher reliability and lower cost of operations. The changes in 1996 included shorting 
the 35 keV LEBT by removing diagnostics and adding a permanent magnet quad (PMQ) in the flange of 
the RFQ at the high energy end to better match the beam. These changes resulted in a 50% higher 
beam peak current and about 45% lower emittance.  

In 2010, the medium energy beam line length was reduced to 70 cm from 7 meters, resulting in an 
emittance reduction for high current by a factor of 4 and for the polarised H- by a factor of 2. The 
reduction in emittance for polarised H- was translated into emittance reduction in RHIC by 25% at 
collision energy and 30% increase in BLIP average current. BNL has planned to further upgrade the 
linac for higher average current (250 µA) and energies up to 800 MeV. 

For energy measurements in the linac a laser profile monitor is used to strip the H- and energy analyse 
the electrons in a retarding grid analyser.  For an efficient beam transport in the LEBT, space charge 
neutralisation is important. The neutralisation time is about 100 microseconds. For the long pulses, 
used in BNL operation, a magnetic LEBT is advantageous, therefore solenoid lenses are used. 
Experiments with Xe-gas in the LEBT demonstrate increased peak beam current and faster 
neutralisation times. 

 

LINAC4 diagnostics experience during commissioning 

Jocelyn Tan, CERN, Geneva, Switzerland 

Beam commissioning is the most interesting time for equipment specialists and an opportunity to 
pinpoint teething issues and take mitigation actions. That’s also true for the CERN Linac4 
commissioning that started in the early 2010’s. LINAC4 has an impressive set of beam diagnostics 
devices installed along the accelerator and the transfer line for safe, reliable and efficient operation. 
For the staged commissioning a movable test bench has been used comprising transverse and 
longitudinal beam parameter measurement capabilities. 

As in other low energy linacs, space constraints plague the beam instrumentation positioning. Between 
the tanks, one BPM and one quad are placed and in the DTL to CCDTL section a BPM and an BCT are 
available. The BCT must have a large dynamic range to cope with multi-user requests: resolution 0.5 
mA, gating between 50 ns to 600 microseconds. The BCT serves as LINAC4 watchdogs by comparing 
the intensity at various locations of the linac and allowing transmission efficiency calculation, by high 
loss detection, and acting as beam interlock in case of high losses or bad transmission. 

BPMs are the 'Swiss army knife', used to optimise the chopper rise time, investigate the beam phase 
and energy, and allow for fast optimisation. Bunch shape monitors (BSM) at LINAC4 use secondary 
electrons produced by a tungsten wire moved into the beam and a streak camera setup. The team 
used the BSMs and bunchers for longitudinal emittance reconstruction / tomography. The team could 
also demonstrate the effect of beam loading (and compensation) on the bunch shape and achieved 
the very first proof of principle of energy modulation around 160MeV for future high intensity beams 
in the PSB. 

The presentation concluded with transverse emittance and beam profile measurements using SEM 
grids for instance, and with BLM (LHC types) that are used for the machine protection. In SEM grids, 
wire signals are a balance between negative charge (stripped electrons stopped) and positive charge 
(secondary emission + p eventually stopped) and depend on the wire material properties. It could be 
shown that Tungsten is not suitable for low energy, Carbon is preferred at up to 50 MeV. Laser profile 
and emittance meter has been presented and is an interesting alternative for methods relying on 
material intercepting the beam. 
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Commissioning of Low-Energy Linacs 

Andreas Reiter, GSI, Darmstadt, Germany 

Andreas Reiter presented experiences collected during the commissioning of low-energy linacs, the 7 
MeV/u injector linacs of HIT (Heidelberg Ion-Beam Therapy Centre) and CNAO (Centro Nationale di 
Adroterapia Oncologica), and several GSI linacs such as the 11 MeV/u UNILAC, the 4 MeV/u HITRAP 
decelerator, 1.9 MeV/u CW Demonstrator, and the 300 keV/u CRYRING RFQ injector. A significant 
number of low energy linacs. 

Some focus was on the on different measurements with capacitive ring pickups at the test benches inf 
the different commissioning stages, which have been introduced. In preparation of time-of-flight 
measurement, expected pickup signal and sophisticated shape analysis and TOF calculation have been 
discussed and compared. The inter-tank phase probes have also been used as ‘emergency’ AC current 
transformer. 

Beam energy measurements were presented for both, the 400 keV/u RFQ and 7 MeV/u IH-DTL linacs. 
For the RFQ with internal rebuncher, beam energy stability has been measured via TOF using three 
phase probes. An attempt was made to determine the position of the time focus, that ideally should 
be located in the first gap of the following IH-DTL linac. Confidence was gained that the internal 
rebuncher voltage was setup quite well during initial RFQ commissioning at GSI. 

Further topics are energy loss measurements in Carbon stripping foils, estimation of the momentum 
dispersion of the 7 MeV/u IH-DTL, and a simple approach to track the beam energy during parameter 
variations, like RF power scans, that are commonly performed during commissioning. 

 

Session 7: Front-ends, targets and future facilities: Front-ends (Chair: Liu Yong - 
KEK) 
 

Bilbao injector beam commissioning  

Ibon Bustinduy, ESS-Bilbao, Bilbao, Spain 

The Medium Energy Beam Transfer (MEBT) of the European Spallation Source (ESS) is developed by 
ESS-Bilbao as an in-kind contribution. A versatile and in-house developed injector was also scheduled 
based on it, which consists of a proton ion source, LEBT and a shorter (3.2m, with lower injection 
energy of 45 keV instead of 75 keV) and possibly non-brazing RFQ. The RFQ Segment 1 (aka proof of 
principle) was finished and S2-S4 machining is on-going.  

There are two solenoids and three diagnostic boxes in the LEBT. The first box is equipped with an AC 
Current Transformer (ACCT1), a double-wire Wire Scanner (WS1) and a retractile beam collimator (BC) 
to create a pencil beam. The second box contains a second ACCT2, a second WS (WS2), a quartz 
window for fluorescence measurements and a retractile beam shutter that protects the quartz. The 
two wires of the WS are at 45° from the horizontal and vertical directions. A Princeton Instrument CCD 
camera complements the quartz window in the exit port of the diagnostic box, for 2D profile 
photographs and pepper-pot measurements. The camera is also used to record the Beam Induced 
Fluorescence (BIF) by mounting it in the side port of the first box.  

LEBT STAGES#1 uses the first two diagnostic boxes and the first solenoid in between, aiming at 
optimizing or studying the transmission, extraction gap, B and h/v steering characterized, h/v Beam 
Profile analysis, Beam Specimen identification, Fringe field effects, Kr Neutralization and h/v 
Emittance. Scintillator Quartz in the second box was employed to identify plasma configuration 
families. And plasma shape is found well preserved even after the 45kV electrode shape extraction 
system.  Ultrafast pictures were taken to identify various plasma distribution modes.  
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Back streamed electrons (1) captured by solenoid magnetic field and over-focusing solenoid effect (2) 
were observed with transmission measurement with ACCTs, as shown in Fig.7.1a. Composition of H+, 
H2

+ and likely H3
+ was analysed, as shown in Fig.7.1b. 

                    

Figure 7.1a Transmission measurement.                 Figure 7.1b Composition analysis. 

The solenoid field-maps were measured with a triple-axis hall probe, mounted on a computer 
numerical control (CNC), but the fringe filed could not be measured due to test bench limitation. 
IBSIMU+ TRACEWIN simulations employing accurate 3D field-maps help to understand the 
experimental characterization of the beam profiles for different solenoid magnetic configurations. 

Beam Profile and emittance characterization for different solenoid configurations were obtained with 
calibrated reconstruction algorism. Successful complete Bilbao system integration tests were done in 
collaboration with ESS control and Diagnostics team. There are also on-going improvements such as 
FC system, second solenoid, coupler, RF, etc. Deep learning techniques are developed to assist 
operation. 

 

LIPAc injector commissioning and RFQ transverse emittance measurements  

Benoit Bolzon, CEA/Saclay , Saclay, France 

The linear IFMIF prototype accelerator (LIPAc) aims to operate in Rokkasho Fusion Institute a 125 mA 
CW deuteron beam at 9 MeV to validate the concept of IFMIF. This accelerator is composed of an 
electron cyclotron resonance (ECR) ion source, a low energy beam transport (LEBT), a 175 MHz RFQ to 

5 MeV, a medium energy beam transport section designed to optimize the D+ injection into a 
superconducting radio-frequency (SRF) linac to 9 MeV, a high energy beam transport line with a 
diagnostic plate, and a beam dump.  

Two AC current transformers (ACCTs) are installed at the end of the injection cone before the RFQ and 
just downstream the RFQ respectively, to measure the RFQ transmission. An Allison scanner is chosen 
as the emittance measurement unit (EMU), to measure the beam distribution in the (yy’) phase space. 
Due to cylindrical symmetry, the emittance should be identical in both planes. It is planned in a near 
future to do such a measurement in the horizontal plane, by tilting the EMU by 90°. Considering the 
high beam power, beam profilers based on the fluorescence of residual gas have been chosen. It is also 
possible to determine the proportions of the different species composing the beam using Doppler-
shifted spectroscopy. A CCD camera is installed at the focal plane of a spectrometer with an angle of 
20° relatively to the beam direction.  
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Fig. 7.2a Beam emittance measured at RFQ entrance.             Fig. 7.2b RFQ 130 mA CW run with no sparks. 

     

Fig. 7.2c CMOS camera after SOL1                          Fig. 7.2d Measured RFQ transverse Emittance. 

Commissioning results show that the injector can provide at low duty cycle a 100 keV D+ beam of 140 
mA with “adequate” emittance / Twiss parameters for RFQ injection. Therefore, a 12 mm 𝝓 PE was 
used to ensure enough extracted current. When duty cycle increases to CW, the extraction system of 
the injector suffered from several sparks (phase A2). Two campaigns in CW were performed in 2019 
with PE of lower diameters (9 and 10 mm) to try to avoiding sparks even if the extracted current is 

lower. Results showed that these electrodes can be used for RFQ injection from low DC up to CW for 

a stable total extracted current either with Iext= 95-100 mA for 9 mm PE 𝝓, or Iext= 130 mA for 10 mm 
PE 𝝓, as shown in Fig. 7.2b and Fig. 7.2c. Another campaign was planned for nominal current required 
for LIPAc (140 mA of D+ at the RFQ entrance) with an 11 mm 𝝓 PE but it had to be postponed due to 
Covid-19.  

The transverse emittance after RFQ was measured successfully. Good agreement was found between 
measurements and simulations, as shown in Fig. 7.2d.  

 

6D measurements on a test stand 

Kiersten Ruisard, SNS ORNL, Oak Ridge, USA 

The Beam Test Facility (BTF) was originally built to verify the spare RFQs at the Spallation Neutron 
Source (SNS). It becomes a test stand version of SNS injector, which has unique capabilities of 
measuring the full 6D phase space, studying halo development under different match conditions. It 
can help to characterize the beam at several standard deviations beyond the rms values, as is necessary 
to predict beam losses in high-power accelerators.  

The first-ever full and direct measurement of a 6D beam distribution was done at the SNS BTF 
(published in 2018). This measurement proved that the assumption of uncorrelated planes is incorrect 
for the SNS beam at the RFQ exit, as shown in Fig.7.3a.  
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Fig. 7.3a First 6D measurement discovered correlation between energy and transverse dimensions. 

Since then work has focused on two questions: understanding why the beam has correlation between 
the planes, and understanding the effect on downstream evolution, particularly in the context of effect 
on halo predictions. The failure of models to predict halo/tail populations means they cannot assist in 
loss control in high power accelerators. Fig. 7.3b shows the preliminary simulation results with inter-
plane correlations compared with original uncorrelated assumption with discrepancy in rms values. 

 

Fig. 7.3b Preliminary simulation of SNS linac (MEBT+DTL) with/without inter-plane correlations.  

Studies show that correlation between the planes is driven by space charge, and the hollowing is the 
signature of charge redistribution. These answers are reproduced in self consistent RFQ simulation 
with PARMTEQ. Yet it will be not easy to explain the mechanism within RFQ, as well as the issues like 
whether it is ubiquitous for high current RFQs and how to model and diagnose. 

Another interesting issue is how to mitigate “curse of dimensionality” for 6D measurement. A typical 
4D measurement could take as long as 14 hours, noting the original took 32 hours with low-resolution 
(~ 10~20 pts /dimension) and low-dynamic range. Smart scan to stay within small beam volume and 

dimension-reducing with 2D BSM are considered to mitigate the curse of dimensionality. New 
reconfiguration with straight layout is planned to improves beam control.  

 

Session 8: Front-ends, targets and future facilities: Targets and future facilities 
(chair: Concepcion Oliver Amoros - CIEMAT) 
 
Spallation Neutron Source Target Commissioning 

Willem Blokland, SNS ORNL, Oak Ridge, USA 

SNS uses a liquid mercury filled stainless steel target to generate neutrons for material 
research from a 1 GeV pulsed proton beam. The impact of the proton beam leads to tensile 
pressure waves that cavitate the mercury and deform the vessel by 10 - 500 µe on wall. This 
damages the target vessel over time and the target has to be preventative replaced two to 
three times a year. Unexpected failures in the past and future power upgrades have pushed 
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us to install strain sensors in the target to provide data to use to better understand the target 
response.  

The nose of target is coated in an Al2O3:Cr luminescent coating to observe with a camera the 
proton beam's centre and peak density to make sure we don't damage the target by steering 
beam off centre or with a too high density. The coating is scanned for uniformity with the first 
beam on the target using a script that adjusts the steering of the beam while making sure the 
imaging system takes data. During this scan, test patches with new Al2O3:Cr mixtures are also 
scanned for initial luminescence response. Next, we measure the strain response of beam 
pulses of different intensities, and with different helium gas injection flows. The gas injection 
reduces the strain on the target making it possible to handle high beam powers. To quickly 
setup the accelerator for the different intensity pulses, we created an application that 
automatically prepares setup parameters such as the RF feedforward loops and the chopper 
settings. We compare this strain data with simulation results to improve the simulation model. 
It takes up to one shift of 8 hours to complete the commissioning of the target. After these 
first beam pulses, neutron production for the experiments is started and we continue to 
periodically measure the strain and the Al2O3:Cr luminescence response.  

 

 

Strain measurements at different power and helium flow levels measured at SNS. 

 

 

Instrumentation for beam commissioning: available tools and future needs  

Steve Lidia, FRIB Michigan State University, East Lansing, USA   

The Facility for Rare Isotope Beams (FRIB) has been established to service the needs of the low energy 
nuclear physics community. The accelerator is based on low-beta, continuous-wave, superconducting 
RF linac technology, and operates at the intensity frontier for heavy ion facilities with ultimate, average 
beam power of 400 kW. The successful commissioning activities have demonstrated the flexibility of 
the ECR ion source and Front End beamline to deliver high quality beam to the linac, which has 
demonstrated full gradient and acceleration up to the design value of 200 MeV/u. 

Different challenges related to beam diagnostics and instrumentation are the handling of intense and 
low energy ion beams with multi-charge-state beam dynamics, with A/Q ranging from 3 to 7, the 
requirement of beam losses below 1 W/m, the need for a robust, fast machine protection system or 
the 400 kW heavy ion beam target.  
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A complete set of Front End diagnostics and instrumentation have been utilized for beam 
commissioning and optimizing beam transport. In particular, it should be emphasized the multiple 
roles played by the profile monitors in the Front End, the network of beam position monitors and beam 
loss monitors in the linac. The high power target thermal imaging system allows the beam monitoring 
on target and dump, detecting variations in position, distribution and intensity by measuring the target 
temperature.   

The strategy behind design and implementation of instrumentation emphasizes a common approach 
for hardware and software integration. New diagnostic functionalities have been implemented since 
commissioning, enhancing the overall facility performance, ease of tuning, and availability. Automatic 
linac tuning routines that utilize time-of-flight measurement software enable to tune nearly 150 
independent cavities over a single shift period, with 100% beam transmission.  

Moving from commissioning to operations requires a change in strategy, demanding new 
developments of diagnostic and prognostic monitoring to fully develop the facility capabilities. 
Additional non-interceptive diagnostics will be needed as the beam power will be higher. The faster 
turnaround between experiments and the consequent higher availability implies reducing dependency 
on interceptive (and slow) measurements, developing virtual diagnostics. The dependency on system 
experts will be reduced during operation, incorporating input from operation early and often, 
simplifying and integrating user interfaces and giving the operators the tools they need. New 
techniques will be implemented to help build prognostics and improve scientific productivity. 

 

Commissioning Plans of the 5 MW DONES facility 

Ivan Podadera, CIEMAT, Madrid, Spain 

DONES facility is a future facility, based on the IFMIF design, which is being designed by 
EUROFUSION since 2015. Its main goal is to provide a high flux of fusion-like neutrons to create 
a materials properties database for future fusion reactors, like DEMO. The main differences 
between DONES and IFMIF designs are the use of one single accelerator, instead of two, and 
several other updates in the design to reduce the cost and the technical risk.  

The DONES accelerator is based on an ion source and LEBT, a 10 m RFQ, a 2 m MEBT with two 
re-buncher cavities and five magnets, a superconducting LINAC based on five cryomodules 
(two equipped with low-beta cavities and the three last ones with high-beta cavities), and a 
HEBT equipped with multipole magnets to shape the beam for a rectangular footprint in the 
lithium screen.  

The commissioning procedure is based on the optimisation of the project schedule and 
machine protection. Moreover, the commissioning of the prototype IFMIF accelerator, LIPAC 
is one of the main assets for the definition of the DONES commissioning. The one of DONES is 
made of four main stages. During the first one, the ion source and LEBT will be commissioned 
up to CW, during the second one the RFQ and MEBT will be commissioned up to 10% DC and 
nominal current, while in parallel the last four cryomodules will be installed to start the 
hardware commissioning. The third stage will consist of the beam commission of the complete 
cryomodule in pulsed mode, using the beam dump line for beam characterisation. The fourth 
and last stage is the transport of the beam down to the target, first in low duty cycle and 
ramping up to CW.  

Conventional beam instrumentation is installed in the main beamline to ensure the high 
availability and protection of the machine. However, some R&D is still required for the 
diagnostics in some areas: micro beam losses in the SRF, beam losses along the accelerator, 
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as well as transverse beam profile monitoring in the SRF LINAC, multipoles region and target 
footprint.  

Along the SRF LINAC it is a real challenge to monitor the transverse profile in the cryomodules 
or in the warm sections. Space has been reserved for a multi-wire grid in the warm sections, 
and a preliminary design exists, although the simulations show only beams up to 25 mA / 50 
us could be accepted by a tungsten wire (20 um diameter), due to the small beam sizes.  

In the target footprint, an assessment of the sources of light and the light yield was given. The 
results show that OTR is the best theoretical candidate since it avoids the profile distortion 
caused by the fluorescence of argon. An experimental campaign is being planned to verify the 
simulations. Finally, an RF pickup is being evaluated as a possible alternative for the protection 
of the target during operation. 

 

MYRRHA RFQ commissioning  

Angélique Gatera, SCK CEN MYRRHA, Mol, Belgium  

The MYRRHA project at SCK CEN is an ADS composed of a sub-critical nuclear reactor driven 
by a 2.4 MW linear proton accelerator (600 MeV, 4 mA CW beam) as the final stage. The 
accelerator is being designed to achieve unprecedented reliability and availability, explaining 
the phased approach in its installation. The first phase currently ongoing until 2026 aims at 
demonstrating the fault compensation strategy for the 600 MeV linac on a 100 MeV linac test 
installation. This MYRRHA phase 1 accelerator, also referred to as MINERVA, will deliver a 100 
MeV, 4 mA CW proton beam. The reliability requirement implies that the Mean Time Between 
Failures (MTBF) of the beam delivery must be > 250 h. The accelerated beam will be sent to a 
PTF (Proton Target Facility) for various applications including ISOL, fusion research and isotope 
production. 

The front-end of the Linac’s injector is composed of an ECR proton source, a 2m long LEBT 
(low energy beam transport line) and a four rods RFQ accelerating the beam to 1.5 MeV. 
During the LEBT beam commissioning, transverse emittance measurements were performed 
with Allison scanners, analysing the beam quality injected into the RFQ and evaluating the 
Space Charge Compensation (SCC) effects on the beam. The source RF amplifier was upgraded 
to achieve a clean and stable beam current. 

The commissioning of the RF system lasted about 2 years, spanning from individual tests on 
RFQ, SSA and LLRF to the operation of the full RF system with long run tests. After that, beam 
tests have been performed, with a comprehensive assessment of the beam transmission 
through the four rods RFQ. All the measured performances are according to expectations. The 
transmission at nominal power (110 kW, 44 kV) is 95%, being up to 98% for 125 kW (48 kV). It 
has been observed that RFQ transmission is not affected by space charge compensation with 
Argon injection in the LEBT. No problems have been found when pushing the duty cycle to 
CW. 

The accelerated beam characterization, both in transverse and longitudinal planes, is expected 
in the coming months. The use of a dipole spectrometer will provide beam energy and energy 
spread measurements. The beam position will be measured by BPMs and a slit-grid emittance 
meter will reconstruct both transverse emittances. For the bunch shape reconstruction, a so-
called Feschenko monitor, currently under procurement, will be used. 
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Session 9: Specific techniques for accelerator commissioning (chair: Victor 
Scarpine - Fermilab) 
 
LINAC4 beyond classical control: experience form first tests of Machine Learning 
techniques applied to L4 modelling  

Verena Kain, CERN, Geneva, Switzerland  

Numerical optimization and/or reinforcement learning are promising alternatives for efficient 
and flexible operation in case accelerator models are not available online, the models are 
incomplete or cannot be used for correction due to lack of instrumentation or the model not 
being invertible.  

At CERN a generic optimization framework is being developed based on open source python 
libraries. Interface classes for various optimization problem types are provided together with 
a plug&play GUI for the control room. The most frequently used algorithms are COBYLA and 
BOBYQA. Examples of COBYLA on trajectory steering and chopping efficiency optimization at 
LINAC4 were shown. During CERN long shutdown 2 (LS2), reinforcement learning (RL) 
algorithms were extensively tested at the proton driven plasma wakefield test facility AWAKE 
as well as at LINAC4. Sample efficiency was one of the key criteria for choosing an appropriate 
RL algorithm. The CERN team tested Q-learning, actor-critic methods as well as model-based 
RL with dyna-Q learning. Trajectory steering was chosen as test case due to the high 
dimensionality of observation and actor space as well as the possibility of comparison with 
analytic methods (e.g. SVD). Very good results were achieved with all the algorithms. They are 
opening doors for many applications: training controllers on simulation instead of on the 
machine directly, learning the dynamics through interaction with the machine only and solving 
the control problem with model-predictive control or model-based RL, etc.  

Convinced that these algorithms will play a major role in future control rooms, CERN is 
investing into an ML infrastructure next to the generic optimization framework. It will allow 
to store and retrieve neural networks from within the accelerator control system. Many ML 
applications are in the making for the 2021 start-up of the CERN injector chain. 

 

Beam loss (micromegas) instrumentation for LINAC commissioning  

Laura Segui, CEA/Saclay, Saclay, France 

A new kind of beam loss monitors (nBLM, neutron Beam Loss Monitors) have been developed 
in the last years to enlarge the sensitivity in the low energy regions of hadrons accelerators. 
Developed in collaboration between CEA Saclay and ESS being part of the ESS beam 
instrumentation systems, it has been designed to be sensitive to fast neutrons. Indeed, in the 
low energy regions only neutrons and gammas can escape from the interaction of the hadrons 
with the surrounding materials.  Gammas coming from the RF however, represent an 
irreducible background that can limit the sensitivity to beam losses. The detectors proposed, 
based on the use of gaseous amplification structures called Micromegas, have a very good 
rejection capability between the signal produced by the neutrons and those from gammas.  

The detection of the neutrons is performed in several steps: Firstly, charged particles are 
generated by nuclear reactions, Secondly, these charged particles will then ionize the gas in 
the detector, thirdly, gas ions and electrons will drift towards electrodes by an applied electric 
field, and, fourthly, then amplified by a second stage by applying a much stronger field. The 
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detector is capable to detect event by event to increase the sensitivity to small beam losses, 
having a current amplifier on board of the detector directly. Moreover, the system can also 
operate in current mode to avoid saturation effects. Two complementary modules have been 
designed, on which the only differences are the neutron-to-charge-particle converter used 
and in one of them we surrounded by polyethylene to moderate the neutrons and 
increase its efficiency. Both modules operate in the same way and with the same electronics, 
being one more adapted to fast losses and the other to the monitoring of small losses and 
activation. 

In this presentation the design of the detectors is shown as well as the discrimination of 
neutrons and gammas. In addition, detectors have been tested at LINAC4 where provoked 
losses were produced to be able to study the response of the nBLMs. The neutron rate 
detected in the nBLM is proportional to the loss level and we also prove the identification of 
gammas coming from the RF and neutrons from the beam. 

 

Bunch shape monitors for hadron LINAC commissioning  

Sergei Gavrilov, INR RAS, Moscow, Russia 

Bunch shape, a longitudinal charge distribution in beam bunches, is one of the most important and 
interesting characteristics of a beam in ion linear accelerators (linacs). In case the accelerator operates 
with harmonic frequencies of the accelerating field for the high energy cavities, the information about 
the bunch shape becomes of special importance due to the changing of the longitudinal acceptance 
and the need of longitudinal beam matching.   

Despite the variety of approaches, the only methods using low energy secondary electrons, emitted 
when the beam passes through a thin target, found practical application. This talk is a short review of 
well-known diagnostic device – Bunch Shape Monitor and based on the manufacturer’s point of view 
and experience. 

The principle of operation, some design features and variety of measurement results at different linac 
all over the world since 1988 up to the moment are described. Recent improvements (RF deflector 
with symmetric fields, magnetic shield and correctors) enable to achieve about 0.5° phase resolution 
for hundreds of MHz, which corresponds to 4 ps time resolution, however there are also new 
challenges such as further phase resolution improvement and non-interceptive measurements, which 
could make the monitor suitable for any existing and forthcoming linacs. The technology used for the 
Bunch Shape Monitor is now developed to such a stage, that the time spread related to the secondary 
electron emission (in the order of few ps) might now be the fundamental resolution limit.  

 

Session 10: Company contributions to LINACs (chair: Peter Forck - GSI) 
 
Experiences as a contractor for Linac design and production during on-site beam 
commissioning  

Ulrich Ratzinger, University Frankfurt and Bevatech, Frankfurt, Germany 

The participation of Bevatech in linac commissioning was reported in detail in case of the new HILAC 
for the NICA - project, at JINR Dubna, Russia. Results obtained during commissioning of the high charge 
state ion linac were discussed. The advantages and disadvantages of extra drift space in linacs for 
permanently installed beam diagnostic tools were discussed, and compromises were addressed. The 
success of close cooperation between Lab and company staff members during commissioning was 
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pointed out. Generally, industrial partners can overtake the design and production of accelerator parts 
of known technology, while academic institutes can concentrate on R&D projects related to novel 
ideas.    

The Bevatech GmbH, Frankfurt, hosted in the Frankfurt Innovation Centre, is specialised on ion linac 
accelerator cavities, diagnostics and controls. They are ready to support laboratories during design and 
up to the commissioning process at variable levels of cooperation – up to an overtake of full 
responsibility and project management for the whole linac. 

 

LINAC production and commissioning from a company’s perspective  

Alexander Bechthold, NTG, Gelnhausen, Germany  

NTG provides design, manufacture and commissioning of rf-cavities from a single source. Three major 
projects in the field are presented with particular focus on high power CW-RFQ cavities following a 
new 4-rod design with dipole compensation. The presentation demonstrates the interaction of 
different projects, how special techniques and methods emerge from similar tasks for different 
applications and finally apply to a variety of projects. Examples for produced cavities are depicted 
together with their mechanical and electrical quality assessment.  

This mechanism is the driving force leading a medium-sized company into a specialised niche with 
complementary skills. In contrast, suppliers find themselves increasingly confronted with tenders 
packed with detailed specifications on engineering procedures to be followed on which they have no 
influence. The collaboration during the design phase already, to participate in the engineering process 
and the work planning, would help keep the diversity of specialised companies alive. 

 
 
 


