




Preface 
The 14th International Conference on Heavy Ion Accelerator Technology, 
HIAT’18, took place at Institute of Modern Physics (IMP) of the Chinese Acad-
emy of Sciences, China, from Sunday to Friday, 21st to 26th Oct., 2018. 
 
HIAT conference provides a platform for scientists, engineers, students and in-
dustrial partners to present and discuss the latest developments of heavy ion 
accelerator. Over 100 delegates and 20 industry exhibits present at this confer-
ence. Following the tradition of the HIAT conference series, scientific program 
consists of invited and contributed oral sessions, poster sessions and discussion 
sessions.  
 
IMP was founded in Lanzhou in l957. As a national laboratory, IMP operates one 
major national research facility - the Heavy Ion Research Facility at Lanzhou 
(HIRFL). A series of remarkable results have been obtained at HIRFL. After a half 
century of development, IMP has become the most important research center 
for heavy ion sciences in China. Based on the developments and experience 
with heavy ion beam accelerators, IMP also takes charge of several new na-
tional projects: HIAF, CiADS. We have established active and fruitful collabora-
tion with more than 40 universities and institutions in the worldwide.  
 
We thanks for your participation. We are also deeply grateful to our Exhibitors 
and Sponsor companies for their financial support. 
 
Sincerely, 

 

 
Yuan He 

Co-chair, HIAT2018 
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NUCLEAR PHYSICS RESEARCH AT HEAVY ION ACCELERATORS:
PRECISION STUDIES WITH STORED AND COOLED EXOTIC NUCLEI

Yuri A. Litvinov∗ and Thomas Stöhlker1,2

GSI Helmholtzzentrum für Schwerionenforschung, 64291 Darmstadt, Germany
1also at Helmholtz-Institut Jena, 07743 Jena, Germany
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Xin Wen Ma and Yu Hu Zhang

Key Laboratory of High Precision Nuclear Spectroscopy and Center for Nuclear Matter Science,
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, People’s Republic of China

Takayuki Yamaguchi
Department of Physics, Saitama University, Saitama University, Saitama 338-8570, Japan

Abstract
This contribution is based on the plenary presentation at

the 14th International Conference on Heavy Ion Accelerator
Technology (HIAT-2018) in Lanzhou, China.

Heavy-ion storage rings offer unparalleled opportunities
for precision experiments in realm of nuclear structure,
atomic- and astrophysics. A brief somewhat biased review
of the presently ongoing research programs is given as well
as the future projects are outlined. The limited space does
not allow for detailed description of individual experiments,
which shall – to some extent – be compensated by extended
bibliography.

INTRODUCTION
Atomic nuclei are many-body systems which are com-

posed of two types of quantum mechanical particles protons
and neutrons. The strong, weak and electromagnetic funda-
mental interactions are in play in the nuclei, which makes
them extremely complex systems to describe. However, the
nuclei are “natural laboratories” themselves, by studying
which one learns about underlaying fundamental interac-
tions. The latter determine our world to be as it is and are
thus the very reason for us to study them as good as we can.

Nuclear physics is more than 100 years old and is still
one of the rapidly developing fields of research. This de-
velopment is made possible by the progress in accelerator
concepts and detector technologies, as were discussed e.g.
at this conference. Today, scientists have created in labora-
tory about 3000 nuclides [1]. However, about 7000 nuclides
are expected to exist with majority of yet unknown nuclei
belonging to neutron-rich systems [2]. The path of the rapid-
neutron capture process of element synthesis in cosmos is
expected to be in this region [3–5]. There, the nuclear struc-
ture at large proton to neutron asymmetries is expected to
change dramatically [

7

]. For instance, the nuclear shells in
light neutron-rich nuclei are at different neutron numbers
than the magic numbers established at stability [

6

, 8].
New-generation accelerator facilities aim at reaching fur-

ther into the unknown nuclear territory. However, the yet

∗ y.litvinov@gsi.de

unknown nuclei have extremely small production cross sec-
tions and short lifetimes [9]. Sophisticated experimental
techniques are needed to be able to produce and handle
them, especially if their precision studies are aimed for. Here,
heavy-ion storage rings coupled to radioactive ion beam fa-
cilities offer unique capabilities [10].

EXISTING HEAVY-ION STORAGE RINGS
If focusing on the radioactive-ion beam facilities, there

are presently three operational heavy-ion storage rings [11].
These are the Experimental Storage Ring (ESR) at GSI [12],
the experimental Cooler-Storage Ring (CSRe) at IMP [13],
and the Rare RI Ring (R3) Facility at RIKEN [14].

Historically the first, the ESR at GSI is in operation with
radioactive beams since 1992 [15, 16]. There, the exotic
nuclei are produced at the Fragment Separator FRS [17]
through fragmentation or in-flight fission of primary beams
accelerated by the heavy-ion synchrotron SIS. The exotic
nuclei are produced at high energies such that they emerge
the production target as highly charged ions (HCI) [18–21].
The FRS can either be used as a pure magnetic rigidity
(Bρ) analyser efficiently transmitting all produced nuclides
within its Bρ acceptance or, if a specially shaped degrader
is employed, a pure mono-isotopic beam can be prepared
by means of Bρ − ∆E − Bρ separation method, where ∆E
stands for the energy loss in the degrader material. Also a
direct, bypassing the FRS, injection into the ESR of primary
and intense secondary beams is possible [22].

The ESR is a versatile machine offering numerous and
flexible beam manipulation options. The ESR can store ions
in a broad range of energies from about 3 A MeV to about
420 A MeV, corresponding to the maximum Bρ(ESR) =
10 Tm. The average rest gas pressure of the ring is about
10−10 − 10−11 mbar. Such ultra-high vacuum environment
sets strict constraints on experimental equipment that can be
brought inside the vacuum.

Indispensable for experiments is the ability of cooling
the secondary beams. The latter is especially important for
radioactive beams which inevitably have a large momen-
tum spread due to nuclear reaction process. Electron [23]
and stochastic [24] cooling systems are routinely available.
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Whereas the former cooling method is operational in the
entire energy range of the ESR, the latter is fixed to a spe-
cific ion velocities of 400 A MeV. First laser cooling experi-
ments were successfully performed [25–27]. Although the
combination of stochastic pre-cooling and electron cooling
has proven that hot ion beam can be cooled within about
a second, this time is much too long for short-living rare
ions [28, 29]. In the latter case, the isochronous ion-optical
mode allows for (in first order) compensation of different
particle momenta by orbit lengths in the ring [30]. This
mode operates at the transition energy of the ring, γt .

A special attention is given to the ability to efficiently
decelerate stored beams to low-energies. At present, the
slowing down from the maximum to the lowest energy takes
about a minute which limits the range of exotic nuclides that
can be decelerated. A dedicated low-energy storage ring
CRYRING has been installed behind the ESR [31]. It is
being commissioned now. First experiments are planned for
2019. Worth noting is the HITRAP setup aiming at further
slowing down and then trapping in a Penning trap HCIs
extracted from the ESR [32,33].

The CSRe at IMP was taken into operation in 2007 [34,35].
Secondary radioactive beams are produced by projectile frag-
mentation of primary beams accelerated by the synchrotron
CSRm. They are analysed by the fragment separator RI-
BLL2 and injected into CSRe. Highly charged stable ions are
produced in the same way with the only difference that thick
production targets can be replaced by thin stripper foils. The
CSRe is routinely operated in isochronous mode. Electron
and stochastic cooling systems have been taken operation.
Also the laser cooling of stored ions was demonstrated [36].
There are plans for establishing beam deceleration.

At RIKEN, the R3 ring is coupled to the presently most
powerful radioactive ion beam facility, BigRIPS. The main
accelerator at RIKEN is a superconducting cyclotron which
is dramatically different from the facilities at GSI and IMP.
Different to pulsed synchrotron beams, the cyclotron pro-
vides quasi-DC beam. Therefore a specific, single-particle
injection scheme has been developed [37, 38]. Magnetic
rigidities and energy deposition in special detectors along
the BigRIPS provide particle identification (PID) for each
secondary ion. A trigger signal can be send from the middle-
focal plane of BigRIPS to the R3 injection kicker which
arrives earlier than the particle itself. If the PID satisfies the
set conditions, the injection kicker is armed and the corre-
sponding particle is injected. The speciality of the ring is
that it consists of dipole magnets only. Such lattice is very
well-suited for isochronous ion-optical operation mode. The
very first experiments at R3 have been successfully accom-
plished just during the time of the writing of this work [39].

EXPERIMENTAL INSTALLATIONS

Precision experiments require versatile experimental in-
stallations. They undergo steady development to meet the
increasing requirements of experiments. Some examples are

listed below. The availability of setups in specific rings is
indicated in the brackets.

• Internal gas-jet target is a supersonic jet of gas
molecules crossing the vacuum pipe of the ring [40–42].
It enables reaction studies of stored beams with a win-
dowless ultra-thin target. The combination of beam
cooling and thin target allows for reaching very high en-
ergy and angular resolution in experiments. There are
ports at several angles with view on the interaction re-
gion offering for optical and/or X-ray detection. (CSRe,
ESR). We note, that at CRYRING a novel sophisticated
detector system for nuclear and atomic reaction studies
with the internal gas-jet is being constructed [43].

• Various detectors can be placed either in special vac-
uum pockets (scintillators, gas-filled multiwire cham-
bers, silicon, diamond, etc.) [44–46] or directly into
vacuum. (CSRe, ESR, CRYRING, R3)

• Laser beams can be merged with the stored ion beams
along straight sections of the ring in both – co- and
counter-propagating – directions [47]. (CSRe, ESR,
CRYRING)

• Time-of-flight (ToF) detector is equipped with an ex-
tremely thin, a few µg/cm2, carbon foil [48–51]. Sec-
ondary electrons emitted from the foil due to passing
ions provide accurate timing signals which are used
to determine particle revolution frequencies. (CSRe,
ESR, R3)

• Schottky detectors are non-destructive monitors which
are able to provide information on the frequencies and
intensities of all particles stored in the ring [30]. The
sensitivity of these detectors has been continuously im-
proved over the last decade [52–56]. Present Schottky
detectors allow for measurement of frequencies of sin-
gle stored particles within merely a few ten ms. The
dynamic range of Schottky detectors is such that single
particles as well as beams with mA-intensities can be
measured simultaneously. (CSRe, ESR, R3)

PRECISION EXPERIMENTS
Some examples of ongoing research are given below [57].

• Heavy-ion storage rings offer the possibility to store
HCIs in a specific high atomic charge state for an ex-
tended period of time. This capability enables mea-
surements of weak decays of HCIs [58–61]. Numerous
experiments have been performed at the ESR and since
recently also at the CSRe for investigations of contin-
uum β-decay [62–65]. Of special interest are the two-
body beta decays. These are the orbital electron cap-
ture (EC) [66] and bound-state β−-decay (β−

b
) [67, 68].

Concerning the studies of EC decays the reader is re-
ferred to Refs. [69–84]. The bound-state β−-decay was
experimentally discovered in the ESR [85]. So far β−

b
-

decay of fully-ionised 163Dy66+, 187Re75+, 205Hg80+
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and 206,207Tl81+ have been measured [85–90]. The next
goal is the measurement of the β−

b
-decay of 205Tl81+

[91], which is needed for Solar neutrino and s-process
physics [92–96]. The corresponding experimental pro-
posal is approved at GSI.

• Storage-ring mass spectrometry [30] is a very success-
ful approach for measuring nuclear masses of short-
lived nuclides. There are two approaches to perform
such measurements. The Schottky mass spectrometry
(SMS) is based on the electron cooling of the parti-
cles and Schottky detectors providing their revolution
frequencies. Several hundred masses were obtained
with this method [97–110]. The second method, the
isochronous mass spectrometry (IMS), is based on the
isochronous ion-optical setting of the ring. The cooling
is then not required and the masses of nuclides with
half-lives as short as a few ten µs can be addressed.
TOF detectors are typically used for fast determination
of revolution times. At CSRe the system of double TOF
detectors allows in addition for an in-ring velocity mea-
surement of each ion [111–115]. The IMS is pursued at
all three storage ring facilities [11] and many highlight
results have been achieved [116–137]. Both techniques
are broad-band [138] and allow for addressing masses
of many nuclei simultaneously. With the development
of very sensitive and fast Schottky detectors, they are
being considered in the IMS [65].

• The high resolving power of storage ring mass spec-
trometry and especially the sensitivity to single ions
allow for the search of very rarely produced long-lived
isomeric states. Due to long half-lives and tiny pro-
duction rates such states are very difficult to address
with conventional gamma spectroscopy [139,140]. Sev-
eral isomeric states were discovered in the past exper-
iment as well as their decay properties as HCIs were
studied [62, 141–151]. The region of interest of the
future investigations are the neutron-rich nuclei around
188Hf where isomers with exceptional properties are
predicted to exist. Also proposed is the search for the
exotic bound electron-positron decay [152].

• Light-ion induced direct reactions, like elastic and in-
elastic scattering, transfer, charge-exchange, or knock-
out reactions, are powerful tools for obtaining nuclear
structure information [153–156]. Owing to the thin
windowless targets and the beam cooling, high reso-
lution measurements, even for very slow target-like
recoil particles, can be achieved. Scattering of 56Ni
beam on the H2 has been studied in the ESR proving
the feasibility of such experiments [157–161]. Also
the 20Ne(p, d)19Ne∗ reaction was investigated at the
ESR [162] which is the first step towards the measure-
ment of the α-decay width of the 4.033 MeV state in
19Ne. The latter is needed to conclude on the rate of
the 15O(α, γ)19Ne reaction in X-ray bursts. One shall

emphasise the complex detection systems developed
for such reaction studies [163].

• Storage rings offer the possibility to address capture re-
actions on unstable ion beams. The proof-of-principle
experiments addressing proton capture reactions rele-
vant for the astrophysical p-process were performed in
the ESR with decelerated 96Ru [164, 165] and 124Xe
[166] beams. For these studies double-sided silicon
strip detectors (DSSSD) were brought directly into
the vacuum of the ring. In the future also (α, γ) and
(p, n) reactions will be addressed. Still, the major
goal is to perform these reaction studies on radioac-
tive beams [167].

• The well-known in atomic physics dielectronic recom-
bination (DR) process can be employed to measure
isotope shifts (IS) and hyperfine splittings of radioiso-
topes as well as lifetimes of long-lived nuclear iso-
meric states [168, 169]. The highlights are the mea-
sured in the ESR DR resonances on exotic 237U89+ and
234Pa88+ [22, 170]. The latter isotope is a striking case
since it has a low-energy isomeric level at 73.92+x keV
with a half-life of 1.17 min. The signatures of both, the
isomeric and ground, states could be seen. One of the
future goals is to address 229Th which has the isomeric
state with lowest known excitation energy. If successful,
this can pave the way to the separation of the isomer
for further fundamental research studies. This goal is
pursued at the CSRe and the ESR.

Apart from nuclear physics experiments, examples of which
are given above, there is a broad range of experiments in
realm of atomic physics, astrophysics as well as fundamental
symmetries. For some examples of recent experimental
results the reader is referred to Refs. [171–186].

FUTURE FAIR AND HIAF FACILITIES
The great success and the variety of the running research

programs at the existing facilities is the motivation that
heavy-ion storage rings are a central part of the future new-
generation radioactive-ion beam facilities FAIR in Germany
[187] and HIAF in China [188].

At FAIR, the present scope of the GSI storage rings will
be extended by the collector ring CR and the high-energy
storage ring HESR [189]. The CR is a dedicated machine
for isochronous mass spectrometry [190–192]. Here the
double-TOF system and a system of Schottky detectors shall
enable direct mass and lifetime measurements of short-lived
nuclides [193,194]. The HESR will be used for accumula-
tion and half-life measurement of long-lived radionuclides
in high atomic charge states [193]. Furthermore, the HESR
will offer cooled beams of HCIs accelerated to the maxi-
mal Bρ = 50 Tm [195], which is a new energy regime for
precision experiments in atomic physics [196–202]. These
experiments are being prepared by the SPARC [203] and
ILIMA [193] collaborations.
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At HIAF, a novel concept of two storage rings coupled
together for reaction studies of two co-propagating beams
has been proposed [204]. The interest in the latter are the
fundamental studies of critical and supercritical electromag-
netic fields. Furthermore, each of the two storage rings can
be run independently. Mass and lifetime measurements of
short-lived nuclei are among the main physics cases.

LOW-ENERGIES
Experiments with stored HCIs at low energies have un-

doubtedly huge discovery potential. For instance, capture
reactions can be addressed directly in the Gamow window
of the corresponding astrophysical process [31, 167, 205].
Also for studying nuclear direct reactions, induced fission,
etc. the ideal energy range is around 10 A MeV [206,207].
Furthermore, low energies open possibilities for the search
and detailed investigations of exotic decay modes [

210

], like
for instance nuclear excitation by electron capture/transition
(NEEC/T) [

208

,209 ] and many more. Coupling of a storage
ring with a source of slow neutrons is probably the only
realistic approach for direct measuring of neutron-indiced
reactions [211–214]. Needless to say that high precision
atomic physics experiments profit from low Doppler shifts.
This rich physics program is the reason for installing the
CRYRING at GSI. Unfortunately the slow deceleration pro-
cess does not allow for experiments with nuclides living
shorter than about a minute. Therefore, to enable these ex-
periments there are several low-energy storage ring project
that are initiated worldwide:

• A very detail concept for a storage ring at ISOLDE has
been prepared [205]. A dedicated design of the ring
fitting into the limited available space is ongoing [215].

• The new storage ring complex DERICA to be con-
structed at JINR in Russia has been proposed [216].
A low-energy storage ring is one of the central facili-
ties [217].

• There is a proposal to transfer a low-energy storage
ring TSR from Heidelberg to IMP in Lanzhou and to
couple it to the existing CSRm facility. If realised this
project could be the first in time and thus in the forefront
of this research field. Furthermore, it would facilitate
the optimisation of future low-energy facilities like for
instance envisioned at HIAF.

CONCLUSION
In this contribution we provided a concise review of the

experimental programs at the heavy-ion storage rings. The
potential of the running research is still extremely large
and it will enormously be extended by the future facilities.
Whereas the higher energy regime will be covered at FAIR
and to some extend also at HIAF, the present quest is to
approach stored and cooled beams of short-lived nuclides
at low-energies. Here, an exciting multidisciplinary physics
program has been worked in details and awaits its realisation.
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Abstract 
The Facility for Rare Isotope Beams (FRIB) Project has 

entered the phase of beam commissioning starting from the 
room-temperature front end and the superconducting linac 
segment of first three cryomodules. With the newly 
commissioned helium refrigeration system supplying 4.5 K 
liquid helium to the quarter-wave resonators and solenoids, 
the FRIB accelerator team achieved the sectional key 
performance parameters as designed ahead of schedule. We 
also validated machine protection and personnel protection 
systems that will be crucial to the next phase of 
commissioning. FRIB is on track towards a national user 
facility at the power frontier with a beam power two orders 
of magnitude higher than operating heavy-ion facilities. 
This paper summarizes the status of accelerator design, 
technology development, construction, commissioning, as 
well as path to operations and upgrades.  

INTRODUCTION 
The FRIB project started technical construction at the 

Michigan State University in August 2014 [1]. Three years 
later, the project entered the stage of phased 
commissioning with the heavy ion beams (Ar and Kr) 
following the completion of the room temperature part of 
the front end, as shown in Fig. 1 and Table 1. In this paper, 
we present the main results of the first two stages of beam 
commissioning that have been completed covering nearly 
all major accelerator systems including the electron 
cyclotron resonance (ECR) ion source, the Radio-
frequency quadrupole (RFQ), the cryomodules of β=0.041 
quarter-wave resonators, the liquid helium refrigeration 
plant operating at 4 K temperature, and supporting systems 
including RF, power supply, diagnostics, vacuum, 

hardware and high level controls, machine protection, 
personnel protection, physics applications and integration.  

 
Figure 1: FRIB driver linac viewed from the lower LEBT 
towards the superconducting linac in the accelerator tunnel 
at the beginning of beam commissioning in 2017.  

Table 1: Stages of Accelerator Readiness (ARR) for the 
Phased Beam Commissioning of the FRIB Accelerator  

Phase Area with beam Date 
ARR1 Front end 2017-7 
ARR2 Plus β=0.041 cryomodules 2018-5 
ARR3 Plus β=0.085 cryomodules 2019-2 
 Plus lithium charge stripper 2020-7 
ARR4/5 Plus β=0.29, 0.53 cryomodules 2020-12 
ARR6 Plus target and beam dump 2021-9 

Subsequently, we discuss resolutions to some leading 
technical issues including low-sensitivity loss detection 
and machine protection, charge stripping with liquid metal, 
and microphonics suppression. We continue with status 
reports on infrastructure build-up of the MSU cryogenics 
initiative and the superconducting RF (SRF) Highbay. We 
conclude with challenges in the beam power ramp up and 
the path forward of beam energy upgrade.  

 ___________________________________________  

* Work supported by the U.S. Department of Energy Office of Science 
under Cooperative Agreement DE-SC0000661 and the National 
Science Foundation under Cooperative Agreement PHY-1102511. 
† wei@frib.msu.edu  
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PHASED COMMISSIONING 
Front End Beam Commissioning 

The main purpose of Front End (ARR1) commissioning 
was to integrate room-temperature accelerator systems 
together with the newly built civil infrastructure including 
electricity and water. For simplicity, we avoided 
cryogenics and focused on establishing needed processes 
for a newly constructed accelerator facility. Emphases were 
on hazard mitigation for personnel safety (electrical hazard 
from the high voltage platform and radiation hazard from 
the source plasma) and conduct of operations. 

The ARR1 commissioning goals were promptly 
achieved with both Ar and Kr beams produced from the ion 
source, transported through the low energy beam transport 
(LEBT) with pre-bunching, and accelerated by the RFQ to 
beam energy of 0.5 MeV/u with full design transmission 
efficiency of about 85% [2] (Fig. 2).  

 

 

 
Figure 2: Front End (ARR1) beam commissioning in 2017. 

First Three Cryomodule Beam Commissioning 
The main purpose of ARR2 commissioning was to 

perform integrated tests of nearly all accelerator systems 
with emphasis on cryogenics and cryomodules. Figure 3 
shows the beamline layout extending from the ion source 
at the surface to the linac tunnel underground including 
three β=0.041 cryomodules and a temporary diagnostics 
station. After establishing the oxygen deficiency hazard 
control system [3], we first started the commissioning of 
the FRIB cryoplant at 4 K temperature (Fig. 4), followed 
by the commissioning of the cryo-distribution and the cool 
down of the cryomodules [4]. The tunnel access control 
system is activated for radiation hazard mitigation before 
we proceed with RF conditioning of the SRF cavities. As 
cryomodules have been 100% tested at multiple stages 
(cavity/couple/solenoid individual tests and cryomodule 
bunker tests), the conditioning in tunnel proceeded rapidly.  

 
Figure 3: Scope of ARR2 beam commissioning in 2018 
including the front end and the first three cryomodules. 
 

 

 
Figure 4: Commissioning of the FRIB cryoplant at 4 K. 
 

The ARR2 commissioning goals were again promptly 
achieved with both Ar and Kr beams from the Front End 
accelerated by the three cryomodules to beam energies 
above 2 MeV/u with 100% transmission efficiency (Fig. 5). 
The beam duty factor was gradually increased to 30% 
limited by the temporary beam dumping Faraday cup. The 
Ar9+ beam power of 66 W at 1.5 MeV/u would correspond 
to about 38 kW of power on the target had the beam been 
accelerated to the full energy of 285 MeV/u at 100% duty 
cycle. An unexplained observation was the neutron signal 
detected at unexpected low energy of 1.8 MeV/u [5].   
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Figure 5: ARR2 beam commissioning in 2018 including 
both the front end and the first three cryomodules. 

Forthcoming Beam Commissioning 
ARR3 aims at accelerating the beams to ~ 20 MeV/u 

energy passing the charge stripper. All 15 cryomodules 
needed for ARR3 have been installed and being cooled 
down to 4 K temperature (Fig. 6). Subsequently, the carbon 
charge stripper installed for commissioning is planned to 
be replaced by the liquid lithium stripper. A warm up period 
of about 8 months is planned in-between facilitating 
installation, system reconfiguration and improvements. 

ARR4/5 aims at further acceleration above 200 MeV/u 
meeting the facility requirements with SRF cavities 
operating at 2 K temperature. ARR6 integrates the driver 
linac accelerator with the target and beam dump of the 
experimental systems.  

 
Figure 6: Cryomodules installed for ARR3 commissioning.  

TECHNICAL ISSUE RESOLUTION 
Major technical issues have been the focus of R&D since 

project start. These issues are being resolved and 
demonstrated during the staged beam commissioning. 

Machine Protection and Low-sensitivity Beam 
Loss Detection 

The issue of poor detection sensitivity of low energy 
heavy ions and the consequent challenges in machine 
protection is addressed by multi-layer, multi-time scale 
machine protection system designs [6]. The initially 

installed beam attenuator for machine protection was 
removed after the beam chopper was validated and 
monitored limiting the beam duty cycle before the interim 
beam dump. The fast machine protection based on the 
differential beam current signal was demonstrated 
mitigating the stray beam within the required 35 μs time 
duration (Fig. 7). In addition, the halo monitor rings 
installed between the cryomodules were highly sensitive to 
both ion and electron signals at nA level (Fig. 8). The fast 
thermometry sensors installed inside the cryomodule 
detected beam loss induced heating at 0.1 K level.  

 
Figure 7: Demonstration of fast machine protection with 
the differential current monitor signal. 

 
Figure 8: Halo monitor rings installed in the warm section 
between the cryomodules. 

High-power Charge Stripping 
Development of liquid lithium charge stripper capable of 

withstanding high beam power of heavy ions proceeded 
with demonstration of continuous lithium circulation with 
the electromagnetic pump. Lithium film was established 
inside the primary chamber housed inside the secondary 
vessel [7] (Fig. 9). Credited controls are implemented to 
ensure configuration management and conduct of 
operations.  
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Figure 9: Liquid lithium charge stripper module (bottom) 
and the established lithium film (top). 

Microphonics Suppression 
Microphonics is known to compromise the performance 

of SRF resonators. The situation is more challenging for 
FRIB as the cryoplant containing noisy compressors is 
located in the same building of the FRIB accelerator (Fig. 
10). Precautions in compressor design & installation is key 
to microphonics mitigation. Design of the innovative 
“bottom-up” cryomodule carefully incorporated 
microphonics suppressing considerations including top 
suspended cryogenic headers for vibration isolation [8 – 
10]. Effectiveness of microphonics mitigation is monitored 
by tunnel measurement of vibrational spectrum (Fig. 10). 
SRF cavity locking issues that occurred at initial cool down 
were promptly resolved by iteration on valve controls logic 
and by provisions for liquid helium supply from a 10,000 
liter Dewar. 

INFRASTRUCTURE GROWTH 
Michigan State University has heavily invested in the 

infrastructure necessary for FRIB development and for 
future research including funding of the cryogenics 
initiative, establishing the SRF Highbay for SRF resonator 
processing and certification at mass production capacity, 
and recruitment of subject matter experts from over the 
world covering all disciplines of accelerator physics and 
engineering needed for the development of high-power 
hadron accelerators. 

 

 

 
Figure 10: Cryoplant compressors located in the FRIB 
building (bottom) and the measured tunnel vibration (top). 

The MSU Cryogenics Initiative 
The MSU cryogenics initiative directed by R. 

Ganni aims at building up the national cryogenic 
knowledge base through education and training of 
cryogenic physicists and engineers, pursuing 
advanced cryogenic process design and state-of-the-
art technology development, and supporting large-
scale cryogenic systems associated with major 
accelerator facilities. Both regular university courses 
and condensed US Particle Accelerator School 
courses are offered along with traineeship programs. 
The initiative’s primary R&D areas are main 
compressor efficiency improvements, low level 
impurity removal, and small 2 K system for 
laboratory use (Fig. 11) [11].  

SRF Highbay & Cryogenics Assembly Building 
To meet the FRIB project schedule, MSU has built up 

the capacity of mass production and certification of > 1 
cryomodules per month. The 2500 m2 “SRF Highbay” 
houses areas for material inspection, cavity mechanical 
coordinate measurements, vacuum furnace degassing, 
chemical etching, high-pressure water rinsing, SRF coupler 
conditioning, cold mass assembly, and cryomodule testing 
(Figs. 12). This facility, together with the cryomodule 
assembly area and the machine shop, supports the 
production throughput of testing five cavities per week and 
one cryomodule per month [12]. In addition to the buffered 
chemical polishing (BCP) used for FRIB cavities, the 
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electro-polishing (EP) facility is being established to 
support FRIB upgrade. Furthermore, a new 1440 m2 
cryogenic assembly building is under constructed to house 
future cryomodule and superconducting magnet 
developments and production.  

 
Figure 11: The MSU cryogenics initiative programs. 

 

 
Figure 12: The SRF Highbay (top) and the cryomodule 
assembly area (bottom) housing six parallel assembly lines 
delivering more than one cryomodule per month. 

POWER RAMP UP & UPGRADE 
FRIB expects to ramp up beam power to 400 kW in 

about four years after the completion of the construction 
project (Fig. 13), which is about two order-of-magnitudes 
higher than any existing heavy ion accelerator in the power 
frontier [13]. Challenges include establishing the 28 GHz 
superconducting ECR ion source, the liquid lithium charge 
stripper, and the high-power charge selector, facilitating 

beam halo cleaning and collimation, and improving the 
reliability and availability of the facility.  

 
Figure 13: Evolution of hadron accelerator beam power. 

 
The first step of FRIB upgrade is to double the driver 

linac output energy from the baseline to above 400 MeV/u. 
Space reserved in the FRIB tunnel will be filled with 
additional 11 cryomodules of β=0.65 elliptical cavities. 
Prototype cavities are being fabricated by the industrial 
vendors. In house BCP processing and certification results 
(Fig, 14) are to be benchmarked with those from Argonne 
using EP processing. The cryogenic distribution is 
configured so that the prototype cryomodule for FRIB 
upgrade can be readily connected after it is built. The raised 
energy is expected to significantly enhance the rare 
isotopes yield. It will also reduce the stress on the 
production target and the beam dump. 
 

 
Figure 14: SRF cavity for FRIB upgrade being processed 
at MSU and Argonne National Laboratory. 
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Abstract 
     At Legnaro National Laboratories of INFN it is under 
construction a Rare Isotope Facility called "Selective 
Production of Exotic Species" (SPES) based on a 35-70 
MeV proton cyclotron, able to deliver two beams with a 
total current up to 0.75 mA, an ISOL fission target station 
and an existing ALPI superconducting accelerator as a post 
accelerator (up to 10 MeV/u for A/q=7). The paper will 
cover notably: the high-resolution mass separator, the CW 
RFQ (80 MHz, 727 keV/u, with internal bunching), the 1+ 
low energy transfer line and the injection line from Charge 
Breeder to ALPI under installation. 

INTRODUCTION 
SPES, acronym of Selective Production of Exotic 

Species, is a CW radioactive ion beam facility under 
construction at LNL INFN in Italy. It will produce and 
accelerate neutron-rich radioactive ions, to perform 
nuclear physics experiments, which will require beams 
above Coulomb barrier [1]. 

The main functional steps of the facility are shown in 
Fig. 1: the primary beam delivered by the cyclotron, the 
beam from the fission target (as an example, up to 1013 
particle/s of 132Sn), the beam cooler, the separators, the 
charge breeder and the accelerator (the existing ALPI with 
a new RFQ injector). The use of the continuous beam from 
the +1 source, which can use different configuration types 
LIS, PIS, SIS, maximizes the RNB efficiency but need a 
CW post accelerator (RFQ and ALPI). The beam is 
prepared for the post-accelerator stage with a charge 
breeder device. The energy from 20 to 40 kV on the 
transfer lines are determined by the chosen RFQ input 
energy (5.7 keV/u); for this reason, all the devices where 
the beam is approximately stopped (production target, 
charge breeder and RFQ cooler) lay at a voltage 
proportional to the ratio A/q. The charge state range 
(3.5<A/q<7) is bounded by the RFQ field level for the 
upper limit and by the minimum voltage on q=1 transport 
line. 

THE CYCLOTRON AS PRIMARY 
DRIVER FOR SPES AND TARGET 

The proton beam is accelerated by a 35÷70 MeV, 700 
μA commercial cyclotron C70 (Best Cyclotron Systems 

Inc.). It offers simultaneous double extraction from two 
180° apart exit ports, to be used for both fundamental 
nuclear science and medical and material research [2]. 

 

 
Figure 1: functional scheme of the SPES facility. There are 
two main areas: the 1+ line and the n+ line, where 1+ and 
n+ indicates the beam charge state.  

 
C70 is an Azimuthally Varying Field (AVF) compact 

cyclotron with four sectors, with the main magnet 
energized by resistive coils.  

Protons are extracted by H- stripping the electrons in a 
thin graphite foil. Installation and successful 
commissioning were accomplished in 2015-2017, driving 
the beam to a home designed and built beam dump. 

Stability and reliability tests of C70 were conducted: e.g. 
in 5 days long run at 40 MeV, the average beam current 
was 201.18±0.97 μA. Tests were then extended to 70 MeV 
- 500 μA with good stability and repeatability. Dual 
extraction was proven as well.  

The cyclotron will impinge the production target (7 
properly spaced UCx discs, 40 mm diameter, 0,8 mm 
thick), generating about 10^13 fissions/s. RA isotopes 
produced by the 238U fissions are delivered to the 1+ ion  
source where they are ionized and accelerated to  
20÷40 keV. 

The target box must be kept a temperature of 2000÷2200 
°C in vacuum to enhance RA isotope mobility, extraction 
and ionization. This temperature is achieved by combining  
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the 8 kW proton beam and Joule heating. Surface (SIS), 
plasma (PIS) and LASER (LIS) ionization sources will be 
used, aiming at maximum ionization efficiency, since the 
production rate of specific nuclei can be extremely low. 

THE SEPARATION STAGES  
The general layout of the SPES facility is presented in 

Fig. 2. 
The reference beam for the beam dynamics simulations 

is chosen to be the 132Sn, extracted at 40 kV at the end of 
the target extraction system. It has been chosen a q=19 after 
the charge breeder i.e. A/q= 6.9, in such a way to test the 
maximum required electromagnetic fields of the line 
elements of the facility. 

There are three normalized rms emittance regimes: after 
the target, it is chosen to be n,rms=0.007 mm mrad, with an 
equivalent geometric emittance at 99% of geo,99%= 64  mm 
mrad, assuming a gaussian distribution cut at 4 . Then, the 
beam cooler prepares the beam to the high mass resolution 
stage, reducing the emittance down at least by a factor 5 
and the energy spread by a factor 10 at the level of ±1 eV 
rms. After the CB, the emittance for the BD calculation is 
assumed to be n,rms=0.1 mm mrad. As far as the 
longitudinal phase space is concerned, a uniform 
distribution between ±10 eV is considered. After the CB, 
the energy spread is set to 15 eV. The low-resolution 
section (LRMS) is the part of the line between the target 
and the beam cooler. Two mass spectrometers are placed 
between the target and the beam cooler: the Wien Filter and 
a 90° dipole. The overall resolution is of 1/200 in mass, 
enough to separate the isobars from the other isotopes. Two 
similar type of spectrometers, the High-Resolution Mass 
Spectrometer (HRMS) and the Medium Resolution Mass 
Spectrometer (MRMS) are provided for the SPES project. 
Both are composed by two 90° magnet with a multipole 

(up to 12° order pole) between them, placed onto 
platforms.  

The HRMS is a full ions separator used to obtain the ions 
of interest, because it removes isobar ions coming from the 
source and the MRMS is used to clean the nominal beam 
from high intensity contaminants introduced by charge 
breeder [3].  

After the 1/200 isotopes separator, the isobars separation 
is represented by HRMS placed on a -220 kV platform (the 
effect is a reduced divergence and energy spread). This 
separator is constituted by six quadrupole lens, two 
hexapole lens, two dipoles and one multipole lens placed 
in the symmetry plane of the system to fix the curvature 
aberration. The HRMS can separate different isobar with 

MM / =1/20000 and WW / = ±1 eV (this so low 
energy spread is due to the beam cooler) like shown in  
Fig. 3 below. The optics improvement is still ongoing, but 
it shows a fully resolving capability of isobars separated of 
1/20000 in mass. An option to reduce the platform voltage 
for the HRMS down to -120 kV, like the MRMS, is 
ongoing. The code used for the design of HRMS/MRMS is 
TraceWin from CEA [4], and a full benchmark has been 
done, with the same results, by using COSY [5].  

It is important to consider that the HRMS performance 
depend strongly on the beam cooler efficiency [6][7]. After 
the charge breeder, the next spectrometer is the MRMS, 
placed on a -120 kV platform (for the same reasons of the 
HRMS). The goal in resolving power of this spectrometer 
is 1/1000 with the interest beam in A/q fully separated. The 
Table 1 shows the overall capabilities of the two 
spectrometers. After the selection, the beam is sent to the 
CB through a periodic transport line. 

 

 
Figure 2: General SPES layout with main areas. 
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Figure 3: Phase Space (X,X’) at HRMS image point of 
three beams separated of 1/20000 on mass with ± 1eV 
RMS energy spread, with overlapped the results of COSY 
5° order simulation, as red dots. 
 

Table 1: Medium and High Spectrometer Performances 

Parameter [units] MRMS  

RMS Emit. nor.  [mmmrad] 0.1 0.0014 

Beam Energy [kV] 160 260 

Nominal Resolution 1/1000 1/20000 

RMS Energy Spread [eV] ±15 ±1 

90% Geom. Emit. [mmmrad] 56 2.8 

(Geom. Emit.)/Resol. 56000 56000 

THE CHARGE BREEDER 
 Charge breeding at SPES will be based on the ECR 

technique: the model adopted (SPES-CB) derives directly 
from the PHOENIX Charge Breeder installed at the 
Laboratoire de Physique et de Cosmologie. The SPES-CB 
was delivered to LNL at the end of 2015, after successful 
acceptance tests carried out at LPC [8]. 

Highly charged ion beams in the range 3.5<A/q<7 will 
be extracted from this device through a three electrodes 
extraction system designed at LNL [9], and initially 
focused by two solenoids. It is well known that the 
breeding can introduce contaminants in the extracted 
beam, coming from two main sources: impurities present 
in the gas fed into the plasma chamber (normally oxygen), 

or deriving from the outgassing of the surfaces exposed to 
vacuum, and the release of particles from the materials 
constituting the vacuum chamber due to their interaction 
with the plasma. To face with the first problem, special 
attention was paid to the surface treatments, in particular 
of the stainless steel plasma chamber and the iron plug at 
extraction (ARMCO). For the second one, a Medium 
Resolution Mass Spectrometer (MRMS) was designed 
with an expected resolving power of (M/q)/(M/q)=1/1000 
will be installed downstream the charge breeder. Figure 4  
show the installation zone of charge breeder. 

 

 
Figure 4: Charge Breeder installation. 

THE SPES RFQ 
 The SPES RFQ is designed to accelerate beams with 

A/q ratios from 3.5 to 7 from the Charge Breeder through 
the MRMS and the selection and injection lines up to the 
MEBT. The main parameters of the RFQ are listed in Table 
2. The RFQ is composed of 6 modules about 1.2 m long 
each. Each module is basically composed of a Stainless-
Steel Tank (AISI LN 304) and four OFE Copper Electrodes 
[10]. In Fig. 5 the transverse beam dynamics through the 
RFQ is show. 

A copper layer will be electrodeposited on the tank inner 
surface and a spring joint between tank and electrode is 
used to seal the RF.  

 
Table 2: Main RFQ Parameters 

Parameter [units] Design value 

Operational mode CW 

Frequency [MHz] 80 

In/out. Energy [keV/u] 5.7- -0.0359) 

Vane length L [m] 6.95 

RF Power [kW] 
(+30%) 

98 
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The RFQ voltage law is a linear function along z 
V(z)=V(0)+a·z with a=3.177 kV/m and V(0) depending on 
the A/q of the ion to be accelerated. Such law is 
implemented by designing the RFQ to obtain a constant 
TE21 cut-off frequency fc=79.5 MHz along the structure 
and by properly shaping the vane undercuts at the Low and 
High Energy Ends of the RFQ. The compensation of the 
R0 variations, is made with the capacitive region that is 
varied along the RFQ. The electrode thickness is equal to 
48 mm and the tank inner radius R is equal to 377 mm. 

The RFQ is in its construction phase: 20 out of 24 
electrodes were finished, and tight mechanical accuracies 
were within specifications. Almost all scanned profiles of 
each electrodes follow tolerance on best fitted curve 
profiles (0.04mm) except for some small spot (Outliers <1 
% of measured points). In Fig. 6 is show the RFQ electrode 
under measurements. 

The tank machining tender was completed, and its 
construction is started. Support and alignment frames were 
meanwhile designed. 

THE ALPI LINAC FOR SPES 
After the SPES RFQ, a transport line, including 2 normal 

conducting quarter wave resonators (QWR) for 
longitudinal matching, delivers the exotic beam to the 
existing sc linac ALPI. Several upgrades are being 
implemented, to improve both the performance (in final 
energy and current values) and the reliability of ALPI [11] 
[12]. The complete refurbishment of the cryostats and 
cryogenic plant control systems was completed in 2017 
and tested with success.  

 

 
Figure 6: SPES RFQ electrode under measurements. 

 
During 2018, several important milestones are planned: 

the replacement of 10 magnetic lenses with 50% higher 
gradient ones, expected to improve beam transmission 
along the machine; displacement of 2 QWR cryostats from 
the PIAVE stable beam injector to ALPI, to make them 
available to both stable and exotic beams and in 2020, we 
plan to add two fully new cryostats at the end of ALPI, so 
as to achieve the final energy of 10 MeV/A for the 
reference SPES beam 132Sn. 

All along the facility, proper beam instrumentation for 
both pilot and exotic beam must be provided, the beam 
current will be measured via normal Faraday cups, 
equipped with low noise amplifiers; position and 
transverse profiles via wire grids and MCP-based electron 

 
Figure 5: Multiparticle normalised-densities y and x of the whole line CB-RFQ-ALPI- Experimental hall. 
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monitors; emittances via wire-grid and Allison scanners. 
The first series of boxes will be completed in 2018 for the 
new SPES injector and the low-energy exotic beam 

-ray spectroscopy 
-decaying RA nuclei, will be located after the 

LRMS, after the HRMS and at the end of ALPI, to identify 
the beam isotopic composition and intensity. 

An end-to-end simulation from the CB   to the end of 
ALPI has been performed by using TraceWin. The beam 
travels from the CB to the third hall. The final kinetic 
energy is 1.2 GeV ( EE / < 0.4%) with total losses of 
14% in the nominal case. In Fig. 5 the multiparticle 
densities are shown for the x and y coordinates. 

CONCLUSIONS 
Several highlights of the SPES project were shown. The 

high-resolution mass separator is under refinement while 
the WF and the LRMS are under procurement. The MRMS 
is going to be installed and the RFQ in under construction. 
An end to end simulation of the line from the CB to the 
experimental hall was done, showing an overall 
transmission >85% in the nominal case.  
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PRESENT STATUS OF HIRFL COMPLEX IN LANZHOU* 
Y. J. Yuan†, D. Q. Gao, L. Z. Ma, L. J. Mao, R. S. Mao, J. Meng, Y. W. Su, L. T. Sun, Y. Y. Wang,  
J. X. Wu, Z. Xu, J. C. Yang, W. Q. Yang, Q. G. Yao, X. J. Yin, B. Zhang, W. Zhang, Z. Z. Zhou,  

H. W. Zhao, G. Q. Xiao, J. W. Xia, Institute of Modern Physics, CAS, Lanzhou,China 

Abstract 
Heavy Ion Research Facility in Lanzhou (HIRFL) is a 

cyclotron, synchrotron and storage ring accelerator com-
plex, which accelerates ions of hydrogen to uranium from 
low to medium energy. Since the complete of HIRFL-CSR 
project in 2008, under the support from CAS, efforts have 
been put to improve the infrastructure for machine perfor-
mance, including improvement of EMC environments, 
power distribution stations, PS stations, cooling water sys-
tem, RF system of cyclotrons and adoption of EPICS con-
trol system, etc. New generation SC ECR source-
SECRAL2 with high performance is put into operation. 
Experiments of electron cooling with pulsed electron beam 
are performed for the 1st time. Stochastic cooling and laser 
cooling are realized in CSRe. The performance of RIBLL2 
and CSRe are gradually improved. The ISO mode of CSRe 
for precise atomic mass measurements is well studied and 
reaches state-of-art mass resolution of storage rings. The 
operation status and enhancement plan of HIRFL will be 
briefly reported in this paper.  

INTRODUCTION 
HIRFL[1,2] is one of the largest heavy ion research fa-

cility in China. It belongs to the National Laboratory of 
Heavy Ion Accelerator, which was established in 1991, at 
Institute of Modern Physics (IMP). HIRFL serves for the 
scientific researches in nuclear physics, atomic physics and 
nuclear science related interdisciplinary study. 

HIRFL consists of two cyclotrons (SFC and SSC), one 
synchrotron (CSRm) and one storage ring spectrometer 
(CSRe), in chain, see Fig. 1. The SFC cyclotron was con-
structed in 1960s for light ions. It’s upgraded in 1980s to 
accelerate heavy ions from hydrogen to uranium, as re-
quired to be an injector of cyclotron SSC. The CSR project, 
CSRm and CSRe are the major components, was con-
structed at the turn of this century, for higher energy pulsed 
beam and precise nuclear physics and atomic physics study 
at external target and in ring. 

Within the half century construction period, the infra-
structure of HIRFL has been improved gradually according 
to the development of technology. In recent years, under 
the strong support of the maintenance and renovation 
budget from CAS, we upgraded the power station of 
HIRFL, LLRF of cyclotrons, water-cooling systems [3] 
and intra-network; built up the environment control of 
power supply room of CSR and the monitoring systems of 
water-cooling, power station and water leakage detection; 
rearranged and rewired the cables of CSRe to improve the 

EMC condition of CSRe. Above all, new generation super-
conductive ECR source SECRAL-II as a back-up of 
SECRAL with better performance was constructed and put 
into operation this year [4,5]; EPICS was introduced to 
take over most of the control system [6].  

 

 
Figure 1: The layout of HIRFL complex. 

To improve the performance of HIRFL, new technolo-
gies are researched and developed. Experiments of electron 
cooling with pulsed electron beam are performed for the 
1st time for the development of e-coolers at future circular 
accelerator. The performance of RIBLL2 as on-line sepa-
rator of secondary beams was gradually improved. The 
ISO mode of CSRe for precise atomic mass measurements 
is well studied and reaches state-of-art mass resolution of 
storage rings with unique two-TOF velocity measurement 
setups. The Stochastic cooling and laser cooling are real-
ized in CSRe, which will help to extend the research ability 
of nuclear and atomic physics at CSRe. 

Up to now, SFC is the only injector for both SSC and 
CSRm. This limited the total beam time of the HIRFL com-
plex. To increase the beam time, new injectors are urgently 
needed. Under the support of CAS and IMP, a DC Linac 
injector of SSC is being developed since 2012, which will 
accelerator heavy ion beam to 1.024 MeV/u. New pulse 
Linac injector for direct injection to CSRm is designed and 
underdevelopment. With the new injectors the beam time 
for experiments will be increased dramatically. 

OPERATION STATUS OF HIRFL 
In last 5 years, the beam time requirement of HIRFL is 

increasing rapidly. New growth points mainly from anti-
radiation testing and reinforcement study of circuits, pile 
radiation material study, production of super-heavy ele-
ments and experiments at storage rings. The machine time 
and beam time of HIRFL averaged to more than 7500 h/a 
and 5300 h/a separately. The failure time averaged to less 
than 250 h/a. With the only injector cyclotron SFC, beam 
time reached it’s up-limit. Among the beam time provided, 
about 54 % is for nuclear physics and atomic physics, 16 

 ___________________________________________  
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% is for material science, 13 % is for space science, 8 % is 
for bio-science, the rest is for the machine study. More than 
50 % of the beam time is provided for researchers outside 
IMP. 

As an all-ion accelerator complex, HIRFL provides 
beams of nature exist ions from Hydrogen to Uranium. The 
provided ion beams are indicated Fig. 2, including some of 
their isotopes. According to the design parameters and the 
working condition limits (range of magnet field and RF fre-
quency) of the cyclotrons, the energy range of available 
beams from SFC and/or SSC for different A/Q ratios of 
ions is shown in Fig. 3. It can be seen that the energy range 
of cyclotrons is still limited by the down-limit of present 
working field of SFC. 

 
Figure 2: The accelerated primary beams at HIRFL in the 
chemical periodic table. The red blocked were accelerated 
in CSRm. 

 
Figure 3: Energy range of beams from SFC and/or SSC for 
different A/Q ratios of ions. 

UPGRADE OF INFRASTRUCTURES 
As shown in Fig. 1, HIRFL was built-up in 3 periods, 

lasting about half century. In recent years, under the strong 
support of the national maintenance and renovation budget 
for large scale fundamental science and technology facili-
ties from CAS, many aspects of the infrastructure of 

HIRFL were upgraded or renewed to improve the operation 
stability and reduce the failure time. 

Power Station The power station for SSC and the beam 
lines to terminals is replaced using new grid technology, to 
improve the reliability, safety and energy efficiency.  

Water Cooling System The water-cooling systems of 
HIRFL were upgraded to increase the cooling resistance 
and heat exchange efficiency, which improved the working 
stability of power supplies. The resistance of inner circu-
lating water reached above 1.0 MΩ⋅cm.   

Intranet The backbone of intra-network was upgraded 
from 100 M to 10 G bandwidth according to the require-
ments for data transmission from control system, beam di-
agnosis system and physics experiments. With careful de-
sign, physical link network topology optimization, appli-
cation of network expansion with virtualization technol-
ogy, and rectification of the network cabinet and cables, the 
new network well meets the growing requirements. An 
online status inquiry system of network equipment was es-
tablished along with the upgrading. 

EMC Environment The signal cables and power cables 
of CSRe and RIBLL2 were rearranged and rewired to re-
duce the electromagnetic radiation interference and im-
prove the EMC environment. The background noise levels 
of beam diagnosis and experiment detectors were reduced 
by more than one order. 

Environment Control The power supply rooms of CSR 
were built up inside the CSR hall for more stable and reli-
able performance of the PS. New monitoring systems of 
water-cooling [3], power station and water leakage detec-
tion were built up to monitor the basic operation condition. 
The radiation protection system was also rebuilt. 

IMPROVEMENTS OF PERFORMANCE 
To improve the performance of HIRFL, new technolo-

gies are researched and developed.  
New Control System The self-developed distributed 

control system of HIRFL was developed in many years part 
by part, and based on many kinds of platforms. It’s not con-
venient for the operation and not easy to exchange signals 
and data. In last years, the open-source Experimental Phys-
ics and Industrial Control System (EPICS), developed at 
LANL and ANL, was adapted to take over most of the con-
trol system of HIRFL[6]. The structure of new control sys-
tem based on EPICS is shown in Fig. 4. 

 
Figure 4: The structure of new HIRFL control system. 

0 Not available by SFC or SSC Limited by SFC-RF frequency <15.5 MHz
1 Available by SFC alone Limited by SFC-B >1T
2 Available by SFC+SSC,same A/Q 1 Available by SSC after stipping. 

E(MeV/u) SFC 0.4 0.6 1 1.5 2 2.5 3 3.5 4 5 6 7 8 9 10
A/Qs SSC 4.1 6.2 10.4 15.8 21.2 26.7 32.3 38.0 43.8 55.6 67.9 80.6 93.7 107.3 121.4

8 2 2 1 0 0 0 0 0 0 0 0 0 0 0 0
7.75 2 2 1 0 0 0 0 0 0 0 0 0 0 0 0
7.5 2 2 1 0 0 0 0 0 0 0 0 0 0 0 0

7.25 2 2 1 0 0 0 0 0 0 0 0 0 0 0 0
7 2 2 1 0 0 0 0 0 0 0 0 0 0 0 0

6.75 2 2 1 1 0 0 0 0 0 0 0 0 0 0 0
6.5 1 2 2 1 0 0 0 0 0 0 0 0 0 0 0

6.25 1 2 2 1 0 0 0 0 0 0 0 0 0 0 0
6 1 2 2 1 0 0 0 0 0 0 0 0 0 0 0

5.75 1 2 2 1 1 0 0 0 0 0 0 0 0 0 0
5.5 1 2 2 1 1 0 0 0 0 0 0 0 0 0 0

5.25 1 1 2 2 1 1 0 0 0 0 0 0 0 0 0
5 0 1 2 2 1 1 0 0 0 0 0 0 0 0 0

4.75 0 1 2 2 1 1 1 0 0 0 0 0 0 0 0
4.5 0 1 2 2 2 1 1 0 0 0 0 0 0 0 0

4.25 0 0 2 2 2 1 1 1 0 0 0 0 0 0 0
4 0 0 1 2 2 2 1 1 1 0 0 0 0 0 0

3.75 0 0 1 2 2 2 1 1 1 0 0 0 0 0 0
3.5 0 0 1 2 2 2 2 1 1 1 0 0 0 0 0

3.25 0 0 0 1 2 2 2 2 1 1 1 0 0 0 0
3 0 0 0 1 2 2 2 2 2 1 1 1 0 0 0

2.75 0 0 0 1 1 2 2 2 2 2 1 1 1 1 0
2.5 0 0 0 0 1 1 2 2 2 2 2 1 1 1 1

2.25 0 0 0 0 0 1 1 2 2 2 2 2 1 1 1
2 0 0 0 0 0 0 1 1 1 2 2 2 2 2 1

1.5 0 0 0 0 0 0 0 0 0 1 1 1 2 2 2
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

F-SFC 5.59 6.85 8.84 10.82 12.49 13.95 15.28 *16.50 5.88 6.57 7.19 7.76 8.28 8.78 9.25
F-SSC 8.39 6.85 8.84 10.82 12.49 13.95 7.64 8.25 8.82 9.85 10.78 11.63 12.43 13.17 13.87
match 0.5 1 1 1 1 1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
* possibly availble by SFC-5.49MHz A/Q SFC 11 12 14 16 18 20 23 26 30

2.75 0 0 0 0 0 0 0 0 0
2.5 1 0 0 0 0 0 0 0 0

2.25 1 1 0 0 0 0 0 0 0
2 1 1 1 1 0 0 0 0 0

1.5 1 1 1 1 1 1 1 1 1
1 0 0 0 0 1 1 1 1 1

F-SFC 9.691 10.11 10.91 11.64 12.33 12.98 13.88 14.72 15.77
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Figure 5: A brief summary of the development of ECR ion sources at IMP.

New control system of electron cooler at CSRm was 
built to replace the attached one to accommodate the up-
graded electron cooler [7]. The LLRF of cyclotron RF sys-
tems and the PXI RF controller of CSRm were rebuilt to 
improve the operation stability, enhance the data-loading 
speed and reliability.  

New SC ECR Ion Source A new generation supercon-
ductive ECR source-SECRAL-II as a back-up of the for-
mer SECRAL with better performance was constructed 
and put into operation this year [5]. With new structure, 
SECRAL-II created higher magnetic field and works at 18 
GHz / 24 GHz microwave frequency. It sets a new beam 
current record of highly charged heavy ion beams. Figure 
5 gives a brief summary of the development of ECR ion 
sources at IMP since 2004. With the state-of-art ECRIS 
technology, SECRAL-II will enable SFC cyclotron to ac-
celerate heavy ions with higher charge state and intensity 
to higher energy, which benefits the accumulation and ac-
celeration in synchrotron CSRm.  

Pulsed Electron Cooling Experiments of electron cool-
ing with pulsed electron beam are performed for the 1st 
time at CSRm [8,9]. New phenomena were observed. It 
was found that the modulation frequency should be near 
integer or half integer harmonic numbers of the revolution 
frequency of ions to maintain the life time of ions, other-
wise the stored ions will lose rapidly. With the cooling of 
pulsed electron beam, the ions will be bunched inside the 
electron bunch and cooled. The experiment phenomena 
can be explained by space ME field of electron bunches in 
theory and proved by numeric simulations. The study of 
electron cooling with pulsed electron beam is important for 
the cooling of high energy bunched ion beam with high 
peak current electron cooler, at future ion circular acceler-
ator or colliders.  

RIBLL2 Improvement The performance of the 2nd ra-
dioactive isotope beam line at Lanzhou - RIBLL2 as an in-
flight separator of relativistic projectile fragments was 
gradually improved. Figure 6 shows the design of RIBLL2 
as the connection RIB line between CSRm and CSRe and 
RIB separation line to external target ETF [10]. There are 
8 beam profile detectors newly installed along RIBLL2 for 

both horizontal and vertical profiles. The core structure of 
detector is shown in Fig. 7. In the joint efforts of experi-
mental teams, RIBLL2-ETF is capable of identifying 
clearly all ions up to Z=30, with the combination of the 
TOF and the MUSIC detectors [10]. Future upgrading of 
RIBLL 2 was planned. 

 
Figure 6: (a) A schematic layout of the RIBLL2 beam line. 
Horizontal beam trajectories with the first-order optics cal-
culated by the GICOSY for the full RIBLL2 (F0 to F4) (b) 
and the first half of RIBLL2 and ETF (c). 

 
Figure 7: Core structure of BPD at RIBLL2. 
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Advanced Mass Spectrometry The ISO mode of CSRe 
for precise atomic mass measurements is well studied and 
reaches state-of-art mass resolution of storage rings with 
unique two-TOF velocity measurement setups (see Fig. 8). 
Following the ISO mode mass spectrometry at ESR@GSI, 
we explored deeply the mass spectrometry at CSRe. With 
the improvement of EMC environment and new dipole PS 
at CSRe, the signal-noise ratio was significantly improved. 
With the new idea of two-TOF detector at storage rings to 
measure the velocity of ions, the transition energy (γt), as a 
function of the closed orbit length or momentum deviation, 
can be measured precisely using the time spectra data of 
the ions cycling in CSRe [11]. The transition energy func-
tion can be monitored and optimized online to ensure sta-
ble and good isochronous condition. With the quadrupole 
magnets and sextupole magnets corrections, a mass resolu-
tion of 1.71×105 (FWHM) was reached [12]. Further non-
linear optimization with higher order magnet field was 
planned. 

 
Figure 8: The layout of storage ring mass spectrometry 
with single TOF and double TOF detectors at CSRe. A pic-
ture of installed TOF detector is shown at the left bottom. 

Stochastic Cooling and Laser Cooling The Stochastic 
cooling and laser cooling are realized in CSRe, which will 
help to extend the research ability of nuclear and atomic 
physics at CSRe. The beam after target with large emit-
tance and momentum spread can be cooled down in sec-
onds by stochastic cooling with slot line pickup and kickers 
[13]. Stochastic cooling will be used in the Schottky Mass 
Spectrometry (SMS) experiments. The relativistic Li-like 
O5+ beam, with energy of 280 MeV/u, was cooled by CW 
laser of wavelength 220 nm recently. It’s up to now heavy 
ions with highest charge state and highest energy that ever 
been laser cooled. Figure 9 shows the setup of laser cooling 
at CSRe.  

FUTURE DEVELOPMENTS 
Up to now, SFC is the only injector for both SSC and 

CSRm. This limited the total beam time of the HIRFL 

complex. To increase the beam time, new injectors are ur-
gently needed. Under the support of CAS and IMP, a CW 
Linac injector of SSC is being developed since 2012, 
which will accelerator heavy ion beam to 1.024 MeV/u 
[14,15]. New pulse Linac injector for direct injection to 
CSRm is designed and underdevelopment. The operation 
modes of HIRFL will be enhanced with new injectors (see 
Fig. 10). With the new injectors the beam time for experi-
ments will be increased dramatically. 

 
Figure 9: Experimental setup of laser cooling at CSRe. 

 
Figure 10: Operation modes of HIRFL with new injectors 
SSC-Linac and CSRm-Linac. 

The first part of SSC-Linac [14,15], energy up to 580 
keV/u was constructed off-site. We identified and solved 
the momentum resolution problem of high intensity heavy 
ion beam at Q/A selection system [16]. The updated Q/A 
selection system with additional solenoid reached suffi-
cient Q/A resolution.  It will be installed at SSC hall next 
year. The energy after further acceleration of SSC will be 
6 MeV/u, compared with present 1 MeV/u of Uranium 
from SFC. The intensity will be increased 10~100 times. 
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Fig. 11 shows the design location of SSC-Linac and the off-
site development of SSC-Linac. The beam lines with 
crossed vacuum chambers were ready for parallel opera-
tion with injectors SFC and SSC-Linac. 

 

 
Figure 11: The design location of SSC-Linac (up) and the 
off-site development of SSC-Linac (down). At the red star 
position of the beam lines, the vacuum chamber is crossed 
for parallel operation of injectors. 

CONCLUSION 
We have detailed the present status of HIRFL complex. 

To match the increasing beam time and quality requirement 
of HIRFL, continual improvements of infrastructure re-
mains an important aspect, developments and applications 
of new technologies are the other. Meanwhile, for the new 
project HIAF [17], which will break ground in 2018, many 
aspects of new technology should be studied by the con-
struction group and some of them will be verified at 
HIRFL.  
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STATUS OF JINR FLNR CYCLOTRONS 

I.V. Kalagin*, G.G. Gulbekian, S.N. Dmitriev, Yu.Ts. Oganessian, B.N. Gikal, S.L. Bogomolov,  
I.A. Ivanenko, N.Yu. Kazarinov, V.A. Semin, G.N. Ivanov, N.F. Osipov, Joint Institute for Nuclear 

Research, FLNR, Dubna, Moscow region, Russia 

Abstract 
Status of JINR FLNR cyclotrons and plans of their 

modernization together with plans on creation of new 
facilities will be reported. At present, three cyclotrons: 
U400, U400M and IC100 and MT-25 microtron are under 
operation at the JINR FLNR. U400 and U400M are the 
basic FLNR facilities that both are under operation is 
about 12000 hours per year. The U400 (pole diameter of 
D=4 m) was designed to accelerate ions from B to Bi up 
to 19 MeV/u. U400 reconstruction is planned. The 
U400M cyclotron (D=4 m) is used to accelerate ions from 
Li to Xe up to 60 MeV/u. U400M modernization is 
planned. The IC100 accelerator (D=1m) is used for ap-
plied researches with Ar, Kr and Xe ions at energy of 1.2 
MeV/u. Creation of the dedicated DC-130 cyclotron 
(D=2m) with ion energies of 4.5 and 2 MeV/u is planned 
on the base of U200 cyclotron. The Super Heavy Element 
Factory (SHE factory) is the new FLNR JINR project. 
The DC-280 cyclotron (D=4 m) is the basic facility of the 
SHE factory, which will accelerate ions with energies 4 - 
8 MeV/u cyclotron at intensities up to 10 pmkA for ion 
masses over A=50. The main systems of the DC-280 were 
assembled and tested, the cyclotron is preparing for com-
missioning. 

INTRODUCTION 
The scientific program of the Flerov Laboratory of Nu-

clear Reactions of the Joint Institute for Nuclear Research 
(FLNR JINR) consists of experiments on synthesis of 
heavy and exotic nuclei using ion beams of stable and 

radioactive isotopes and studies of nuclear reactions, 
acceleration technology and applied research. 

Presently, the FLNR JINR has four cyclotrons of heavy 
ions: U400, U400M, IC100 (IC-100), that provide per-
formance of the basic and applied researches (Fig. 1). 
Total annual operating time of the U400 and U400M 
cyclotrons is more than 10000 for many years (Fig. 2).  

The old U200 cyclotron will be reconstructed to the 
DC130 cyclotron for applied research. 

At present time, the project of Super Heavy Element 
Factory is being performed at the FLNR JINR [1]. The 
project implies design and creation of the new experi-
mental building with new DC280 cyclotron which has to 
provide intensities of ion beams with middle atomic 
masses (A~50) up to 10 pµA. 

U400 CYCLOTRON 
The isochronous U400 cyclotron has been in operation 

since 1978. [2] The cyclotron produces ion beams of 
atomic masses 4÷209 with energies of 3÷29 
MeV/nucleon. Before 2017 about 66% of the total time 
has been used for acceleration of 48Ca5+ ions with intensi-
ties up to 1.2 pµA for synthesis of super heavy elements. 
New prospects for the synthesis of super heavy elements 
may appear to be connected with the usage of the intense 
beam of neutron-rich 50Ti. The beam of 50Ti5+ ions has 
been accelerated into the U400 cyclotron with extracted 
beam intensity is about 0.5 pµA [3]. In 2017, about 40% 
of the total time was used for 50Ti5+ acceleration. 

 

 
Figure 1: The layout of the Flerov Laboratory buildings, where: U400, U400M, IC100, DC280 are heavy ion cyclo-
trons, MT25 is  microtron, SHE Factory is Super Heavy Element Factory, NC is Nanotechnology Centre.  
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Figure 2: U400 and U400M operation in 2010-2017. 

 
The U-400 modernization is planned to begin in 2021. 

The aims of the modernization are increasing the total 
acceleration efficiency and possibility to vary ion energy 
fluently at factor 5 for every mass to charge ratio (A/Z). 
The width of ion energy region will be 0.8÷27 
MeV/nucleon. The project of U400 modernization intends 
decreasing the magnetic field level at the cyclotron center 
from 1.93÷2.1Т to 0.8÷1.8Т, see Table 1 (U400R).  

 
Figure 3: The sketch of the new U400 experimental hall. 

 
The axial injection and ion extraction systems will be 

changed. For the ion extraction both the stripping foil and 
the deflector methods are considered. Moreover, the pro-
ject intends changing the U400 vacuum, RF and power 
supply systems. The expected ion beam intensities will be 
at least 2.5 times more than U400 ones [1].The U400 
experimental hall will be essentially modernized in the 
period from 2020 to 2023.  The total experimental build-
ing will be extended to about 2000 m2. New halls will be 
attached to the old building from sides (Fig. 3). The new 
experimental area will consists of six separated halls 
located on two floors. Every hall will be radiation shield-
ed. 

U400M CYCLOTRON 
The isochronous U400M cyclotron has been in opera-

tion since 1991. The cyclotron was intended for accelera-
tion ion beams Li to Bi with A/Z=3÷3.6 (A- atomic 
weight of the accelerated ion; Z - ion charge when accel-
erated) at energies of 34÷60 MeV/nucleon and ion beams 
with A/Z=8÷10 at energies of 4.5÷9 MeV/nucleon. 

The beam extraction method is performed by ion strip-
ping method. At present, the U400M has two opposite 
directions of ion extraction with corresponding ion beam 

transport lines. The cyclotron ion beams intended to carry 
out physical experiments on study properties and struc-
ture of light exotic nuclei, synthesis the new super heavy 
elements and applied researches. Two types of spiral 
inflectors are used in the U400M axial injection system 
for low and high energy regimes. To produce required 
ions the 14 GHz ECR ion source DECRIS-2 and the su-
perconducting 18 GHz ECR ion source DECRIS-SC2 are 
being used [4]. 

 
Table 1: Comparative Parameters of U400 and U400R 

 U400 U400R 
Parameter Value/Name 

Magnet weight 2100 t. 2100 t. 

Magnet power 850 kW 200 kW 

RF system power 100 kW 100 kW 

Magnetic field level 1.93÷2.1 Т 0.8÷1.8 Т 

The A/Z range 5÷12 4÷12 

The frequency range 5.42÷12.2 
MHz 

6.5÷12.5 
MHz 

Harmonic modes 2 2÷6 

The max extraction radius 1.72 m 1.8 m 

Vacuum level (1÷5)⋅10-7 

Torr 
(1÷2)⋅10-7 

Torr 

Ion extraction method Stripping 
foil 

Stripping 
foil 

Deflector 

Number of ion extraction 
directions 

2 2 

 
The beam extraction method is performed by ion strip-

ping method. At present, the U400M has two opposite 
directions of ion extraction with corresponding ion beam 
transport lines. The cyclotron ion beams intended to carry 
out physical experiments on study properties and struc-
ture of light exotic nuclei, synthesis the new super heavy 
elements and applied researches. Two types of spiral 
inflectors are used in the U400M axial injection system 
for low and high energy regimes. To produce required 
ions the 14 GHz ECR ion source DECRIS-2 and the su-
perconducting 18 GHz ECR ion source DECRIS-SC2 are 
being used [4]. 

We plan to begin modernization of the cyclotron in 
2019. The modernization will include replacement of the 
main coils of the cyclotron magnet, correction of the first 
harmonic of magnetic field at magnetic measurements, 
replacement of the vacuum pumping system with diffu-
sion pumps to the system with cryopumps, modernization 
of RF- resonators and changing the analog RF control 
system to digital one. In the result, we expect to increase  
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Figure 4: The new DC-280 cyclotron, where: 1- Main magnet, 2- HV injection system, 3- RF resonator, 4- Flat-top 
resonator, 5-Vacuum pumps. 

 
intensities and maximal energies of ion beams. We also 
consider the possibility to increase energies of light ions 
to 60÷80 MeV/nucleon by using an electrostatic deflector 
for ion extraction from ultimate cyclotron radiuses. 

U200 - DC130 CYCLOTRON 
In 1968 the U-200 was put into operation in the FLNR. In 
2013 it was decommissioned, because of being outdated 
physically and technologically. In 2019 we plan to begin 
creation of the new DC130 cyclotron which will be based 
of the U200 yoke. The cyclotron will be intended to pro-
vide ions from O to Bi with energies 2 and 4.5 
MeV/nucleon for SEE testing of electronic components 
and 2 MeV/ nucleon for production of track membranes 
and research in the field of solid state physics. 

IC100  CYCLOTRON 
The isochronous IC100 cyclotron was put into opera-

tion the in 1985 with PIG internal ion source. Due to the 
upgrade in 2003 IC100 was equipped with external axial 
beam injection system and the superconducting ECR ion 
source (DECRIS-SC) which allowed to produce intensive 
beams of highly charged ions of Xenon, Iodine, Krypton, 
Argon and other heavy elements of the Periodic Table 
with A/Z=5,545,95 at energies of 0,9÷1,1 MeV/nucleon. 

The focusing system of injection line consists of a sole-
noidal lens and a quadrupole lens situated between the 
ECR and the 90°magnet, also three solenoids placed in 
the vertical part of the injection channel. Spiral inflector 
is installed into the center of the accelerator. The acceler-
ated beam extraction system consist of electrostatic de-
flector and two focusing magnetic channels. In routine 
operation IC100 provides intensities of the 86Kr+15 and 
132Xe+23 ion beams up to 3 µA. 

Special-purpose beam transportation line with polymer 
film irradiation unit and beam scanning system has been 
created as well as a box for heavy ion beam research. 

DC280  CYCLOTRON 
The Super Heavy Element Factory (SHE factory, Fig.3) 

is the new FLNR JINR project. The main task of the Fac-
tory is the synthesis of new chemical elements with atom-
ic numbers 119 and higher, as well as a detailed study of 
the nuclear and chemical properties of previously discov-
ered superheavy elements. The Factory will be equipped 
with target materials, new separators and detectors for the 
study of the nuclear, atomic and chemical properties of 
the new elements. The new DC280 (Fig. 4) will be the 
basic facility of the SHE factory. 

 
 

Figure 5: Configuration of the DC280 cyclotron. 
 

The DC280 cyclotron will significantly increase the po-
tential of the existing accelerator complex of the FLNR. 

1 

2 

3 
4  5  
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The accelerator designed at the Flerov Laboratory of 
Nuclear Reaction of the Joint Institute for Nuclear Re-
search in Dubna (FLNR, JINR, Dubna) is intended for 
carrying out fundamental and applied investigations with 
ions from He to U (masses from A = 2 up to 238). 
 

Table 2: Design Parameters of the DC-280 Cyclotron 
Parameter Value/Name 

Ion source  DECRIS-4  

14 GHz 

Injecting beam potential Up to 80 kV 

A/Z range 4÷7.5 

Energy 4÷8 MeV/n 

Magnetic field level 0.6÷1.3 T 

K factor 280 

Gap between plugs 400 mm 

Valley/hill gap 500/208 mm/mm 

Magnet weight 1000 t 

Magnet power 300 kW 

Dee voltage 2x130 kV 

RF power consumption 2x30 kW 

Flat-top dee voltage 2x14 kV 

 
The parameters of the DC-280 cyclotron are shown in 

Table 2.  The energy of the ions extracted from the cyclo-
tron may vary from 4 up to 8 MeV/ nucleon. The ex-
pected intensity of extracted beam at DC280 is 10 pµA 
for ions with masses up to 50 [1]. The cyclotron was 
equipped with high voltage injection system (80 kV) with 
new permanent magnet ECR ion source, the RF- system 
with 2 main resonators and 2 flat- top ones, the electro-
static deflector for ion beams extraction  (Fig. 5) and the 
beam transport system with 5 channels (Figs. 6 and 7)  
[5].  At present, launching and tuning works of the main 
systems of the DC-280 cyclotron are carried out as they 
are completed. In according to FLNR plans the cyclotron 
commissioning is planned in the end of 2018. 

CONCLUSION 
The Flerov Laboratory plans implies essential devel-

opment of the cyclotron complex to 2023. 

ACKNOWLEDGMENT 
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Figure 6: Scheme of beam transport. 

 

 
Figure 7: Beam transport channels, where: 1- ±50° bend-
ing magnet, 2- quadrupole lenses. 
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HIGH VOLTAGE PERFORMANCE DEGRADATION OF THE 14UD  
TANDEM ACCELERATOR* 

P. Linardakis†, N. R. Lobanov, T. B. Tunningley, D. Tsifakis, S. T. Battisson, B. Graham,  
J. A. Bockwinkel. J. Heighway, Heavy Ion Accelerator Facility, Australian National University, 

Canberra, ACT, 2601, Australia 

Abstract 
The 14UD at the Australian National University’s Heavy 

Ion Accelerator Facility (HIAF) operated at a maximum 
voltage of 15.5 MV after the installation of tubes with a 
compressed geometry in the 1990s. In recent years, the per-
formance of the accelerator has shown a gradual decline to 
a maximum operation voltage of ~14.5 MV. There are 
some fundamental factors that limit the high voltage per-
formance, such as SF6 gas pressure, field enhancement due 
to triple junctions and total voltage effect. In addition, there 
are non-fundamental factors causing high voltage degrada-
tion. These are: operation with faulty ceramic gaps; opera-
tion at inappropriate voltage and SF6 pressure combina-
tions; SF6 leaks into the vacuum space; use of SF6 and O2 
as a stripper gases; poor electron suppression in the high 
energy stripper and frequent use of highly reactive ions 
such as sulphur and fluorine. In this paper we will discuss 
factors that limit the high voltage performance. The main 
outcomes of a preliminary investigation of titanium (Ti) 
electrodes removed from the accelerator after a few dec-
ades of operation will be reported. The investigation con-
firmed contamination of Ti electrodes with unstable films 
containing traces of oxides, sulphur and fluorine. The re-
habilitation strategies for the accelerator will be discussed. 

INTRODUCTION 
The Heavy Ion Accelerator Facility (HIAF) at the Aus-

tralian National University (ANU) operates a National 
Electrostatics Corporation (NEC) 14UD pelletron tandem 
electrostatic particle accelerator [1]. This accelerator has 
been in operation for over forty years after the first suc-
cessful experiment in 1974. The original configuration 
used corona voltage distribution system, in which a maxi-
mum voltage of 14.8 MV was achieved for experiments in 
1981. However, there was a consistent deterioration from 
this level that eventually lead to an examination of aging 
effects [2] and a major accelerator upgrade in around 1990 
[3].  

This upgrade was comprised of two components. The 
first was the installation of “compressed geometry” accel-
eration tubes that removed dead space and allowed the in-
stallation of additional acceleration tubes thereby reducing 
the field across each insulating gap. The second replaced 
the corona voltage distribution system that was causing 
corrosion of accelerator components [4] with a resistor 
grading system. With these upgrades, a peak conditioning 

voltage of 16.7 MV was achieved, with experiments per-
formed at 15.5 MV. However, the maximum voltage avail-
able for experiments has now degraded to around 14.5 MV. 

Since January 2016, the 14UD has had voltage on its ter-
minal for 56% of the total time, with 16% of the time spent 
on major accelerator maintenance and repairs. Of the time 
with terminal volts, 27% has been with terminal volts 
above 13.5 MV. 

Even with continued operation near or above the original 
design voltage of the 14UD, user demand for both opera-
tional time and even higher terminal voltages is increasing. 
Therefore, the degradation mechanisms of the 14UD 
should be understood in order to extend the useful life of 
the accelerator. 

HIGH-VOLTAGE BREAKDOWN 
Mechanical issues in an electrostatic accelerator can be 

readily dealt with, but it is the electrical breakdown mech-
anisms of the insulating gas and vacuum spaces that deter-
mine the limits on high-voltage performance. A thorough 
review of the mechanisms – and the damage created – is 
provided in [5] and discussed here with specific reference 
to the ANU 14UD. 

SF6 Breakdown 
The insulating space between the accelerator column and 

the containing pressure vessel of the 14UD is filled with 
approximately 22 tonnes of sulphur hexafluoride (SF6) gas 
at a pressure of 100 psia. Although considered to be inert, 
chemical reactions during and after electrical breakdown 
of SF6 create long-lived toxic and corrosive by-products 
[6, 7].  

The basic reaction scheme, even in high purity SF6, is 
[8]: 

SF6 → SF4 + 2F      (1) 
SF4 + H2O → SOF2 + 2HF    (2) 
SOF2 + H2O → SO2 + 2HF    (3) 
2F + M → MFn      (4) 

where M is any exposed metal such as titanium electrodes 
or aluminium structural components. The breakdown prod-
uct yield is influenced by the SF6 pressure, H2O content 
and spark discharge energy [6, 9]. 

In the era of corona voltage distribution in the 14UD, 
hydrofluoric acid (HF) products in particular may have 
caused repeated fracturing of the nylon links in the pellet-
ron chains [4]. A move to resistor voltage distribution con-
figurations ameliorated the problem, but the use of corona 
terminal voltage stabilisation and arc discharges of the ter-
minal voltage between accelerator electrodes and to the 
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tank wall still provide a means of breakdown product for-
mation. 

In addition to chemical breakdown products, voltage 
breakdown in the SF6 space results in deposits on exposed 
metal surfaces and the dispersion of particulate material 
throughout the 14UD, which affect the insulating capabili-
ties of the gas. 

The SF6 gas in the 14UD pressure vessel is recirculated 
continuously through alumina, with purity, SO2 and mois-
ture content analysed regularly using a Cambridge Sen-
sotec Rapidox 3100CA system. Since 2014, the SF6 purity, 
SO2 content and H2O content has averaged 96.6%, 
2.2 ppmV and 5.7 ppmV respectively (at around 20°C and 
14.3 psi). This moisture level is similar to that measured in 
gaseous nitrogen sourced from liquid nitrogen boil off. 

Even with a low moisture content, significant break-
down products are still produced inside the 14UD, evi-
denced by the particulates discussed earlier, a pungent 
smell and the mild acidification of water used to clean the 
accelerator during periodic maintenance.  

Vacuum Arcs 
Even at 10-8–10-7 Torr, electrical breakdown can occur 

between the electrodes in the accelerator vacuum space. 
Breakdown is triggered via the release of electrons through 
[5, 10]: 
• field emission from protrusions on electrode surfaces, 

either from manufacture or previous discharges; 
• field emission from foreign particulates embedded in 

the electrode surfaces; 
• ionisation of gas or other low vapour pressure contam-

inants desorbed from electrode surfaces that then 
cause micro-discharges; 

• hot field emission from impacting particles that de-
form the electrodes and; 

• ionisation of metal vapour from high-energy particle 
impact. 

Clean electrode surfaces and good vacuum are therefore 
necessary prerequisites for good high voltage performance, 
both of which become more challenging as the 14UD ages 
even further. 

Electrode surface conditioning is necessary to achieve 
good insulating strength. This is a process of safely remov-
ing protrusions and moving contaminants through the re-
peated use of electrical discharges. In operating accelera-
tors, this is most often done in-situ, with or without sec-
tions of the accelerator column shorted. The terminal volt-
age is increased just until qualitative evidence of condition-
ing, such as x-ray emission from high-energy electron im-
pact [10] and small vacuum excursions, is observed. This 
evidence will disappear as conditioning progresses. Over-
zealous attempts at conditioning can lead to dissipation of 
the majority or all of the stored energy in the accelerator 
and cause violent breakdown across other gaps in the ac-
celerator column, distributing particles and damaging elec-
trodes leading to deconditioning. Deconditioning can also 
occur through loss of vacuum from outgassing after dis-
charges or from even the smallest vacuum leak. 

Although conditioning can also be performed ex-situ via 
fast spark, glow or arc discharges or active gas preparation 
[5], removal of tubes from the accelerator inherently re-
quires venting the acceleration tube and compromising the 
vacuum. 

14UD DEGRADATION FACTORS 
The factors of an aging accelerator that affect ultimate 

performance of the ANU 14UD are many and varied. For 
example, erosion of spark-gap electrodes in the SF6 space 
due to breakdown products increases surface roughness 
and the likelihood of electron field emission precipitating 
breakdown. Issues such as this are relatively simple to di-
agnose, track and rectify during routine maintenance. 
However, others issues such as small vacuum leaks, the 
condition of ceramic insulators and the condition of inter-
nal acceleration tube electrodes, are not. 

SF6 Injection Into Vacuum Space 
The Australian Nuclear Science and Technology Organ-

isation (ANSTO) reported on the injection of SF6 gas into 
the vacuum space for use as a gas stripper medium [11]. 
While there was no report of an effect on accelerator per-
formance, installation of a similar system into the ANU 
14UD resulted in a decrease in the ultimate achievable ter-
minal voltage and in rapid deconditioning. The condition-
ing limit could not be sustained even after short operation 
at lower terminal voltages. 

More recently, the 14UD has suffered from pressure-sen-
sitive vacuum leaks from the SF6 space into the accelera-
tion tube vacuum. Residual Gas Analysis (RGA) of the 
vacuum at the both ends of the acceleration tube showed a 
sudden appearance and sometimes subsequent disappear-
ance of SF6 without relation to any external event. This oc-
curred on multiple occasions accompanied by up to a one 
and a half order of magnitude degradation in vacuum. Even 
with a recovery in vacuum, and no significant levels of SF6 
detected with RGA scans, accelerator performance de-
graded in a similar manner to that observed when using SF6 
as a stripper gas. This perhaps suggests adsorption of the 
gas onto the electrode surfaces that is then involved in dis-
charge events. 

Ceramic Insulators 
The ceramic insulators in the acceleration tubes and col-

umn support posts are of course a critical component in the 
operation of an electrostatic accelerator. The majority of 
these in the 14UD are original to the machine and some are 
showing their age. Over time, high-voltage insulators can 
degrade due to operation in polluted environments [12] and 
suffer x-ray radiation-induced degradation in resistivity in 
the presence of an electric field [13]. 

As with an earlier investigation into ageing ceramics in 
the 14UD [2], current leakage across insulation gaps in the 
supporting columns posts is still observed. It is often ac-
companied by feint cracks in the surface of the ceramic or 
metallic track marks that bridge the gap. Leakage currents 
up to tens of microamperes at five kilovolts are measured 
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and are sometimes extremely dependent on the surround-
ing humidity. 

Physical damage of the ceramic is also observed without 
current leakage, with significant amount of debris visible 
in the surrounding area. 

As the posts form a structural component of the acceler-
ator, damaged posts are replaced with urgency and exclu-
sively with new posts. A previous programme to refurbish 
posts through sandblasting and high pressure rinsing seems 
to have had no benefit on extending the lifetime of older, 
used, post assemblies. 

It is unclear if the mechanical failure of ceramics is due 
to electrical stresses from voltage breakdowns or from me-
chanical stresses from pressure cycling, movement of the 
terminal spinning during maintenance or from the release 
of energy during large terminal voltage sparks. 

Current leakage is also measured across some ceramic 
gaps in the acceleration tubes. These are more problematic 
as the tubes cannot be removed as readily as posts and the 
only viable solution in the short-term is to electrically short 
those gaps. There are currently 21 shorted gaps of a total 
of 980 gaps in the 14UD. While in theory this is only a 
2.1% reduction in the achievable terminal voltage, the 
shorted gaps are mostly grouped in particular regions and 
have a detrimental effect on the homogeneity of the voltage 
gradient throughout the acceleration column. 

Unlike ceramic gaps on posts, there is sometimes no ob-
vious external physical evidence accompanying a leaky ce-
ramic gap in the acceleration tube, suggesting an issue in 
the vacuum space.  

Electrode Surface Condition 
The surface condition of electrodes has a great influence 

on the voltage at which conditioning will first appear in the 
vacuum space and therefore the achievable operational 
voltage. Unfortunately, the condition of electrodes in the 
vacuum space cannot be monitored in-situ and controlled 
testing at full operational voltages during maintenance pe-
riods is not possible, since the high breakdown voltage SF6 
insulating gas is replaced with atmospheric air to allow en-
try into the pressure vessel. 

ELECTRODE SURFACE CONDITION 
Five acceleration tubes were replaced with viable used 

spares during a maintenance period in 2016.  The replace-
ments were to troubleshoot and repair issues created by a 
poor high-energy stripper design that allows burst carbon 
foils to escape the region and electron emission to be un-
suppressed (which is another limiting factor on voltage 
performance). Three eleven-gap tubes above the high-en-
ergy stripper were removed from unit 19 and two eleven-
gap tubes were removed from below the stripper in unit 20.  
The titanium insert electrodes within the tubes were re-
moved and examined using SEM EDX analysis. 

Figure 1 and Fig. 2 show the top of the first titanium 
electrode in unit 19, acceleration tube 2 (exposed to the ion 
beam) and the bottom of the last electrode in the same tube 
(chiefly exposed to electron flux). SEM images of the same 
electrodes are shown in Fig. 3 through Fig 6. These images 

show varied but common features observed, such as poros-
ity, metal vaporisation and material build up. Titanium 
sheet samples were also analysed as a comparison (Fig. 7) 
and the surface was shown to be relatively pure, with 
sparse embedded particles with a high oxygen and carbon 
content. 

 

 
Figure 1: Top face of electrode 1 in unit 19, acceleration 
tube 2 after over 40 years of operation. 

 
Figure 2: Bottom face of electrode 12 (last) in unit 19, ac-
celeration tube 2 after over 40 years of operation. 

 
Figure 3: SEM image of the bottom of electrode 1 in unit 
19, acceleration tube 2, showing metal vaporisation and 
surface porosity. 

EDX analysis measured the composition at up to twenty 
radial points on the top and bottom of seven of the fifty-
five electrodes removed. Three of these electrodes were the 
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first electrode in a tube, three the last and one from the mid-
dle of a tube. Within measurement taken from a single side 
of an electrode, the composition was relatively homogene-
ous, but small differences were observed between the top 
and bottom sides of the electrodes. 

 

 
Figure 4: SEM image of the top of electrode 12 (last) in 
unit 19, acceleration tube 2 showing re-crystallisation of 
the surface layer of the Ti electrode. 
 

 
Figure 5: SEM image of the bottom of electrode 12 (last) 
in unit 19, acceleration tube 2, showing metal vaporisation. 
 

 
Figure 6: SEM image at the inner edge (toward the beam 
axis) of the bottom side of an acceleration tube electrode 
showing severe layer build up and subsequent possible 
flaking. The black regions are carbon rich layers and the 
white areas are pure Ti. The grey areas are loose films con-
taminated with O, F, S. 

 
Figure 7: SEM image of titanium sheet as a comparison to 
used titanium electrodes in acceleration tubes. 

Aside from titanium, the results showed the primary 
composition to be of oxygen, carbon, fluorine and alumin-
ium, with trace amounts of silicon, argon, magnesium, sul-
phur, sodium calcium and iron. Across the seven electrodes 
analysed, oxygen percentages were 20–40% and generally 
higher on the underside of the last electrode in a tube. Car-
bon percentages were 10–20%. These are both more than 
double the amounts found on unused titanium. Fluorine, 
which is not seen on measurements of unused titanium, 
was found at percentages of 3–7%. Furthermore, very 
slightly higher levels of fluorine were found toward the 
axis of the acceleration tubes. Small amounts of aluminium 
were also detected, at 1–3%. 

In combination with the SEM images, the oxygen and 
carbon content suggests a build-up of oxide and carbon lay-
ers, which aside from impacting the voltage gradient, 
would provide particulate material for increased initiation 
of vacuum breakdown. The supply of oxygen comes from 
residual gas in the acceleration tubes and oxygen gas that 
was historically used as a gas stripper medium. Most of the 
carbon contamination is likely to be from broken carbon 
stripper foils. 

The presence of fluorine is further evidence of SF6 leak-
age into the vacuum space. 

Other features were also observed upon disassembly of 
the acceleration tubes. Pure physical damage to electrodes 
was observed, with craters in electrode surfaces and sput-
tering of titanium. This then creates protrusions that then 
act as a trigger for the release of electrons. An example of 
cratering is shown in Fig. 8. 

REMEDIATION OPTIONS AND  
CONLCUSION 

From the observed conditions of the accelerator tube in-
sert electrodes, their remediation through cleaning or re-
placement should be a priority. However, even new elec-
trodes may need processing. New tubes and electrodes in-
stalled during the compressed geometry upgrade of the 
14UD were processed via magnetron sputtering using ar-
gon, followed by baking in a vacuum oven at 600 °C [3, 5]. 

NEC offer refurbishment of accelerator tubes via high 
pressure rinse of the tube and replacement or electro-pol-
ishing of the titanium insert electrodes. However, this does 
not remediate issues with possible deterioration of the bulk 

14th Int. Conf. on Heavy Ion Accelerator Technology HIAT2018, Lanzhou, China JACoW Publishing
ISBN: 978-3-95450-203-5 doi:10.18429/JACoW-HIAT2018-MOOYA01

Electrostatic Accelerators

MOOYA01

31

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
18

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I.



dielectric properties of the ceramic insulation, nor any 
damage to the aluminium bonding layer between the tita-
nium and ceramic. 

 

 
Figure 8: SEM image at the inner edge (toward the beam 
axis) of an acceleration tube electrode showing severe 
metal vaporisation. 

The most obvious and efficient remediation option is the 
installation of new acceleration tubes. However, consider-
ation of the large capital outlay required, facility downtime 
and the strategic future of the facility is necessary. Incre-
mental replacement over time to reduce downtime requires 
regular venting of the vacuum space, compromising the 
good, low vacuum required to minimise vacuum break-
down. 
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Abstract 
The superconducting magnets of the Facility of Rare Iso-

tope Beams (FRIB) are used to focus and steer the heavy 
ion beams of the driver linac. All the magnets are designed 
as a solenoid with bucking coils to suppress the stray field. 
And all of the magnets have superconducting dipole cor-
rectors to steer both horizontal and vertical field. Two types 
of magnets are manufactured in China and most of them 
have been tested at Institute of Modern Physics (IMP). This 
paper describes the measurement facilities and magnetic 
axis measurement method. We also present a summary of 
the measurement process and test results of the magnetic 
performance for the magnets. 

INTRODUCTION 
The Facility for Rare Isotope Beams (FRIB) will be a 

new national user facility for nuclear science. It is funded 
by the DOE-SC, Michigan State University (MSU) and the 
State of Michigan. The driver linac of the FRIB facility can 
accelerate all stable isotopes to energies beyond 200 
MeV/u at beam powers up to 400 kW [1].  

FRIB SC magnet packages are used to focus and steer 
the heavy ion beams of the driver linac. 80 magnets have 
purchased from XSMT Co. Ltd, China. It Include 9 short 
and 71 long magnets. IMP undertook the design tasks. And, 
then 30 of the magnets tested at IMP. 

Each FRIB SC magnet package consists of a main focus-
ing solenoid, a pair of stray field bucking coil, a pair of SC 
dipole correctors both in the vertical and horizontal direc-
tions, a helium vessel, a passive quench protection device 
and the reference points for showing the magnetic axis of 
the solenoid coil. The solenoid coil length is 25cm and 
50cm respectively [2]. The simulation model for 25cm so-
lenoid coil is shown in Fig.1. 

 
Figure 1: Simulation model of FRIB SC magnet package 
(25cm). 

The FRIB SC magnet is designed as a bath-cooled mag-
net. The operating temperature of the liquid helium bath is 

up to 5.0K. The peak field on the beam axis is approxi-
mately 8 T. Table 1 summarizes the main parameters of the 
magnet.  

Table 1: Parameters for the FRIB SC Magnet 

Parameters Unit 50cm  25cm

Main solenoid nominal 
current

A 90 90 

Peak solenoid filed at Inom T 8 8 ܤ׬௓ଶ ௓ଶܤ׬at Inom T2m 28.2 13.6  ݖ݀  uniformity  ݖ݀
within 80%×R 

% 2 2 

௫ܤ׬ ,ݖ݀ ௬ܤ׬  ,ݖ݀

integrated field strength 

Tm 0.06 0.03

௫ܤ׬ ,ݖ݀ ௬ܤ׬  ,ݖ݀

Uniformity within 15mm

% 5 5 

Maximum current 
of dipole 

A 19 19 

Due to the stringent space restriction inside the cryo-
modules, the solenoids was designed as compact as possi-
ble. The inner diameter of the cold bore is 40mm. The me-
chanical lengths of the SC magnets are 589.53mm and 
349.76mm respectively. The solenoid and dipole correc-
tors are mounted inside the helium vessel which has a di-
ameter of 304.8mm. Figure 2 shows the two types of SC 
magnets after assembly. 

 
Figure 2: Two types of FRIB SC magnets after assembly 
and preparing for vertical test in the helium dewar. 50-cm 
solenoid package(left),25-cm solenoid package(right). 

The design of the solenoids minimized the stray field 
in order to ensure the adjacent SC RF cavities exposed to a 
field less than specified. The stray field are suppressed by 
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the bucking coils. When the solenoid and dipoles are all 
powered at the nominal currents, the maximum acceptable 
magnetic stray field is 270 Gauss for all points where z ≥ 
390 mm from the centre of the 50-cm solenoid and 240 
Gauss for 25-cm type (z ≥ 260 mm) [3]. 

The helium vessel was made of 316L stainless steel to 
minimize residual field and welding also be done in a way 
to reduce the residual field. The deviation of the field cen-
tre axis from the mechanical centre axis should be within 
0.3mm. 

MEASURMENT FACILITY 

Cryogenic Test Station 
The cryogenic test station for the FRIB SC magnet base 

on an old Linde TCF10 helium liquefier which has a lique-
faction capacity up to 39L/h. Figure 3 shows main parts of 
the station. There are three vertical test cryostats in this test 
station. The inner diameters of the cryostats are 300mm，
700mm, 800mm. The helium gas produced in the testing 
process is recovered by a 23 Nm3/h piston compressor. 
Then the gas is purified by the purifier in the TCF10 lique-
fier and liquefied again.  

The magnets were pre-cooled by liquid nitrogen. Then 
the nitrogen was pressured out by helium gas. Before fill-
ing in the liquid helium the cryostat should be vacuumed 
and filled with pure helium. After the test and magnetic 
measurement, the liquid helium remaining in the test cryo-
stat was pressured back into the helium storage-dewar. This 
step can save the liquid and reduce the time for warm up. 

 
Figure 3: Cryogenic test station High pressure helium stor-
age tank (1), Air bag (2), Compressor (3), TCF10 (4), Liq-
uid helium dewar (5). 

Vertical Measurement Setup 
Due to the small bore size (40 mm), it is hard to develop 

and insert an anti-cryostat into the magnet for keeping the 

measurement device at room temperature. So the measure-
ment system are operated at cryogenic temperature. Ac-
cording to the performance requirements of the SC magnet, 
the key content of cryogenic test is to measure the integral 
fields of the main solenoid and steering dipoles. The devi-
ation of the solenoid field centre axis from the mechanical 
centre are also determined by the field measurements. 

The vertical measurement set up and measuring coordi-
nate system are shown in Fig.4. The SC magnet was tested 
in the 700mm cryostat. There is a motion mechanism on 
the top of the cryostat which contains 4 motion axes. X&Y 
are manual axes and Z&C are motor drive axes.  The C axis 
is used for rotation measurement and the Z axis is used for 
vertical direction mapping. The position resolution is 1μm 
and 1 seconds for Z and C axis respectively. 

 
Figure 4: Measurment setup for cryogenic test. 

The motion mechanism are mounted on a aluminum disc 
and connected to the measurement rod by a coupling. By 
adjusting X and Y axis the centre of the C axis can coincide 
with the centre of the measurement rod and can be coaxial 
with the magnet. We reserve a uniform gap between inner 
surface of the magnet and the rotary cylinder by precision 
machining. The bottom of SC magnet has a locking ring to 
keep the magnet stable during the measurement. 

Measurement Rod and Rotary Cylinder 
We used a long non-magnetic stainless steel tube as the 

measurement rod (diameter: 20mm length: 2.8m). The up-
per end is connected to the motor drive by a coupling and 
the bottom end has two Hall probes to measure the inte-
grated field. The transverse Hall probes (Br) can mapping 
the field of the steering dipoles and the axial probes (Bz) 
can measure the field of the main solenoid along the mag-
net centre. There is a small gap between the G10 wedge 
and cylinder’s groove, which is shown in Fig.5. Based on 
this configuration, the measuring rod can be used as rotat-
ing shaft of the rotary cylinder simultaneously 
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Additional two transverse Hall probes (B1 and B2) are 
installed in the symmetrical position of the cylinder for de-
termining magnetic centre axis. These two probes are ro-
tated to scan Br at both ends of the main solenoid where the 
radial field component is a maximum. At this position the 
Br components are most sensitive for the deviation of mag-
netic field centre. 

 
Figure 5: Measurement rod and rotary cylinder. Methods 
for measuring integral fields and magnetic field centre. In-
stall position of Hall probes 

Low temperature axial and transverse Hall probes from 
Cryomagnetics company are used. They were calibrated at 
4.2K up to 9T. The linearity error of the probes are less than 
0.2%, the sensitivity varies with the magnetic field are less 
than 1%. The core of the data acquisition system is a NI 
industrial PC, which is used to monitor the temperature and 
voltage, control the power supply and motor drive. A stable, 
low noise nanovoltmeter model 2182A from Keithley is 
used to measure the Hall voltage. The multi-channel acqui-
sition can be reached vis a multi-channel acquisition switch 
system, model 2700 also from Keithley. 

MEASUREMENT RESULT 

Training  
We carried out the cold performance tests for all the SC 

magnet. During the initial cold tests, the number of the 
quenches to reach the nominal operating field at 4.5 K are 
recorded.  

The solenoids and steering dipoles used a passive quench 
protection device. At 4.2 K, the solenoids are powered and 
ramped up to their nominal field with a minimum ramp rate 
of 0.5% of Inom per second. After solenoid training, each 
steering dipole should be powered and ramped up to its 
nominal field separately. At last, all three coils (solenoid, 
horizontal steering dipole and vertical steering dipole) tri-
ple training at their nominal fields simultaneously. 

Most of the SC magnet reached their nominal field with-
out quenches. Some of the them needs two or three times 
training. 

Magnetic Centre  
The alignment scans are performed at both ends of the 

solenoid. The increments of measurement is set 45°with 
a current of Inom (dipoles off) at both ends of the solenoid. 
The solenoid field Br data is fitted using sine wave as 
shown in Fig.6.We compare theoretical results with actual 
measurements, to determine the displacement and orienta-
tion of the axis from the magnetic axis [4]. 

 
Figure 6: Fitted of the magnetic centre data. 

The requirement of deviation of the field centre from the 
mechanical centre are smaller than 0.3 mm. After the cold 
test, we mark the field centre on the helium vessel for the 
solenoid alignment. The flanges are chosen to the location 
of the fiducials. 

Integral Field  
The solenoid field Bz shall be measured at Inom every 5 

mm along the Z-axis through -400 mm ≤Z≤ +400 for the 
50 cm solenoid and -200 mm ≤Z ≤ +200 for the 25 cm 
solenoid in order to obtain integrated squared field ∫ݖ݀ 2ݖܤ [T2m]. The measurement result of a 50cm magnet are 
shown in Fig.7. The results of series measurement result 
are 2% larger than the theoretical calculated value. 

 
Figure 7: A 50cm magnet measurement result for the inte-
gral field of main solenoid. 

The integral filed of the steering dipole at Inom be meas-
ured along the Z axis parallel to the centre of the magnet 
and at a distance R=15mm from the beam axis. Rotating 
the measuring rod can measure ∫ ݔܤdz and ∫ ݕܤ	dz respec-
tively as Fig.9.The series measurement result can reach the 
requirement defined in table1. 
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Figure 8: A 50cm magnet measurement result for the inte-
gral field of steering dipole. 

CONCLUSION 
It is the first time for serial cold test of SC magnet at IMP 

and all of the results are accepted by FRIB even some of 
the magnets have been already successfully commission-
ing.  

The measurement facility works well during the test. 
The major flaw is that the stray field map and the uni-
formity cannot be measured. Because the roundness of the 
coil bobbins of the solenoid coils is on high machining ac-
curacy that we can make sure the uniformity beyond the 
requirement. 

The vertical test consumes much time and liquid helium, 
and has a great risk of failure. (Data acquisition failure 
move not smooth etc.). Maybe a horizontal test programme 
would solve these problems. 
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THE SUPERCONDUCTING CYCLOTRON RF SYSTEM R&D 
 

Xianwu Wang , Xingli Jiang, Yong Qiao, Zhe Xu , Institute of Modern Physic, Lanzhou, China 
 
Abstract 

IMP is presently developing a 10MeV Superconducting 
Cyclotron (IMP-MK90) (see Fig. 1) for the nuclear pore 
membrane production and research purpose [1-5]. The 
cyclotron parameter see Table 1. The RF system comprises 
two separated resonators driven by independent amplifiers 
to allow for the phase and amplitude modulation technique 
to be applied for beam intensity modulation. The cyclotron 
works on 4th harmonic with Dee’s voltage 70kV frequency 
37MHz. According to the physical requirements of the 
superconducting cyclotron, the cavity is designed to be 
vertical 1/2 wavelength line structure. The RF 
system  preliminary design has been completed (Fig. 2). 
 

 
Figure1: The cyclotron structural model. 

 

 
Figure 2: The RF cavity structural model. 

 
THE CYCLOTRON AND RF SYSTEM 

DESIGN 
     On the basis of the physical design requirements, the 
relevant physical parameters shown in Table1. 

 
 

Table 1: RF System Specifications 
 Type of cyclotron 

Heavy Ion  40Ar12+，86Kr26+  
 Axial injection with ECR ion source 

Split beam with either Septum Magnet or QWR cavity 
Beam current  >3euA  
Beam energy  10MeV/u  

 RF system parameter 
Resonant Frequency  37MHz 

Dee Voltage  60-80KV 
Dee Angle  33° 

Extraction Radius  750mm 
Injection Radius  35mm 
Phase Stability  ≤±0.5° 

Amplitude Stability  ≤1×10-4 
Frequency Stability  ≤1×10-6 

 Magnet 
Magnet Coil ~300kAT 

Maximum magnetic field 2.75T 
Magnet Weight ~90 tons 

 Production Lines 
Multi-purpose Line              1  line 
 Industrial line             3  line with beam split 

 
RF STRUCTURAL SIMULATION 

RESULTS WITH CST 
According to the structure parameter, the three-

dimensional model is founded, simulated and analyzed 
with CST. By changing and optimizing Dee‘s angel, stem 
dimension, stem height and position etc. parametrics of 
structure, The simulation results show that the resonant 
frequency is 37.05MHz, Q value is 7259 and power loss is 
18kW. The voltage along the radial gap of Dee is from 
82.25 kV in the center of Dee to 85.56 kV in the radius of 
Dee Extraction. The voltage distribution is uniformly 
rising along the radial gap of DEE. As shown in Fig. 3. The 
results shows that the voltage characteristics along the 
radius basically depend on the the position and diameter of 
the inner stem, and the Dee’s angle. The electric field and 
magnetic field distribution map of the cavity are shown in 
Fig. 4 and 5. Surface current distribution result show in  
Fig. 6. 

 
THE TUNING DESIGN OF THE RF 

CAVITY 
The fine-tuning loop has been designed to meet the 

dynamically tuned requirements.the coarse-tuned with 
capacitor . The fine-tuning parameter shows in Table 2.  

 ____________________________________________ 
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Figure 3: Voltage distribution along radius. 

 

 
Figure 4: Electric field distribution. 

 

 
 Figure 5: Magnetic field distribution. 

 

  
Figure 6: Surface current distribution.  

 
Table 2: The Fine-Tuning Parameter 

 Parameter Value  
Tuning range (kHz)  120  

Tuning resolution(Hz)  100  

 The rotation angle of the tuning ring（°） 90  

Backlash Tolerance（°）      0.1  
 

 
 
 

THE COUPLER DESIGN OF THE RF 
CAVITY 

The coupler has been designed to be inductor coupler. 
The coupler maximum testing power is 30kW. Maximum 
power consumption on coupler is 0.5% Maximum 
reflection power on coupler is 1%.  

 
THE SAWTOOTH WAVE BUNCHER 

DESIGN 
The design of buncher adopts small signal harmonic 

synthesis and wide band amplification and matching 
transmission. The buncher parameter shows in Table 3. The 
principle is shown in Fig. 7. the RF system block diagram.  

Table 3: The Sawtooth Wave Buncher Parameter 
 Parameter Value 

Frequency (MHz)  37  

Effective duty cycle  >60%  

Buncher voltage(kV) 1.6  

Linearity error <1%  
 

 
Figure 7: the block diagram of RF system composition. 
   

CONCLUSIONS 
The paper introduce the RF design of the 37MHz 

superconducting cyclotron cavity and RF system, 
including RF cavity simulation, the geometry structure of 
DEE is optimized repeatedly for the ideal voltage 
distribution, the buncher designing scheme and parameter 
etc.  

The next step is to carry out the system optimization 
design, including the system cooling design coupling, and 
tuning optimization design, and the radio frequency splitter 
beam design, and the system engineering transformation 
work.  
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DESIGN OF FAST PULSE GENERATOR FOR KICKER POWER SUPPLY IN 

HIAF  

Y.  Liu† ,  J.  Gao , D.Q. Gao, J.B. Shang-guan, J. Zhao  

Institute of Modern Physics, Chinese Academy of Sciences, 730000 Lanzhou, China

Abstract 

Kicker power Supply is one of the key components in 

the injection and extraction system of HIAF (High 

Intensity Heavy Ion Accelerator Facility, the 12th 

five-year national big science project). The PFN-Marx 

generator technology based on solid-state switch IGBT 

will be applied to HIAF-Kicker power supply. Hundreds 

of fast pulse signals are required for these IGBTs’ control. 
The PFN-Marx generator has many requirements for 

their control signals, such as adjustable pulse-widths and 

time-delay. The maximum value of adjustment accuracy 

of the pulse-widths and delay among multiple control 

signals need to be 10ns. In this paper, a fast pulse 

generator circuit with adjustable pulse-widths and 

time-delay is designed for HIAF-Kicker power supply. 

This design is based on an emerging ARM-embedded 

FPGA. And the test results shown that the design can 

meet the required performance. 

INTRODUCTION 
The High Intensity Heavy Ion Accelerator Facility 

(HIAF) is a new accelerator facility under design at the 

Institute of Modern Physics (IMP), Chinese Academy of 

Sciences [1]. The Kicker power supply is a device that 

provides excitation current for the pulsed magnet in the 

injection and extraction system of HIAF. HIAF-Kicker 

power supply will use a solid-state PFN-Marx structure 

as an energy storage system. Since the limited withstand 

voltage and current capability of a single solid-state 

switch IGBT, the quantity of IGBTs in solid-state 

FPN-Marx generator is very large. The control accuracy 

of FPN-Marx generator directly affects the beam 

injection efficiency. Therefore, the synchronous driving 

of multi-channel IGBT has become a technical difficulty 

problem that must be solved for HIAF-Kicker power 

supplies.  

To reduce the time-delay caused by the dispersion of 

circuit parameters on FPN-Marx generator, people used 

to adjust switches on and off manually. This method is 

time consuming and laborious. The switches cannot to be 

debugged online while the power supply is in operating. 

To solve these problems, we designed a fast pulse 

generator based on Cyclone V chip, which integrates 

FPGA and a dual-core ARM Cortex-A9 MP core 

processor. In this design, ARM is mainly used to upload 

and download the control data. The fast pulse generator 

circuit is designed to generate hundreds of fast pulse 

control signals. For such signals，the time-delay and 

pulse-widths are adjustable and the adjustment accuracy 

is 10 ns. The high-accuracy digital control design 

provide synchronous drive signals for multi-channel 

IGBT of FPN-Marx generator, which has a significant 

advantage over manual adjustment.  

THE SOLID-STATE PFN-MARX 

GENERATOR ON HIAF-KICKER 

Compared with FPN (Pulse-Forming Network) and 

PFL (Pulse-Forming Line), PFN-Marx generator is based 

on solid-state switch IGBT, which has advantages of 

smaller size, easy to repair and more flexible to adjust 

pulse-widths and delay. After the energy storage process 

has been completed in PFN-Marx circuit, the square 

wave excitation current can be generated by the 

solid-state switch IGBT for the magnet load [2].  

 The work principle of the solid-state PFN-Marx 

generator is: the charging power supply charges the PFN 

in parallel through the charging resistor. After the 

charging process has been completed, the solid-state 

switches are turned on at the same time. The charging 

resistor acts as an isolator，and the PFNs in each stage 

are discharged serially. Each level of PFN modulates the 

waveform and finally the approximate square wave pulse 

waveform is obtained on the load. The schematic of the 

solid-state PFN-Marx generator is shown in Fig. 1. 

 

 

___________________________________________
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Figure 1: The schematic of the solid-state PFN-Marx generator. 
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THE CONTROL SYSTEM STRUCTURE 

The entire control system of HIAF is an 

Ethernet-based distributed control system. The 

information such as voltage parameters and pulse-widths 

need to be quickly sent to Kicker power supply 

controllers through the Ethernet [3]. In order to make 

communication easier between the upper control system 

and the Kicker power supply controllers, we use the 

Cyclone V SX FPGA, which integrated with dual-core 

ARM Cortex-A9 MP Core processor.  

The control system structure is  showed  in  Fig. 2. In 

this control structure, the delay and pulse-widths data are 

sent by the user interface via Ethernet. The ARM stores 

this information and distributes them to different 

registers on the FPGA side through the AXI bus bridge. 

After receiving these data, fast pulse generator circuit on 

FPGA generate hundreds of fast pulse control signals. 

Then we convert these output pulse signals into 

multi-channel optical signals. These optical signals are 

transmitted through the optical fiber and then converted 

into current signals by optical transceiver to the 

PFN-Marx generator. 

FPGA-BASED FAST PULSE GENERATOR  

 As  shown in  Fig. 3, the programming contents on 

FPGA include: the fast pulse generation module and 

Avalon bus interface module. The fast pulse generation 

module contains multiple 16-bit counters. These counters 

read the delay and pulse-widths data for counting. These 

data are written in some 32-bit registers on FPGA by 

ARM through the AXI bus bridge. Among this data the 

upper 16 bits data represent the delay information and 

the lower 16 bits data represent the pulse-widths 

information. After counting process is completed the fast 

pulse generation circuit outputs the fast pulse.  

For general external address space access, the CPU 

requires a user-defined interface control module. The 

Avalon bus interface module is designed according to the 

CPU read/write timing. Then the two modules are 

attached to the AXI bus bridge via the Qsys component. 

We use the PLL cores in FPGA to multiply the clocks to 

100MHz, so that the adjustment accuracy of the 

pulse-widths and delay reaches 10ns. 

THE FAST PULSE OUTPUT SIGNALS 

The design of fast pulse generator was used 

successfully to driving multi-channel IGBTs of 

PFN-Marx generator synchronously for HIAF. In this 

paper, we take three fast output pulses as an example. As 

shown in Fig. 4,  the  delay  among each channel signals 

is adjustable with a time precision of 10 ns. The 

pulse-widths can also be adjusted according to the 

Kicker power supply’s requirements with the same 

precision of 10 ns. All pulse-widths and delay 

information are sent through the Ethernet. The 

synchronization experiment show this design can meet 

the synchronous drive requirements of solid-state 

FPN-Marx generator for HIAF.  

CONCLUSIONS 

In this paper, a fast pulse generation circuit based on 

an ARM-embedded FPGA structure is designed to 

realize the synchronous driving for multi-channel IGBT 

of PFN-Marx generator for HIAF-Kicker. We use 

digital technology to accurately adjust the delay and 

pulse-widths of the drive pulses, effectively avoiding 

the shortage of manual adjustment. Moreover, the 

digital driving technology can improve the stability and 

synchronization of the injection and extraction system 

in HIAF. The following work will focus on integrating 

the fiber interfaces for hundreds of fast pulses into the 

controller of Kicker power supply systems and giving 

an optimized fan out scheme to reduce budget. 
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Figure 2: The control system structure. 

Figure 3: The fast pulse generator hardware structure. 

Figure 4: The multi-channel fast pulse output signals. 

14th Int. Conf. on Heavy Ion Accelerator Technology HIAT2018, Lanzhou, China JACoW Publishing
ISBN: 978-3-95450-203-5 doi:10.18429/JACoW-HIAT2018-MOPB04

Accelerator System and Components

MOPB04

41

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
18

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I.



COMMISSIONING PROGRESS OF LEAF AT IMP 

Y. Yang†, Y. H. Zhai, P. Y. Jiang, L. T. Sun, L. Lu, H. Jia, W. P. Dou, X. Fang, L. Jing, Y. Wei,  
W. Ma, L. P. Sun, W. Lu, Y. H. Guo, X. J. Liu, H. W. Zhao 

IMP/CAS, Lanzhou 730000, China  

Abstract 
A Low Energy intense-highly-charged ion Acceler-

ator Facility (LEAF), which is mainly consist of an 45 
GHz superconducting ECR ion source, LEBT and an 
81.25 MHz 4-vane RFQ, was designed to produce and 
accelerate heavy ions, from helium to uranium with A/Q 
between 2 and 7, to the energy of 0.5 MeV/u. The typical 
beam intensity is designed up to 2 emA CW for the ura-
nium beam. The project was launched in 2015 and has 
been successfully commissioned with He+ (A/Q=4), N2+ 
(A/Q=7) beam and accelerated the beams in the CW 
regime to the designed energy of 0.5 MeV/u. Beam 
commissioning results of He+ beam have been reported 
previously. This paper presents the details of N2+ com-
missioning and beam studies. 

INTRODUCTION 
LEAF (Low Energy intense-highly-charged ion Ac-

celerator Facility, see Fig. 1) [1] has been successfully 
commissioned with A/Q=4 ion He+ and A/Q=7 ion N2+. 
Since the designed heaviest ion is Uranium with charge 
state of 34, N2+ could be a substitute of U34+ to evaluate 
the accelerator performance due to the same rigidities. 
Studies of the facility were carried out by beam commis-
sioning with different intensities. Beam characteristics 
from ECR were measured and discussed. Beam phase 
space re-construction was developed to study the evolu-
tion process of the beam from source to RFQ, contrib-
uting to LEBT tuning and particle cutting with collima-
tors.  

SOURCE RESULTS 
A 14.5 GHz room-temperature permanent magnetic 

ECR ion source was fabricated and employed for the 
commissioning of LEAF. The source performance meets 
intensity requirements for commissioning. The source 
demonstrated ~5 emA of He+ beam, 1.5 emA of He2+ 
beam, 1.7 emA of N2+ beam and 0.16 emA of N5+ beam. 
Beam emittances were measured for N2+ beam with 
several intensities.  As shown in Fig.2, beam emittance 
increase with the intensity. The main reason should be 
attributed to the plasma meniscus change, related with 
source tuning. Aberrations from the magnets and space 
charge effects also contribute to the beam emittance 
degradation [2,3]. Figure 3 demonstrates the measured 

phase space distributions of N2+ beam with intensities of 
~0.14 emA and ~1.52 emA, respectively. It is seen that 
by increasing the beam intensity the phase spaces are 
seriously distorted, resulting to emittance growth.  

 
Figure 1: Layout of LEAF. 

 
Figure 2: N2+ beam emittance versus beam current. 

  

  
Figure 3: Measured beam phase space distributions for 
~0.14 emA (up) and ~1.52 emA (down) N2+ beams. 
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BEAM COMMISSIONG 
~0.1 emA of N2+ Beam Commission and Char-
acteristics 

The RFQ commissioning of N2+ beam started with 
~0.1 emA. The slits in Q/A analyser of ECR were throt-
tled to confine the emittance. Figure 4 shows the meas-
ured emittance, indicating 0.07 π.mm.mrad in horizontal 
and 0.05 π.mm.mrad in vertical. The beam, with energy 
of ~3.57 keV/u (25 kV extraction voltage of ECR), was 
pre-accelerated to the designed RFQ input energy of 
14 keV/u by the accelerating tube and converted to an 
approximately axisymmetric beam by four quadrupoles 
in the LEBT line. Afterwards the beam was focused by 
two paired solenoids [2] and matched to RFQ. Beam 
transmission efficiency through LEBT reached 100%. 

                    
 
 
 
 
 
 
 
 
 

Figure 4: Emittance measurement for ~100 eμA N2+ 
beam, throttled slits. 

The RFQ was conditioned to 63 kW, corresponding 
to the vane voltage of 71.3 kV, which was slightly higher 
than the designed voltage of 70 kV to accelerate A/Q=7 
ion beams. The measured transmission efficiency (in-
cluding non-accelerated particles) was ~98%. The Multi-
Harmonic-Buncher (MHB) has not been operational yet, 
therefore beam injected into the RFQ was a DC beam. 
The acceleration efficiency was of ~54.6% because the 
starting synchronous phase of the RFQ was set to -45 
degree. The beam energy was measured with TOF moni-
tor (two BPMs with a distance of 1.068 m between each 
other, see Fig. 5), satisfying the designed energy of 
0.5 MeV/u.    

         
Figure 5: BPM signals (yellow: BMP-1, green: BPM-2). 

Transverse emittances after RFQ were measured by 
using slit+slit+FC and plotted in Fig. 6. The measure-
ments demonstrated rms emittances of 0.119 π.mm.mrad 
in horizontal and 0.088 π.mm.mrad in vertical. The phase 

spaces were slightly distorted, which can be due to the 
factor that the injection beam had been aberrant. Simula-
tions by TRACK code were also provided in Fig. 6, 
which indicated horizontal emittance of 0.119 
π.mm.mrad and vertical emittance of 0.092 π.mm.mrad. 
Measurements have a good agreement with simulations. 
Besides, we observed that no emittance exchange be-
tween X&Y directions. That’s because after ECR beam 
emittance measurement (at LEBT test chamber 1#, see 
Fig. 1) there is no element creating transverse coupling 
in LEBT and also no coupling in RFQ for such low-
current beam.    

 
 

 

Figure 6: Measured (up) and simulated (down) beam 
emittance in MEBT test chamber after triplet focusing.   

Beam bunch profile was measured by a Fast Fara-
day Cup (FFC) which has a time resolution of ~80 ps, as 
shown in Fig. 7. The measured FWHM (Full Width at 
Half Maximum) of the bunch length was ~1.9 ns, which 
was slightly larger than the simulated value of  1.5 ns  
(see Fig. 8). 

 
Figure 7: FFC signal. 
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Figure 8: Simulated bunch profile. 

Commission for Different-Current Beams 
Further beam commissioning was to increase the beam 

current. The source intensity was enhanced from ~118 
eμA to 785 eμA and the corresponding emittances were 
shown in Fig. 9. By slightly tuning the LEBT magnets to 
achieve maximum RFQ transmissions, the transmission 
efficiencies of the beam in LEBT and RFQ were meas-
ured and plotted in Fig. 10. One thing should be clear 
that the beam transmissions from LEBT test chamber 1# 
to 3# (see Fig. 1) always kept 100%, even for very high 
intensity as 1.7 emA. Some “tail” particles would be lost 
at RFQ entrance, leading to LEBT transmission efficien-
cy (from LEBT test chamber 1# to ACCT-1) lower than 
100%. The RFQ transmission decreased with the beam 
current. As seen from the plot, the RFQ transmission 
decreased to 82% while the beam intensity reached 785 
eμA. A collimator channel based on two sets of X&Y 
slits was designed and installed in LEBT test chamber 3# 
to remove the “tail” particles and improve the RFQ 
transmission so as to reduce the beam loss in RFQ. With 
the collimator on, ~11.5% (13.6%) of the particles were 
cut for initial 520 eμA (785 eμA) beam, while the RFQ 
transmission efficiency was improved from ~88.5% 
(82%) to ~95.7% (91%). Further transmission efficiency 
improvement requires the operation of MHB.  

 
Figure 9: N2+ beam emittance versus beam current from 
source. 

 
Figure 10: Transmission efficiencies in LEBT (from 
LEBT test chamber 1# to ACCT-1), RFQ (from ACCT-1 
to ACCT-2), and acceleration efficiency of RFQ (from 
ACCT-1 to MEBT test chamber).  

PHASE SPACE RE-CONSTRUCTION  
Ion beams from ECR source are typically distorted 

with aberrations due to the magnetic confinement con-
figuration. Beam simulation by using an imaginary initial 
distribution, such as water-bag distribution or Gauss 
distribution, can’t well present the evolution process of 
the beam. Phase space re-construction based on emit-
tance measurement is very necessary for simulations that 
are close to the realistic beam transport and machine 
studies, especially for those high-intensity beams. A 
code was developed to re-construct the projection phase 
space distributions based on Allison scanner measure-
ments. Beam transverse coupling was not considered 
because no element after ECR beam emittance meas-
urement in LEBT could produce transverse coupling to 
the beam under linear conditions.  As an example, 
Fig. 11 illustrates the measured transverse phase space 
distributions with Allison scanner at LEBT test chamber 
1# for N2+ beam with current of 785 eμA. The re-
constructed distributions are given below.    

  

  

Figure 11: Measured N2+ beam phase space distributions 
with Allison scanner (up) and re-constructed distribu-
tions (down). 
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    The artificial particle distributions were input in 
TRACK to perform the subsequent simulations. After 
LEBT transmission both measured and simulated phase 
space distributions at LEBT test chamber 3# were pre-
sented in Fig. 12. It is observed that the simulated distri-
butions have very similar shapes with the measured ones, 
demonstrating that simulations based on phase space re-
construction could well predict the beam phase space 
profile at any location in LEBT, which is especially 
important and useful at the positions of beam collimators 
where particle “tails” are wanted to be cut by the slits. As 
shown in Fig. 12, it is possible to predict that the “tail” 
particles could be removed by the slits that located after 
the emittance measurement point.       

   

  

Figure 12: Measured beam phase space distributions 
with Allison scanner at LEBT Test chamber 3# (up) and 
simulated distributions based on phase space re-
construction (down). 

CONCLUSIONS AND FUTURE PLANS 
LEAF has been successfully commissioned with 

A/Q=4 ion He+ and A/Q=7 ion N2+. Key performance 
parameters demonstrated. MHB is now being installed 
and tested. Future beam commissioning will be carried 
out with MHB operational. Beam intensity will be in-
creased step by step, from pulse to CW.      
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[1] Y. Yang, et. al, “Initial Beam commissioning of LEAF at 

IMP”, in Proc. the 29th Linear Accelerator Conf. (LIN-
AC’18),  Beijing, China, Sep. 2018, paper TUPO005. 

[2] Y. Yang, et. al, “HIAF Front End for Transmission and 
Acceleration of 30 pµA 238U35” in Proc. 61st ICFA Ad-
vanced Beam Dynamics Workshop on High-Intensity and 
High-Brightness Hadron Beams (HB’18), Daejeon, Korea, 
Jun. 2018, paper WEA2WB03, (slides only). 

[3] V. Mironov, et. al, “On Optical Properties of Ion Beams 
From an Electron Cyclotron Resonance Ion Source”, AIP 
Conference Proceedings 2011, 080008 (2018). 

 
 
 

14th Int. Conf. on Heavy Ion Accelerator Technology HIAT2018, Lanzhou, China JACoW Publishing
ISBN: 978-3-95450-203-5 doi:10.18429/JACoW-HIAT2018-MOPB05

Accelerator System and Components

MOPB05

45

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
18

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I.
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Abstract 
High Intensity Heavy Ion Accelerator Facility (HIAF) is 

a project proposed by Institute of Modern Physics, Chinese 
Academy of Sciences (IMP). This paper designs a digital 
controller for Bring in HIAF dipole power supplies system, 
which is several circuit boards consist of high precision 
ADC, optical fiber module, DDR3 SDRAM, Gigabit 
Ethernet module. It uses Cyclone V SX SoC FPGA, which 
integrated with dual-core ARM Cortex-A9 MP Core pro-
cessor. This paper explains the hardware and software ar-
chitecture of the controller and how can it improve power 
supplies performances. The FPGA finishes the PI regulat-
ing and PWM modulation. The ARM is responsible for 
data pre-setting, web service, database, and power supplies 
detection and protection management. At the end, this pa-
per gives the output measurements when the controller is 
used in the prototype, which verifies the rationality and re-
liability of the design.  

INTRODUCTION 
HIAF [1] is a new facility for heavy ion researches [2], 

which consists of two ion sources, a high intensity Heavy 
Ion Superconducting Linac (HISCL), a 45 Tm Accumula-
tion and Booster Ring (ABR-45) and a multifunction stor-
age ring system. Because the Booster Ring has high quality 
requirement for beam, the power supplies for magnets 
should have high stability, reliability, and small tracking 
error, small current ripple. This paper describes a controller 
which is designed for Booster Ring dipole power supplies. 
The aim of the new controller is to improve the real-time 
performance, stability, and reliability. 

HARDWARE ARCHITECTURE 
This part describes the chip selecting of the controller 

and the main boards. Some papers have proposed the de-
sign of a new controller [3] uses Raspberry Pi and FPGA, 
which means that ARM and FPGA have both used in ac-
celerator power supplies area. Further, this paper proposes 
SoC FPGA which integrates ARM and FPGA, which 
makes the design more reliable because of the simplicity. 

Chip Selecting 
The controller uses Cyclone V SX SoC FPGA, which 

has the main performance as: Hard memory controllers 
supporting 400 MHz DDR3 SDRAM with optional error 
correction code (ECC) support, PCI Express with multi-
function support, variable-precision digital signal 

processing (DSP) blocks, and HPS Dual-core ARM Cor-
tex-A9 MP Core processor. In controller, it has DDR3 
SDRAM, FLASH, fiber optic 88e1111, and Ethernet mod-
ule. What the old one used is Cyclone Ⅱ FPGA EP2C70 
[4]. The differences of two FPGA resources between two 
controllers are listed as Table 1. The change of the chip can 
improve the speed of the controller. 

Table 1: The Differences Between FPGAs 
Items Cyclone Ⅴ Cyclone Ⅱ 
LEs 68,416 110,000 
Pins 499 422 
Memory bits 5,662,720 1,152,000 
DSP blocks 112 / 
Multipliers 224 150 
Total PLLs 15 4 

Main Boards 
Figure 1 shows that the controller has 5 boards, which 

consists of main board, mother board, ADC board, ex-
tended board, and PLC board. All these boards use high 
speed protocol to communicate with each other. GXB is 
used between mother board and ADC board. Except for 
GXB, this controller also uses industrial general protocol 
such as RS232, RS485, and CAN. The old controller [4] 
has 7 boards, including the boards the same as the new one 
and MCU boards, power board. Giving up redundant 
boards makes the system be more reliable. 

 

 
Figure 1: The photos of the controllers. 

SOFTWARE ARCHITECTURE 
The software architecture of the controller has two parts, 

which is FPGA and ARM. The FPGA part uses Verilog 
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HDL language to finish parallel program, and the ARM 
part which is embedded Linux uses C language for pro-
gramming.  

FPGA Part 
The FPGA finishes the PI regulating and PWM modula-

tion. FPGA is also responsible for communicating with 
PLC, and receiving some states such as overcurrent fault, 
overvoltage fault, interlock fault. Compared to the old one, 
the new controller using new series FPGA can be more 
flexible to finish some power on self-tests cooperating with 
ARM. And the greater memory resources make storage be 
more convenient. 

ARM Part 
The ARM is responsible for data pre-setting, web ser-

vice, database, power on self-tests, and power supplies de-
tection and protection management. To be real timing, the 
controller adopts White Rabbit timing System. All the 
read-back data have timestamps, which is convenient for 
the physicist to regulate beam. In the ARM, it runs an em-
bedded real-time Linux. Compared to the old controller, it 
makes full use of Linux, and gives up the shortages of 
NIOS Ⅱ. 

The Communication Between FPGA and ARM 
ARM

FPGA

Receiving and
Storage module

DDR3 SDRAM

Arae 1 Area 2

PIO

FLASH or SD card

Preset data

Preset data dealing module

Wave Number

PIO

Preset data Wave length
 and Area flag

Preset data

Synchronous 
trigger module

Wave number

Trigger 
system

Change wave

Output wave

Preset data
transmission moduleOutput wave

Preset data

Wave length 
and Area flag

Digital regulator

preset

Physics Preset data

 
Figure 2: Pre-set data transmission flow. 

The Hard Processor System (HPS, also called ARM) and 
FPGA communicate with each other through bus interfaces 
that bridge the two distinct portions. There are three 
bridges between HPS and FPGA, which are FPGA-to-HPS 
Bridge, HPS-to-FPGA Bridge, and Lightweight HPS-to-
FPGA Bridge. This design uses HPS-to-FPGA Bridge to 
finish pass pre-setting data from ARM to FPGA. Except 
for that, Lightweight HPS-to-FPGA Bridge is used to 
transmit some enable signals and flag signals through PIO 

to make sure the sequential between two parts is synchro-
nous. The details about how the pre-set data transmits are 
listed as Fig. 2. And it uses FPGA-to-HPS Bridge to finish 
passing read-back data including currents, voltages, and 
states from FPGA to ARM DDR3 SDRAM, which is 
shown in Fig. 3. All these read-back data can be saved into 
file on SD card. 

Digital regulator

Write module for 
read-back data

HPS 
DDR3 SDRAM

Read-back data(timestamps, preset data, feedback and error data)

PIO

Read enable and area

Signal processing
for read-back data 

Read enable 
and area

Read-back 
data

Area 1 Area 2

FLASH or
SD card

Read-back data

PIO

Read
 finish flag

Read 
finish flag

memory 
allocation

PIO

Physical address

Read-back data

States processing
module 

Physical address

CAN module

states

Current 
and 

voltages

States data

FPGA

ARM  
Figure 3: Read-back data transmission flow. 

RESULT 
Figure 4 gives the photos of debugging. The controller 

is used to control the prototype whose loads are quadrupole 
magnets, and the measurements screenshots from oscillo-
scope about output current is shown as Fig. 5 and Fig. 6.  

 
Figure 4: The photos of debugging. 

 

 
Figure 5: Oscilloscope screenshots (pulse current output, 
maximum current 15A). 
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Figure 6: Oscilloscope screenshots (direct current output 
15A). 

This paper analyses the result from FPGA processing by 
Python in Linux and draws the error between given and 
output current as follow. Figure 7 is the data about 15A 
pulse current output. Figure 8 is the data about 15A direct 
current output. With the data from direct current output, it 
can make a conclusion that the stability is 0.05, calculating 
as Eq. (1). (MaxCur means the maximum output current, 
and MinCur means the minimum output current.) Because 
the prototype is 600A, the stability achieves the require-
ments. The error is lower than ±0.7A (pulse current) and 
±0. 0035A (direct current).  

𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑀𝑎𝑥𝐶𝑢𝑟 − 𝑀𝑖𝑛𝐶𝑢𝑟𝑀𝑎𝑥𝐶𝑢𝑟 + 𝑀𝑖𝑛𝐶𝑢𝑟 

= ଵହ.଻ହିଵସ.ଶହଵହ.଻ହାଵସ.ଶହ = 0.05 .    (1) 

 

 
Figure 7: The pulse given and output current (the above 
one) and the error between given and output (the bottom 
one). 

 
Figure 8: The direct given and output current (the above 
one) and the error between given and output (the bottom 
one). 

CONCLUSION 
This paper gives an architecture of the digital power sup-

plies controller in HIAF. It proposes a new idea about using 
SoC FPGA in accelerator power supplies field. With reduc-
ing the boards number, the controller becomes more relia-
ble. And it makes full use of embedded Linux, which 
means it can overcome the shortcoming of NIOS Ⅱ. Fi-
nally, testing in prototype proves that this controller is 
qualified. 
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Abstract 

A prototype 81.25 MHz dual-beam drift tube linac 
(DB-DTL) is being designed to proof the feasibility of 
multi-beam type linac. The beam dynamics design and 
electromagnetic calculation have been completed [1]. 
The following step is the multi-physics analysis of the 
DB-DTL. The three-dimensional multi-physics analysis 
is very important for the design of the DB-DTL. The 
RF dissipated power will make the cavity temperature 
rise and cause cavity resonance frequency shifting due 
to the deformation of cavity structure. The distributions 
of cavity deformation and stress are calculated accord-
ing to the cavity temperature distribution. All the simu-
lation results, including cavity temperature rise, defor-
mation and stress and the frequency shifting resulted in 
cavity deformation, should be within an acceptable 
range. The designing goal is to design the DB-DTL op-
erated in pulse model with 1/1000 duty factor. The de-
tailed multi-physics analysis of the prototype DB-TL 
will be presented in this paper.  

INTRODUCTION 

The DB-DTL project has been proposed to proof the 
feasibility of multi-beam type linac in middle energy 
region acceleration [2] [3], which will apply to the design 
of new heavy ion inertial confinement fusion (HIF) facili-
ty [4]. The layout of the DB-DTL test bench is shown in 
Fig. 1, which include a 1mA permanent magnet type PIG 
ion source, faraday cups for measuring beam transmis-
sion, an existing CW 162.5 MHz RFQ accelerator [5], the 
prototype DB-DTL and an analyzer magnet for measuring 
beam energy. The DB-DTL is able to accelerate 1 mA 
proton from 0.56 MeV to 2.5 MeV. The normalized power 
dissipation of the DB-DTL is 35.83 kW according to the 
electromagnetic calculation results of the DB-DTL [1]. 
The main parameters of the DB-DTL are listed in Table 1. 
The DB-DTL will be operated in room temperature. The 
power dissipated on the internal surface on the DB-DTL 
will make cavity temperature rise, which also result in 
structure deformation and resonant frequency shifting. It 
is important to simulate the temperature rise, deformation 
and frequency shifting of the DB-DTL cavity. Actually, 
the DB-DTL will be operated in pulse mode with a duty 
of 1/1000, with cooling-water channels but without cool-
ing-water because of the limitation of funds. The multi-
physics analysis is performed to explore the maximum 
operating pulse duty factor, which will apply to the beam 
experiment. The detailed three-dimensional multi-physics 

analysis of the DB-TL will be presented in this paper, 
which is a coupled electromagnetic, thermal and structur-
al analysis. 

 

Figure 1: The layout of the DB-DTL beam test bench, 

which include a PIG ion source, faraday cups, the Proto-

type ADS RFQ, the DB-DTL and analyzer magnet. 

Table 1: Main Parameters of the DB-DTL   

Parameters Value 
Charge to mass ratio q/A 1 

Frequency (MHz） 81.25 

Beam current (mA) 1 

Input/output energy (MeV) 0.56/2.5 

Radius of beam-aperture (mm) 10 

Maximum gap voltage (kV) 389.06 

Transmission rate 34% 

Operation mode pulse 

Cavity length 991.43 

Shunt impedance (MΩ/m) 200.02 

Normalized power dissipation (kW) 35.83 

THE PROCEDURES AND GOAL OF 
MULTI-PHYSICS ANALYSIS 

As shown in Fig. 2 [6], the procedures of multi-physics 
analysis include electromagnetic, thermal, structural and 
frequency shifting analysis. The ANSYS workbench [7] 
and CST Microwave Studio (MWS) [8] are utilized in the 
simulation. Firstly, the high frequency electromagnetic 
simulation is performed with the MWS and the distribu-
tion of RF thermal loss is simulated with ANSYS High 
Frequency Structure Simulator (HFSS) code. Based on 
the simulation results, the normalized cavity power dissi-
pation is calculated, which is applied to the thermal anal-
ysis. The thermal analysis generate cavity temperature 
map according to the cavity internal surface heat flux. 
According to the distribution of cavity temperature, the 
distributions of structural stresses and deformations of the 
DB-DTL are calculated in structural analysis. Finally, the 
resonant frequency shifts, resulted in cavity the defor-
mation, is simulated in HFSS code. The frequency sensi-
tivity of cooling-water temperature and velocity are also 
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simulated by using ANSYS. Through multi-physics anal-
ysis, appropriate parameters of cooling-water are chosen 
to satisfy the requirement for DB-DTL cavity operation. 
The deformation and stress of cavity and corresponding 
resonant frequency shifting of the DB-DTL should be 
within a proper range. 

 

Figure 2: The multi-physics analysis scheme with MWS 

and ANSYS (Cited [6]).  

HEAT TRANSFER THEORY OF     
COOLING-WATER 

According to the heat conduction formula [9], the heat 
transfer coefficient ℎ� of cooling-water can be calculated. 

                     ℎ� = ���஽                                                       ሺͳሻ 

Here D and K is the diameter and the thermal conduc-
tivity of cooling-water, respectively. The value of K is 
0.63 W/m/0C. The parameter �௨ is the Nusselt number of 
cooling-water [10]. 

                    �௨ = Ͳ.Ͳʹ͵��0.8��0.8                                    ሺʹሻ          
The ��  represents the Prandtl parameter of cooling-

water, where μ and ��  is dynamic viscosity coefficient 
and specific heat capacity of cooling-water, respectively. 

                    �� = �஼��                                                         ሺ͵ሻ 

The Re is the Reynolds number, here ρ and v is the 
density and average velocity of cooling-water, respective-
ly. 

                   �� = �௩஽�                                                        ሺͶሻ 

In thermal analysis, the ambient temperature and cool-
ing-water temperature are both set to be 20 0C.   

STRUCTURE MODEL AND LAYOUT OF 
COOLING-WATER CHANNELS  

OF THE DB-DTL 

In multi-physics simulation, a half model of the DB-

DTL cavity with the cooling-water channel is utilized, as 
illustrated in Fig. 3. The copper cavity model will be 
applied in thermal and structural analysis by using AN-
SYS. The octahedron structure shell of DB-DTL is ap-
plied for good stability and easily assembling. There are 
eight cooling-waterway channels for ridge and ten cool-
ing-waterway channels for wall. The interface of coupler, 
Pickup and observing window is located at another sur-

face of the octahedron cavity. The main parameters of 
cooling-water are plotted in Table  2. Considering the 
limitation of water-supply machine, the velocity of cool-
ing-water for ridge and wall are both set to be 2 m/s. The 
diameter of cooling-water channel is 15 mm. Therefore, 
the heat transfer coefficient ℎ� can be calculated by using 
the heat transfer theory of cooing water in chapter 3.   

 

Figure 3: The cooling-water layout and structure model of 

the DB-DTL. 

Table 2: Main Parameters of Cooling-Water 

Parameters Ridges 
Cooling-water 

Walls 
Cooling-water 

D (mm) 15 15 

v (m/s) 2 2 ��  30000 30000 ��   6.6349 6.6349 �௨ 187.14 187.14 ℎ� (W/m
2
/
0
C) 7860 7860 

RF SIMULATION  
The electromagnetic simulation is firstly performed by 

using MWS. Then, verification of electromagnetic calcu-
lation is simulated by using ANSYS HFSS. Table 3 gives 
a comparison of electromagnetic simulation between the 
MWS and ANSYS. The simulation results show that the 
difference between the two codes is enough small to ig-
nore. The power dissipation of the DB-DTL is calculated 
with MWS and the surface loss density is simulated with 
ANSYS HFSS, as illustrated in Fig. 4, which will be 
applied to following thermal simulation. The normalized 
power dissipation of the DB-DTL cavity is calculated to 
be 35.83 kW. The beam power is 2 kW. According to the 
experience, the practical power loss is 1.2 times the simu-
lated value [11]. The half model of the DB-DTL will 
dissipate 18.915 kW in multi-physics simulation 

Table 3: The RF Simulation Results Comparison Between 

the MWS and the ANSYS HFSS  

Parameters MWS ANSYS 

F (MHz) 81.24993 81.9050 

Q 13514 12860 
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Figure 4: The power loss distribution on the internal sur-

face of DB-DTL cavity.  

 

Figure 5: When the duty factor is 1/1000, the temperature 

(A), deformation (B) and stress (C) deformation distribu-

tion of the DB-DTL without cooling-water system. 

 THERMAL AND STRUCTURAL  
SIMULATION AND FREQUENCY  

SHIFTING CALCULATION 

The thermal simulation is performed with the ANSYS 
Steady-State Thermal code, which generate the tempera-
ture map of the DB-DTL cavity. The cooling system and 
power dissipation is very important to simulate the tem-
perature distribution of the DB-DTL. The cavity tempera-
ture distribution is applied to structural analysis in AN-
SYS Static Structural code for simulating the deformation 
and stress distribution of DB-DTL cavity.  

The designing goal is that the DB-DTL operates in 
pulse model with a duty of 1/1000. In addition, there isn’t 
cooling-water in the cooling-water channels because of 
the limitation of funds. Therefore, the power dissipation 
on the internal surface of the half model of the DB-DTL is 
firstly set to be 18.915*1/1000 kW in thermal simulation. 
The simulation results show that the maximum tempera-
ture is 21.38 0C located at drift tube, the maximum de-
formation is 23.4 um located at upper cavity edge and the 
maximum stress is 22.942 MPa located at fixed support-
ing plane edge, as illustrated in Fig. 5. The deformation of 
the DB-DTL cavity will cause frequency shifting. Based 
on the displacement result of the cavity, the frequency 
shifting is calculated with ANSYS HFSS code. The fre-
quency shifting is 0.9 kHz. The frequency tubing ability 
of tuners is 9.65 kHz/mm, as shown in Fig. 6, which is 
applied in frequency tubing. All the simulation results are 
within an acceptable range, which meet the designing 
goal of the DB-DTL operated in pulse mode with a duty 
of 1/1000. 

 

Figure 6: The frequency tubing capacity of tuners. 

CONCLUSION 

The designing goal is that the DB-DTL is operated in 
pulse model with a duty of 1/1000. There isn’t cooling-

water in the cooling-water channels of the DB-DTL for 
the limitation of funds. The multi-physics analysis results 
of the DB-DTL show that the maximum temperature is 
21.38 0C located at drift tube, the maximum deformation 
is 23.4 um located at upper cavity edge, the maximum 
stress is 22.942 MPa located at fixed supporting plane 
edge and The frequency shifting is 0.9 kHz caused by the 
cavity deformation. All the simulation results are within 
an acceptable range, which indicate that the designing 
goal of DB-DTL is achieved. 
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DEVELOPMENT OF AN ALL PERMANENT MAGNET ECR ION SOURCE 
FOR LOW AND MEDIUM CHARGE STATE IONS PRODUCTION 

J. Q. Li†, L. T. Sun, Y. Yang, Y. Cao, X. Z. Zhang, X. Fang, J. W. Guo, Y. H. Zhai,  
H. Wang, B. H. Ma, L. B. Li, W. Lu, and H. W. Zhao,  

IMP/CAS, Lanzhou 730000, China  

Abstract 
An all permanent magnet Electron Cyclotron Reso-

nance ion source-LAPECR1U (Lanzhou All Permanent 
magnet ECR ion source no.1 Upgraded), has been built 
at IMP in 2017 to satisfy the requirements of LEAF 
(Low Energy intense-highly-charged ion Accelerator 
Facility) for first two years commissioning. LAPECR1U 
was designed to be operated at 14.5 GHz to produce 
intense low and medium charge state ion beams. LA-
PECR1U features a compact structure, small size, and 
low cost. A cone-shape iron yoke in injection side and an 
iron plasma electrode in extraction side were used to 
enhance the axial magnetic field strength. The typical 
parameters and the preliminary beam results of the 
source are given in this paper. 

INTRODUCTION 
A Low Energy intense-highly-charged ion Acceler-

ator Facility, LEAF, was launched at IMP in 2015 for 
researches of irradiation material, highly charged atomic 
physics, low energy nuclear astrophysics, et. al. The 
layout of LEAF is shown in Fig. 1. It mainly includes 
ECRIS, LEBT and a RFQ. The 4th generation ECR ion 
source FECR need to provide 2 emA U34+ beam with 45 
GHz microwave hearting. The design of FECR has been 
completed and the ion source is under construction. To 
satisfy the requirement of LEAF platform for first two 
years commissioning, a substitute ECR ion source, 
which must be compact structure and low cost, is in 
demand. 

With the development of Lanzhou All Permanent 
Magnet Electron Cyclotron Resonance ion source (LA-
PECR) in Institute of Modern Physics (IMP) in the last 
decades, it has become the cost-optimal machine to pro-
duce high intensity and multiple charge state ion beams. 
LAPECR series are widely used for heavy ion accelera-
tors, atomic physics research [1], and Heavy Ion Medical 
Machine (HIMM) [2] because of such advantages as 
compact structure, low cost and small size. We have 
built an upgraded all permanent magnet ECR ion source 
No.1, named LAPECR1U to satisfy the requirements of 
LEAF facility as ion injector for preliminary experiment.  

LAPECR1U was designed to be operated at 14.5 
GHz with the extraction HV 10-40 kV, and expected to 
produce intensity low and medium charge state ion 
beams. Especially, high intensity N2+ ion beam with high 

beam quality was expected because of the same A/Q as 
U34+. 

LAPECR1U has successfully delivered He+ and N2+ 

ion beams for RFQ commissioning. This paper will give 
the details of the design of LAPECR1U. Then, the pre-
liminary commissioning results of LAPECR1U on LEAF 
platform were presented. 

 
Figure 1: Layout of LEAF. 

THE DESIGH OF LAPECR1U 

LAPECR1U, which was designed based on older 
LAPECR1 [3], is a low and medium charge state ion 
source that can produce intense N2+ ion beam. In our 
design, the axial magnetic field is mainly produced by 
two permanent magnet rings and the radial magnetic 
field is provided by one hexapole. A 12-segmented axial 
magnetic ring at injection side provide the injection 
magnetic field with the peak up to about 0.63 T, and a 
12-segmented cone shape magnetic ring at extraction 
side provide the extraction magnetic field up to 0.67 T. 
In order to improve the performance and control the size 
of LAPECR1U, a cone-shape iron yoke in injection side 
and an iron plasma electrode in extraction side were used 
to enhance the axial magnetic field strength, and the 
axial magnetic field can exceed 1.45 T at injection side 
and 0.72 T at extraction side. The Bmini field was opti-
mized to 0.38 T by varying the space between injection 
ring and extraction ring. The radial magnet is a 12-
segmented Halbach structure hexapole which provides a 
0.94 T radial magnetic field at the inner wall of a 40 mm 
diameter plasma chamber, which is designed with dou-
ble-wall structure allowing sufficient low conductivity 
water cooling. The typical parameters of LAPECR1U are 
given in Table 1. The schematic of LAPECR1U is shown 
in Fig. 2.  

 
 

 
* Work supported by CAS (QYZDB-SSW-JSC025), MOST (contract 
No. 2014CB845500), and NSF (contract No. 11221064). 
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Table 1: Key Parameters of LAPECR1U 

Binj (T) 0.63(1.45) 
Bext (T) 0.67(0.72) 
Bmini (T) 0.38 

Br of chamber suface (T) 0.94 
Plasma chamber ID (mm) 40 

Rf (GHz) 14.5 
HV (kV) 40 

Lmirror (mm) 78 
Lecr (mm) 46 

Dimension (mm) Φ202*210 
 

 
Figure 2: Schematic of LAPECR1U. 

As shown in Fig. 2, LAPECR1U possesses more 
compact structure and higher axial magnetic field 
strength. Each of magnet rings next to another, and the 
male cone shape hexapole was cooperated with the inner 
cone shape extraction ring to compensate the radial field 
at extraction side. Figure 3 shows the contours map of 
LAPECR1U in x-z plane, and the total field B=0.7 T 
contours are well closed inside the plasma chamber. 
Figure 4 shows the axial magnetic configuration of LA-
PECR1U ion source. 

 
Figure 3: The contours map of LAPECR1U in X-Z 
plane. 

 
Figure 4: Axial magnetic configuration of LAPECR1U. 

As shown in Fig. 4, due to the employment of iron 
plug and iron electrode, axial fields at injection side and 
extraction side were enhanced significantly, and the field 
gradient has increased. This will beneficial for beam 
production of higher charge state ions according to the 
scaling laws. 

PRELIMINARY COMMISSIONING  
RESULTS 

LAPECR1U was installed at LEAF in December, 
2017. The first beam was extracted on the end day of 
January, 2018. Figure 5 gives the photo of the source and 
Q/A analyser. The Q/A analyser consist of two solenoids 
and a 110° dipole. Beam diagnostic devices, located at 
the end of Q/A analyser, include a Faraday cup, X&Y 
Allison scanners and a beam profile viewer. 

The source has passed the 30 kV insulation test 
without sparking, and it has been working well under 20 
kV extraction voltage with the distance between plasma 
electrode and puller of 22 mm. The pore diameters of 
plasma electrode and puller were 6 mm and 8 mm re-
spectively. Because of other more important missions of 
LEAF platform, we have no enough time to optimize the 
performance of this ion source, the optimization had 
been operated for only one week. During such a short 
period, we have tuned the helium ions and nitrogen ions. 
Microwave power was fed into the ion source from a 
14.5 GHz TWT (Traveling-Wave Tube) amplifier. Final-
ly, 5.0 emA of He+ was measured by faraday cup with -
200V biased voltage, when the total drain current was 
12.1 emA and microwave power was 200 W. Under the 
same condition, 1.5 emA of He2+ were obtained under 
420 W microwave power, while the total drain current 
was 7.2 emA.  
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Figure 5: Picture of LAPECR1U and Q/A analyser. 

 
For nitrogen ions beam production, two approaches 

were taken to optimize the beam intensity. During the 
first test, only nitrogen gas was fed into the source, 1.7 
emA of N2+ was measured by faraday cup under RF 
power of 190 W. Obviously, it is not difficult to product 
such lower charge state ions, however, only 56 eμA of 
N5+ was measured. In order to enhance higher charged 
state ions production, helium was also fed into the source 
as supporting gas. Easy to see that the CSD (Charge 
States Distribution) was shifted to the high charge state 
ions when supporting gas was used, then 157 eμA of N5+ 
and 8 eμA of N6+ were obtained at 20 kV extraction 
voltage and 260 W rf power. Figure 6 shows the spec-
trum optimized on N5+. The performance of the source 
for Helium and Nitrogen ion production was summarized 
in Table 2. 

 
Figure 6: The CSD optimized on N5+ with mixed gas. 

 
Table 2: Summary of Maximum Beam Current for Vari-
ous Ions and Charge States (eμA) 

 1 2 3 4 5 6 7 
He 5100 1500      
N 1600 1700 828 424 157 8 _ 
 
In order to investigate the beam quality of N2+ ion, 

beam emittances with several beam intensities were 
measured and plotted. As shown in Fig. 7, beam emit-
tance increases with the intensity. Two reasons should be 
considered, the one is plasma status depended on source 
tuning, which decided the plasma meniscus [4]. Another 

is aberrations from magnets and space charge effects [5]. 
Both of two reasons led to the growth of beam emittance. 
In addition, the measured phase space distribution of N2+ 
with beam intensity about 1.5 emA was displayed in  
Fig. 8. Not hard to see that the phase space was seriously 
distorted with such a stronger beam intensity. It is disad-
vantages to beam transportation. Fortunately, beam per-
formance at a low intensity is enough to the early stage 
commissioning. Anyhow, some methods should be taken 
to optimize the beam quality in the future.  

 
Figure 7: N2+ beam emittance versus beam intensity. 

 
 
Figure 8: Measured phase space distributions for 1.5 
emA N2+ beam. 

CONCLUSIONS 
A compact all permanent magnet ECR ion source 

for low and medium charge state ions has been success-
fully fabricated at IMP. The preliminary operation results 
of LAPECR1U for the LEAF platform have been pre-
sented in this paper. Performance of the ion source is 
good enough to meet the requests of LEAF project for 
preliminary commissioning. 
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DEVELOPMENT OF A PEPPER POT PROBE TO MEASURE THE FOUR-
DIMENSIONAL EMITTANCE OF LOW ENERGY BEAM OF ELECTRON 

CYCLOTRON RESONANCE ION SOURCE AT IMP 
X. Fang†, L. T. Sun, Y. J. Yuan, Y. Yang, Y. Cao, C. Qian, X. Z. Zhang, R. F. Chen,  

J. X. Wu, X. X. Li, H. Wang, B. H. Ma, W. Lu, and H. W. Zhao 
IMP/CAS, Lanzhou 730000, China  

Abstract 
The ion beams extracted from an Electron Cyclotron 

Resonance (ECR) ion source always exist strong 
transverse coupling effect that is caused by the field of the 
axis mirror magnets and the extraction solenoid. A Pepper 
Pot probe was developed and used to obtain the full four-
dimensional (4D) phase space distribution of the low 
energy beam extracted from the ECR ion source at IMP. 
This paper describes the design of the Pepper Pot, the 
setup configuration, the detailed image processing 
procedure, especially the analysis results verification 
compared to another type emittance meter. The first 4D 
emittance is also determined through the Pepper Pot probe. 
The transverse phase space distribution measurement data 
of oxygen beams from the LECR4 experimental platform 
are presented and discussed. 

INTRODUCTION 
Electron cyclotron resonance (ECR) ion sources [1] 

were widely used in the particle accelerator because of 
their high performance on producing highly charged ions. 
During the last few years it became the evident that the 
ion beam extracted from the ECR ion sources excited 
complicated structure of phase space distributions [2]. The 
ion beam in the horizontal and vertical planes are strongly 
coupled due to the strength field of solenoid include 
extraction coil of the axial mirror magnets and the 
extraction solenoid [3]. In order to obtain the transverse 
distribution, some type of emittance device were 
previously used, like Slit to wire meter [4], Allison type 
meter [5], but these devices cannot provide full phase 
space distribution. Pepper Pot probe is another type 
emittance meter that can acquire 4D emittance. Another 
significant advantage of the Pepper Pot probe is the very 
short time of measurement progress. Pepper Pot probe 
were widely used to measure both electron [6] and heavy 
ion [7] emittance of the low energy beam transport line 
(LEBT). There were two types Pepper Pot probe, one is 
single-pass type [8] that the probe was rapidly insert to the 
beam center to measure whole beamlet [9] data, the 
laboratories like LBNL, ANL, RIKEN, BNL are all this 
type; the other is scanning type [10] that the beamlet data 
were obtained through probe moving step by step, KVI 
has designed this type probe and it was used to measure 
the beam transverse distribution. Most of exist Pepper Pot 

probes have acquired the beam transverse distribution of 
LEBT that without the verification, in most case the 
results of Pepper Pot probe whether reliable is uncertain. 
In this paper the Pepper Pot probe result was compared to 
Allison Scanner in order to certify the accuracy.  

THE SETUP OF PEPPER POT 
The prototype of the Pepper-Pot meter which was 

recently designed and commissioned is shown in Fig. 1. It 
contains a Pepper-Pot mask with two copper frames, a 
square scintillator and a 45 degree stainless steel mirror. 
The Pepper-Pot mask is a tantalum foil with a thickness of 
100 micrometers with holes of 100 micrometers diameter 
and distance between adjacent holes is 3 mm in both x and 
y direction. A round potassium bromide (KBr) is used for 
the scintillator (5 mm thickness) with 50*50 mm available 
size. The mask is mounted in the copper frame which has 
one blocked hole in the center to provide an absolute 
spatial reference for the data processing. There was no 
additional cooling of the mask because the beam is low 
energy during the tests. A 45 degree mirror reflects the 
appearing light pattern to the CCD camera seem like 
perpendicular at the beam. The exposure time and gain of 
the camera can be adjusted online via the user interface 
and a real-time image can be acquired. A code based on 
the Matlab software is designed for the transverse 
emittance calculation. 

The Pepper Pot probe is located on the LEBT line of 
the LECR4 platform [11, 12] at IMP. The layout of the 
LECR4 platform is shown in Fig. 2. It contains a room 
temperature ECR ion source and a LEBT line which 
includes two solenoids and a 90 degree analysis magnet to 
focus and select the expected ion beam to the RFQ. The 
Pepper Pot probe was mounted in the diagnostic box 
behind the RFQ, two Allison scanners [13] were recently 
added to the same cube in order to compare the 
measurement results between two types device.  

 
Figure 1: The draw of Pepper Pot probe with KBr 
scintillator at IMP. 

* Work supported by CAS (QYZDB-SSW-JSC025), MOST 
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† fangxing@impcas.ac.cn. 
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Figure 2: Layout of LECR4 experimental platform. 

CONFIGURATION 
Angular Resolution  

The angular resolution of the Pepper Pot probe 
depends on the distance between the Pepper Pot mask and 
the scintillator screen. With increasing the distance, the 
absolute spot size on the final image increase, but the 
angular resolution decrease. In practice however, for a 
given mask, the distance depends on the expected 
maximum angle that the beam particles have and that 
beam spot do not overlap but far enough to ensure a good 
spot resolution. The distance of the Pepper Pot probe at 
IMP can be varied from 10 up to 40 mm. Table 1 shows 
the angler resolution for the different distance between the 
Pepper Pot mask and the scintillator screen. 

Table 1: The Angular Resolution of the Probe that the 
Pixel Size is 52 μm 

Distance (mm) Angular resolution (mrad) 
10 5.20 
25 2.08 
40 1.30 

Linearity of the Light Yield 
The linearity of the light yield of the different type 

scintillator were test in world laboratories [14, 15]. The 
material of scintillator of the Pepper Pot probe at IMP is 
KBr because of its highest light yield. The linearity of 
light yield of KBr screen interact with ion beam will be 
discussed in this section. Figure 3 shows the linearity of 
the light yield with the O5+ ions collision. One can see that 
nearly linear increase with the total generated light with 
the incident ion beam current with different threshold 
value. The light yield dependence means that the KBr 
scintillator shows a high saturation behind on the hundred 
micro-ampere ion beam current that the beam emittance 
measurement is credible, within the measured beam 
current no saturation effect was found.  

IMAGE DATA PROCESSING 
One version of the transverse emittance processing 

code has been developed to analyze the Pepper Pot beam 
image. The code is capable of extracting the full 4D phase 
space information from the captured light image. It 
includes noise treatment, production of the beam 

distribution matrix, calculation of the transverse 4D sigma 
matrix and the phase ellipse parameters based on the root-
mean-square algorithm [16], and saving the output results. 
The detail analysis steps of the code are described in the 
following. 

The Noise Treatment 
The noise of the Pepper Pot image were reduced 

including the background subtraction and Gaussian noise 
flitting. The procedure is that the beam image with beam 
collision subjects the dark image without beam collision, 
and both image is under same camera settings. Then pixel 
gray of the disposed image under the threshold sets to zero 
and the other pixel gray deducts the threshold. Finally, a 
3*3 medial filter which is the effective technique in 
isolated pixels removing is used to filter the stochastic 
noise.  

The Beam Matrix Calculation  
The sensitive image contains whole beamlet collision 

is cut out by the code. Based on the image, the Decal 
coordinate (Xp, Yp) of pixels can be defined through the 
relative center of the beam pattern and the pixel resolution. 
The beam momentums matrix on the both direction are 
obtained through the quotation r’=(R-r)/L. L is the 
distance between the front side of Pepper Pot mask and 
the detecting side of the KBr light pattern screen, R is the 
Decal coordinate of pixels, r is the Decal coordinate of the 
holes of the mask related to the pixels. So the beam 
distribution matrix ρ(x, x’, y, y’) can be generated through 
sorting the data with one direction such as horizontal. 
Beam emittance analysis 

According to the beam distribution matrix, the phase 
space ellipse parameters can be calculated through 
quotation. The 4D emittance will be obtained 
synchronously. The emittance analysis will be discussed 
particularly on the next section of this paper.  

 
Figure 3: The light yield for the 15 keV O5+ beam with the 
gain is 400 and the exposure time is 1000 ms. 

RESULTS CERTIFICATION 
The final transverse distribution results of the Pepper 

Pot probe based on image processing are very sensitive 
with the external setting. However, there are almost no 
data on the certification of analysis results of the Pepper 
Pot probe. The detailed certification of the Pepper Pot 
results is discussed on this section. 
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Phase Ellipse Rotation Angle Comparison 
Phase ellipse rotation angle [8] is used to a 

certification that verify the difference of the twiss 
parameters between the Pepper Pot probe and Allison 
Scanner. The ellipse rotation angle θ is shown in Fig. 4. 
Nine different phase space ellipse has been measured by 
both the Pepper Pot probe and the Allison Scanners with 
different focusing solenoids value. The ellipse rotation 
angle relationship between the Pepper Pot and the Allison 
Scanner is shown in Fig. 5. It can see that the difference 
of ellipse rotation angle between the two types emittance 
meter is less than 1.5% of the both phase space.  

 
Figure 4: The ellipse rotation angle. 

The Ellipse Parameters Comparison 
The 2D transverse phase distribution contains the 

RMS emittance and the twiss parameters are compared to 
that of Allison scanner to certain the reliability of the 
results. The verification pattern is shown is Fig. 6, it can 
be seen that the difference of the RMS emittance is 18.73% 
in the horizontal and 4.18% in the vertical. The horizontal 
difference of twiss parameters is 20.22% with α, 18.80% 
with β and 14.90% with γ, these difference of vertical is 
10.95%, 7.10% and 9.08%. The horizontal difference is 
The largest difference of the Pepper Pot probe results is 
not larger than about 20%, and the smallest is less than 
about 4%, so it is a conclusion that the Pepper Pot probe 
at IMP can be used to measure the beam transverse 
distribution and its processed results is reliable. 

 
Figure 5: The ellipse angle comparison. The difference of 
the ellipse rotation angle is related to the slop of the red 
line in the pattern. (a) The rotation angle of space xx’ (b) 
The rotation angle of space yy’ 

4D EMITTANCE 
The advantage of Pepper Pot probe in the 

measurement is the 4D emittance calculation. The 4D 
emittance results are shown in Fig. 7, it contains the 4D 
emittance acquired by the Pepper Pot probe, and the 
products on the two-dimensional emittance that processed 
by these two meters. One can see that the difference 
between the 4D emittance and the product of two-

dimensional emittance of Pepper Pot probe is lower than 
that of Allison Scanner, and the products of Allison 
Scanner is larger than the 4D emittance obviously. 

 
Figure 6: The comparison of the twiss parameters. The 
difference is related to the slop of the red line in the pattern. 
(a) The RMS emittance of space xx’. (b) The RMS 
emittane of space yy’ (c) The twiss-α of space xx’ (d) The 
twiss-α of space yy’ (e) The twiss-β of space xx’ (f) The 
twiss-β of space yy’ (g) The twiss-γ of space xx’ (h) The 
twiss-γ of space yy’. 

 
Figure 7: The 4D emittance processed by the Pepper Pot 
probe on different value of solenoid 1 that the value of 
solenoid 2 is fixed at 125A. 

CONCLUSION 
The design of Pepper Pot probe has been completed 

and the 4D transverse phase space distribution has been 
clearly demonstrated. The results of Pepper Pot probe is 
verified to that of Allison Scanner comprehensively. The 
verification shows a well property of Pepper Pot probe so 
that the transverse phase distribution base on the image 
process method is credible. Increasing the detecting range 
of the mask is the next optimizing work of the Pepper pot 
probe at IMP.  

. 
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SINGLE HEAVY ION BUNCH GENERATION SCHEME  
IN BRING AT HIAF* 

D. Y. Yin†, J. C.Yang, L.J.Mao, H. Du, G.D.Shen, Institute of Modern Physics, Lanzhou, China  
 

Abstract 
As the Booster Ring of the High Intensity Heavy-ion 

Accelerator Facility (HIAF), BRing is a synchrotron 
which can be able to accumulate and accelerate full ion 
species provided by iLinac to required energy with RF 
acceleration system. When accelerating uranium 
beam(e.g. 238U35+), the variation range of the kinetic ener-
gy is 17MeV/u-830 MeV/u, and the corresponding revo-
lution frequency revf  range is 0.099MHz-0.447MHz. 
Because of the low frequency limit value of 0.099MHz, 
the RF frequency RFf  of RF cavity should be 
h(harmonic number) times of revf  ,thus, there will have 
h(is equal to harmonic number) bunches after accelera-
tion. To satisfy the extraction requirement, the accelerated 
multiple bunches should be recollected in one bunch by 
means of longitudinal manipulation. 

The different single bunch generation method of de-
bunching and bunch merging are investigated separately, 
and the beam parameters in different cases are obtained, 
meanwhile, the optimized RF program during the de-
bunching and bunch merging are presented. 

 
INTRODUCTION 

In China, the Heavy Ion Research Facility at Lanzhou 
(HIRFL) [1] is one major national research facility focus-
ing on nuclear physics, atomic physics, heavy ion applica-
tions and interdisciplinary researches. A series of remark-
able results have been obtained at HIRFL. Based on the 
developments and experience with heavy ion beam accel-
erators, a new project HIAF [2] was proposed by IMP in 
2009. The facility is being designed to provide intense 
primary and radioactive ion beams for nuclear physics, 
atomic physics, application research sciences and so on. 
The schematic layout of HIAF project is shown in Fig. 1. 

The HIAF project consists of ion sources, linac accel-
erator, synchrotrons and several experimental terminals. 
The superconducting ion Linac accelerator (iLinac) is 
designed to accelerate ions with the charge-mass ratio 
Z/A=1/7 (e.g. 238U35+) to the energy of 17 MeV/u. Ions 
provided by iLinac will be cooled, accumulated and ac-
celerated to the required intensity and energy (up to 1×
1011 and 830 MeV/u of 238U35+) in the Booster Ring 
(BRing), then fast extracted and transferred either to the 
external targets or the Spectrometer

 

Ring (SRing).

 
 

 
Figure 1: Layout of papers. 

 
As a key part of the HIAF complex, BRing is a syn-

chrotron which can be able to accumulate and accelerate 
full ion species with a circumference of 569 m and a max-
imum magnetic rigidity of 34 Tm, Table 1 shows the main 
configuration and parameters of the BRing. 

 
Table 1: Main Parameters of BRing  

Main parameters                                Values 
Circumference (m) 569 
Maximum magnetic rigidity (Tm) 34 
Accelerating rate (T/s) 12 
Momentum acceptance (Δp/p) ±5.0×10-3 
Injection  
Ion 238U35+ 
Energy (MeV/u) 17 
Revolution frequency(MHz) 0.099 
Momentum spread (Δp/p) ≤±2×10-3 
Extraction  
Maximum Energy (MeV/u) 830 
Revolution frequency(MHz) 0.447 
Particle number (ppp) 1.0×1011 
 

After two-plane painting injection and accumulation, 
the beam with the injection energy of 17 MeV/u is costing 
beam which will spread over 2π in rf phase and it has a 
momentum spread of Δp/p = ±2 × 10−3 (see Fig. 2). 
Due to the evolution frequency of 0.099MHz at injection 
energy is beyond the working frequency range of the 
cavity, so the RF cavity will work at the harmonic number 
greater than 1, based on experience and dynamics results, 

 ___________________________________________  
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the number will be selected as 3 or 4. Fig. 3a presents the 
bunch distribution at the end of acceleration at the har-
monic number of 3, and Fig. 3b presents the bunch distri-
bution at the end of acceleration at the harmonic number 
of 4.  

 

 
Figure 2: Initial distribution after accumulation. 

 
 

 
                         a)                                           b) 
Figure 3: Beam distribution after acceleration. a) at the 
harmonic 3, and b) at the harmonic 4. 

 

In order to meet the extraction requirement of the 
bunch number of one, multiple bunches which the number 
is equal to harmonic number of RF system should be 
converted to one. In general, there are two schemes to 
generate single bunch. The first one is firstly to debunch 
[3,4] multiple bunches to costing beam, then recapture the 
costing beam to one bunch, and the second one is to 
merge [5] the bunches  through the RF manipulation. 

DEBUNCHING 
The conventional method for changing the longitudinal 

structure of the beam is to debunch by cancelling the 
voltage at the initial frequency, and then the beam will 
drift without longitudinal focusing, and then to rebunch 
with another RF frequency to one bunch. The voltage will 
be decreased adiabatically from the value which at the 
end of acceleration to that of cavity activation (close to 
0v) within a period of time. Based on the beam parame-
ters of 238U35+ proposed by the BRing, the debunching 
process is simulated at the extraction energy of 
830MeV/u. During the simulation process, we can know, 
the momentum spread decreasing with voltage decreas-
ing.  Fig. 4e-f show the longitudinal phase-space (azimuth 
– kinetic energy spread)distribution at the end of the beam 
debunching with different decreasing time(5ms, 10ms, 
15ms, 20ms, 25ms and 30ms), and it is known from the 
figures, the multiple bunches can't be completely de-
bunched if the debunching time is not enough. Figure 5 
shows   the momentum spread after debunching with 

different debunching time. From the results mentioned 
above, the debunching time of 30ms is enough, and the 
momentum spread is 0.00014 rms, the beam is costing 
beam in this case. After that the costing beam will be re-
captured at the fundmental harmonic by turn on the rf 
voltage adiabatically. From the Fig. 6 we can see clearly 
that the single bunch is generated from 3 bunches suc-
cessfully. And Fig. 7 shows the  RF program during the 
whole process including capture, acceleration, debunch 
and recapture. 
 

 
                         a)                                           b) 

 
     c)                                           d)

  
e)                                           f)  

Figure 4: Beam distribution after debunching with differ-
ent debunching time: a) 5ms, b) 10ms, c) 15ms, d) 20ms, 
e) 25ms, f) 30ms. 
 

 
Figure 5: Momentum spread after debunching with differ-
ent debunching time. 
                                    

 
Figure 6: Beam distribution after recapture. 
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Figure 7: RF voltage program during the whole process. 
Red line is the RF voltage program with the harmonic 3, 
and the blue line is the RF voltage program with the har-
monic 1. 
 

There are two RF harmonics are used through this 
whole process, and the basic parameters of these RF sys-
tem are listed in Table 2. 

 
Table 2: Main Parameters of RF System of Debunching 

Main parameters                                Values 
Ion species U35+ 
Energy (MeV/u) 830 
Harmonic number h 4-1 
Gap voltage(kV) 250-3.49 
 

 
As the widely used way to generate single bunch, de-

bunching can minimize emittance blow-up, however, this 
technique presents a number of drawbacks: 
· RF voltages must be controlled down to small 
amplitudes in the presence of beam-loading, 
· while drifting, the beam is left uncontrolled, 
· the full circumference is filled with particles, 
· the continuous beam has a very small ∆p/p which 

makes it prone to microwave instability. 

BUNCH MERGING 
Another convenient alternative method of generating 

single bunch is bunch merging, and the bunch number of 
merging pairs must be divided by 2 (or a power of 2).  In 
this article, the beam is accelerated with RF system at 
harmonic 4, so,4 bunches will be generated after accelera-
tion, and the scheme of 4:2:1 bunch merging will be used 
to generate single bunch. 

When the acceleration completed, there will 4 bunches 
held with an RF system on harmonic 4, RF voltage on 
harmonic 2 is slowly turned on while it is reduced on 
harmonic 4. With the correct phasing between both sys-
tems and sufficiently slow voltage changes, the 4 bunches 
merge into 2, and this process is shown in Fig. 8, after 
that, RF voltage on harmonic 1 is slowly turned on while 
it is reduced on harmonic 2, the 2 bunches merge into 1 
this process is shown in Fig. 9. There are three RF har-
monics are used through the whole process (see Fig. 10), 
and the basic parameters of these RF system are listed in 
Table 3. 

 
 

Table 3: Main Parameters of RF System of Bunch Merg-
ing 
Main parameters                                Values 
Ion species U35+ 
Energy (MeV/u) 830 
Harmonic number h 4-2-1 
Gap voltage(kV) 270-80-80 
 

 

 
a)                                           b) 

Figure 8: Bunch distribution during the bunch merging. 
a)-during the merging from 4 to 2 and b)-at the end of 
merging from 4 to 2 
 

 

 
Figure 9: Bunch distribution after bunch merging. 

 

 
Figure 10: RF voltage program during the bunch merging 
process. 

CONCLUSION AND OUTLOOK 
Determination of single bunch generation scheme is a 

compromise of total operation cycle, RF system available, 
and so on. The study of this subject is just beginning, a 
more detail RF program and beam parameters will be 
presented in subsequent work. 
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ROSE - A ROTATING 4D EMITTANCE SCANNER 
M. Maier, L. Groening, C. Xiao, GSI Helmholzzentrum für Schwerionenforschung GmbH,     

64291 Darmstadt, Germany  
A. Bechthold, J. Maus, NTG Neue Technologien GmbH & Co. KG, 63571 Gelnhausen, Germany 

 

Abstract 
The detector system ROSE [1][2], allowing to perform 

4D emittance measurements on heavy ion beams 
independent of their energy and time structure, has been 
built and successfully commissioned in 2016 at GSI in 
Darmstadt, Germany. This method to measure the four 
dimensional emittance has then been granted a patent in 
2017. The inventors together with the technology transfer 
department of GSI have found an industrial partner to 
modify ROSE into a standalone, commercially available 
emittance scanner system. This is a three step process 
involving the hardware, the electronics and the software 
working packages. It is planned to have a configurable 
customer product ready by end of 2020. This contribution 
presents the actual status and introduces the multiple 
possibilities of this 4D emittance scanner.  

INTRODUCTION 
Usually just separated measurements of two-

dimensional x-x′ and y-y′ sub phase-spaces (planes) are 
measured, as for simplicity correlations between the two 
planes, i.e. x-y, x-y′, x′-y, and x′-y′ are often assumed as 
zero. However, such inter-plane correlations may be 
produced by non-linear fields such as dipole fringes, tilted 
magnets or just simply by beam losses. Figure 1 shows the 
simulation of a coupled and an uncoupled beam with 
initially identical projected horizontal and vertical rms-
emittances through a solenoid channel. This illustrates the 
fact that initial coupling influences the final horizontal and 
vertical beam size. 

Figure 1: Simulation of an initially uncoupled (red) and 
coupled (blue) ion beam (left) at the exit of a solenoid 
channel (right). 

For some applications, as for example matching the round 
transverse phase space of a linac beam Fig. 2 to the flat 
acceptance of a synchrotron [3], [4], inter-plane correla-
tions are a prerequisite Fig. 3. 

 
Figure 2: One knob emittance transfer using EMTEX [3]. 

Figure 3: The emittance transfer using EMTEX directly 
translates in increased injection efficiency into SIS18 [4]. 

 In order to remove correlations that do increase the 
projected rms-emittance, they must be quantified by 
measurements. This applies especially if space charge 
effects are involved as they cannot be calculated 
analytically. Using the skew triplet of the EMTEX setup 
we have measured the increase of the projected rms-
emittance of a U28+ beam with 11.4 MeV/u to be in the 
order of 75%. Removing this inter-plane coupling could 
increase the beam brilliance and thus the injection 
efficiency into SIS18 by 75% [5]. 

There is considerable work on measuring four-
dimensional distributions using pepper-pots [6] - [9] for 
electron beams or ion beams at energies below 150 keV/u, 
for which the beam is fully stopped by the pepper-pot 
mask. However, due to technical reasons this method is not 
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applicable at energies above 150 keV/u, i.e., doubtful 
readout by temperature-dependent screens and fixed 
resolutions by holes and screens [10].  

In the following we report about ROSE, an alternative 
method to measure the full 4D beam matrix that has been 
successfully commissioned and is currently modified to 
become a customer product in industry. This involves three 
working packages concerning the hard- and software and a 
stand-alone electronics to become independent of a 
specific accelerator control system. 

ROSE PRINCIPLE 
ROSE is a standard slit-grid emittance scanner using 

only one measuring plane which is rotatable around the 
beam axis. In combination with a magnetic doublet it 
allows to determine the full 4D beam matrix C (see Eq. 1) 
in approximately one hour with a minimum of four 
emittance measurements at three different angles. 
 

𝐶 ൌ ⎣⎢⎢
⎡ ⟨𝑋𝑋⟩ ⟨𝑋𝑋′⟩ ⟨𝑋𝑌⟩ ⟨𝑋𝑌′⟩⟨𝑋′𝑋⟩ ⟨𝑋′𝑋′⟩ ⟨𝑋′𝑌⟩ ⟨𝑋′𝑌′⟩⟨𝑌𝑋⟩ ⟨𝑌𝑋′⟩ ⟨𝑌𝑌⟩ ⟨𝑌𝑌′⟩⟨𝑌′𝑋⟩ ⟨𝑌′𝑋′⟩ ⟨𝑌′𝑌⟩ ⟨𝑌′𝑌′⟩⎦⎥⎥

⎤
   (1) 

 

 
Figure 4: To obtain the beam matrix C at the reconstruction 
point four emittance values are measured using ROSE 
behind a magnetic doublet. 

As shown in Figure 4 the emittance measurements are 
done using a magnetic setting (a) for the 0°, 45°, and 90° 
measurement and another magnet setting (b) for the 45° 
measurement. Four measurements are sufficient to 
measure the complete four-dimensional second-moments 
beam matrix. 

1.   0°  doublet setting (a) 
2.   90°  doublet setting (a) 
3. + 4.  45°  doublet setting (a) and (b) 

The method and mathematics of ROSE is described in 
detail in [2]. 

DETECTOR SYSTEM – ROSE 
A technical drawing of the ROSE detector is shown in 

Figure 5. The two ports housing the slit and grid mechanics 
are on opposite sides of the rotating chamber to minimize 
the torque. The turbo molecular pump is mounted on a 
separate vacuum chamber that does not rotate. Two gate 
valves are to separate ROSE from the accelerator vacuum 
during rotation and for maintenance. The slit and grid 
geometry is shown in Figure 6. The spatial resolution is 
given by the slit width of 0.2 mm, while the angular 
resolution is 3 mrad. If necessary the angular resolution 
may be increased to 0.3 mrad by using up to 9 intermediate 
grid steps, yet this lengthens the measurement time. The 
stepper motor used to rotate the chamber and an encoder to 

determine the rotation angle allow for a precision better 
than half a degree. The disc brake is used to stabilize the 
chamber during the emittance measurement. 

 

 
Figure 5: The ROSE detector system. The rotatable slit-
grid vacuum vessel and the separate pumping chamber are 
installed between two gate valves to protect the accelerator 
vacuum during rotation. To avoid vibration during the 
measurement a disc brake system clutches the chamber. 

 
Figure 6: Schematic picture and photo of the slit and grid. 

COMMISSIONG RESULTS 
Beams of 1.4 MeV/u 40Ar9+ and 136Xe19+ from the high 

charge state injector HLI at GSI served to commission the 
hard- and software of ROSE to benchmark it against 
existing emittance scanners, and to proof its capability to 
measure the 4D beam matrix. To achieve this, an emittance 
scanner park shown in Figure 7 has been used.  

It comprises a skew triplet to enforce and modify the 
coupling, a doublet to achieve the different magnetic 
settings that are required for the measurement, an existing 
standard high resolution emittance scanners called Mob-
Emi, and ROSE. Throughout the beamline three current 
transformers and one end cup are used to measure and to 
ensure full beam transmission.  
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Figure 7: Experimental setup used for commissioning. 

To first benchmark ROSE the emittance of a 1.4 MeV/u 
Ar9+ beam from the HLI ECR source has been measured 
horizontally using the well calibrated emittance scanner 
MobEmi and ROSE at 90°. To compare the results the 
emittance measured with MobEmi has been propagated to 
the ROSE slits. In a second step the horizontal and vertical 
emittances have been measured with both scanners for 
different quadrupole duplet settings (a) and (b). The 
comparison at the entrance of the quadrupole doublet is 
shown in Figure 8. The measured emittances at 0° ሺverti-
cal) and 90° ሺhorizontal) are in good agreement for all three 
emittance scanner set-ups. ROSE has been successfully 
benchmarked against the MobEmi emittance scanner. 

 
Figure 8: The beam emittance at the quadrupole duplet 
entrance, determined for different magnetic fields of the 
quadrupole duplet using ROSE and MobEmi. 

To experimentally proof ROSE’s capability to measure 
the 4D transverse beam matrix the inter plane correlations 
of the HLI of a 1.4 MeV/u Ar9+ beam have been measured. 
As no significant initial correlations were found to be 
present, controlled coupling of the planes by using the 
skew triplet has been enforced. Figure 9 shows the meas-
ured coupling moments and in Fig. 10 they are compared 
to the uncorrelated beam at the entrance of the skew triplet. 
For both skew quadrupole settings a full emittance scan us-
ing ROSE has been performed. As the beam parameters 
transformed back to the entrance of the skew triplet shown 
in Fig. 11 match very well, the reliability of the ROSE 
measurements is experimentally proven. The expected ef-
fect of the skew triplet has been confirmed with ROSE. 
Figure 12 shows the obtained eigen-emittances [11] of the 
HLI Argon beam. Applying error analysis, the obtained 
eigen-emittances are: ε1 = 2.43 (0.19) mm mrad and 
ε2 = 2.04 (0.17) mm mrad and the corresponding beam ma-
trix C is given in Eq. 2 in mm mrad. 

Figure 9: ROSE measurements of a 1.4 MeV/u Ar9+ for two 
different skew triplet settings (red off, blue on). 

Figure 10: ROSE measurements sown in Fig. 9 
transformed back to the entrance of the skew triplet. 

𝐶 ൌ ൦ 8.57 െ4.34 െ3.28 െ1.10െ4.34 3.35 െ0.74 1.52െ3.28 െ0.74 11.20 െ3.05െ1.10 1.52 െ3.05 1.87 ൪  (2) 
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Figure 11: Measured moments with the skew triplet 
switched on. 

 
Figure 12: The two eigen-emittances being derived from 
the measurement of the HLI 1.4 MeV/u Ar9+ beam. 

ELECTRONICS – ROBOMAT 
For the commissioning of the prototype of ROSE the 

GSI control system has been used. However, ROSE as a 
mobile emittance scanner has to be independent of a 
specific control system. Thus ROBOMAT [12] was 
specified as standalone emittance electronics, independent 
of an accelerator control system to control the ROSE 
movements, measuring and saving the data as well as 
monitoring the ion beam current and vacuum conditions in 
the vessel. ROBOMAT itself has no special 4D feature and 
is a standard emittance scanner electronics with the 
additional degree of freedom to rotate the scanner freely 
around the beam axis. It comprises a housing rack, an 
integrated Beckhoff industrial PC, on which all the 
software for controlling the devices, data taking and 
handling as well as monitoring the interlock status is 
installed. As the cable length for the grid electronics is 
limited the user may connect to it via Ethernet. For data 
taking of the grid currents electronics by Pyramid F3200E 
has been chosen as it fulfills all requirements in accuracy, 
speed, and number of channels. It has arrived at NTG as 
shown in Fig. 13 and is currently prepared, tested and 
commissioned at NTG. 

The three stepper motors and their controllers for 
moving the emittance slit, grid, and the rotation of the 
vessel have arrived as well and are shown in Fig. 14. 

 
Figure 13: The grid electronics Pyramid F3200E that will 
be used has arrived at NTG and is currently prepared, 
tested and commissioned. 

 
Figure 14: The stepper motor and associated controller 
units have arrived at NTG and will be integrated into ROSE 
to replace the GSI systems. 

Because of economic and practical reasons NTG has 
decided to exchange the analog stepper motors of the 
existing prototype ROSE by a more modern digital type 
shown in Figure 14. These components have as well al-
ready arrived and should be integrated into ROSE by the 
end of October 2018. The technical details and 
requirements have been discussed with NTG and the 
colleges of the GSI beam diagnostics- and the Linac 
department. This resulted in a list of key features backing 
the offer of NTG. The key features of ROBOMAT and the 
different measurement modes are given in the following 
list. 
ROBOMAT is: 

• controlling all movements of ROSE, 
• performing the emittance measurements, 
• capable to measure DC and pulsed beam, 
• covering beam currents ranging 10µA - 100mA, 
• including ion current measurement, 
• storing emittance data in XML format, 
• visualizing the emittance measurements, 
• handling the multiple  internal and external 

interlock signals e.g.: 
o beam on 
o moving device 
o vessel vacuum pressure 
o slit water cooling 
o gate valve status 

The possible measurement modes are: 
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• Parallel: slit and grid are moving in parallel. 
• Angular offset: slit and grid constant offset. 
• Diagonal: slit-grid offset as function of position. 
• Intermediate step: fine extra grid steps to 

increase the angular resolution. 
• Double grid: two grid positions to double the 

grid area 
• Ultrafast: drive by measurement while moving. 
• Profile grid: only the grid is in the beam. 
• Background: measurement without beam. 

SOFTWARE – ROSOFT 
The software ROSOFT will provide the user with a tool 

to plan, perform, and evaluate 4D emittance 
measurements. It is going to be included into the base 2D 
functionality of ROBOMAT. It is supposed to perform the 
following actions sketched in Fig. 15 on a user 
configurable beam line, consisting of regular and skew 
quadrupoles, drifts and the emittance scanner. The user 
defines the beamline and maximum magnetic field strength 
available. Then with all magnets off, the measured 
horizontal and vertical projection of the beam emittance 
will be used by the software to calculate optimum settings 
for the 4d emittance scan which will guide the user through 
the measurement procedure. Once all required four 
emittance scans are performed, the software will generate 
an evaluation report. In case a skew triplet is available the 
software may suggest magnet settings for the skew triplet 
to reduce the inter-plane coupling to increase the beam 
brilliance. 

 
Figure 15: software flowchart: necessary actions within the 
external accelerator control system in blue, in red  
ROBOMAT functions and in green the ROSE software 
interaction. 

TIMELINE 
As we have a working prototype the next big step is the 

commissioning of the standalone electronics ROBOMAT 
which is scheduled for beginning of 2019. To develop a 
Software package with the full 4d capability will take 
approximately 2 years. NTG has applied for a third party 
funding which may be provided by the state of Hessen we 

are waiting right now for the positive decision before we 
can start in this matter. In those two years in parallel to the 
software programming NTG may improve the hardware of 
ROSE for example by switching to a 2 chamber system. So 
we expect to be able to deliver our first customer product 
end of 2020.  

CONCLUSION 
We have invented, build and successfully commissioned 

a 4d-emittance scanner for heavy ion beams independent 
of their kinetic energy and time structure. We have found 
an industrial partner and together we are developing a 
turnkey 4d emittance scanner for the accelerator 
community. The project has started this year and we expect 
to have a configurable customer product ready in the end 
of 2020. 
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BEAM FACTORY

H. Okuno∗, T. Dantsuka, M. Fujimaki, N. Fukunishi, H. Hasebe, Y. Higurashi,
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K. Ozeki, N. Sakamoto, K. Suda, U. Uchiyama, S. Watanabe, T. Watanabe,

Y. Watanabe, K. Yamada, H. Yamasawa,

RIKEN Nishina Center, Wako, Japan

Abstract

The Radioactive Isotope Beam Factory (RIBF) is a

cyclotron-based accelerator facility that is used for nuclear

science studies and was completed at the end of 2006. RIBF

can produce the most intense RI beams using fragmentation

or fission of high speed heavy ion beams. Ever since the first

beam was produced, effort has focused on increasing the

intensity of uranium beams. Ions beams with high intensity

and high availability have been used to produce many impor-

tant scientific achievements. Upgrade programs have been

proposed to further expand scientific opportunities. These

programs have two goals. The first goal is to find heavier

elements than element 118, which is already named. The

upgrade program for the heavy ion linac (RILAC), including

installation of a superconducting linac, has been funded and

is under construction. The second goals is to increase the

intensity of uranium ion beams up to 1 pµA, thus facilitat-

ing further investigations into the physics of unstable nuclei.

This program for uranium beams is still been unfunded. We

are pursuing a budget-friendly version without changing the

project goals.

INTRODUCTION TO RI BEAM FACTORY

The Radioactive Ion Beam Factory (RIBF) is a cyclotron-

based accelerator facility that uses fragmentation or fission

of heavy ion beams to produce intense radioactive ion (RI)

beams over the entire atomic range [1]. RIBF is used to ex-

plore the inaccessible region of the periodic table, to discover

the properties of unstable nuclei, and advance knowledge

in nuclear physics, nuclear astrophysics, and applications of

rare isotopes for society. The RIBF facility consists of four

cyclotron rings (RRC [2], FRC [3], IRC [4], and SRC [5])

with three injectors, including two linacs (RILAC [6, 7] and

RILAC2 [8]) and one AVF cyclotron (AVF) [9]. Cyclotrons

cascades can provide heavy ion beams from H+
2 to uranium

ions at more than 70% of the speed of light to efficiently

produce RI beams. Three acceleration modes are available,

as shown in Fig 1. The first mode is primarily used for

mid-heavy ions, such as Ca, Ar, and Zn. The second mode

is used for light ions, such as O and N. The third mode is

used for very heavy ions such, as Xe and U. Of course many

researchers use beams from the injectors. For example, syn-

thesis of super heavy elements uses beams from RILAC,

∗ okuno@riken.jp

while beams from the AVF cyclotron are used for RI produc-

tion. Table 1 lists the specifications of the four ring cyclotron

in RIBF. RRC has been operating since 1986. FRC and IRC

have structures similar to that of RRC. The weight per K-

value is listed in the table, which clearly shows that FRC is

very compact compared to the other cyclotrons. Obtaining

an acceleration voltage of 640 MV for uranium acceleration

up to energy of 345 MeV/u is the most challenging with

SRC. Design and construction of RIBF accelerators began

in 1997, and we obtained the first beam at the end of 2006.

Figure 1: Acceleration modes for RIBF facility.

Table 1: RIBF cyclotron specifications. ∗ in the table in-

dicates that the values are shown for the case of uranium

acceleration up to 345 MeV/u.

RRC fRC IRC SRC

K-value (MeV) 540 700 980 2600

Rinj(cm) 89 156 277 356

Rext (cm) 356 330 415 536

Weight (ton) 2400 1300 2900 8300

K/W 0.23 0.54 0.34 0.31

Nsec 4 4 4 6

rf Resonator 2 2+FT 2+F 4+FT

Frequency range (MHz) 18–38 54.75 18–38 18–38

Total Acc. Volt. (MV) 2 2+FT 2+F 640

Acc. Volt. (MV/turn)∗ 0.28 0.8 1.1 2.0

∆r (cm)∗ 0.7 1.3 1.3 1.8

Isc(pµA)∗ 1.8 11.2 3.7 2.6
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SUCCESSFUL OPERATION FOR

TWELVE YEARS

Figure 2: History of beam intensities at the RIBF accelerator.

Operations over approximately twelve years following

production of the first beam were very successful. Our con-

tinuous efforts have increased the beam intensity, especially

for very heavy ions like Xe and U, as shown in Fig 2. The

currently available beam intensity of uranium ion is 71 pnA,

which is the world record. The beam availability has im-

proved significantly, exceeding 90% since 2013. Such a sup-

ply of beams with high intensity and high availability have

facilitated many important scientific achievements, such as

obtaining the naming rights of element 113 [10], discovering

106 kinds of new isotopes [11], discovery of anomalies in

magic numbers of neutron-rich nuclei [12], and cross section

measurements of long lived fission products [13].

To many measures were taken to improve the accelerator

performance, including upgrading the ion source and adding

two charge strippers for uranium beam acceleration as fol-

lows. A 28 GHz ECR ion source using superconducting

solenoids and sextuple magnets was constructed because

powerful ion sources are essentially required to increase the

uranium beam intensity [14,15]. The operation of this ion

source on the beam line started from 2011 with the new in-

jector linac (RILAC2). Currently, approximately 150 eµA of

U35+ can be stably extracted with a high-temperature oven.

Charge strippers are important devices for increasing the in-

tensity of the uranium beam because they have a high risk of

bottleneck problems due to their fragility against high-power

beams. After much research and development [16, 17], we

developed a new stripping system based on helium gas [18]

for the first stripper and a new rotating disk stripper with a

highly-oriented graphene disk for the second stripper [19].

These have worked well so far.

Here we summarize the lessons learned from operating

RIBF. First, it is very difficult to operate an accelerator com-

plex where four cyclotrons are connected in series, because

one must inject and extract the accelerated beams four times.

Energy matching between the cyclotrons and single turn ex-

traction requires the greatest care and effort. Second, multi-

step charge stripping should be avoided, because charge

stripping reduces beam intensity at every step due to charge

dispersion. Furthermore, the thickness of the charge strip-

pers should be as thin as possible because charge strippers

are always sources of emittance growth. Third, the space

charge effect in the low energy cyclotron (RRC) is very se-

vere because of the low velocity and low RF voltage. Table 1

lists the space charge limit for the four cyclotrons in the

case of uranium beam acceleration according to Baartman’s

paper [20]. The table clearly shows that the space charge

limit in the RRC is small compared to the current required to

reach 1 pµA at the exit of SRC. The final point is that approx-

imately 20% of the current from the ion source can reach

the exit of SRC, excluding the charge stripping efficiency,

as shown in Fig 3. This value is not particularly large, yet it

is still large compared to that of other accelerators. In fact,

10 mA from the ion source is extracted to obtain 3 mA from

the ring cyclotron in the case of the PSI machine. However,

it is very important to understand beam loss mechanisms to

improve and reduce uncontrolled beam loss.

Figure 3: Transmission in the RIBF accelerator complex.

UPGRADE PLAN OF RIBF

Based on the lessons learned and scientific achievements

described in the previous section, we define upgrade plans

aimed towards the two following goals. The first goal is to

obtain a 1 pµA uranium beam with energy of 345 MeV/u.

The second is synthesis of super heavy elements, such as

119 and 120.

The program consists of three primary components for

achieving these two goals, as shown in Fig 4. The first

stripper is skipped to avoid beam intensity reduction due to

charge dispersion after the beam passes through the stripper.

This requires replacement of the existing FRC with a new

one that can accept the same charge (35+) as that of the ion

source, while the existing FRC can accept 64+. Skipping
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the first stripper will improve the beam quality, especially in

the longitudinal direction, because charge-exchange energy

straggling in the first stripper is significant. This affects

the extraction efficiency at the subsequent cyclotrons. The

second component involves resolving problems relating to

the space charge effect in the low energy cyclotron (RRC),

which requires the RRC cavity be remodeled to obtain higher

RF voltage. The third component focuses on an upgrade

of RILAC by adding a superconducting RF linac, with the

goal of producing medium-mass nuclei beams with higher

current for the super heavy element program. The following

subsection will describe the details and status of these three

components.

Figure 4: Upgrade plans for the RIBF accelerator complex.

Superconducting RILAC [21]

RILAC consists of an RFQ and 12 DTLs to provide in-

tense heavy ion beams to search for super heavy elements

(SHEs). 70Zn14+ was accelerated to 5 MeV/u to search for

element 113. The SHE experiment is used to probe the 8th

row of the periodic table (A≥119). The accelerating volt-

age will be upgraded to provide more intense heavier ion

beams with higher energy. The goal of the upgrade is to

accelerate ions (A/q = 6) up to 6.5 MeV/u. The last four DTL

tanks in the existing RILAC will be replaced with a super-

conducting linac that are based on quarter wave resonators.

Figure 5 shows the structure of the new superconducting

RILAC that consists of three cryomodules, including 4 or 2

superconducting cavities with a liquid helium transfer line.

The differential pumping system in the narrow space is very

important because the vacuum in the existing linac is inef-

fective compared to the vacuum required in superconducting

cavities. Tablel 2 lists the SRILAC specifications required

to produce an overall acceleration voltage of 18 MV for A/q

= 6. This project was funded in 2016 and its construction

is in progress. Six of ten bulk cavities were successfully

validated so far (as of 2018/10/23), exhibiting high Q0 val-

ues compared to the SRILAC goals. Construction will end

by the end of March 2019. SHE researchers who cannot

wait for completion have started searching for element 119

using RILAC2+RRC this year. This will continue until the

completion of SRILAC.

Remodel of RRC

Figure 6 shows the structure of the RF resonator in the

RRC. This structure is basically a half wave resonator. A

pair of movable boxes in the cavity are used to tune the reso-

nance frequencies by changing the capacitance from 18 to 40

Figure 5: Plan view of SRILAC.

Table 2: SRILAC Specifications

Design Parameters

Number of cavities 10 QWRs

Frequency (MHz) 73.0 (c.w.)

Einj (MeV/u) 3.6

Eext (MeV/u) 6.5

Gap Voltage (MV) 1.2

Synchronous Phase (deg.) -25

Eacc (MV/m) 6.8

Target Q0 1×109 at 4.5K

Beam Current (µA) <100

RF bandwidth (Hz) ± 60

Qext 1 − 4.5 × 10 6

Amplifier Output Power (kW) 7.5

MHz. At the lowest frequency of 18.25 MHz, gaps between

the movable box and the Dee electrodes are so close that

discharge occurs frequently at higher voltages. The slanted

stem in Fig. 7 widens the gaps at 18.25 MHz, making it

possible to apply a higher voltage. This remodel is complete

and this cavity is operating at 120 kV, thus increasing the

space charge limit in the RRC.

Conceptual [22]

Figure 8 shows a plan view of the new FRC, and the

main specifications are listed in Table 3. The new FRC

contains six sector magnets and its K-value is 2200. Four

accelerating RF cavities and a flattop cavity are used. The

RF acceleration frequency is 36.5 MHz, which is the same

as that of RILAC2. This provides wide acceptance in the

longitudinal direction. The structure of the RF resonators

will be similar to that used in the RIBF accelerator. We can

obtain a 15 mm turn separation using similar RF cavities as

those used in the RIBF accelerators. This structure looks

like a standard ring cyclotron, except for the heavy weight

(8000 tons). Unfortunately the budget is not approved.

RF Cavities 

 Design of the New FRC
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Figure 6: Structure of an RF resonator in the RRC.

Figure 7: Effective voltages for three harmonics.

Table 3: Specification of the new FRC. The number in paren-

theses in the weight row is the weight estimated by cutting

the edge of the yoke, where iron is not saturated.

Item new FRC exiting FRC

K-value (MeV) 2200 700

Sectors 6 4

RF Cavities 4+FT 2+T

RF Frequency (MHz) 36.5 54.75

Injection radius (m) 2.76 1.56

Extraction radius (m) 5.67 3.30

Velocity gain 2.1 2.1

Diameter (m) 19 10.8

Height (m) 6.6 3.34

Weight (ton) 8100 (7100) 1320

∆r (cm)∗ 1.5 1.3

Figure 8: Plan view of new FRC.

BUDGET-FRIENDLY VERSION OF THE

UPGRADE PROGRAM

Until the budget for the new FRC is approved, we are

pursuing a budget-friendly version of the upgrade program

without deviating from the 1 pµA uranium beam goal. The

first candidate for upgrade is the charge stripper ring. The

goal is to increase the stripping efficiency up to 100%. The

second candidate is the high brightness ion source with low

charge.

[23]

20% ∼ 30% of ions injected into the charge stripper can

survive the normal stripping system due to their charge dis-

tribution, as shown in Fig. 9. The total charge conversion

efficiency for RIBF is about 6% because RIBF strips charges

in two steps for acceleration of uranium ions. FRIB [24] aims

to provide an effective efficiency of 85% using multi charge

acceleration [25] in the linac, which has large acceptance

in the longitudinal direction. The proposed charge stripper

ring (CSR) can recycle ions with charge states that do not

match the objective charge state until they reach the objec-

tive charge, as shown in Fig. 9. Installation of two CSRs

in the RIBF accelerator complex could provide a stripping

efficiency of nearly 100%.

Figure 10 shows a plan view of the CSR optimized for

the second charge stripper at 50 MeV. The ring consists

of an isometric ring with quadruple array, charge stripper,

and RF cavities for energy compensation. This structure

will preserve the bunch structure in order to match to the

acceptance of subsequent cyclotrons. Careful analysis of

transverse and longitudinal motion in the CSR is underway

to minimize emittance growth due to the installation of this

ring.

Charge Stripper Ring 
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Figure 9: Concept of the charge stripper ring.

Figure 10: Plan view of the charge stripper ring.

The next candidate is the low charge ion source with high

brightness. In this idea, the accelerators after the RRC re-

main unchanged, as shown in Fig.11. Only the input current

from the ion source increases up to 1 pµA. Generally speak-

ing, beam emittance from the ion source increases as the

beam intensity from the ion source increases. We need a

high brightness ion source in order to maintain total transmis-

sion through subsequent accelerators. To achieve this goal,

we are studying the use of ion sources with such charges as

low as 10+, which require another stripper and decelerator.

Figure 12 shows a very primitive design of the ion source.

This is an EBIS-based ion source. 1+ ion generated by the

electron beam in this cell travels with the electron beam to

the extraction electrode. The electron density and voltage

at the intermediate extraction point are tuned such that the

charge state is 10+.

Figure 11: Accelerator scheme for the low charge ion source.

Figure 12: Conceptual design of the DC EBIS for low charge

uranium ions.

SUMMARY AND OUTLOOK

Successful operation and many important scientific

achievements motivate us to upgrade the RIBF accelera-

tor complex. The first portion of the upgrade program is

the installation of a superconducting linac, with the goal

of synthesizing superheavy elements (119 and 120). The

budget for the SRILAC was approved by the government.

Construction will end by March 2019. The other portions

involve increasing the space charge limit in the low energy

cyclotron in the RRC and skipping the first stripper, requir-

ing replacement the existing FRC. The RF cavities in the

RRC were remodelled to increase the space charge limit; this

remodel is now complete. The budget for the new FRC has

not been approved. Thus, we are pursuing a budget-friendly

version of the upgrade program that focuses on upgrading

the charge stripper ring and low charge ion source with high

brightness.
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DEVELOPMENT OF RIKEN 28 GHz SC-ECRISs FOR SYNTHESIZING  
SUPER-HEAVY ELEMENTS  

T. Nagatomo†, Y. Higurashi, J. Ohnishi, A. Uchiyama, M. Fujimaki, K. Kumagai, N. Fukunishi,  
N. Sakamoto, T. Nakagawa, and O. Kamigaito, Nishina Center for Accelerator-based Science,  

RIKEN, Wako, Saitama 351-0198, Japan 

Abstract 
 Production of intense metallic ion beams were re-
quired at RIKEN to synthesize new elements with atomic 
numbers higher than 118. To meet this requirement, we 
systematically studied the optimization of RIKEN 28 GHz 
SC-ECRIS performance. Using these results, we produced  
V13+ ion beam of 400 µA at ~2 kW microwave power 
(18+28 GHz) and a Bext (maximum magnetic mirror field 
at the beam extraction side) of 1.4 T. For long-term opera-
tion, we successfully produced an intense and stable beam 
(100–200 µA). To progress this project, new super-con-
ducting RF cavities are now under construction down-
stream of the RIKEN heavy-ion linac (RILAC) to increase 
beam energy. In this project, we also constructed a new  
28 GHz SC-ECRIS based on these results to increase beam 
intensities. In addition, three sets of movable slits were in-
stalled in the low energy beam transport (LEBT) to inject 
the high-quality beam into the upgraded RIKEN heavy-ion 
LINAC (RILAC) to control the size of the transverse emit-
tance of the beam.  

INTRODUCTION 
 After synthesizing a super-heavy element (with an 
atomic number of 113), a new project was started at 
RIKEN for synthesizing a new element with an atomic 
number higher than 118 [1, 2]. For this project, intense, 
highly charged metallic ion beams, using ions such as Ti-
tanium (Ti13+), Vanadium (V13+), and Chromium (Cr13+), 
were required. To progress the project, the RIKEN heavy-
ion linac (RILAC) is up-graded by adding new super-con-
ducting ratio frequency (RF) cavities. In this project, we 
also constructed a new SC-ECRIS for increasing beam in-
tensity.  
 The up-graded RILAC is also used as an injector ac-
celerator for the RIKEN radioactive isotope beam (RIBF) 
project [2, 3]. To accelerate the heavy ion beam for RIBF, 
the ion source has to provide it with a mass to charge state 
ratio smaller than three (e.g., 48Ca16+ and 70Zn24+). High 
electron density (ne) and long confinement time (τi) in the 
ion source plasma are required to produce these highly 
charged, heavy ions. Using a crude calculation [4], the re-
quired neτi for 48Ca16+ ion production was in the order of 
109 (sec/cm3), which is one order of magnitude larger than 
the required neτi for the 51V13+ ion (in the order of 
108(sec/cm3)). Therefore, it was necessary to design an ion 
source that could provide the optimum condition to cover 
a wide range of neτi in the ion source plasma.  

 In the last three decades, two guidelines (scaling laws 
[4, 5] and high B mode [6-8]) have been proposed and used 
to design and develop ion sources. Scaling laws were pro-
posed to describe the effects of the main ion source param-
eters (microwave power, magnetic field strength, micro-
wave frequency, mass of heavy ions, etc.) on the output 
beam of highly charged heavy ions. These studies reported 
that the strength of the magnetic mirror affects the opti-
mum charge state (i.e., a higher mirror ratio yields higher 
output ion beam charge states). In the middle of the 1990s, 
the high-B mode, which employs a high magnetic mirror 
ratio to confine the plasma, was proposed to increase the 
beam intensities of highly charged heavy ions. To meet the 
requirement for the project, we systematically studied the 
effects of a magnetic mirror on beam intensity based on 
these guidelines.  
 It was clear that we need to produce enough metallic 
vapor to produce an intense beam. In addition, high trans-
mission efficiency in the low-energy beam transport line 
(LEBT) was required for efficient operation of the ion 
source. Considering these points, we constructed and de-
veloped an ion source, a high temperature oven (HTO), and 
a LEBT for this project.  
 In the second and third sections of this contribution, 
the results of optimization of the ion source performance 
and the metallic ion beam production with HTO are de-
scribed. In the fourth section, we present the structure of 
the LEBT and the first results from the new ion source. 

OPTIMIZATION OF THE MAGNETIC 
MIRROR 

 In the test experiments for magnetic mirror effects, we 
used two different types of ion sources, Liquid-He-free SC-
ECRIS [9] and RIKEN 28 GHz SC-ECRIS [10]. The 
RIKEN 28 GHz SC-ECRIS has six solenoid coils to pro-
duce a flexible mirror magnetic field in the axial direction, 
and it can produce both classical and flat Bmin [11].  
 Generally, as an ECRIS has three magnetic mirrors 
(Binj/Bmin, Br/Bmin, and Bext/Bmin) (Binj, maximum magnetic 
mirror field at the microwave injection side; Bext, maxi-
mum magnetic mirror field at the beam extraction side; Br, 
the radial magnetic field; and Bmin, minimum strength of 
the mirror magnetic field), various combinations of the 
magnetic mirrors can exist to produce a beam of highly 
charged heavy ions. Therefore, we needed to carefully 
study the effects of the magnetic mirror to maximize beam 
intensity. Figure 1 a) and b) show the normalized beam in-
tensities as a function of Binj/Bext and Br/Bext with the 
RIKEN 28 GHz SC-ECRIS (18 and 28 GHz microwaves) 
and the Liquid-He-free SC-ECRIS (18 GHz microwaves). 

 ___________________________________________  

†nagatomo@riken.jp   
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The beam intensity of various charge state heavy ions pro-
duced with our ECRISs appeared saturated at Br=1–1.2Bext 
and Binj=1.6–2.0Bext. The results of RIKEN 28 GHz SC-
ECRIS appear similar to the results from the Liquid-He 
free SC-ECRIS. These results are well-reproduced with 
high B mode operation (Binj/Bext was ~2.0 and Br/Bext was 
~1.0) [8].   

 
Figure 1: a) Beam intensity of highly charged heavy ions 
as a function of Binj/Bext and b) beam intensity of highly 
charged heavy ions as a function of Br/Bext. 
  
 To study the relationship between Bext and Binj (or Br) 
in more detail, we provided two-dimensional contour maps 
(Br vs. Bext and Binj vs. Bext) for the beam intensity of Xe22+ 
produced with the RIKEN 28 GHz SC-ECRIS (18 GHz 

microwaves injection) (Fig. 2 a) and b)). In these figures, 
red and blue colors indicate the highest and lowest beam 
intensities, respectively. Bmin was set to ~ 0.5 T, which is 
the optimum strength for maximizing the beam intensity 
with 18 GHz microwave injection. The extraction voltage 
and the microwave power were 21 kV and ~500 W, respec-
tively. The gas pressure and biased disc condition (negative 
voltage and position) were changed slightly to maximize 
beam intensity at the measurement points. In this experi-
ment, we observed that the gas pressure for maximizing 
beam intensity increased with increasing magnetic field 
strength. Beam intensity increased with increasing both Br 
(or Binj) and Bext, and it became constant above a certain 
value of magnetic field strength (Fig. 2). To maximize 
beam intensity, Br and Bext were ~1.5 and ~1.2 T, respec-
tively (Fig. 1 a)). The corresponding Binj and Bext values 
were ~2.2 and ~1.2 T, respectively (Fig. 1 b)).   
 

 
Figure 2: Two-dimensional contour maps (a) Br vs. Bext and 
b) Binj vs. Bext for the Xe22+ ion beam. 
 
 To investigate the effect of Bext on beam intensity, we 
measured the optimum Bext for various charge states of Ar 
and Xe ions with 18 and 28 GHz in the same procedures 
shown in Fig. 2. As the beam intensity was gradually 
changed as a function of magnetic field strength, it was dif-
ficult to accurately determine the Bext causing beam inten-
sity saturation. Therefore, we chose, as a reference, a Bext 
that provided ~95 % of the maximum beam intensity. We 
observed that Bext, which provided ~95 % of the maximum 
value (optimum Bext) for highly charged Xe ions, increased 
from ~1.2 to ~1.6 T when the charge state increased from 
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22 to 30. We also observed the same tendency for the 
highly charged Ar ions with the Liquid-He-free SC-EC-
RIS. The optimum Bext increased from ~1.1 to ~1.25 T 
when the charge state increased from 8 to 13 for the Ar 
ions.  
 

 
Figure 3: Magnetic mirror ratio (Bext/Bmin) as a function of 
the charge state for Xe ions with 18 and 28 GHz micro-
waves. 
 

 
Figure 4: Magnetic mirror ratio (Bext/Bmin) as a function of 
the charge state for Ar ions. 
 
 As described in refs. [4, 5], the optimum charge state 
depends on the mirror ratio when Bmin is fixed. Figure 3 and 
4 show the mirror ratio (Bext/Bmin) that provides ~95 % of 
the maximum beam intensity as a function of the charge 
state of Xe and Ar ions. The results for Xe and Ar ions were 
obtained from the two-dimensional contour maps (Br vs. 
Bext and Binj vs. Bext, respectively). ~85 % and ~60 % of the 
maximum beam intensity were also plotted in these figures 
as a reference. The mirror ratio for the optimum Bext in-
creased from ~2.2 to ~3.2 with increases in the charge state 
of the Xe ions. We observed the same tendency for the Liq-
uid-He-free SC-ECRIS when the mirror ratio increased 
from ~2.3 to ~2.7 when the charge state increased from 8 
to 13. These results were qualitatively reproduced by the 
scaling law. These experimental results were obtained for 
a low microwave power density (below several 100 W/ L). 

We might observe a different tendency at a higher RF 
power (i.e., 1 kW/L). 

METALLIC ION BEAM PRODUCTION 
 As mentioned in the introduction, since the neτi for 
V13+ ions is in the order of 108 (sec/cm3), it is assumed that 
the V13+ ions are in the same region (neτi) as the Xe24–27+ 
ions. As described in ref. [4, 12, 13, 14], neτi depends on 
the mirror ratio. Therefore, from the results shown in  
Fig. 3, the magnetic mirror ratio (Bext/Bmin) for the V13+ ions 
was assumed to be 2.2–2.7. If we chose a Bmin of 0.6 T for 
28 GHz, which is the optimum value for maximizing the 
beam intensity, the optimum Bext might be 1.3–1.6 T. In the 
test experiment, we observed that the beam intensity de-
creased slightly when Bext decreased from 1.6 to 1.4 T. On 
the bases of these results, we chose Bext=1.4 T in this test 
experiment. 
 For production of the vapor, we used the HTO [15]. 
For long-term operation, we fabricated a new crucible, 
which had approximately twice the volume of the old cru-
cible [16]. To obtain a sufficient temperature for evaporat-
ing the materials, a detailed simulation was carefully per-
formed, and a sufficiently high temperature was obtained 
to produce the vapor. The detailed results are presented in 
ref. [15]. Enough metallic vapor should be provided to 
maximize beam intensity. To optimize the vapor pressure, 
we measured the beam intensity as a function of oven 
power at a fixed microwave power, as shown in Fig. 5. The 
beam intensity increased with increasing oven power and 
it seems that the intensity was saturated at the highest oven 
power. We used the same procedure at each microwave 
power. 

 
Figure 5: Beam intensity of the V13+ ions as a function of 
oven power at a microwave power of ~1.4 kW. 
 
 Figure 6 shows that beam intensity and X-ray heat 
load as a function of microwave power for Bext = 1.4 T. We 
used the double frequencies injection (18 GHz (maximum 
power of several 100 W) + 28 GHz) [17] for producing the 
stable beam. Both the beam intensity and heat load in-
creased with increasing microwave power. At ~2 kW we 
obtained 400 eµA of V13+ ions, and the X-ray heat load was 
~1.2 W, which was sufficiently low for safe operation of 

14th Int. Conf. on Heavy Ion Accelerator Technology HIAT2018, Lanzhou, China JACoW Publishing
ISBN: 978-3-95450-203-5 doi:10.18429/JACoW-HIAT2018-TUZAA01

Ion Sources, Traps and Charge Breeding

TUZAA01

79

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
18

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I.



the ion source. Figure 7 shows the oven power required to 
maximize beam intensity at each microwave power. The 
oven power increased linearly with increasing microwave 
power. The consumption rate of the material was ~2.4 mg/h 
for lower microwave power (~1.2 kW), which was suffi-
ciently low to operate the ion source for a long time.  
 

 
 

Figure 6: a) Beam intensity of the V13+ ions as a function 
of microwave power and b) X-ray heat load in the cryostat 
as a function of microwave power. 

 

 
Figure 7: Optimum oven power as a function of microwave 
power. 

 
For long-term operation, we successfully produced an 

intense beam (100–200 eµA) of V13+ ions. However, we 
wanted to improve the HTO’s performance at higher mate-
rial consumption for long-term operation, as described in 
ref. [15]. 

NEW ION SOURCE AND LEBT

 

 
Figure 8: Photograph of the 28 GHz SC-ECRIS. 

 
 As mentioned in the introduction, the ion source was 
required to provide a plasma condition of neτi~109 
(sec/cm3) to produce Ca16+ ions, which is the same order 
magnitude of neτi for Xe30+. To meet this requirement, the 
mirror ratio (Bext/Bmin) should be greater than 3. If we chose 
Bmin=0.6 T for 28 GHz, the optimum Bext may be higher 
than 1.8 T. Therefore, we decided to construct the same 
type of ion source as RIKEN 28 GHz SC-ECRIS because 
the existing ion source could provide a high enough mag-
netic field for production of both Ca16+ and V13+ ion beams. 
In addition, as each ion source could provide the same con-
dition, we could easily apply the results from one ion 
source to the other ion source. Figure 8 shows a photograph 
of the ion source installed on the platform of the ion source 
room. The ion beam produced with the ion source was in-
jected into the radio frequency quadrupole (RFQ) linac in-
stalled in the next room through the LEBT.  
 

 
Figure 9: Schematic drawing of the LEBT (upper) and cal-
culated results of beam trajectories (lower). 
 
 The detailed structure of the LEBT and its first results 
are described in ref. [18]. The LEBT consists of several 
quadrupole magnets, diagnostics systems, and focusing so-
lenoid coils, as shown in Fig. 9. The lower figure shows the 
calculated trajectories of the ion beam, which had emit-
tances of 145, 200, and 300 π mm*mrad. The average of 
four root mean square emittances of the V13+ ion beam was 
~200 π mm*mrad in the test experiments. It was assumed 
that most of the produced beam was transported in the 
LEBT. Furthermore, for safe operation of the intense beam 
in the long-term, it was important to minimize beam loss 
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in the accelerators. Therefore, we install the emittance slits 
(Fig. 10, left) at the beam focus point (F1 in Fig.  9), which 
shape the beam in the phase spaces (x-x’ and y-y’), as 
shown in the light figure of Fig. 10.  

 

 
Figure 10: Schematic drawing of the emittance slits (left) 
and the shape of the emittance cut-off with slits (right). 
 
 In July 2018, we extracted the first beam from the ion 
source. The beam intensity of Ar11+ was 90 µA at an extrac-
tion voltage of 15 kV and an injected microwave power of 
600 W. From this autumn, 28 GHz microwaves will be in-
jected into the ion source to further increase beam intensity.  

CONCLUSIONS 
We systematically studied the effect of the magnetic 

mirror ratio on beam intensity of various charge state heavy 
ions with 18 and 28 GHz microwaves. The beam intensity 
was saturated at Binj=1.6–2.0Bext and Br=1–1.2Bext, which 
was similar to operation of the high B mode. The optimum 
Bext to maximize beam intensity depended on the charge 
state of the heavy ion. It was qualitatively reproduced by 
the scaling law. We produced an intense V13+ ion beam 
based on our systematic study, and we obtained 400 eµA 
of the V13+ ion beam with a microwave power of ~2 kW 
and a Bext of 1.4 T. For long-term operation, we produced 
100–200 eµA of V13+ ions with the new HTO. We used 

these results to construct the new ECRIS with the same 
structure as the existing SC-ECRIS and LEBT. In July 
2018, we successfully extracted 90 µA of Ar11+ ions from 
the new ECRIS at a microwave power (18 GHz) of 600 W. 
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Y. Yang, J. Q. Li, Y. Cao, W. H. Zhang, X. Fang, Y. M. Ma, Y. C. Feng, B. M. Wu,  

W. Wu, L. Z. Ma, H. W. Zhao 
Institute of Modern Phsyics, CAS, Lanzhou, 730000, China 

Abstract 
Highly charged ECR ion source development plays an 

important role in the heavy ion accelerators advancement 
at IMP, such as HIRFL upgrade, heavy ion treatment com-
plex HIMM, future heavy ion facility HIAF, and so on. As 
requested by those projects, many high performance highly 
charged ECR ion sources with different technologies have 
been built, or under development. The representative ion 
sources are superconducting ECR ion sources SECRAL 
and recently built SECRAL-II, room temperature LECR4 
ion source with an innovative evaporative cooling method, 
permanent magnet ECR ion sources of LAPECR series, 
and a 45 GHz 4th generation ECR ion source FECR. In this 
talk, a general review of highly charged ECR ion sources 
will be presented. The typical performances, operation sta-
tus, as well as the future developments will be discussed.  

INTRODUCTION 
Requested by the development of cyclotrons at IMP, 

Electron Cyclotron Resonance (ECR) ion source had been 
incorporated to HIRFL dated to the late 1980s, when the 
first ECR ion source a Caprice type 10 GHz machine was 
bought from Grenoble, France in 1987 [1]. This ion source 
was lately modified and became the so called LECR0 
source in the IMP highly charged ECR ion source series. 
Based on the experience of LECR0, a 10 GHz ECR ion 
source that was lately renamed as LECR1 had been devel-
oped and also put into routine operation during the years 
from 1995 to 2005. Since then, series of LECR type room 
temperature ECR ion source have been developed and put 
into operation for HIRFL successively, which has a funda-
mental impact to the performance of the facility and multi-
ple discipline scientific goals (Fig. 1). The development of 
permanent magnet ECR ion sources was started after year 
2000. The main goal of this type of compact machine is to 
prove intense multiple heavy ion beams for industrial ap-
plications and small-scale platforms that provide conven-
ient beam time and ion species for users from diversity of 
fields. The development of superconducting ECR ion 
source is fundamentally boosted by the needs from the 
HIRFL upgrade, especially the heavy ion cooler storage 
ring synchrotron CSR program [2], and the nuclear sci-
ences therein. The first superconducting ECR ion source 
SECRAL (Superconducting ECR ion source with Ad-
vanced design in Lanzhou) is also the 2nd so-called the 3rd 
generation ECR ion source after the VENUS ion source 
completed in 2002. Operated typically with the microwave 
power from a 24 GHz gyrotron generator and an 18 GHz 
klystron amplifier, SECRAL is one of the most powerful 

ECR ion sources with many world records of highly 
charged heavy ion beam intensities. 

 This paper will give a brief review of the highly charged 
ion sources developed by the Ion Source Group at IMP. The 
typical features and the performances will be given. In the 
last section of this paper, a general introduction of the new 
activities towards the 45 GHz ECR ion source FECR will 
also be given. 

 
Figure 1: The impact of ion source development to SFC 
cyclotron performance at HIRFL. 

PERMANENT MAGNET ECRIS 
All permanent magnet ECR ion sources have many ad-

vantages over traditional ECR ion sources composed of 
several axial room temperature solenoids and one perma-
nent magnet hexapole magnet, which make them the first 
choice for many heavy ion facilities and platforms. At IMP, 
three types of all permanent magnet ECR ion sources have 
been built for diverse applications, i.e. the very compact 
ECR ion source LAPECR1 for intense mono or multi 
charge state ion beams’ production, the LAPECR2 ion 
source installed on the 320 kV high voltage multidiscipli-
nary platform [3], and the LAPECR3 ion source dedicated 
to C5+ beam production for the cancer therapy facility 
HIMM [4].  

LAPECR1 
This ion source is designed with a very compact size of 

Ø200 mm×300 mm (including the extraction structure) 
which makes the source body weighs only 25 kg that can 
be easily moved around by an adult. Despite of the com-
pactness, the source is equipped with a Ø40 mm ID plasma 
chamber that enables the direct microwave power feeding 
with a WR62 rectangular waveguide to simplify the injec-
tion plug structure. Iron plugs at both the injection and ex-
traction sides have been incorporated to enhance the mirror 
peaks. The source is designed and operated at 14.5 GHz. 
Recently a LAPECR1 source has been used for LEAF plat-
form beam commissioning at IMP. With 100~300 W mi-
crowave power, 5.0 emA He+, 1.5 emA He2+, 1.7 emA N2+, 

 ___________________________________________  
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160 eμA N5+, and ~100 eμA Ar9+ have been produced. Fig. 
2 shows the picture when LAPECR1 is under commission-
ing.  

 

Figure 2: LAPECR1 source at test bench. 

LAPECR2 
LAPECR2 has been built and installed on a 320 kV 

multi-discipline platform to deliver intense ion beams. 
Based on the users’ requirements, ion beam species from 
low to high charge states of gaseous or solid elements are 
required. For the purposes, the source was designed to op-
erate at high magnetic field, high frequency mode with all 
permanent magnet structure. To produce intense high 
charge state ion beams, the plasma chamber is intentionally 
designed as big as possible. A tradeoff between the magnet 
compactness and the magnetic field strength makes 
Ø67mm the final plasma chamber ID value. During the ma-
chine commissioning in 2006, the source was fed with 
maximum 1.1 kW 14.5 GHz microwave power from a 
klystron amplifier to achieve high power density inside the 
plasma chamber. For routine operation, a 700 W maximum 
output TWTA is used as a result of the limited space on the 
high voltage platform. LAPECR2 is a very powerful per-
manent magnet ECR ion source. The preliminary perfor-
mance during source commissioning is given in another 
paper [5].  

LAPECR2 was put into operation on the 320 kV HV 
multidisciplinary platform in 2007 (shown in Fig. 3). And 
it has been running on it to delivery various ion beam spe-
cies for the 6 experimental terminals since then. Up to now, 
LAPECR2 has been used for routine operation more than 
78,000 hours with 53,000 hours on-target beam time. Ion 
beams from H up to U have been produced. Totally, 13 
groups of gaseous elements including H, D, He, C, N, O, 
Ne, F, Cl, F, Ar, Kr, and Xe, and ion beams from 14 groups 
of solid elements including U, Pb, Bi, Au, Ag, Eu, Fe, Ni, 
Ti, Mg, Cs, I, S, and Li have been delivered. Typically, 11 
eμA Xe30+, 84 eμA Ag19+, 20 eμA Ag24+, 6 eμA Ag30+, 20 
eμA Bi31+, 4 eμA U31+ and so on have been extracted during 
routine operation.  

 
Figure 3: LAPECR2 ion source at 320 kV platform. 

LAPECR3 
Several heavy ion treatment facilities called HIMM or 

Heavy Ion Medial Machine have been initiated in China. 
The prototyping machines located in Wuwei and Lanzhou 
have been already started around 2012. The entire facility 
consists of 2 ECR ion sources, a cyclotron injector, a com-
pact synchrotron and four treatment terminals. For acceler-
ator compactness and lower cost, intense C5+ beam from 
the ECR ion source is needed and pre-accelerated by the 
cyclotron and injected into the synchrotron with the charge 
exchange injection scheme. LAPECR3, a permanent mag-
net ECR ion source operating at 14.5 GHz is developed 
aiming to be capable of delivering more than 100 eμA C5+ 
within the beam emittance of ≤75 π.mm.mrad (4 rms). As 
LAPECR3 is eventually for commercial applications, it 
should be compact and cost-efficient. The ion source’s 
magnet is mainly composed of the injection magnetic rings, 
extraction magnetic rings, middle magnetic ring and a 24-
segmented Halbach structure hexapole magnet. An iron 
plug has been employed to boost the injection magnetic 
field peak to ~1.8 T which is essential for the high B mode 
operation for an ECR ion source at 14.5 GHz. Such a mag-
net can house a Ø50 mm ID plasma chamber for intense 
medium charge state ion beams production.  

During source commissioning, C5+ ion beam was opti-
mized using CH4 gas. But beam quality was quite poor as 
a results of strong space charge effect stemmed from the 
intense H beams produced as a result of high H proportion 
in CH4. Therefore, C2H2, C2H4, C3H8, C4H10 and so on have 
been all tried. Among them, C2H2 seems to be the best 
choice in terms of C5+ beam intensity and beam quality. 
But the obvious drawback is the heavy pollution caused by 
residual carbon. Beam intensity seems to be saturated after 
600 W microwave power. About 120 eμA C5+ beam was 
produced at 500 W microwave power with CH4, and 
the total drain current was 4.7 emA. Under the same con-
ditions, 262 eμA C5+ ion beam could be obtained when 
C2H2 was used as the working gas, and the total drain cur-
rent was 5.5 emA [6]. Totally four LAPECR3 ion sources 
have been installed and used as the injector ion sources for 
HIMM up to now (Fig 4). The typical routine operation 
beam currents of 60~70 eμA C5+ (slightly steered by cyclo-
tron stray fields) have been adopted with the regards of ac-
celerator needs and ion source maintenance service issues. 
The typical maintenance period is better than 1 month be-
fore the plasma chamber is severely contaminated by re-
sidual carbon and obvious ion source performance degra-
dation appears. 

 
Figure 4: LAPECR2 ion source on a test bench. 

LAPECR series have played important roles in the ap-
plications of high charge state ECR ion sources at IMP. 
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These 3 types of permanent magnet sources can generally 
meet a wide diversity of application and scientific program 
needs. Table 1 gives a general overview of the key param-
eters of LAPECR series.  

Table 1: Comparison of LAPECR Sources 

Specs. LAPECR1 LAPECR2 LAPECR3
ω

ecr 14.5 GHz 14.5 GHz 14.5 GHz 
Axial 
Fields 

1.3 T*/0.7 T* 1.28 T/1.07 T 1.8 T*/0.9 T 

Br 1.1 T 1.2 T 1.1 T 
Cham-
ber ID 

Ø40.0 mm Ø67.0 mm Ø50.0 mm 

Mirror 
Length  

78 mm 255 mm 170 mm 

Plasma 
volume 

~0.1 L 0.9 L ~0.3 L 

U
max. ~50 kV ~25 kV ~30 kV 

Size 
(mm) 

Ø204×300 Ø650×560 Ø450×380 

Weight ~25 kg ~650 kg ~157 kg 

*with iron plug 

ROOM TEMPERATURE ECRIS 
Room temperature ECR ion source features one high 

field hexapole magnet and room temperature solenoids 
cooled with high pressure deionized water. Bulky iron 
yokes are usually utilized to minimize stray field and in-
crease the effective mirror fields inside the plasma chamber. 
As the mirror fields are continuously adjustable, a room 
temperature ECR ion source can provide optimum mag-
netic configurations for the operation with microwave fre-
quency from 10 GHz ~18 GHz typically. At IMP, room 
temperature ion sources of 10 GHz, 14.5 GHz and 18 GHz 
have been developed over the last 15 years, which is a clear 
evidence of ECR technology evolution and advancement. 

 
Figure 5: Schematic drawing LECR1 source. 

LECR1 is still a Caprice type ECR ion source based on 
the famous 10 GHz Caprice source from CEA/Grenoble. 
Nevertheless, LECR1 was not just a duplication of Caprice. 
Many new ideas and tricks had been tested, and some of 
them are still widely used among the ECR community. Fig. 
5 gives the schematic drawing of LECR1 source. By mov-
ing the plasma electrode position inside the plasma cham-
ber, dependence of ion beam intensities of different charge 
states on the plasma electrode positions has been demon-

strated. With plasma chamber inner liner, typically an alu-
minium one, high charge state ion beam yield has been im-
proved. With some tricks on the magnetic structure, Bmin 
could be shifted towards the source extraction, which had 
been verified to be useful for intense beam production. Last 
but not least, a modified hexapole magnet had been tried as 
indicated in Fig. 5, and high charge state ion beam intensi-
ties had been obviously augmented, which was the first 
time high B mode applied to LECR ion source. [7, 8] 

The purpose of LECR2 source was to produce intense 
ion beams with sufficiently high charge state particularly 
for heavy elements. This 14.5 GHz ECR ion source was 
based on the concept of Caprice and GANIL ECR4 [1, 9]. 
The schematic plot of LECR2 is shown in Fig. 6. The de-
sign of the magnetic field configuration takes into account 
the latest understanding on the high-B and high frequency 
modes that are essential to improve the production of 
highly charged ions. High-B mode had been built with 
bulky iron yokes surrounding the solenoid pancakes for the 
axial mirrors, and radially with a very compact and effi-
cient 24-segmented Halbach structure NdFeB hexapole 
magnet. The traditional diameter and length of the plasma 
chamber for CAPRICE is about Ø65 mm and 165 mm re-
spectively. The dimensions of the plasma chamber for 
LECR2 are Ø70 mm in diameter and 300 mm in length. 
Higher microwave frequency, bigger plasma volume, and 
sufficiently high magnetic confinement makes LECR2 pre-
vailed in intense highly charged ion beams production over 
LECR1. Additionally, with a newly developed resistor 
oven and MIVOC method, metallic ion beams such as 
Ca12+, Mg9+, Ni12+, Pb28+ and so on, could be made with 
LECR2 and since then HIRFL was able to deliver to the 
users metallic beams. [10] 

 

Figure 6: Schematic drawing LECR2 source. 

 

Figure 7: Schematic drawing LECR3 source. 
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Inspired by the performance of LECR2, an upgraded 
version ECR ion source was proposed soon after LECR2 
was used for routine operation. Obviously, higher fields 
and bigger plasma volume are favourable for highly 
charged ion beam production. LECR3 was designed with 
higher axial fields and bigger plasma chamber. The success 
of AECR [11] with a rectangular waveguide as microwave 
coupling scheme also gave LECR3 design good reference 
in terms of simpler ion source injection plug design and 
also sufficient room for iron plug to boost injection field 
peak. The schematic plot of LECR3 source is shown in Fig. 
7. By adopting better NdFeB material with higher rema-
nence and 36-segmented Halbach structure, the hexapole 
produces 1.0 T at the inner wall of a Ø76 mm diameter 
plasma chamber [12]. LECR3 can produce very high inten-
sity ion beams as well as ion beams of high charge states, 
for instance 1.1 emA Ar8+, 0.5 eμA Ar17+ and so on.  

As LECR3 challenges almost the limit of room temper-
ature technologies with regards to the water cooled copper 
pancakes that provide the axial mirror fields, we therefore 
collaborated with IEE/CAS to develop a higher field axial 
mirror that equipes a high performance ECR ion source 
somehow comparable with an 18 GHz superconducting 
ECR ion source for intense beam production, such as 
SECRAL. Typically, the room temperature magnets cooled 
with de-ionized pressured water can barely work with ex-
citation current density above 10 A/mm2. Evaporative 
cooling method using a proprietary evaporative cooling 
medium developed by IEE, has some advantages over the 
conventional de-ionized pressured-water cooling: (1) Pres-
sured de-ionized water free, and (2) average current density 
up to 12 A/mm2 is possible. The detailed technical descrip-
tion can be found in references [13] and [14]. Incorporated 
with ECR ion source, axial solenoids immersed in Evapo-
rative Cooling medium can provide much higher axial 
fields that can be optimum for the operation at 18 GHz mi-
crowave frequency. Based on this concept, LECR4 was de-
veloped based on the joint work between IMP and IEE. Fig. 
8 is the layout of the LECR4 test bench. With higher mirror 
fields, even at a little bit low radial field, this prototyping 
ion source have produced many inspiring results that can 
prevail over any room temperature ECR ion sources and 
even competitive with those achieved with 18 GHz 
SECRAL.  

 

Figure 8: LECR4 source test bench layout. 

Table 2 gives a comparison of the LECR series of ion 
sources. Obviously, the progress of ion source technologies 
and the understanding towards better performing machine 
is evidenced. Fig. 9 gives an overview of the ion source 
performance comparison with Xe ion beam production.  

Table 2: Comparison of LECR Sources 

Specs. LECR1 LECR2 LECR3 LECR4
ωecr 10 GHz 14.5 GHz 14.5 GHz 18 GHz 
Fields 
(T) 

1.04 /0.8 1.5 /1.0  1.7 /1.1  2.5/1.3 

Br (T) 0.8 1.0  1.0  1.0* 
Cham-
ber ID 

Ø65.0 mm Ø70.0 mm Ø76.0 mm Ø76.0 mm 

Mirror 
Length 165 mm 300 mm 300 mm 300 mm

Plasma 
volume ~0.7 L 1.1 L ~1.3 L ~1.3 L 

RF 
Power 

0.5 kW 1.0 kW 1.0 kW 2.0 kW 

*with a salvaged hexapole magnet 

 
Figure 9: Evolution of Xe beam intensities with  room 
temperature ion sources. 

UPERCONDUCTING ECRIS 
Superconducting ECR ion sources are representing the 

state of the art ECR ion source technologies. Typically 
operated at the mcirowave frequency of 24~28 GHz, 
superconducting ECR ion sources can produce ion beam 
intensities that are several times of an conventional 2nd 
generation machine. At IMP, the increasing needs of highly 
charged heavy ion beams to boost the performance of 
HIRFL, expecailly the CSR storage ring, are the driving 
force to build a high performace supercondcuting source. 
Two supercondcuting ECR ion sources have been 
successively delvoped at IMP, i.e SECRAL in 2005 and 
SECRAL-II in 2015.  

SECRAL 
The design of SECRAL has been optimized for maxi-

mum ion source performance at 24-28 GHz microwave fre-
quency for very high charge state heavy ion beam produc-
tion as well as for developing a compact fully supercon-
ducting ECR ion source with a magnet structure which is 
easier to build without great technical challenge. The fully 
superconducting ECR ion source SERSE [15] and VENUS 
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[16] gave many useful references for design of the 3rd gen-
eration ECR ion sources. To satisfy the requirements of 
running at 24-28 GHz, the magnet of SECRAL should be 
able to excite on the axis the mirror peaks of more than 3.6 
T at the injection side and 2.0 T at the extraction side, and 
a radial sextupole field more than 2.0 T at plasma chamber 
wall. Different from the traditional design, such as the VE-
NUS/LBNL, SuSI/MSU [17] and SCECRIS/Riken [18], 
the axial solenoid coils of the SECRAL magnet are located 
inside of the sextupole. This innovative magnet structure 
design of SECRAL reduces the interaction forces between 
the sextupole coils and the solenoid coils which makes the 
cold mass clamping much easier and also a more compact 
structure. Fig. 10 gives the schematic structure of SECRAL 
cold mass.  

To keep the cost within the budget limit, SECRAL mag-
net was completed with only one-stage cooling system that 
preserves the thermal shield at 70 K. Without LHe recon-
densation system, LHe must be refilled every day to keep 
the cold mass immersed safely inside the 4.2 K liquid. 
When the source was designed, bremsstrahlung radiation 
damage to the main insulator was not considered (or fully 
understood within the ECR community), therefore the 
lately inserted Ta shield tube made the plasma chamber ID 
size shrink down from Ø126 mm to Ø 120 mm that makes 
SECRAL is only optimum for the operation at 24 GHz with 
regards to the radial field strength inside the plasma cham-
ber. Even so, SECRAL is one of the most powerful ECR 
ion sources in the world and also the first ion source 
demonstrated >1 emA Ar12+ and >0.5 emA Bi31+ [19]. 
SECRAL was fully on-line for HIRFL operation since 
2007, and has provided more than 31,000 hours’ beam time 
for HIRFL with intense highly charged heavy ion beams 
that essential for HIRFL performance.  

 
Figure 10: Sketch of SECRAL magnet structure. 

SECRAL-II 
SECRAL-II magnet is a close copy of SECRAL. The 

main difference is in the cryogenic system design. The cold 
mass will be housed in a Ø817 mm ID×821 mm long LHe 
tank. Cold mass, LHe and the helium tank all together 
weighs about 1.54 tons. External to the 4.2 K reservoir, 
generally two thermal installation stages are designed. The 
first one is the 60 K copper thermal shield, and the second 
one is the vacuum buffer between 60 K and room temper-
ature. Evaporated helium gas will be recondensed to LHe 
by 5 condensers bolted to the 2nd stage of five 1.5 W GM 
coolers individually. 5 HTS leads are used to minimize the 
ohmic and conduction heat load between 60 K and 4.2 K 

stages.  5 Sumitomo RDK-415 D coolers can provide about 
200 W cooling capacity at 60 K that is sufficient for the 60 
K thermal shield cooling. A conservative estimate of the 
total static heat load at 4.2 K is about 1.86 W, which allows 
a maximum dynamic heat load of 5.64 W according to the 
calculation and it turned out to be ~6.0 W that is sufficient 
for the routine operation needs of about 5 kW at 28 GHz. 
Fig. 11 is the sectional plot of SECRAL-II magnet with 
most of the subsystems integrated. [20] 

 
Figure 11: SECRAL-II magnet structure. 

Table 3: High Intensity and Highly Charged Ion Beams 
Production with SECRAL-II 

Ion  VENUS   
2018

SECRAL 
2016 

SECRAL-II 
2018

16O6+ 
 O7+ 

4750 
1900 

2300 
810 

6700 
1750 

40Ar12+ 
 Ar14+ 
 Ar16+ 
 Ar17+ 
Ar18+

1060 
840 
525 
120 
4.0

1420 
846 
350 
50 
-- 

1190 
1040 
620 
130 
14.6

78Kr18+ 
Kr28+ 

Kr30+ 

Kr31+ 

Kr32+

770 
100 

 
17 
8.0

 1030 
146 
20 
7 

0.5
129Xe26+ 

Xe30+ 

Xe34+ 

Xe38+ 

Xe42+ 

Xe44+ 

Xe45+ 

 
 

104 
26 
6 
2 

0.88

1100 
360 
120 
22.6 
12 
1 

0.1 

 
365 
102 
56 

16.7 
3.9 
1.3

Robust cryogenic system design enables SECRAL-II to 
be able to operate at high microwave power. Maximum 
heated with 12.4 kW microwave power (10 kW@28 GHz 
+ 2.4 kW@18 GHz), this ion source has produced many 
recorded beam intensities and charge states in recent ion 
source commissioning. Table 3 lists most of recent results 
with VENUS@28 GHz [21], SECRAL@24 GHz, and 
SECRAL-II@28 GHz. As given in the table, emA order 
ion beams such as Kr18+ and so on are achievable now, 
which is a very important benchmark for next generation 
heavy ion accelerations composed of either SRF linacs or 
synchrotrons. Very high charge state ion beams production 
such as Kr3n+, Xe4n+ and so on, has pushed the M/Q dc 
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beams extracted with an ECRIS from traditionally >4 to 
presently <3, which is very attractive to cyclotrons and 
HCI physics, in terms of machine performance and possi-
ble physics investigations. [22] 

NEXT GENERATION ECRIS 
To meet the highly charged ion beam intensity needs of 

a next generation heavy ion accelerator, such as HIAF,  
beam intensity gain by a factor of ~2.3 should be made. 
According to ωୣୡ୰ଶ   scaling, the next generation ECRIS is 
desired to be operated at ωecr= (2.3)0.5 * 28~43 GHz. At 
IMP, a 45 GHz ECRIS is under construction with this 
guiding rule. To make an ECR ion source optimum for op-
eration at the frequency of 45 GHz, magnetic fields of two 
mirror maxima 6.5 T and 3.5 T at source injection and ex-
traction sides respectively, >3.2 T at the ion source plasma 
chamber wall are desired. For this purpose, approximately 
1500 A/mm2@12 T will be seen inside the superconductor, 
which will only be made with state of the art superconduc-
tors, such as Nb3Sn, YBCO or Bi-2212. With regards to the 
technology maturity and cost, Nb3Sn is so far the feasible 
choice. Table 4 gives the typical parameters of a 45 GHz 
ECR ion source. 

Table 4: Typical Parameters of FECR Magnet 

SPECS. UNIT FECR 
Frequency GHz 45
Mirror Fields T ≥6.4/3.2 
Brad T ≥3.2 
Mirror Length mm ~500
Magnet coils / Nb3Sn
Conductor Jc A/mm2 >1500 @12T
Cooling Capac-

ity@4.2 K 
W ≥10.0 

 
Supported by LEAF (Low Energy heavy ion Accelerator 

Facility) project, which is mainly composed by a 45 GHz 
ECR ion source FECR, a 300 kV high voltage platform, 
LEBT, a 4-vane 81.25 MHz 0.5 MeV/u CW RFQ L-RFQ 
[23] and MEBT, a prototype 4th generation ECR ion source 
is under construction at IMP. Several critical challenges are 
foreseen and need corresponding solutions, i.e. i. the 45 
GHz Nb3Sn magnet, ii. 45 GHz/20 kW microwave power 
transmission and coupling for efficient ECRH, iii. strong 
bremsstrahlung radiation and the resultant issues, iv. in-
tense beam extraction and transmission, v. high power op-
eration with long term stability and reliability. A collabora-
tion work between ATAP/LBNL and IMP has given a fea-
sible design of the FECR cold mass based on bladder and 
keys assembly (Fig. 12) [24]. A cryogenic system design 
with 6 KDE-422 cryocoolers from a domestic company 
Nanjing Cooltech will provide ~13 W cooling power at 4.2 
K state, which is promising for medium power operation at 
45 GHz according to our estimate. A 45 GHz/20 kW gyro-
tron system from GyCOM Inc. has already been delivered 
to IMP. It has not only been used for long-time stability test, 
but also connected to SECRAL-II test bench for high 
power coupling PoP test and intense beam production. 
Once energized at full power, FECR is believed to deliver 

a total current of 20~40 emA for heavy ion beams. As 
heavy ions have relatively low velocity given the same ac-
celeration voltage, space charge effect will be apparent in 
such a beam transmission system. A four-electrode extrac-
tion system with the ion source floated at 50 kV potential 
is considered in the draft design. Challenges in v. are still 
open to the researchers, even for a 3rd generation ECR ion 
source. Very efficient cooling to the plasma surroundings 
and understanding of the behaviour of intense hot plasma 
(electrons) might help to mitigate the problems during high 
power operation.  A 1/2 sized prototyping cold mass of 
FECR is under development at IMP. It will demonstrate the 
technologies of Nb3Sn coils fabrication, bladder & key as-
sembly, active quench protection power supply system and 
ms order quench detection system.  

 
Figure 12: Explosive picture of FECR cold mass. 

CONCLUSION 
Boosted by the nuclear sciences and applications in 

China, highly charged ECR ion sources have got remarka-
ble progress in the last 20 years. Typically, more than 5 
types of ion sources can provide the highly charged ion 
beam solutions for versatile needs. For the heavy ion facil-
ities development in China, there are at least 3 higher per-
formance ECR ion sources to be completed in the coming 
3 years, among them FECR is the most challengeable one. 
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ALL-PERMANENT MAGNET ECR ION SOURCE DECRIS-PM 

A. Efremov†, V. Bekhterev, S. Bogomolov, A. Bondarchenko, A. Lebedev, V. Loginov, V. Mironov, 
FLNR, JINR [141980] Dubna, Moscow reg. Russia 
N. Konev, ITT-Group, [107076] Moscow, Russia 

 
Abstract 

Super-heavy-element factory is under construction at the 
Flerov Laboratory for Nuclear Reactions, JINR, Dubna. 
The factory will include DC-280 cyclotron, which will be 
equipped with two 100 kV high voltage platforms. A high 
charge state all-permanent magnet 14 GHz ECRIS – DE-
CRIS-PM has been designed and fabricated to provide in-
tense multiple charge state ion beams. The request for the 
source is a production of medium mass ions with 
A/q=4÷7.5 such as 48Ca8+. The conceptual design of DE-
CRIS-PM is presented. During the first tests at the ECR 
test bench, the source shows a good enough performance 
for the production of medium charge state ions (such as 900 
eµA Ar8+, 550 eµA Ar9+, 200 eµA Ar11+, 160 eµA 
Kr15+, etc.). 

INTRODUCTION 
One of the basic scientific programs, which are carried 

out at the FLNR, is a synthesis of new elements requiring 
intense beams of heavy ions. To enhance the efficiency of 
experiments for next few years, it is necessary to obtain 
accelerated ion beams with the parameters listed in Table 
1. These parameters have formed the base for the new cy-
clotron DC-280 [1]. Some required beam currents are col-
lected in Table 2 

Table 1: Required Beam Parameters 
Ion energy 4÷8 MeV/n 
Ion masses 10÷238 
Beam intensity (A≤50) up to10 pμA 
Beam emittance ≤ 30 π mm×mrad 
Total efficiency > 50%. 

 
Table 2: Required Beam Intensities 

Ion 48Ar7+ 48Ca8+ 58Fe10 
Intensity from ion 
source  µA 300 150 125 

Intensity on phys. 
target  pps 3×1014 5×1013 4×1013 

 

The axial injection system of the DC-280 cyclotron will 
include two high voltage platforms, which will allow for 
efficient injection of ions from helium to uranium with 
M/Q ratio in the range of 4÷7. Each HV-platform will be 
equipped with the low power consuming ECR ion source. 

For production of ions with the low and medium masses 
(from He to Kr) the all-permanent-magnet (PM) ECR ion 
source will be used. Many good performance all-perma-
nent magnet ECRISs have been built around the world. 
Most of them are compact versions of ECRIS. Parameters 
of some PM ECRIS are listed in Table 3. 

Table 3: Parameters of PM ECRIS 
Ion source Nanogan 

  14 GHz 
Super 
Nanogan 

  LAP 
ECR2 

Frequency 14.5 14.5 14.5 
Plasma 
Chamber Ø 

28 45 67 

Weight 90 200 ~500 
Ar8+ 60 200 460 
Ar9+ 20 90 455 
 
Nanogan and Supernanogan ion sources are available for 

purchase from Pantechnik [2]. However, it is obvious that 
the compact versions of the sources do not provide the re-
quired ion beam intensities for our project. The only previ-
ously created “full-size” ion source which practically re-
produces the structure and ion yields of CAPRICE-type 
ECRIS is LAPECR2 [3]. For this reason, the following de-
sign parameters of DECRIS-PM were selected: 

• Microwave frequency – 14 ÷ 14.5 GHz 
• Binj                               - ≥ 1.3 T 
• Bmin                              - 0.4 T 
• Bextr                              - 1 ÷ 1.1 T 
• Plasma chamber Ø      - 70 mm 

 

SOURCE DESIGN 
  
The main advantages of the all permanent magnet EC-

RIS are low power consumption, low pressure in the cool-
ing water system, simplified operation, etc. However, there 
are few significant drawbacks of all permanent magnet EC-
RIS. First, the magnetic field is fixed and comparatively 
low. Thus, the designed magnetic configuration should be 
optimized from the very beginning. Another drawback is 
strong mechanical force acting on the individual parts of 
the system. As a result the correction of the magnetic field 
after the assembly of the magnetic system is practically im-
possible without demagnetization. 

Deviations from the required field distribution can occur 
for many reasons. The variation in properties of permanent 
magnets (about of 5%) and the variation of easy axis direc-

 ___________________________________________  

† email:  aefremov@jinr.ru. 
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tion for magnets with angular magnetization lead to a dif-
ference between the calculated and the actual distribution 
of the magnetic field. 

The magnetic structure and the source assembly are 
shown in Fig. 1. The magnetic structure consists of five 36-
segmented axial magnetic rings with the corresponding ax-
ial or radial magnetization. Magnets with angular magnet-
ization were not used. Permanent magnet (PM) rings at the 
extraction and at the injection sides are inserted into the 
soft iron rings, which help to slightly increase the magnetic 
field at maxima and strongly suppress the stray field 
around the source.  

The soft iron plates around the PM rings with the axial 
magnetization play an important role in the final magnetic 
field distribution. By changing their thickness, it is possible 
to tune the minimum field if necessary (magnetic field cor-
rection). 

 

 
 

 
Figure 1: (top) DECRIS-PM at the ECR test bench; (bot-
tom) Magnetic structure of DERIS-PM as follows: numer-
als 1÷5 – PM rings, 6 and 7 are soft iron rings; 8÷11 are 
soft iron plates, 12÷14 are auxiliary elements, 15 corre-
sponds to the hexapole, and 16 the coil. 

 
Other specific feature of the source is an additional coil 

placed at the centre of the structure between the hexapole 
and central PM ring. The coil is be used to tune the Bmin 
value during the source operation. According to [4], the op-
timal value of Bmin depends on the level of the injected mi-
crowave power and it should be changed on- line for an 
optimization of the source performance. The coil consumes 

less than 1.5 kW of electric power and shares the cooling 
system with the plasma chamber. When the coil is excited 
to maximum current, the Bmin value is shifted by ±0.075 T 
depending on the current polarity. 

The magnetic field of DECRIS-PM is the superposition 
of axial and hexapole fields similar to conventional EC-
RIS. The hexapole is a 24-segmented Halbach structure 
magnet, which provides a radial field of 1.05 T at the inner 
wall of the plasma chamber. The weight of the permanent 
magnets is around 525 kg and total weight of the system is 
about 1000 kg. 

Calculated and measured axial magnetic field of DE-
CRIS-PM are shown in Fig. 2. 

 
Figure 2: Axial magnetic field distribution of DECRIS-PM 
(extreme values are indicated at the plot). 

 

 
 

Figure 3: Extraction system. 

 
The three electrode extraction system will be used for 

beam extraction. Puller electrode is negatively biased and 
water-cooled (See Fig. 3). Microwave power feeds into the 
plasma chamber directly through a water cooled rectangu-
lar waveguide. Since we are using a TWT rf generator, op-
timum coupling of the rf power to the plasma by tuning the 
microwave frequency can be realized. 

 

RESULTS OF THE PRELIMINARY TESTS 
 
The new ion source was tested at the ECR test bench few 

months ago. During these tests the single gap extraction 
system was used. The new extraction block could not be 
installed at the test bench because of its design features.  
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Table 4: Comparison of Ion Yields of Ar and Xe From Some ECR Ion Sources 

Table 5: Ion Yields of Solids 
Q+ 5+ 7+ 8+ 9+ 10+ 11+ 12+ 
24Mg 450 140 40 15    
40Ca    220  158 58 
50Ti    90 72 60 23 
56Fe    85 80 55  

The Central coil was not used because of the remote con-
trol for its power supply was not ready. Normally, the ex-
traction voltage was between 17 kV and 20 kV. 

First of all the new ion source was tested by producing 
argon, krypton and xenon ion beams to investigate the 
source capacity. The best obtained results were compared 
to the corresponding results obtained with the all perma-
nent magnet ion sources such as Supernanogan [2], LA-
PECR2 [3], and CAPRICE-type room temperature ion 
sources DECRIS-3 [5] and ECR4m [6]. This comparison 
is presented in Table 4. 

It is obvious that the typical performances of DECRIS-
PM are equivalent to those of some typical room tempera-
ture ECR ion sources of the same frequency in the world, 
which demonstrates that design of this source is successful.  

In recent years, the reactions of 48Ca with different tar-
gets have been used to synthesize new superheavy ele-
ments with Z = 114– 116 and 118. The heaviest target for 
experiments on synthesis of superheavy elements in heavy 
ion reactions is 249Cf, so further progress in the synthesis 
of elements with Z > 118 requires the production of intense 
beams of accelerated neutron enriched isotopes, such as 
50Ti, 58Fe, 64Ni, etc. The use of new isotopes for the pro-
duction of accelerated beams calls for searching of ways 
for optimization of the ECR source operation mode and the 
development of a material feeding technique. For this rea-
son, the new source was also tested by producing Ca, Mg, 
Ti and Fe ions. 

The selection of the best method to feed solids into ECR 
ion sources strongly depends on specific properties of ma-
terials. For producing of Mg and Ca ion beam the tradi-
tional method with combination of micro oven and hot 
screen was applied. The MIVOC method was employed for 
the production of Ti ((CH3)5C5Ti(CH3)3 compound) and Fe 
(Fe(C5H5)2 compound) ion beams. Table 5 summarizes the 
results of the Mg, Ca, Ti and Fe ion beam production with 
DECRIS-PM ion source using the MIVOC method and 
oven technique  

CONCLUSION AND PLANS 
 Preliminary tests of the source have shown that it is ca-

pable of producing intense beams of multi charged ions 
with intensities comparable or higher than those for tunable 
Room Temperature ECR sources. DECRIS-PM has al-
ready installed at the HV platform of the DC-280 cyclo-
tron. We hope to improve the source performance at the 
high voltage platform due to the following: 

o 3-electrode extraction system (single gap ex-
traction at the test bench); 

o effect of the additional coil; 
o the larger the gap between poles of the analys-

ing magnet (70 mm at the test bench and 110 
mm at the HV platform) 
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Ion DECRIS-PM LAPECR2 SuperNanogan DECRIS-3 ECR-4M 
Ar8+ 920 460 200 720 600 
Ar9+ 500 355 90  450 
Ar11+ 210 166 35 156 200 
Ar12+ 150 62 12 68 100 
Xe20+ 75 85  84  
Xe26+ 50 40 7 (Xe25+) 23 25 (Xe25+) 
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NEW METHOD TO DESIGN MAGNETIC CHANNELS WITH 2D                    

OPTIMIZATION TOOLS AND USING PERMENDUR VANADIUM 

L. Neri, L. Calabretta, D. Rifuggiato, LNS-INFN, Catania, Italy  

O. Karamyshev, JINR, Dubna, Russia  

Abstract 

Magnetic channels are used in almost all cyclotrons to 

focus radially the beam along the extraction path through 

the coils and yoke region, where the rapid fall off of the 

magnetic field produces a strong vertical focusing and 

radial defocusing of the beam. These magnetic channels 

consist generally of three iron bars. The current sheet 

approximation has been generally used to evaluate quickly 

the performance of magnetic channels.  

For the new magnetic channels to be used in the upgrade 

of the LNS-INFN k800 Superconducting Cyclotron, a new 

method was developed to investigate complex 

configurations and to achieve higher magnetic gradients in 

a larger area. The optimization procedure is based on a 

genetic algorithm implemented on MATLAB code and 

using the COMSOL code to perform the 2D magnetic field 

simulations. 

Moreover, the use of permendur vanadium in alternative 

to iron allows to reduce the volume of the bars and mainly 

the magnetic force.  

The results of our simulations are here presented. 

INTRODUCTION 

The LNS-INFN Superconducting Cyclotron (CS), 
Catania, has been working for 25 years delivering almost 
all ion beams in the mass range 2÷200 amu and energy 
range 10÷80 AMeV [1].  

The CS was designed to perform nuclear physics 
experiments that generally use low intensity beams. 
Indeed, due to the compactness of the CS, the last 
accelerated orbit is not fully separated from the previous 
one, and the extraction efficiency is under 60%. The beam 
power dissipated on the septum of the first electrostatic 
deflector (E.D.) causes issues due to thermal deformation 
of the septum, extra outgassing, high dark current and E.D. 
discharges. For these problems the maximum beam power 
extracted from the cyclotron up to now stays below 100 W. 

In 2016 the scientific community and the management 
of LNS-INFN approved a project to upgrade the CS to 
allow the extraction of beam power up to 10 kW for the 
ions with mass below 50 amu [2]. These high power beams 
are useful to perform the NUMEN experiment and also to 
drive the facility FRAISE (FRAgment In-flight SEparator) 
[3,4].  

To achieve this goal, the beam will be extracted by 
stripping. This extraction method is based on the sudden 
change of charge state produced by the crossing of the 
beam through a thin carbon foil, so called stripper. The 
consequent decrease of the magnetic rigidity after the 
stripper produce a strong perturbation of the beam 

trajectory that naturally escapes from the cyclotron pole 
[5]. 

Although extraction by stripping is very convenient to 
achieve high extraction efficiency, its application is not 
trivial when extracting ions with a wide range of masses 
and/or energies. Indeed, the extraction trajectories are quite 
different for each different ion type, therefore a large 
Extraction Channel (Ex.Ch.) is mandatory, by far larger 

than the one used for electrostatic extraction. A new 

extraction system for a selected set of ions and energies has 

been designed [2]. 

In particular, two big Magnetic Channels (MC1, MC2) 

are mandatory to focus the beam along the extraction 

channel, see Fig.1. Moreover, these two channels have to 

provide large gradient, up to 2 kGauss/cm, over a large area  

(4 x 3 cm) to allow for an efficient transmission of the 

beams that have relatively large transversal sizes [6]. These 

MC were simulated using the so-called Current Sheet 

Approximation (CSA) [7]. The size of these channels are 

quite large and one of the problems, which appeared during 

the design of these magnetic channels was the magnetic 

force. As MC’s have wide range of positions, according to 
the ion trajectory, it is very challenging from the 

mechanical point of view to offset these magnetic forces. 

In particular, the  

 

Figure 1: Layout of the two extractions channels from the 

CS. A set of new extraction trajectories achieved by 

stripping and the positions of the two new magnetic 

channels are also shown. 

New magnetic 

channels

Existing 

extraction

channel

New 

extraction

channel

MC1

MC2
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Figure 2: BH chart for Cobalt Steel Vanadium Permendur 

and Low Carbon Steel 1010. 

 

force acting on MC1 could reach up to 1 ton. For this 

reason, we investigated the option to build these MC using 

permendur vanadium material that has a magnetization 

curve much higher than the pure iron, Fig. 2. Despite the 

permendur vanadium cost is quite high, it allows to reduce 

the cross section of the MC of about 10% and accordingly 

also the magnetic force. The results of these simulations 

are presented in the next section. 

Moreover, we investigated also the option to optimize 

both the performance and the size of these channel. This 

method is based on a genetic algorithm which is described 

in the dedicated section. The results achieved with this 

optimization method are also presented in the last section.  

MAGNETIC CHANNEL PERMENDUR  
VANADIUM MADE 

One way to reduce the size of the MC, while keeping 

the same gradient, is to replace some parts of the MC’s 
material from “conventional” Low Carbon Steel 1010 

(LCS1010), which is widely used in cyclotrons, with 

Cobalt Steel Vanadium Permendur (CSVP). The magnetic 

properties of these materials are introduced in the 

simulation by using Comsol Material Library BH curves. 

The different magnetic properties of these two materials 

are shown in Fig 2.  

 

 
Figure 3:  3D model of magnetic channel, top half. 

 
Figure 4: Parts of MC2 replaced with Cobalt Steel 

Vanadium Permendur (blue) and part kept with Low 

Carbon Steel 1010 (pink). Only top half part of MC2 is 

shown. 

 

The preliminary design of the MC, developed by using 

the current sheet approximation is shown in Fig. 3. Half 

part is presented as inserted in the simulation that allows to  

use the middle plane symmetry to simplify the calculation. 

As a first step of introducing CSVP in the design of MC 

we replaced two parts of the conventional MC, made from 

LCS1010, with CSVP, see Fig. 4. Part B was totally 

replaced with CSVP while only the right side of Part A was 

replaced with CSVP. The rationale of this partially material 

substitution is to preserve the easy manufacturing of a 

complex part by using LCS100. 

The MCs design was studied in the magnetic field 

produced by the 3D model of the cyclotron. The 3D 

geometry of the cyclotron was imported in CST Studio 

software and the magnetic conditions were implemented to 

evaluate the magnetic field map. Middle plain magnetic 

field distribution is shown in Fig. 5.  

We have adjusted the sizes of CSVP parts in order to 

maintain the same gradient as the fully LCS1010 magnetic 

channel. In order to do so, the width of the CSPV elements 

has been decreased by approximately 20%. The achieved 

gradients are presented in Fig. 6.  

The force, applied on the MC’s has been calculated 
using COMSOL Multiphysics software, as integration of 

the Maxwell’s stress tensor over the surfaces of the MC. 

 

 
Figure 5: Middle plane magnetic field map achieved by 

CST Studio 3D model of the cyclotron. MC 1 and MC2 are 

in the most inner position. 
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Figure 6: Magnetic field in MC2. Blue line, Low Carbon 

Steel 1010 made. Red line, partially made with Cobalt 

Steel Vanadium Permendur. 

 

The positions of the MCs can be adjusted in or out to fit 

the different trajectories of each different ion beam. The 

two extreme allowed positions were taken into account for 

the evaluation of the force calculation and the results are 

shown in Table 1.  

Use of Cobalt Steel Vanadium Permendur can reduce the 

size and the force on MC1 and MC2 by approximately of 

10% and 7.5% respectively, compared to Steel1010. 

Similar reduction of force was found for both positions, 

inner  

 

Table 1: Magnetic Forces on MC1 and MC2 

MC1 Position Steel 1010 Steel 1010 + 
Permendur 

Fx Part B in -319 N  -294 N 

Fy Part B in 2753 N  2545 N 

Fx Part A in -192 N  -176 N 

Fy Part A in 2316 N  2109 N 

Fz Part A in 775 N  720 N 

Fx Part B out -525 N -488 N 

Fy Part B out 3865 N 3578 N 

Fx Part A out -268 N -245 N 

Fy Part A out 2568 N 2362 N 

Fz Part A out 1087 N 1008 N 

MC2    

Fx Part B in -372 N  -347 N 

Fy Part B in -2172 N  -2020 N 

Fx Part A in -317N  -293 N 

Fy Part A in -3233 N  -3054 N 

Fz Part A in 1560 N  1470N 

Fx Part B out -265 N  -245 N 

Fy Part B out -1093 N  -1022 N 

Fx Part A out -386 N  -349 N 

Fy Part A out -270 N  -231 N 

Fz Part A out 700 N 712 N 

and outer, as result of our simulation, see Table 1. Higher 

force reduction could be achieved if the full part A is 

permendur vanadium made. 

OPTIMIZATION BASED ON GENETIC 
ALGORITHM 

Genetic algorithm strategy is today a common and well 
developed method for optimization problems [8]. There are 
optimization strategies that suffer from high dependence 
upon the starting conditions and are able to find only local 
minima around it. Genetic algorithm automatically selects 
several starting conditions randomly chosen in the full 
space of the allowed solutions. This procedure deletes the 
dependency from the user selected starting point and 
allows the search in the full space of possible solutions.  

The optimization procedure based on a genetic algorithm 

is implemented on MATLAB code [9]. An important 
variant that we adopted for the optimization of the MC was 
to use discrete variables instead of continuous. All 
variables, as it will be described in the following, are 
related to the geometric parameters of the design. An 
accuracy of one millimeter was set because solutions that 
differ of fractions of millimeter do not produce significant 
changes. In such a way we drastically reduced the space of 
the possible solutions moving from a continuous to discrete 
space of solution values. With this choice the 
computational time was reduced a lot and the capability to 
search in the whole space of possible solutions was more 
guaranteed. 

The geometry is parametrized with 24 variables, the 
meaning of 20 of them is shown in Fig. 7. Six variables, 
identified by blue arrows, are able to change the height of 
the top part of the rod A. Other six variables, indicated by 
violet arrows, describe the bottom part. Four variables are 
used to identify the transverse position of the left side of 
the rod B and other four the right side. Two more variables 
are used to wrap and stretch the rod A, and the last two, to 
do the same for the rod B. Additional different constraints 
were applied to obtain a geometry compatible with the 
maximum allowed extension and to preserve the space 
needed for the beam. To produce a homogenous magnetic 
field gradient, we decided to remove the corners 
contribution by applying a rounding shape of all corners.  

The genetic algorithm starts with a random selection of 
one hundred of possible solutions that constitute what is  

 

 
Figure 7:  Parametrized design of MC with the 

identification of almost all variables that define the 

geometry. 

B
[T

]

[mm]
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Figure 8: Map of points (blue marked) where the penalty 
function is evaluated. 
 

commonly called a population.  
The goodness function is evaluated for each individual, 

and good and bad individuals are identified. After the first 
step the genome constituted by the value of the variables 
of each individual are mixed between individuals to find 
the new population to be tested.  

Only the best 30 individuals are allowed to share genome 

between them and 5 of randomly selected worst 
individuals. The new population is generated with a 
random mix of genome plus a small possible random 
variation. After few hundreds of populations, the global 
minimum is found when no more improvements are found 
and the goodness of the best individual shows a 
convergence trend.  

The most important requirement that enable the use of a 
genetic algorithm is the computational time needed for the 
evaluation of the goodness function. A lot of work was 
done to identify the computational environment that 
allowed to compute the goodness function in few second. 
The geometry was tested by solving a 2D problem with 
Comsol Multiphysics instead of the 3D problem. This 
choice reduces the complexity of the problem introducing 
differences with small impact on the final 3D solution. In 
the real case we have a linear MC with a defined length 
inside a magnetic field. The simulated setup is equivalent 
to a MC of infinite length subjected to a constant external 
magnetic field. This will give a good agreement for the 
evaluation of the magnetic field at the center of the MC 
while will not take into account the fringing field at the two 
end of the MC. The need to have a fast goodness function 
evaluation imposed this simplification that will be removed 
in the last check of the design. The goal of the goodness 

 

 
Figure 9: Colour-map and streamlines showing magnetic 
field value around MC2 after genetic algorithm geometry 
optimization. 
 

function is the production of a uniform magnetic field 
gradient in all the beam region. A set of 22 points were 
taken into account for the calculation of the root mean 
square deviation. These points of interest are distributed in 
the area crossed by the beam and are shown in Fig. 8. 

The area of the MC surfaces was taken into account to 

minimize the use of metal. In such a way we minimized the 
envelope of the MC but more important we reduced the 
magnetic force acting on the MC. The higher gradient 
obtained with this optimization procedure allow to use 
shorter MC that are subject to lower magnetic force. 

OPTIMIZATION PROCEDURE RESULTS 

The result shown in Fig. 9 was found after several 
iterations of the optimization procedure that help us to 
identify the most convenient degrees of freedom to be 
inserted in the design. Even if a big number of variables 
can be used with genetic algorithm, this number needs to 
be always limited to a value corresponding to one day of 
computational time. With this limitation the set of allowed 
geometries corresponding to all possible combinations of 
variables values represent a huge number of different 
geometries. Nevertheless, they are not comparable to the 
infinite number of possible geometries. Different tries were 
needed to identify the most crucial area where to insert 
higher freedom in the parametrized design. For the final 
configuration 

 

Table 2: Margin Specifications 

r Z ���� [mT/cm] Error [%] 

50.75 0 246.2 -1.5 

51.25 0 256.8 2.7 

51.75 0 254.9 2.0 

52.25 0 255.6 2.2 

52.75 0 258.4 3.4 

53.25 0 261.9 4.8 

53.75 0 262.3 4.9 

54.25 0 210.2 -15.9 

51.25 0.5 248.8 -0.5 

51.75 0.5 247.6 -1.0 

52.25 0.5 251.6 0.6 

52.75 0.5 256.0 2.4 

53.25 0.5 259.2 3.7 

53.75 0.5 275.1 10.0 

51.25 1 218.0 -12.8 

51.75 1 224.3 -10.3 

52.25 1 242.8 -2.9 

52.75 1 252.1 0.8 

53.25 1 247.0 -1.2 

53.75 1 232.8 -6.9 

52.25 1.45 245.0 -2.0 

52.75 1.45 249.3 -0.3 
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shown in Fig.9, 14 parameters for the piece A and 10 for 
the piece B were used.  

The convergence was found after 356 generations in 
approximated 20 hours of computational time with an Intel 
I7-3970X CPU.  

An average gradient of 250 mT/cm with a mean error of 
4.2% was obtained. The evaluated gradients for the set of 
points in the beam area and shown in Fig. 8, are presented 
in Table 2.  

Each point, identified with its radial and vertical 
coordinates, its gradient and error are presented in Table 2. 

To identify the contribution of different materials, the 
optimization procedure, using the same parametrized 
degree of freedom, was tested both with CSVP and 
LCS1010. Choosing a magnetic field gradient of 250 
mT/cm for the two cases, different optimized geometries 
were found for the two materials. The average deviation 
over the twenty-two points in the beam area was 
significant, 4.2% in the case of CSVP and 8.0% for 
LCS1010. 

CONCLUSION 

According to our simulations the use of permendur 
vanadium instead of pure iron steel 1010 allows to reduce 
the magnetic force applied on the magnetic channel of at 
least 7%. Moreover, we investigated also complex shapes 
for the three bars magnetic channels. Using a genetic 
algorithm, it was possible to optimize the region of 
uniformity of the gradient and also to maximize the 
gradient values. Using MCs with higher gradient allows to 
reduce the length of the channels and consequently the 
magnetic forces acting on them. This greatly simplifies the 
handling mechanics of these magnetic channels.  

During 2019 a prototype of MC1 and MC2 with the 
shape achieved by the new optimization procedure will be 
built. A comparison between the simulations and the 
experimental measurements will be made. 
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DESIGN OF THE MULTI-ION INJECTOR LINAC FOR THE JLAB EIC 
(JLEIC)* 

B. Mustapha, Z. Conway and M. Kelly, Argonne National Laboratory, Lemont, IL, USA  
A. Plastun and P. Ostroumov, Facility for Rare Isotope Beams, East Lansing, MI, USA 

Abstract 
An Electron Ion Collider (EIC) is the highest priority 

for future U.S. accelerator-based nuclear physics facility 
following the completion of the Facility for Rare Isotope 
Beams (FRIB). Two laboratories are competing to host the 
future EIC: Brookhaven National Lab. (BNL) and Jeffer-
son Lab. (JLab). The baseline design of JLab’s Electron Ion 
Collider (JLEIC) ion complex comprises a pulsed super-
conducting (SC) linac injector capable of accelerating all 
ions from protons to lead, where proton and light ion beams 
can be polarized. After reviewing the design requirements 
for the injector linac, important design choices such as the 
room-temperature (RT) section design, the transition en-
ergy between the RT and SC sections and the stripping en-
ergy for heavy ions will be discussed. The design of the 
different linac sections will be presented as well as the re-
sults of end-to-end beam dynamics simulations for polar-
ized deuterons and un-polarized lead ions. 

INTRODUCTION 
The electron-ion collider concept proposed by JLAB 

(JLEIC) requires a new ion accelerator complex which in-
cludes a multi-ion linac capable of delivering any ion beam 
from hydrogen to lead to the Booster. We have developed 
a design for a pulsed linac which consists of different ion 
sources, a room-temperature (RT) front-end, up to 5 
MeV/u followed by a superconducting (SRF) section to the 
full linac energy. This work includes the beam dynamics 
and electrodynamics studies performed to design efficient 
and cost-effective accelerating structures for both the RT 
and SRF sections of the linac. The current design includes 
two separate RFQs one for heavy ions and one for polar-
ized light-ion beams, and a common RT section with a spe-
cial IH DTL design downstream of the RFQs. Quarter-
wave and half-wave resonators are effectively used in the 
SRF section of the linac.  

DESIGN REQUIREMENTS AND 
CHOICES FOR JLEIC INJECTOR LINAC 

Design Requirements for JLEIC Injector Linac 
The baseline design of the JLEIC ion complex [1] calls 

for the following requirements from the injector linac: 
• Capable of accelerating all beams from protons to lead 

ions, including polarized light ion beams 
• Deliver 280 MeV protons and 100 MeV/u lead ions 

Pb67+ for injection to the Booster, and equivalent 
energies for other ion beams 

• Pulsed beam structure with 5-10 Hz repetition rate and 
0.2 - 0.5 ms beam pulse length 

• Pulsed beam current of ~ 2 mA for light ions and ~ 0. 
5 mA for heavy ions 

• Compact and cost efficient 

Important Design Choices for the Linac 
In order to satisfy the design requirements listed above, 

the following design choices were made for the JLEIC 
injector linac: 

• To accommodate the significantly different beam 
parameters from polarized light-ion and heavy-ion 
sources, the linac includes two separate RFQs, one for 
mass-to-charge ratio A/q ≤ 2 and one for heavy ions 
with A/q > 2. 

• As a consequence, two separate low-energy beam 
transport (LEBT) lines are required. However, this 
separate front-end choice allows a special LEBT 
design for polarized light ions to preserve polarization. 

• Based on similar pulsed ion linacs [2, 3], a room-
temperature (RT) section up to an energy of ~ 5 
MeV/u is the most efficient and cost-effective option 
for the JLEIC linac, followed by a SRF section up to 
the full linac energy.  

• A pulsed SRF linac can be more compact and cost-
effective than the full RT option [4, 5]. It also offers 
wider acceptance and more tuning flexibility for light 
and heavy ion beams. In addition, taking advantage of 
state-of-the-art performance of quarter-wave (QWR) 
and half-wave (HWR) resonators [6, 7], which can 
deliver higher voltages in pulsed mode, the linac can 
be even more compact. 

• In order to deliver Pb67+ at 100 MeV/u, the optimum 
stripping energy was found to be ~ 13 MeV/u, which 
is the energy following two QWRs modules made of 
7 cavities each. 

DESIGN OF THE DIFFERENT SECTIONS 
OF THE LINAC 

Figure 1 shows the layout of the designed JLEIC injector 
linac with separate front-ends for light ion and heavy-ion 
beams, a DTL section made of three IH tanks followed by 
an SRF section made of three QWR cryomodules operating 
at 100 MHz and nine HWR cryomodules operating at 200 
MHz. A stripper section for the heaviest ions is located 
between the second and third QWR modules. 

 ___________________________________________  

*This work was supported by the U.S. Department of Energy, Office of 
Nuclear Physics, under Contract No. DE-AC02-06CH11357 
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Figure 1: Layout of the JLEIC multi-ion injector linac. 

We should mention that the current design is an 
extension of the short linac design [8] to the full energy 
required for injection to the booster ring in the JLEIC 
baseline design [1]. The short linac was proposed as part of 
an alternative design approach for the JLEIC Ion complex 
[9]. 

Existing Ion Sources and Expected Performance 
Table 1 shows the desired polarized proton and deuteron 

ion beam parameters in comparison to the beams available 
from existing polarized sources, namely the atomic beam 
(ABPIS) and the optically pumped (OPPIS) sources [10]. 

 
Table 1: Polarized Light Ion Beams: Desired vs. Available 
H-/D- Beam Parameters 

 Units Desired 
value 

ABPIS 
value 

OPPIS 
value 

Pulse Current mA 2 3.8 4 
Pulse Length ms 0.5 0.17 0.3 
Polarization % 100 90 85 
 
We notice that while the desired beam parameters are not 

exactly matched, they are within reach with some R&D 
effort. For heavy-ion beams, both the electron cyclotron 
resonance (ECR) and the electron beam (EBIS) ion sources 
are capable of delivering the desired beam current of 0.5 
mA for Pb30+ and other ions with equivalent mass-to-
charge ratios. 

One notable difference between the polarized light ions 
and heavy ions is the beam emittance at the source, while 
the 90% emittance is typically 0.5π mm.mrad for heavy 
ions, it’s ~ 2π mm.mrad for polarized H-/D- beams [11]. 
This significant difference in beam emittance is the main 
reason to have two separate front-ends for polarized light-
ion and heavy-ion beams. 

LEBTs Design 
The design for the polarized light ion LEBT shown in 

Figure 2 is very similar to the BNL LEBT for polarized H- 
[12]. It includes two opposite bends to compensate beam 
polarization. The LEBT is designed for 20 keV/u beams 
which is the RFQ injection energy. 

 
Figure 2: LEBT design for polarized light ion beams. 

The heavy-ion LEBT is shown in Figure 3, it is based 
on the CERN Lead linac-3 injector design [13]. The 
double-bend is for the selection of the desired charge state 
for injection into the RFQ. The extraction beam energy 
from the source is 25 keV/u which is also the RFQ 
injection energy. 

 
Figure 3: LEBT design for heavy ion beams. 

RFQs Design 
The design parameters for the light ion and the heavy ion 

RFQs are listed side by side in table 2. Note the ~ 100 % 
transmission was achieved for a deuteron beam in order to 
avoid radio-activation of the RFQ structure by neutrons 
[14]. 

Table 2: Design Parameters for the Light-ion and Heavy-
ion RFQs 

Parameter Units Light 
Ion 

Heavy 
Ion 

Voltage  kV 103 70 
Average radius mm 7.3 3.4 
Length m 3 5.6 
Quality factor  7200 6600 
RF power kW 150 250 
Beam transmission % ~ 100 99 
Design Transverse 
emittance 

π.mm.mrad 2.0 
0.5 

Output Longitudinal 
emittance 

π.keV.ns 5.0 
4.5 

 For pulsed RFQs, there are different options for the 
structure design, namely the 4-rod, the 4-vane and the 
window-coupled design as shown in Figure 4. The 
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structure can be either brazed or bolted. For the JLEIC 
RFQs, we propose the brazed 4-vane window-coupled 
structure for both its mechanical and field stabilities [15]. 

 
Figure 4: RFQ Design options. 

DTL Section Design 
During the design of the RT section [16] of the JLEIC 

linac, we investigated different DTL design options, see 
figure 5. The first was an IH structure with triplet focusing 
similar to the BNL EBIS injector [2]. The second option 
was a special DTL design with RF quadrupole focusing 
[17]. The third option, which was selected for the JLEIC 
linac, uses a FODO focusing lattice which offers a large 
acceptance with minimal emittance growth while 
preserving a good power efficiency. 

 

Figure 5: Design options for the DTL section of the linac. 

The design parameters for the three DTL tanks required 
to reach 5 MeV/u energy for all ion beams are listed in 
Table 3. The DTL section delivers ~ 30 MV over ~ 11 m 
and requiring ~ 1 MW total power. A schematic of the DTL 
section showing the three tanks made of 19 accelerating 
gaps and 20 quadrupoles in a FODO arrangement is shown 
in Fig. 6. 

Table 3: Design Parameters for the Three IH-DTL Tanks 
with FODO Focusing 

Parameter Units DTL-1 DTL-2 DTL-3

Input Energy  MeV/u 0.5 2.0 3.6 
Output En. MeV/u 2.0 3.6 5.0 
Accel. sections No. 10 5 4 
Length m 4.3 3.5 3.4 
RF power kW 280 400 620 

 

 
Figure 6: Layout of the DTL section made of 3 tanks 
including 19 accelerating gaps and 20 quadrupoles in a 
FODO lattice arrangement. 

SRF Section Design 
A schematic layout for the SRF section of the linac is 

shown in Fig. 7. It is made of three QWR and nine HWR 
cryomodules. Each cryomodule is made of seven cavities 
and four solenoids in the arrangement shown in Figure 8 
for both the QWR and HWR modules. A stripping section 
for the heaviest ions is located after the second QWR 
module at an energy of ~ 13 MeV/u for lead ions. 

 

Figure 7: Schematic layout of the SRF section of the JLEIC 
including a stripper section after the second QWR module. 

 

Figure 8: Layouts of the QWR and HWR cryomodules 
each with seven cavities and four solenoids. 

The design of both the QWR and HWR cavities are 
shown in Fig. 9 along with their electromagnetic field 
distributions. The corresponding RF design parameters are 
summarized in Table 4. 

 
Figure 9: Geometry and electromagnetic field distributions 
for the QWR and HWR cavities (E-Field on the left and B-
Field on the right for each cavity). 

Table 4: RF Design Parameters of the QWR and HWR 
Cavities 

Parameter Units QWR HWR

Design βopt  - 0.15 0.3 
Frequency MHz 100 200 
Length (βλ) cm 45 45 
Epeak/Eacc - 5.5 4.9 
Bpeak/Eacc mT/(MV/m) 8.2 6.9 
R/Q Ω 475 256 
G-factor Ω 42 84 
Epeak in operation MV/m 58 52 
Bpeak in operation mT 86 73 
Eacc MV/m 10.5 10.5 
Voltage per cavity MV 4.7 4.7 
Cavity phases Deg 15-30 15-30 
No. of Cavities - 21 63 
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Stripper Section Design 
The Pb beam is used as a reference for the design of the 

stripper section. The optimum stripping energy on a carbon 
foil to produce lead ions Pb67+ for injection to the JLEIC 
booster is about 13 MeV/u [18]. This energy maximizes the 
beam fraction in the desired Pb67+ charge state which is 
about 20% and minimizes the total voltage requirements 
for the linac up to the full-energy of 100 MeV/u for lead 
ions as shown in Fig. 10. 

 
Figure 10: Total linac voltage as function of stripping en-
ergy for lead ions. 
 

In order to separate the desired charge state from un-
wanted charge states and other reaction products, a chicane 
can be used for a straight linac option or a 180-deg bend 
for a folded option. Figure 11 shows a preliminary concept 
of a stripping chicane, where the beam is focused onto the 
stripper foil using a triplet and the desired charge state is 
separated and selected using the slits in the middle plane. 
A rebuncher and another triplet are used at the end of the 
chicane to longitudinally and transversely match the beam 
to the following section. 

 
Figure 11: A possible layout for a stripping chicane to be 
installed between the second and third QWR cryomodules. 

BEAM DYNAMICS IN THE LINAC 

Beam Dynamics Design 
The beam dynamics design is straightforward for the 

SRF section of the linac, a focusing period made of two 
accelerating cavities and one solenoid is the main building 
block. Exception is made at the end of every cryomodule 
where a missing cavity accounts for the extra drift space 
between modules where beam diagnostic devices can be 
installed. The general design rule is to start with a phase 
advance below 90-deg for the zero current beam and main-
tain periodic focusing by smoothly decreasing the phase 
advance along the linac. The accelerating voltage profile in 
the cavities is shown in Fig. 12. It clearly shows that the 
HWR covers very well the velocity range from 0.2 to 0.35 
and no need for a different cavity type at the higher ener-
gies. This simplifies the overall design and fabrication of 

the linac with only two cavity types, one QWR and one 
HWR. The proposed operating voltage per cavity of 4.7 
MV which will require 9 Tesla superconducting solenoids 
for lead beam focusing. 

 
Figure 12: Effective cavity voltage as function of β along 
the linac showing that the HWR is fairly efficient up to the 
full energy of the linac. 

Beam Dynamics Simulations 
The results of end-to-end beam dynamics simulation in 

TRACK for a 2-mA polarized deuteron beam are shown in 
Fig. 13. The simulation starts from the ion source through 
the RT section, and ends with the SRF section at the full 
linac energy required for injection to the booster. In this 
case, we note ~ 100% transmission of the deuteron beam 
with about 30% emittance growth. Similar results were ob-
tained for a 2-mA polarized proton beam. 

 
Figure 13: End-to-end beam dynamics simulation results 
for deuteron beam with ~ 100% transmission through the 
whole linac. 

For lead ions, the beam dynamics simulation results are 
shown in Fig. 14.  
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Figure 14: End-to-end beam dynamics simulation results 
for lead ions with beam stripping at ~ 13 MeV/u. 

Table 5 summarizes the beam parameters from the linac 
for protons, deuterons and lead ions. 

Table 5: Important Beam Parameters in the Linac for Pro-
tons, Deuterons and Lead Ions 

Parameter H- D- Pb30+  67+

Input Transverse    emit-
tance (π.mm.mrad)  

2.0 2.0 0.5 

Output energy (MeV/u) 299 172 110 
Transmission (%) 99.7 99.9 97.9 
Output Transverse 
emitance (π.mm.mrad) 

3.0 3.0 1.0 

Output Longitudinal 
emittance (π.keV/u.ns) 

7.5 7.5 7.0 

Beam energy spread (%) 0.1 0.1 0.1 

SUMMARY 
We have designed a pulsed multi-ion injector linac that 

satisfies all the requirements for the baseline design of the 
Jefferson Lab EIC concept (JLEIC). The design is based on 
a 5 MeV/u room-temperature section followed by an SRF 
linac using QWRs and HWRs taking advantage of the most 
recent developments of similar structures at Argonne. 
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INVESTIGATIONS ON KONUS BEAM DYNAMICS USING THE
PRE-STRIPPER DRIFT TUBE LINAC AT GSI

C. Xiao∗, X.N. Du, and L. Groening
GSI Helmholtzzentrum für Schwerionenforschung GmbH, D-64291 Darmstadt, Germany

Abstract
Interdigital H-mode (IH) drift tube linacs (DTLs) based on

KONUS beam dynamics are very sensitive to the rf-phases
and voltages at the gaps between tubes. In order to design
these DTLs, a deep understanding of the underlying longi-
tudinal beam dynamics is mandatory. The report presents
tracking simulations along an IH-DTL using the PARTRAN
and BEAMPATH codes together with MATHCAD and CST.
Simulation results illustrate that the beam dynamics design
of the pre-stripper IH-DTL at GSI is sensitive to slight devi-
ations of rf-phase and gap voltages with impact to the mean
beam energy at the DTL exit. Applying the existing geo-
metrical design, rf-voltages, and rf-phases of the DTL were
re-adjusted.

KONUS BEAM DYNAMICS DESIGN
A Hamiltonian can be constructed describing the longitu-

dinal particle motion in phase space as

H = −
πw2

β3
sγ

3
sλ
−

qEaccTn(βr )

mc2 (sinψr − ψr cosψs) , (1)

since ψ and w are variables canonically dependant on s

dψ
ds
= −

2πw
β3
sγ

3
sλ
,

dw
ds
=

qEaccTn(βr )

mc2 (cosψr − cosψs) ,

(2)
where q is the electric charge, m is the mass of the particle,
c is the velocity of light, λ is the rf-frequency, and γs is
the relativistic gamma factor. ψr is the phase of the field
when the particle is at gap center, ψs is the synchronous
phase, Eacc is the accelerating gradient, and T is the transient
time factor. The subscripts s and n refer to the synchronous
particle and the cell number, respectively. The energy gain
of a particle may be expressed through the difference of its
individual phase to the synchronous phase. For simplicity
this term is normalized to the rest energy of the particle
under study, suggesting the substitution

w =
Wn −Wn,s

mc2 . (3)

In conventional longitudinal beam dynamics the reference
particle and the synchronous particle are identical. Longitu-
dinal focusing is obtained by operating at constant negative
rf-phase, such that the reference particle passes the gap cen-
ter before the crest of the cosine-like gap voltage is reached.
In conventional linacs the reference particle with design rf-
phase of 0◦ (on rf-crest) will have maximum energy gain, but
∗ c.xiao@gsi.de

the rf-phase range for stable longitudinal motion vanishes
implying longitudinal acceptance of size zero.

In KONUS the reference particle and the synchronous
particle are not the same. The gap-to-gap spacings are ad-
justed such that the synchronous particle arrives at 0◦ at
each gap center. The beam is injected into a KONUS section
such that the energy of the reference particle is higher than
the synchronous particle energy. Additionally, the rf-phase
of the reference particle at the first gap is close to the 0◦
synchronous phase. As the particle advances from gap to
gap, the reference particle position will move counter clock-
wise in the longitudinal phase space diagram as illustrated
in Fig. 1.

Figure 1: Conventional negative phase structure (upper)
and KONUS structure (lower). In convectional designs, the
rf-phase of the synchronous (reference) particle is always
constant and negative (ψs≈-30◦). Its energy is equal to the
design energy (w=0). In KONUS the rf-phase and the energy
difference of the reference particle w.r.t. the synchronous
particle vary. The reference particle motion is not stable
(blue line).

The parameters of the IH-DTL used as a reference in the
following are listed in Table 1. This DTL provides transverse
and longitudinal beam focusing for a long H-mode linac
section, where the defocusing effects of transverse rf-fields
and space-charge must be compensated avoiding quadrupole
focusing lenses in each drift tube.

Almost all DTLs based on KONUS have been designed
with LORASR [1]. One main feature of this code is pro-
vision of the gap field map. It builds the field map from
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Table 1: GSI Pre-Stripper IH-DTL Parameter List

Parameter Value
Frequency 36.136 MHz

Design particle 238U4+

Design intensity 15 emA (electric)
Energy range 0.12 to 1.4 MeV/u

Number of cavities 2
Total length 20 m

Number of sections 4(IH-1)+ 2(IH-2)
Norm. exit rms-emittances 0.1 mm·mrad, 0.45 keV/u·ns

the geometry of gaps and drift tubes and the field map is
stored in the code. The front half tube length is assumed
equal to the end half tube length. This assumption is not
strictly justified as the drift tube lengths increase along the
DTL. On-axis longitudinal field distributions for ten types of
gap and drift tube geometries are pre-calculated and stored,
propagation of single particle coordinates is performed in
thirty steps per gap by LORASR.

As input for LORASR the effective voltage and rf-phase
at each gap n, Ue f f ,n and ψn are used. The energy gain
along gap n is calculated as

Wn+1 −Wn = qUe f f ,n cosψn , (4)

Ue f f ,n = UnTn , (5)

where ψn is the reference particle rf-phase at cell number n
and Un is the time dependent voltage between tubes of cell
number n. From the given effective voltages and rf-phases
LORASR calculates the according lengths of tubes and gaps,
i.e., the DTL geometry. Additionally, the corresponding
reference particle energies are provided at the exit of each
cell.

The beam dynamics design of the UNILAC high current
injector (HSI) was done at the IAP of the Goethe University
of Frankfurt. According to KONUS beam dynamics, a sec-
tion is defined as a set of gaps having the same synchronous
particle definition. As a consequence each new section
comes along with the re-definition of the synchronous par-
ticle (usually a transition from 0◦ to negative synchronous
phase, -30◦ for instance, and vice versa). A complete IH-
cavity can comprise one or several sections. The HSI is
divided into two IH-cavities. The first cavity, IH-1, contains
four sections while IH-2 contains two sections.

The effective gap voltages and the rf-phases serve as in-
put for LORASR. The transient time factors (TTF) of DTL
cells are calculated by LORASR and treated as constant val-
ues. After the IH-DTL was assembled the real gap voltage
distribution along the two cavities has been measured and
the measured gap voltages slightly (few percent) differed
from the values being initially used for the beam dynamics
design [2].

Using measured gap voltages instead of those used for the
design, effects the single energy gains after each single cell
and in turn the phases along subsequent cells. LORASR
neglects this phase deviations in assuming that the phases

remain unchanged. Although the difference between mea-
sured and assumed gap voltages are quite small, the large
amount of subsequent and phase-locked cells along an accel-
erating cavity leads to an accumulation of phase deviations
and hence to output energy deviation.

Figure 2 shows the longitudinal focusing being simulated
with LORASR using measured voltages and designed rf-
phases. The initial energy of the reference particle was
defined 0.1200 MeV/u, and the final energy of the reference
particle was calculated as 1.3837 MeV/u applying Equ. 4. In
the pre-stripper IH-DTL design, the longitudinal focussing
initially simulated with LORASR is referred to as scenario-0.

Figure 2: (a): Longitudinal reference particle position at
each gap along the KONUS period. Red dots refer to the
reference particle. (b): Measured voltage (red) and cor-
responding effective voltage (blue) at each gap along the
IH-DTL (scenario-0).

SINGLE-PARTICLE TRACKING
In the following an estimate of the parameter set (Ue f f ,n,

ψn, and wn) is performed w.r.t. self consistency of effective
gap voltages, rf-phases, and energies by applying the analyt-
ical method of Equ. 4. The rf-phase of the reference particle
at the subsequent gap n + 1 is calculated straightforward.
The augmented energy is the previous nth cell’s reference
energy plus the energy gain across the gap. Each cell is
represented as drift-gap-drift (see Fig. 3) and the rf-phase
shift across the cell is determined by the distance between
two gaps Ln,n+1 and the particle velocity βn+1

ψn+1 − ψn =
2πLn,n+1

βn+1λ
− π , (6)

where Ln,n+1 is the distance between gaps n and n + 1,
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Figure 3: Definition of DTL cell and rf-phase along a drift-
gap-drift sequence.

and βn+1 is the particle velocity between the gaps. The
calculation of the transit time factor Tn by this analytical
calculation assumes constant velocity between centers of
adjacent gaps. Accordingly, smooth acceleration within
the gap is approximated by a instantaneous step of particle
velocity at the gap center.

In contrast to LORASR the BEAMPATH [3] code can
use external two-dimensional field maps and simulate DTLs
applying a consistent procedure. Rf-phases of the reference
particle along the DTL are not assigned (except at the en-
trance gap) but rather calculated from the cell lengths and
potential differences between tubes. Phase errors from pre-
ceding cells are thus propagated.

In the first simulation, the measured gap voltages from
LORASR were taken for input. Initial rf-phases of buncher,
IH-1, and IH-2 are chosen in order to ensure that the phases
of the reference particle at the first gap of buncher, IH-1,
and IH-2 are equal to the values put into LORASR: -90.0◦,
14.5◦, and 36.7◦, respectively. All gap phases of the ref-
erence particle obtained from BEAMPATH together with
the defined voltages are defined as scenario-1, and they are
plotted in Fig. 4 together with the corresponding values from
scenario-0.

It is re-iterated that scenario-0 is on the results from LO-
RASR using as input phases and voltages at each single
gap. Scenario-1 comprises results from BEAMPATH us-
ing as input the same gap voltages as scenario-0 but using
just the first gap phase as input identical to scenario-0. In
scenario-1 BEAMPATH calculates subsequent gap phases
in a self-consistent way rather than using pre-defined values.

Phases of the reference particle are in good agreement
along the buncher and the first section of IH-1. However,
the phases differ significantly when the reference particle
enters into the second section of IH-1 and in the following
sections the phases delivered by LORASR and BEAMPATH
remain being different. When the particles enters into IH-2
a the phase at its first gap is re-adjusted. In order to judge
which result is more reliable, a dedicated routine based on
MATHCAD has been established and applied.

In MATHCAD [4], the axially symmetric electric field
map inside a gap is described by Fourier-Bessel series (the
same as BEAMPATH). The reference particle vector func-
tion is defined as [5]

Z(t, z) :=
[

z
dz
dt

]
=

[
z
βc

]
, (7)

Figure 4: Comparison of scenario-0 and scenario-1. Upper:
Rf-phases of the reference particle obtained from LORASR
(red) and BEAMPATH (blue) simulations. Lower: Gap
voltages used for LORASR (red) and BEAMPATH (blue)
simulations (gap voltages are identical for both scenarios).

with βc as velocity. Starting at t=0 and z=0 (here BEAM-
PATH is repeated)

Z(0,0) :=
[

0
β0c

]
. (8)

The derivative DZ is

DZ(t, z) :=
dZ(t, z)

dt
=

[
βc

q
m0√
1−β2

Ez(z) cos(ωt + ψ0)

]
.

(9)
This differential equation is non-linear and cannot be

solved analytically. MATHCAD provides several routines to
solve systems of ordinary differential equations. Each one
uses a different integration algorithm and takes the same ar-
guments. The Bulirsch-Stoer method (a very robust method
which some prefer over Runge-Kutta) is applied solving
Equ. 9 and the results are written as matrix F

F = Bulstoer[Z(0,0), ti, t f , s,DZ(t, z)] , (10)

where Z(0,0) is the vector with initial conditions, ti and t f
are the starting and ending points of the integration, s is
the number of integration steps, and DZ(t, z) is the vector
containing the differential equations. At each step

F1 = tn, F2 = zn, F3 = βnc, n = 1,2 · · · s . (11)

F1,2,3 indicates F matrix columns 1, 2, and 3. LORASR out-
put provides rf-phases at the center of each gap and energies
at the centers of each tube (Ez=0 positions). BEAMPATH
outputs the phases and energies at the center of each gap and
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hence it is hard comparing energy gains directly between
LORASR and BEAMPATH. Therefore, velocity gains from
one tube center to the subsequent tube center are compared
between LORASR and MATHCAD, and velocity gains from
one gap center to the subsequent gap center are compared
between BEAMPATH and MATHCAD as shown in Fig. 5.

Figure 5: (a): Velocity gains from tube center to following
tube center using LORASR and MATHCAD. (b): Velocity
gains from gap center to following gap center using BEAM-
PATH and MATHCAD.

It is concluded that MATHCAD and BEAMPATH deliver
quite similar phases at the gap centers and that the calcu-
lated velocity gains between gap centers are almost identical.
Compared with results from LORASR, simulations with
BEAMPATH deliver more reliable results. For the next set
of simulations, gap voltages along each cavity and the initial
rf-phase of IH-2 are slightly tuned in order to obtain simi-
lar phases as provided from LORASR. Gap voltages of the
buncher, IH-1, and IH-2 have been multiplied by factors of
1.00, 0.985, and 0.975. Initial phases of the buncher and
IH-1 are kept at -48.8◦ and 105.1◦. But the initial phase of
IH-2 has been re-changed to 152.4◦. Corresponding phases
and gap voltages obtained from BEAMPATH simulation are
defined as scenario-2 and are plotted in Fig. 6 together with
results from scenario-0.

It can be summarized that according to results of single
particle tracking using BEAMPATH based on the existing
HSI-DTL geometry, rf-phases of the reference particle us-
ing gap voltages as assumed in LORASR cannot be fully
reproduced.

The final energies of the reference particle were cal-
culated as 1.3837 MeV/u using scenario-0 (LORASR),
1.3992 MeV/u using scenario-1 (BEAMPATH), and
1.4010 MeV/u using scenario-2 (BEAMPATH), respectively.

Figure 6: Comparison of scenario-0 and scenario-2. Upper:
Rf-phases of the reference particle obtained from LORASR
(red) and BEAMPATH (blue) simulations. Lower: Gap
voltages used for LORASR (red) and BEAMPATH (blue)
simulations.

MULTI-PARTICLE TRACKING
An artificial beam is assumed at the entrance of the MEBT

in front of the IH-DTL being captured by the two-gaps
buncher. This beam’s macro-particles are set on the beam
axis, i.e., x=y=0, x ′=y′=0. Longitudinal particle distribu-
tions at the entrance and the exit of the MEBT simulated
with MATHCAD are shown in Fig. 7.

For the case of the two-gaps buncher with identical gap
voltages and initial rf-phases, the particle distributions at
T=14 applying field-maps of CST and BEAMPATH (M=1
and M=30) are very similar. In other word, field-maps gen-
erated from BEAMPATH are sufficient to simulate the beam
dynamics through the rf-gaps.

In the following multi-particle tracking simulations of
BEAMPATH, M=30 is adopted. In the following simu-
lations along the whole IH-DTL with BEAMPATH and
PARTRAN [6] are compared to check and to modify the
longitudinal beam dynamics of the HSI-DTL. PARTRAN is
a z-code and each DTL cell uses a sequence of quadrupole,
drift, and non-linear thin lens to model longitudinal and
transverse rf-kicks at the electrical center of each DTL cell.
PARTRAN uses pre-calculated TTF.

For further cross-checking between PARTRAN and
BEAMPATH, in the following just the self-consistent
scenario-2 is focused on. The time transition factor TTF,
rf-phase, and effective voltages of each cell are complicated
functions of both the field distribution and reference particle
velocity, which may change appreciably during the passage
through the multiple gap cavity. Another dedicated subrou-
tine based on MATHCAD has been developed to solve these
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Figure 7: (a): Longitudinal particle distributions at time T=0
in scale of one rf-period. (b) and (c): Simulated longitudinal
particle distributions at time T=14, red dots indicate results
using actual longitudinal electric field calculated from CST,
and blue dots indicate results using analytical longitudinal
electric fields calculated from BEAMPATH ((b): M=1 and
(c): M=30). (d): Simulated longitudinal particle distribu-
tions at the time of T=14, red dots indicate results using
actual longitudinal electric field calculated from CST, and
blue dots indicate results using analytical rectangular electric
field.

parameters from electrical field map of BEAMPATH sim-
ulation for self-consistent scenario-2. Then corresponding
effective voltages, rf-phases, and TTF values served as input
for PARTRAN simulation. This continuous beam with zero
momentum spread is further transported and accelerated
through the completed DTL and the resulting longitudinal
distributions at its exit are displayed in Fig. 8.

Particle distributions obtained from PARTRAN using
scenario-0 and from BEAMPATH using scenario-1 are sig-
nificantly different, thus indicating significantly different
longitudinal beam dynamics. Particle distributions from
PARTRAN and BEAMPATH using scenario-2 are not ex-
actly identical but quite similar, thus indicating highly simi-
lar longitudinal beam dynamics.

CONCLUSION
As in KONUS beam dynamics the reference particle

(bunch center) is not identical to the synchronous particle,
the reference particle moves around the synchronous particle
in longitudinal phase space. The shift of rf-phase between
subsequent gaps (given by the length of drift between them)
is used by the designer to adjust the phase relation between
the reference particle and the synchronous particle. This

Figure 8: Longitudinal particle distributions at the exit of
the DTL. Left: Results simulated from PARTRAN using
scenario-0 (blue) and BEAMPATH using scenario-1 (red).
Right: Results from PARTRAN (blue) and BEAMPATH
(red) using scenarios-2.

adjustment takes place especially during the change of syn-
chronous particle rf-phase from 0◦ to -30◦ and vice versa,
i.e., during transition from one KONUS section into another.
For cavities comprising many gaps small rf-phase errors
being neglected may harm further stable acceleration along
subsequent cavities and lower the precision of the predicted
DTL output energy. The mentioned inconsistencies cannot
be modelled by z-codes as PARTRAN for instance. Self-
consistent beam dynamics of this IH-DTL optimized with
the t-code BEAMPATH (scenario-2). These results could
be reproduced very well with PARTRAN using realistic TTF
parameters, measured gap voltages, and upgraded rf-phases
taking into account unequal lengths of front and end half
tubes.
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STOCHASTIC COOLING SIMULATION OF RARE ISOTOPE BEAM AND 
ITS SECONDARY* 

X. J. Hu†, J. X. Wu, G. Y. Zhu, Y. Wei, L. Jing, Z. Du, Y. J. Yuan 
Institute of Modern Physics, Chinese Academy of Sciences, [730000] Lanzhou, China  

 

Abstract 
 Stochastic cooling is a broadband feedback system, 

which is very effective for reducing the beam size without 
beam loss [1]. It has advantage over electron cooling in 
cooling low intensity beam with large emittance and mo-
mentum spread, and is required for precise study of the de-
cay properties of RIB (Radioactive Ion Beam) by use of the 
SMS (Schottky Mass Spectrometry) method [2]. This pa-
per mainly concerns on cooling of primary beam and its 
secondary beam, pointing out the range of mass-to-charge 
spread that could be cooled for secondary particles. Mean-
while, TOF cooling combined with filter cooling was also 
studied. The simulation results provide theoretical supports 
for analysing different ions circulating in the ring at the 
same time in the experiments. 

INTRODUCTION TO HIAF STOCHASTIC 
COOLING SYSTEM 

The High Intensity heavy ion Accelerator Facility (HIAF) 
was proposed by the Institute of Modern Physics in 2009. 
As one of 16 large-scale research facilities proposed in 
China, HIAF is the next-generation high intensity facility 
for advances in nuclear physics and related research fields. 

Stochastic cooling will be built on the Spectrometer 
Ring (SRing) of the HIAF project. The space for pickups 
and kickers is reserved in advance for SRing stochastic 
cooling system. There are 4 m for pickups and 4 m for 
kickers. All of the electrodes will be installed in the straight 
section without dispersion, and it has the advantage of 
preventing the coupling between phase subspaces, 
especially the transverse heating due to longitudinal kicks. 
It is planned to have 2 pickup tanks and 2 kicker tanks 
which would perform both transverse and longitudinal 
cooling. The betatron phase advances from pickup to 
kicker are almost 90 deg for both horizontal and vertical 
cooling.  

The kinetic energy was designed to be 400 MeV/u, for 
the consideration of nuclear physics and atomic physics. 
The radioactive ion beam injected into SRing has large 
momentum spread of ±1.5e-2. If stochastic cooling is used 
for such kind of beam, the cooling frequency would be 
small in order to have large cooling acceptance. 
Fortunately, bunch rotation was proposed to decrease the 
momentum spread to ±4.0e-3, which is suitable for 
stochastic cooling to be cooled to the appropriate values, 
and then combined with electron cooling for further 
momentum spread decrease.  

COOLING METHODS FOR  
SRING LONGITUDINAL  
STOCHASTIC COOLING 

By comparisons of different cooling methods, TOF 
cooling has the maximum cooling acceptance for 
longitudinal cooling than the others. Therefore, TOF 
cooling [3,4] was proposed to be used for SRing 
longitudinal stochastic cooling for beam with large 
momentum spread. After the beam momentum spread was 
decreased to a small value stage, filter cooling [5] was used 
for continuous cooling in order to achieve a reasonable 
value for subsequent electron cooling.  

For the beam energy 400 MeV/u, when the bandwidth 
was 1-2 GHz, the TOF cooling acceptance was smaller 
than the initial beam momentum spread ±4.0e-3. Therefore, 
the bandwidth was reduced to 0.6-1.2 GHz, and then the 
TOF cooling could be able to cool this kind of beam with 
its initial momentum spread within TOF cooling 
acceptance.  

LONGITUDINAL STOCHASTIC 
 COOLING SIMULATION ON SRING 

Cooling of Primary Beam 
Table 1: Longitudinal Stochastic Cooling parameters 

Physical parameters values 
Ion 132

Sn
50+ 

Kinetic energy 740 MeV/u, 400 MeV/u 
Total number of RI 1.0e5, 1.0e8 
Initial Δp/p ±4.0e-3 (TOF 

Cooling) 

 ±7.0e-4(Filter 
Cooling) γt 3.317 

Local γt 2.568 
Bandwidth 0.6-1.2 GHz 
Number of slot rings for
Pickup/Kicker 

64/128, 112/224 

Number of faltin for
Pickup/Kicker(0.75 m) 

2/4 

Temperature 300 K 
Lpk 75.25 m 

The SRing stochastic cooling parameters are listed in 
Table 1. 132Sn50+ was chosen for the primary beam. We 
assumed the beam kinetic energy to be 740 MeV/u or 400 
MeV/u for comparisons, and the particle number to be 

 ___________________________________________  

* Work supported by National natural science foundation of
China (Y862010GJ0) 
† E-mail: huxuejing@impcas.ac.cn. 
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1.0e5 or 1.0e8. Two different electrode structures were 
proposed for the cooling system, and will be involved in 
the cooling simulation.  

 

 
Figure 1: Results of TOF cooling simulation (Ek=740 
MeV/u). (a) Beam distribution during cooling. (b) 
Evolution of momentum spread (rms) and microwave 
power.  

 

 Figure 2: Results of TOF cooling simulation (Ek=400 
MeV/u). (a) Beam distribution during cooling. (b) 
Evolution of momentum spread (rms) and microwave 
power. 

Firstly, TOF cooling was used for longitudinal stochastic 
cooling simulation of two different beam kinetic energies 
with other beam parameters were kept the same.  

When the beam kinetic energy is 740 MeV/u, beam 
distribution and evolution of momentum spread (rms) and 
microwave power are shown in Fig. 1, and cooling results 

with kinetic energy 400 MeV/u are shown in Fig. 2. From 
the simulation results, it is clearly that TOF cooling has the 
ability of cooling the beam to the equilibrium momentum 
spread of 1.e-4. For lower energy, cooling is a little bit 
faster and the equilibrium momentum spread is relatively 
smaller. Meanwhile, the microwave power needed for 
lower energy is also lower than the higher energy case.  

 

 

 
Figure 3: Filter cooling simulation results with particle 
number 1.0e5 and amplifier gain 120 dB. (a) Beam 
distribution during cooling. (b) Evolution of momentum 
spread (rms) and microwave power. 

 
Figure 4: Filter cooling simulation results with particle 
number 1e8 and amplifier gain 105 dB. (a) Beam 
distribution during cooling. (b) Evolution of momentum 
spread (rms) and microwave power. 
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Then, filter cooling method was used for the simulation 
comparisons of different particle numbers. As shown in Fig. 
3 and Fig. 4, similar to TOF cooling, filter cooling also has 
the ability of cooling beam to the equilibrium momentum 
spread of 1.0e-5, which is smaller than the TOF cooling 
equilibrium value. Meanwhile, when the particle number is 
less, cooling is faster, equilibrium momentum spread is 
smaller as well as the power needed is lower too. Therefore, 
stochastic cooling is more suitable for cooling beam with 
low intensity. 

 
For HIAF stochastic cooling, two electrode structures 

were proposed for the cooling system, one is the slot ring 
structure and the other one is the faltin structure. By 
simulation of these two different structures in three cases, 
the results show that if the structure adopts slot ring with 
112 and 224 cells for pickup and kicker respectively, 
cooling is always better than other cases, as shown in Fig. 
5. 

 
Figure 5: By TOF cooling simulation with two different 
electrode structures in three cases, slot ring with 112 and 
224 cells for pickup and kicker is a better choice. 

Cooling of Secondary Beam 
For stochastic cooling of secondary beam, we choose 

132Sn50+ as the primary beam for simulation.  

 
Figure 6: Stochastic cooling of secondary beam 132Sb51+ by 
TOF method. 

By simulation, TOF cooling has the ability of cooling the 
secondary beam such as 132Sb51+ with mass-to-charge 
spread -0.0196. However, it is worth noting that a small 
part of beam is lost after cooling due to the TOF cooling 
acceptance. As shown in Fig. 6. 

 
Figure 7: Stochastic cooling of secondary beam 132In49+ by 
TOF method. 

In addition, TOF cooling can also be able to cool the 
secondary beam 132In49+ with mass-to-charge spread 
0.0204. Like the Sb case, still a small part of beam is lost 
after cooling, as show in Fig. 7. 

TOF cooling has the ability of cooling secondary beam 
for some special cases, and filter cooling could also be able 
to cool some kind of secondary beam, such as 129In49+ with 
mass-to-charge spread -0.0028, which is shown in Fig. 8. 
However, after cooling, the secondary beam lies on the 
edge of the cooling acceptance and is at risk of loss. 

 
Figure 8: Stochastic cooling of secondary beam 129In49+ by 
filter method. 

Furthermore, TOF cooling can be able to scrape out the 
secondary beams in a range of mass-to-charge spread,
7.5e-4≤|r|≤1.5e-2, r=Δ(m/q)/(m/q), as shown in Fig. 9. 

Figure 9: Secondary beam with mass-to-charge spread 
7.5e-4≤|r=Δ(m/q)/(m/q)|≤1.5e-2 could be scraped out by 
TOF cooling method after 1.0 sec. 

 Meanwhile, filter cooling could also be able to scrape 
out the secondary beams in a range of mass-to-charge 
spread, 1.5e-4≤|r|≤1.5e-2, r=Δ(m/q)/(m/q), as shown in Fig. 
10.  
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Figure 10: Secondary beam with mass-to-charge spread 
1.5e-4≤|r=Δ(m/q)/(m/q)|≤1.5e-2 could be scraped out by 
filter  cooling method after 2.5 sec. 

Combination of TOF and Filter Cooling 
For TOF cooling combined with filter cooling, the 

switch time from TOF to filter is critically important to be 
considered. When the kinetic energy is 400 MeV/u, the 
switch time from TOF to filter should be longer than 0.37 s 
from simulation.  

At the same time, different switch times from TOF to 
filter were also simulated. The results clearly indicate that 
if the switch time is less than 0.37 s, heating occurs during 
cooling process. Then, if switch time longer than 0.37 s, 
cooling effect could not be good enough. Therefore, the 
optimal switch time from TOF cooling to filter cooling is 
exactly 0.37 s from the simulation analysis. Result is 
shown in Fig. 11. 

 

 
Figure 11: Simulation of different switch times from TOF 
cooling to filter cooling. Point a is the switch time less than 
0.37 s, point b is the switch time 0.37 s and point c is the 
switch time larger than 0.37s.  

It is worth noting that the switch time 0.37 s is not fixed, 
and depends on many factors, such as the beam kinetic 
energy, bandwidth, the distance between pickup and kicker 
and the circumference of the storage ring, and so on. This 
is because the maximum off-momentum to be cooled by 
filter method relates to those factors mentioned above, as 
shown in Eq. (1)-Eq. (6) [6]. 

2m ቚ2xηpk+ηቚ ቚδp
p

ቚ <1.                        (1) 

Here x is the ratio of paths between pickup and kicker and 
the closed orbit circumference C. 

m=
fmin+fmax

2frev
                                  (2) 

x=
sk-sp

C
                                     (3) 

The frequency slip factor is 

ηpk=γ
-2-αpk                                 (4) 

With the relativistic Lorentz factor γ  and the local 
momentum compaction factor  

αpk=
1

sk-sp
׬ D(s)

ρ(s)
ds

sk

sp
                              (5) 

D(s) is the dispersion function, and ρ(s) is the local orbit 
curvature. sp  and sk  are the azimuthal coordinates of 
pickup and kicker. 
Here η stands for the usual frequency slip factor for one 
revolution around the ring, calculated using  Eq. (5) with 
the usual momentum compaction factor 

αP=
1

C
׬ D(s)

ρ(s)
ds

C

0
                                 (6) 

Therefore, the optimum switch point from TOF cooling 
to filter cooling is at the maximum off-momentum where 
the filter cooling could be able to deal with. In reality, 
many factors should be taken into consideration for the 
choice of switch point from TOF cooling to filter, such as 
amplifier noise, and the delay and so on. 

 

 
Figure 12: filter cooling simulation with different amplifier 
gain followed by TOF cooling.  

It is clearly from the Fig. 12 that it is a better choice for 
switching from TOF to filter at an appropriate point during 
the whole cooling process. This is because after switches, 
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cooling was switched to filter cooling, higher amplifier 
gain leads to faster cooling, such as 140 dB. However, 
more microwave power is needed to compensate this 
optimum cooling process.  
 

CONCLUSION 
Stochastic cooling is an effective way to provide a fast 

precooling of radioactive fragment beams with a large 
emittance. 

For longitudinal stochastic cooling, TOF cooling has 
maximum acceptance among various methods, and it will 
be used for SRing stochastic cooling for beams with large 
momentum spread. Once the momentum spread is reduced 
to small value stage, filter cooling will be used if the 
momentum spread could be able to fit into the filter cooling 
acceptance. 

For low beam energy 400 MeV/u, the TOF cooling 
acceptance is smaller than the initial beam spread ±4.0e-3 
if the bandwidth is 1-2 GHz. So the bandwidth is changed 
to 0.6-1.2 GHz, where TOF cooling could be able to deal 
with. 

For lower energy or less particle number, cooling is a 
little bit faster, equilibrium momentum spread is relatively 
smaller as well as the power is lower too. 

For the electrode structure, cooling would be better if the 
structure is slot ring with 112 and 224 cell numbers for 
pickup and kicker respectively.  

For TOF cooling combined with filter cooling, the best 
choice of switch point from TOF cooling to filter cooling 
is at the maximum off-momentum that fit inside the filter 
cooling acceptance. In reality, many factors such as 
amplifier noise, and the delay and so on should be taken 
into consideration for the choice of switch point from TOF 
cooling to filter. 

TOF cooling can be able to cool the secondary beam but 
at the expense of losing some particles after cooling. 

Both TOF and filter cooling have the ability to scrape out 
the secondary beam in a range of mass-to-charge spread. 
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COMMISSIONING OF CHINA ADS DEMO LINAC AND BASELINE 
DESIGN OF CiADS PROJECT* 

Shuhui Liu, Zhijun Wang†,Weilong Chen, Weiping Dou,Huan Jia,Yuanshuai Qin, Yuan He, 
Hongwei Zhao, Institution of Modern Physics, China

Abstract 
China Accelerator Driven Subcritical System (C-ADS) 
program was launched in China in 2011, which aims to 
design and build an ADS demonstration facility with the 
capability of more than 10 MW thermal power in multiple 
phases lasting about 20 years. In the first phase, a demo 
linac has been constructed and commissioned successfully 
to demonstrate the key technologies of the high-power CW 
mode superconducting linac.  Followed the China ADS 
roadmap, a superconducting driver linac with 500MeV and 
5mA proton beam is designed for the second phase of 
China Initiative Accelerator Driven Subcritical System 
(CiADS) program. The commissioning results of the China 
ADS 25 MeV demo linac and the RAMI oriented beam 
physics design of CiADS linac are presented in this paper. 

INTRUDUCTION 
China Initiative Accelerator Driven Subcritical System 

(CiADS) program is a strategy project to solve the nuclear 
waste problem and the resource problem for nuclear power 
plants in China [1]. It consists three parts, a high-power 
superconducting proton linac, heavy metal spallation target 
and the sub-critical nuclear reactor. The high-power 
superconducting proton linac is comprised of warm 
temperature front-end accelerator, superconducting section 
and high energy transportation line, and it will accelerate 
10mA proton beam to 1.5GeV [1]. The main design 
specifications of proton beam at the ultimate stage are 
shown in Table 1. 

Table 1: Specifications of the Required Proton Beams  

Particle Proton  

Energy 1.5 GeV 
Current 10 mA 

Beam power 15 MW 

RF frequency (162.5)/325/650 MHz 

Duty factor 100 % 

Beam Loss <1 W/m 

Beam trips/year <25000 
<2500 
<25

1s<t<10s 
10s<t<5m 

t>5m
It is extremely challenging to design and build tens of 

MWs beam power proton linac, and there is no existing 
machine in the world. To study the key technology and 

main factor affecting high reliability and availability of 
high power accelerator, the accelerator R&D based on a 
demo linac named China ADS demo linac has been carried 
out. The China ADS linac has been constructed by the 
collaborations between Institute of Modern Physics(IMP) 
and Institute of High Energy Physics(IHEP). This demo 
linac is composed of an ion source, a low energy beam 
transport line(LEBT), a 162.5MHz radio frequency 
quadrupole accelerator(RFQ), a medium energy beam 
transport line(MEBT), a superconducting accelerating 
section which contains Half Wave Resonators (HWR) and 
Spoke resonators and a high energy beam transport 
line(HEBT). In this paper, the commissioning results of the 
demo linac and the baseline physics design of CiADS will 
be presented. 

COMMISSIONING OF CHINA ADS DEMO 
LINAC 

China ADS demo linac is operated to accelerate CW 
proton to 25MeV with beam current of 10mA at 4.5K 
operation temperature. The total length is about 35m. The 
schematic view and the photo layout are shown in Fig.1. 

 

Figure 1: The schematic view and the photo layout of 
China ADS demo linac. 

The installation of the demo linac at IMP has been 
started since August 2014. Up to now, the beam line 
includes a LEBT, a RFQ, a MEBT, three HWR 
Cryomodules, a Spoke Cryomodule, a HEBT and a beam 
dump which can sustain 100 kW beam power. 

The 0.2mA CW proton beam with energy of 25MeV and 
the 12mA pulsed beam with energy of 26.2MeV were 
achieved in June 2017. The Fig.2 shows the 0.2mA CW 
beam current. The Time of Flight method is used for the 
energy measured, the measurement results and the 
simulation results are coincident as shown in Fig.3.  

 ___________________________________________  

* Work supported by the National Natural Science Foundation of China
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Figure 2: 0.2mA beam current of CW beam. 

 
Figure 3: Comparison of measurement and simulated 
energy results. 

For a high-power accelerator, the machine reliability is 
very important. The machine reliability studies with pulse 
beam and CW beam were carried out in the China ADS 
demo facility in December 2017. The fault is defined when 
the shutdown time duration is more than 10 seconds, and 
the RF power is CW mode for the pulse beam operation. 

Operation Reliability with Pulse Beam  
The pulse beam reliability operation study was carried 

out with two types of beam, 18 MeV proton beam at 1mA 
with 1Hz and 10us and 18 MeV proton beam at 10mA with 
1Hz and 10us. According to the statistical results, for the 
two types of beam, the demo linac can run continuously for 
around two hours without fault. It indicates that the effect 
of beam power to the reliability of demo linac is not serious. 
From the statistical result as shown in Fig.4, the sources of 
fault are mainly from ECR ion source, RFQ, power supply, 
RF system and cryo-plant, and the reliability of the RF 
system is the lowest. Other systems those are not listed here 
have no fault. 

 

Figure 4: Pulse beam operation reliability test result. 

For high power ADS accelerator, high availability is 
very important. Table 2 shows the availability of China 
ADS demo linac based on the pulse beam operation 
reliability test result. The availability is up to 88% [2]. The 
reasons of the fault maintenance time larger than 5minites, 
such as ECR ion source, Cryo-plant, power supply, are 
very clear, and they can be avoided in the next stage. 
However, the reasons of the trips from SRF maintenance 
time between 10 seconds and 5 minutes, are still under 
investigation. 

Table 2: Availability of China ADS Demo Linac 
Operation 
time (min)

Beam time 
(min)

Down time 
(min) 

Availability

4050 3566 484 88%

peration Reliability with CW Beam  
Considering the deterioration effect of the high-power 

beam to superconducting accelerator device, the active 
protection mode of the machine protection system (MPS) 
is adopted. According to the beam simulation results, a 
series of protection conditions for each system of the 
accelerator are proposed. During the CW beam operation 
reliability test, The CW proton beam with 0.2 mA beam 
current can running 1.5 hours without beam trip as shown 
in Fig.5. The main reasons of beam trips are from RF 
system and control system. The beam trips from RF 
systems are mainly caused by phase error, and the beam 
trips from control system are mainly caused by beam 
position monitor. 

 

Figure 5: CW beam operation reliability test result. 
Reliability analysis forms an important part of designing 

ADS accelerator. It helps to analyse` the performance, and 
gives insight to the weakness in design based on the 
predicted failures. Next step, a thorough reliability study at 
the China ADS demo linac will be continued to master the 
key physics and technology for high-power machine 
operation. 

PRELIMINARY DESIGN OF CiADS 
LINAC 

CiADS driver linac is defined to be 1.5GeV in 
energy,10mA in current and in CW operation mode in 
three phases. For the first phase, the beam energy is 
500MeV, and the beam current is 5mA. The linac consists 
of a room temperature front end which is considered to do 

O
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the beam quality control, a superconducting linac for 
highly efficient acceleration and an accelerator to target 
beam transport line (A2T) which is used to delivering beam 
to target. The schematic view of the CiADS linac is shown 
in Fig.6. 

 
Figure 6: Schematic view of CiADS linac. 

Room Temperature Front-end  
The room temperature front-end consists of LEBT, RFQ 

and MEBT. The main function of the front-end accelerator 
is to guarantee beam quality by beam loss control. First, the 
design of the LEBT is mainly focus on the transverse beam 
quality control besides the matching between IS and RFQ. 
As shown in Fig.7, a 20deg bend magnet is selected to get 
rid of the H2+ and H3+ particles to avoid them losing in RFQ 
cavities. A chopper and diagnostics are included to 
characterise the beam structure and distribution. What is 
more, a collimation method is proposed to scrape the 
outside tail particles just at the end of the ion source to 
achieve a good transverse beam distribution [3]. The tail 
particles at the exit of LEBT are tracked back to the 
entrance of LEBT, and the evolution is shown in Fig.8. It 
will find that the tail particles exactly the outside ones at 
the entrance of LEBT. These tail particles can be removed 
in this way. 

 
Fig.7 Schematic view of LEBT 

 
Figure 8: Evolution of the tail particles at the exit of the 
LEBT. 

The 2.1 MeV Radio-frequency Quadrupole (RFQ) is a 
4-vane type with a length of 4.57m. As the first RF element, 
the longitudinal beam distribution is determined by RFQ 
accelerator to a large extent. The longitudinal beam 
performance is very critical for beam loss control in the 
downstream superconducting section. The innovative 
adaptive-acceptance philosophy is adopted to decrease the 
99.9% longitudinal emittance and the probability of beam 
loss in superconducting section at the cost of low 
accelerating efficiency. In order to decrease the effect of 
particle loss on cavity, smaller energy acceptance is kept in 
the first 150 cells as shown in Fig.9. The final ration of 
99.9 % emittance to acceptance of superconducting section 
is less than 1/5[4].  

 
Figure 9: Longitudinal beam space evolution. 

 
Between the RFQ and the superconducting linac, a 

MEBT, consisting of 7 quadrupoles and 2 RF buncher 
cavities, is designed to match the beam both in transverse 
and longitude. Double steering per quadrupole is 
considered to correct the beam trajectory, and finally there 
is a selection of beam instrumentation to sufficiently 
characterise the beam out of the RFQ. 

Superconducting Section 
The acceleration efficiency and beam loss control are 

two main issues in the superconducting section. It consists 
of five families of superconducting cavities which are 
defined using Particle swarm optimization algorithm (PSO) 
program based on the cost minimization. Table 3 shows the 
cavity parameters in CiADS linac.  

Table 3 Cavity Parameters of SC Section in CiADS Linac  

Cavity 
type

βg Frequency 
MHz 

Emax 
MV/m

Squeezed 
HWR

0.10 162.5 32 

Taper 
HWR

0.19 162.5 32 

3-cell 
Spoke

0.42 325 33 

5-cell 
Elliptical 

0.62 650 33 

5-cell 
Elliptical 

0.82 650 33 

With the large energy range and the different 
acceleration structures, it is less effective to design the 
same focusing structure for the whole linac. Different 
periodic lattice in both the transverse and longitudinal 
planes are used for the best-fit to the different energy 
ranges as shown in Fig.10. 

In the low energy part, As the defocusing effect of the 
RF field and space charge effect are evident, 
superconducting solenoids are used effectively to compact 
the lattice structure to increase the acceleration efficiency 
and acceptance. In addition, superconducting solenoids can 
be fit well into cryostats together with superconducting 
cavities, and this can help reduce the total length of the 
linac. For the high energy part, the quadrupole triplets are 
placed to increase the reliability and maintainability of this 
section. In addition, considering the effect of beam loss 
from beam halo on the superconducting cavities, the 
quadrupoles with beam pipe of 80mm are used to scraped 
the uncontrol halo particles, and the beam pipe of elliptical 
cavities are 100mm. Still full period lattice structure is a 
good choice to reduce the effect from mismatch. In 
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addition, optimization at the location of structure transition 
and frequency jump is concerned seriously to immigrate 
the longitudinal beam loss. 

(a) (b) 

(c) 

(d) (e) 

Figure 10: Focusing structure of each accelerating part 
(a)HWR010 (b)HWR019 (c)Spoke042 (d)Ellip062 with 
6cells (e) Ellip082 with 5cells. 

Based on the lattice structure mentioned above, design, 
optimization and multiparticle simulation have been done. 
The emittance evolution of three planes with different 
particles are shown in Figs. 11-12. There is no intense 
emittance oscillation in three planes. The 99.99% 
emittances growth are 14.3%, 19.9% and 24.4% in there 
planes respectively. 

 

     
Figure 11: The emittance evolution with different particles 
along the SC section in the X (a) and Y(b) direction. 

 
Figure 12: The emittance evolution with different particles 
along the SC section in the Zdirection.  

Accelerator to Target Beam Line 
A2T beam line is the coupling section between SC linac 

and target. Based on the requirements from Target, there 
are several specifications. The lossless transportation of 2.5 
MW proton beam is the basic function. In the physics 
design, the beam out of superconducting section is matched 
to a 7 m period transport line which is used to achieve the 
envelope control by a series of quadrupoles. After the high 
energy transport line, the beam is horizontally deflected by 
two 10-degree dipole magnets, and after 25 m of linear 
transportation, the beam is deflected vertically downward 
by two 45-degree dipole magnets, and the deflection 
section is achromatic design. The Fig.13 gives schematic 
view of the accelerator to target beam transport line. 

 
Figure 13: The schematic view of accelerator to target 
beam transport line. 

Second, the homogenization of the beam on the 250 kW 
thermal power particle flow target is a crucial requirement 
for this A2T beam line, A radial-angular scanning method 
is considered to homogenize the power density, and the 
results of beam scanning for a Gaussian distribution is 
shown in Fig.14. The peak power density of the beam spot 
after scanning is 26 μA/cm2. 
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Figure 14: Beam spot density distribution after scanning. 
In addition, the beam parameters measurement and 

reconstruction are critical to beam commissioning of the 
coupling experiment. So, some beam diagnostic 
instruments are placed in the periodic transport section to 
do the beam parameters measurement. Given the upgrade 
of the accelerator in the future, a 70 m extra space is also 
considered in this A2T beam transport line. 

SUMMARY 
The China ADS Front-end demo linac has been 

constructed, and the CW beam and reliability operation 
have been done. The 0.2mA CW proton beam with energy 
of 25MeV and the 12mA pulsed beam with energy of 
26.2MeV were achieved. Preliminary reliability studies 
have been done. The availability is about 88%. Some 
improvements are considered to improve the reliability and 
availability. 

The baseline physics design of CiADS linac with 
500MeV and 5mA has been optimized based on the rules 
of the thumb in high-power proton linacs. The further 
engineering optimization and error analysis will be carried 
out in the next step. 
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Abstract
The High-Brilliance Neutron Source (HBS) project aims

to design a scalable compact accelerator driven neutron
source (CANS) which is competitive and cost-efficient. The
concept allows one to optimize the whole facility includ-
ing accelerator, target, moderators and neutron optics to the
demands of individual neutron instruments. Particle type,
energy, timing, and pulse structure of the accelerator are
fully defined by the requirements of a given neutron instru-
ment. In the following, we present the current status of the
HBS project.

INTRODUCTION
The neutron landscape in Europe is in a time of change.

On the one hand, the European Spallation Source (ESS)
is being constructed as world-leading neutron facility but
on the other hand many research reactors used for neutron
experiments, like the BER-II reactor in Germany or the
ORPHEE-reactor in France, are fading out [1]. The Eu-
ropean community for neutron research is therefore facing a
mixed outlook towards the availability of neutrons in coming
decades. As new reactor sources or spallation sources are
costly and therefore difficult to realize, new possibilities for
neutron production need to be investigated.

In the HBS project we are developing a scalable compact
accelerator driven neutron source (CANS) optimized for scat-
tering and neutron analytics. This type of source produces
neutrons using nuclear reactions of protons or deuterons
in a suitable target material. At these sources, the whole
chain ranging from the accelerator to the target / moderator /
shielding assembly and the neutron optics can be optimized
according to the needs of the neutron experiments. This
approach makes such sources very efficient enabling com-
petitive neutron fluxes at the sample position compared to
today’s research reactors.
Being a scalable neutron source, the performance level

can vary from a low power pulsed neutron source designed
for universities and industry with an average power at the
target of around 1 kW to a high performance neutron source
with ∼100 kW average power designed as a full-fledged na-
tional facility. We have named the low power CANS NOVA
∗ p.zakalek@fz-juelich.de

ERA ("Neutrons ObtainedViaAccelerator for Education and
Research Activities") [2] which is used for basic research,
user training and method development, whereas the full-
fledged facility compares favorably to nowadays medium
flux neutron sources and is operated as a user facility.
In the subsequent text we will describe all basic compo-

nents of such a source.

HBS LAYOUT

Figure 1: The layout for a high-performance accelerator
driven neutron source.
The basic design of a CANS is shown in Figure 1. It

consists of a pulsed proton or deuteron accelerator, a multi-
plexer distributing the protons or deuterons to different target
stations each consisting of a target / moderator / shielding as-
sembly and neutron experiments. The neutron experiments
with similar requirements for the neutron beam properties
are grouped together on the same target station and all up-
stream elements are optimized to meet these requirements.
This is a general layout which can differ in the specific

realization. For example, a low power / low cost CANS like
theNOVAERAwill not be equippedwith a beammultiplexer
and will only maintain one target station.

Accelerator
The protons or deuterons used for the nuclear reaction

need to be accelerated to an energy between 10 MeV and
100 MeV. Various types of particle accelerators are available
for this purpose, e.g a tandem accelerator, a cyclotron or a
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linear accelerator. A tandem accelerator or a cyclotron are
limited to a maximal current and are an option for the low
power CANS. For the large scale CANS facility, a linear ac-
celerator with dedicated radio frequency quadrupoles (RFQ)
is used which delivers peak beam currents up to 100 mA.
The specific current and energy values for both types of
CANS facilities are summarized in Table 1.

NOVA ERA Large scale
facility

Accelerator Tandem Linac
Particle type Proton / Deuteron Proton
Energy 10 MeV 70 MeV
Current 1 mA 100 mA
Frequencies 48 - 384 Hz 384, 96, 24 Hz
Duty cycle 4% ∼ 4.3 %
Peak beam power 10 kW 7 MW
Average beam power 0.4 kW ∼ 3 · 100 kW

The NOVA ERA accelerator employs a low particle beam
energy of 10 MeV with 1 mA beam current where commer-
cially available Tandetrons are available. This design uses
just one repetition rate which is optimized to the needs of
the instruments.
The large scale facility will use a pulsed proton beam

with energies up to 70 MeV and a peak current of 100 mA.
The accelerator has to provide a pulsed proton beam for at
least three target stations with an average beam power of
100 kW each resulting in an average beam power of 300 kW
and a total duty cycle of ∼ 4.3%. With these parameters a
normal conducting accelerator is the preferable choice as
similar accelerators already exists like the Linac-4/SPL, the
FAIR-p-Linac, the ESS or the SNS accelerators. The ad-
vantages of the room temperature (RT), normal conducting,
linear accelerator are easy access, a simpler and available
technology, lower price and higher reliability.

Figure 2: Pulse structure provided by the accelerator for the
large scale facility.

Instruments at the different target stations are optimized
to use a pulsed proton beam with different frequencies of
24 Hz, 96 Hz and 386 Hz. The pulsing structure needed
is shown in Figure 2. The frequencies and duty cycles are
chosen in a way that the pulses do not overlap and that the
maximal depositable power can be delivered to a dedicated
target.

Multiplexer
The three particle beam pulse structures need to be dis-

tributed to different target stations. For this reason, a particle
beam multiplexer will be used downstream from the linear
accelerator. Hereby, a geometric request to the deflection
angle from the closed orbit comes from the ion beam dynam-
ics of the setup. In order to avoid divergence and subsequent
beam loss, the maximal length of propagation of particles
without focusing ion optics is being restricted to ∼5 m. This
sets a lower limit to the deflection angle provided by a stand-
alone kicker magnet. In order to overcome this limitation,
a kicker magnet and septum magnet combination will be
employed as it is shown exemplarily in Figure 3.

Figure 3: The multiplexer used to separate the different pulse
structures.
A fast kicker magnet introduces a 20 mrad kick angle

onto the beam’s closed orbit which requires an integrated
magnetic field strength of 25 mT·m. The field rise time
is dominated by the pulse structure shown in Figure 2 and
results in less than 800 µs, so that the fast kicker can switch
the fields between adjacent pulses. After a well-defined
separation of the beam from the closed orbit, a 125 mT·m
DC magnet takes over further deflecting the beam. More
detailed design studies of the kicker magnet are in progress.

Target / Moderator / Shielding Assembly
The target / moderator / shiedlding assembly is presented

in Figure 4 and consists of the target which is surrounded by
a thermal moderator like polyethylene (PE) moderating the
fast neutrons with MeV energy to thermal energies between
10 meV and 500 meV. A reflector like beryllium, lead or
molybdenum increases the thermal neutron flux inside the
moderator due to backscattering. Everything is surrounded
by the shielding consisting of borated PE and lead.

Extraction channels directing the thermalized neutrons to
the experiments are inserted into this assembly. Their loca-
tion is optimized in such a way that they extract the neutrons
from the maximum of the thermal neutron flux inside the
moderator. Into these extraction channels cryogenic one-
dimensional finger moderators [3] can be inserted further
shifting the thermalized neutron spectrum to cold energies
between 1 meV and 10 meV.

Table 1: Accelerator Parameters used in the HBS Project 
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Figure 4: The target / moderator / shielding assembly.

The advantage of the compact design is the possibility to
place the first optical elements like neutron guides, filters
and choppers close to the target / moderator. Therefore,
a large neutron phase space volume can be transferred to
the instruments increasing the brilliance. Less neutrons
are produced with the nuclear reaction in comparison to
spallation or fission, but with this compact design this is
compensated by the improved coupling of the moderator and
extraction system making the source competitive to modern
research reactors.
As the whole target / moderator / shielding assembly is

optimized to the needs of the instrument and especially as
each instrument can have its own optimized cryogenic source,
this approach initiates a paradigm change: "Each instrument
has its own source".

Neutron Production

Figure 5: The proton induced neutron yield depending on
the primary particle energy for the first 85 elements.

The neutrons are produced by nuclear reaction in a suit-
able target material. The neutron yield depends on the cross
section, the primary particle energy and the stopping power
of the target material. Therefore, different target materials
are preferable depending on the energy. In Figure 5 the
neutron yield for protons at various energies for the first 85
elements is presented.
For energies below 30 MeV, low Z materials are prefer-

able like beryllium or lithium. For energies above 50 MeV,
high Z materials like tungsten or tantalum are preferable
regarding the neutron yield. As the power depends directly
on the energy, a low power CANS like the NOVA ERA will
therefore use a beryllium target and the large scale facility
will utilize a high Z material like tantalum.

Table 2: Average neutron yield for different power levels,
energies and target materials calculated using the TENDL
2017 database [4].

power energy target neutron yield
[kW] [MeV] [s−1]

0.4 10 beryllium 3 · 1011

1 16 beryllium 1 · 1012

10 30 beryllium 2 · 1013

100 70 tantalum 5 · 1014

The expected average neutron yields are summarized in
Table 2 for different power levels, energies and target mate-
rials.

Target

Figure 6: Target design for a NOVA ERA source at a power
level of 0.4 kW.

The target design depends on the power it has to withstand,
the type and energy of the primary particle and the target
material. The target material defines the stopping power and
the thermomechanical properties. The energy dependency is
related to the stopping range of the primary particles in the
target material as the thickness of the target has to be smaller
then the stopping range. This will produce most neutrons
(≥ 99%) but prevent deposition of hydrogen atoms into the
target material (≤ 0.1%) avoiding hydrogen accumulation
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and blistering [5]. With these complex dependencies, each
parameter requires its own target design.

The target design for the NOWAERA source at an average
power level of 0.4 kW and a proton energy of 10 MeV is
shown in Figure 6. The target is composed of a 0.7 mm thick
beryllium window clamped in an aluminum housing [2] and
cooled by a water jet. The mechanical simulations with the
ANSYS toolkit show that the temperature inside the target
is around 50◦C and the yield strength around 80 MPa well
below the yield strength of beryllium.

Figure 7: Target design for a large scale facility source at a
power level of 100 kW.

The target design for the large scale facility at a power
level of 100 kW and a tantalum target is more sophisticated.
The power density deposition with a target area of 100 cm2

is 1 kW/cm2 and cannot be cooled by conventional cooling.
In order to cool such a power density it is necessary to use µ-
channels which can remove up to 3.5 kW/cm2 [6]. The target
concept using a direct µ-channel cooling of the tantalum
target is shown in Figure 7. With a complex fin-like µ-
channel structure, it is possible to remove the heat very
efficiently and achieve temperatures inside the target which
are below 100◦C and a temperature induced stress of around
80 MPa well below the yield strength of tantalum (300 MPa)
as calculated using the ANSYS toolkit.

Moderators
The fast energy neutrons in the MeV range need first to be

moderated to thermal energies between 10meV and 500meV
which will be done by a PE moderator with a diameter of
about 10 cm surrounding the target.

Figure 8: The design and construction of a one-dimensional
finger moderator.

Depending on the instrument, a cryogenic moderator shift-
ing the neutron spectrum to energies between 1 meV and
10 meV is needed. For this purpose a one-dimensional finger

moderator as shown in Figure 8 is inserted into the extrac-
tion channel positioned at the thermal maximum in the PE
moderator. The cryogenic moderator is filled with a suitable
material like solid methane, mesitylene or liquid hydrogen
with a specific ortho/para ratio at cryogenic temperatures.

Figure 9: Left: Brilliance as a function of wavelength and
divergence for a cryogenic moderator filled with methane [2].
Right: Time structure of this moderator [2].

The dimensions and the moderator material of the cryo-
genic one-dimensional moderator are optimized to the re-
quirements of the instrument. MCNP6 simulations were
used to determine and optimize the neutron phase space
volume leaving the extraction channel which is shown in
Figure 9. The neutron bandwidth, the pulse width and the
divergence is matched to the requirements of the instruments.
With this approach, each instruments has its own source.

Instruments

Resolution Bandwidth Flux
[Å−1] [Å] [s−1cm−2]

Large scale structures

Reflectometer 0.34 2 - 9.5 5 · 104

SANS 0.48 2 - 10.3 7 · 104

0.44 2 - 8.3 2 · 104

0.36 2 - 8.3 4 · 103

0.31 2 - 7.4 1.5 · 103

Diffractometers

Powder 0.006 1.1 - 2.0 4.3 · 103

Analytics

Imaging 0.5 mm, 0.3 Å 1 - 7 2.5 · 103

PDGNAA, NDP - - 1.4 · 107

The instruments built at a pulsed CANS are designed in a
time-of-flight (TOF) setup and can be mainly distinguish by
the bandwidth they can use and the resolution they need. The
bandwidth and the resolution can be defined by choppers
which in most cases results in a loss in neutron flux at the
sample position. A more efficient approach is to match the
repetition rate of the neutron beam to the instrument length
in such a way that the maximal useful phase space volume
is filled. For a large scale facility we distinguish at least

Table 3: Analytically Calculated Instrument Parameters for a

NOVA ERA Source [2,7] 
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three different repetition rates, eg. 24 Hz, 96 Hz and 384 Hz.
Instruments using these repetition rates are grouped together
and built at the same target station.

Table 4: Analytically Calculated Instrument Parameters for a
Large Scale Facility

Resolution Bandwidth Flux
[Å−1] [Å] [s−1cm−2]

Large scale structures operating at 24 - 48 Hz

Reflectometer 0.2 1.2 - 5.7 1.3 · 108

SANS 0.31 3 - 8.4 2.4 · 107

0.27 3 - 7.7 5.3 · 106

0.23 3 - 7 1.5 · 106

0.2 3 - 6.4 6 · 105

Diffractometers operating at 96 Hz

Powder 0.003 1.3 - 2.6 6 · 106

Spectrometers operating at 100 - 400 Hz [8]

Backscattering 1 1.84 2.5 · 107

Cold ToF 2 5 1.3 · 105

Thermal ToF 5 45 1 · 105

Analytics operating at 24 - 96 Hz

Imaging 0.5 mm, 0.2 Å 1 - 7 4.4 · 106

PDGNAA, NDP - - 2.5 · 1010

At the highest repetition rate of 384 Hz, short length sec-
ondary spectrometers for inelastic neutron scattering exper-
iments will be built. As the flight path is short, the phase
space volume can be filled with a high repetition rate so that
the flux is maximized. The target station with the intermedi-
ate repetition rate of 96 Hz will provide neutrons for high
resolution thermal diffractometers with a larger bandwidth.
At the low repetition rate of 24 Hz, instruments with a large
bandwidth of cold neutrons with a relaxed resolution will
be built like a reflectometer so that these instruments have
no resolution problem with long pulses.
Analytic instruments like a prompt and delayed gamma

neutron activation analysis (PDGNAA), neutron depth pro-
filing (NDP) or an imaging station will be built at the target
station with the low or intermediate repetition rate. The
resulting resolution can resolve Bragg-edges for the imaging
experiment and the PDGNAA can be operated in ToF-mode
giving depth resolved information.
The expected neutron fluxes at the sample position for a

NOVAERA source where all instruments are built at a single
target station are presented in Table 3. The neutron fluxes
with for the large scale facility with three different target
stations and adjusted proton pulse frequencies are presented
in Table 4.

TIMELINE
The current aim of the HBS project is to develop and

realize the large scale CANS facility. For this, a conceptual
design report will be written and published. It will give an

overview about the project and describes all relevant parts.
As many different technological challenges are present in
the HBS project ranging from accelerator system, neutron
targets, moderators up to the instruments, it is necessary to
investigate the components individually. A dedicated tech-
nical design report will be prepared within the next years.

The project aims to realize a prototype facility to be con-
structed within the next five years to prove that the concept
is working and the full-fledged facility can be constructed
within the next decades.

CONCLUSION
The HBS project develops a scalable accelerator driven

neutron source optimized for neutron experiments. It ranges
from a low power CANS named NOVA ERA which can be
built at universities and industry and perform basic experi-
ments to a high power CANS which has competitive fluxes
at the sample position to nowadays neutron experiments.
CANS come at a much smaller price tag then research

reactors or spallation sources, avoid the problem with nu-
clear licensing and the nuclear fuel cycle, and allow one
to construct instruments fitting to the particular problem at
hand, e.g. smaller samples.
The approach of the scalable accelerator driven neutron

source enables one to develop a network of large and small
neutron sources throughout Europe improving the access to
neutrons.
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THE DC130 PROJECT: NEW MULTIPURPOSE APPLIED SCIENCE 
FACILITY FOR FLNR 

S. Mitrofanov†, P. Apel, V. Bashevoy, V. Bekhterev, S. Bogomolov, O. Borisov, J. Franko, B.Gikal, 
G. Gulbekyan, I. Ivanenko, I. Kalagin, N. Kazarinov, V. Mironov, V. Semin, V. Skuratov, 

A. Tikhomirov, Joint Institute for Nuclear Research, 141980, Dubna, Russia  

Abstract 
The main activities of Flerov Laboratory of Nuclear 

Reactions, following its name - are related to fundamental 
science, but, in parallel, plenty of efforts are paid for 
practical applications. Certain amount of beam time every 
year is spent for applied science experiments on FLNR 
accelerator complex. For the moment, the main directions 
are: the production of the heterogeneous micro - and 
nano-structured materials; testing of electronic compo-
nents (avionics and space electronics) for radiation hard-
ness; ion-implantation nanotechnology and radiation 
materials science. Basing on FLNR long term experience 
in these fields and aiming to improve the instrumentation, 
the accelerator department start the Design Study for new 
cyclotron DC130 which will be dedicated machine for 
applied researches in FLNR. Following the user’s re-
quirements DC130 should accelerate the heavy ions with 
mass-to-charge ratio A/Z of the range from 5 to 8 up to 
fixed energies 2 and 4.5 MeV per unit mass. The first 
outlook of DC130 parameters, its features, layout of its 
casemate and general overview of the new FLNR facility 
for applied science is presented.  

INTRODUCTION 
The main point is that for applied science people use 

powerful machines which were created and developed to 
solve the wide range of fundamental research. The usage 
of ‘science’ accelerators for such activities is connected 
which high cost of beam time and difficulty to meet quick 
changes of user’s requirements.  There is a “time lack” 
problem when application begin to demand the beam time 
more than laboratory could provide to it in parallel with 
its scientific plan’s realization. Usually, it means that all 
technical “bugs” and methodological questions were 
successfully fixed and answered, and users requesting the 
time as much as they could. That’s why Flerov Laboratory 
of Nuclear Reaction of Joint Institute for Nuclear Re-
search starts the Design Study of the dedicated applied 
science facility based on the new DC130 cyclotron. The 
irradiation facility will be used mainly for the following 
applications: creation and development of track mem-
branes (nuclear filters) and the heavy ion induced modifi-
cation of materials; activation analysis, applied radio-
chemistry and production of high purity isotopes; ion-
implantation nanotechnology and radiation materials 
science; testing of electronic components (avionics and 
space electronics) for radiation hardness. From the com-

mon user’s requirements, operation simplicity and cost 
reasons the main parameters of future machine were cho-
sen. The facility will be based on new DC130 isochronous 
cyclotron: multiparticle, double - energy machine, capable 
with light and heavy ions up to bismuth (2 and 4.5 
MeV/nucleon). 

The research works on radiation physics, radiation re-
sistance of materials and the production of track mem-
branes will be carrying out by using the ion beams with 
energy of about 2 MeV per unit mass and A/Z ratio in the 
range from 7.58 to 8.0. Besides these, testing of avionics 
and space electronics by using of ion beams (20Ne, 40Ar, 
84,86Kr, 132Xe, 197Au or 209Bi) with energy of 4.5 MeV per 
nucleon and with mass-to-charge ratio A/Z in the range 
from 5.0 to 5.5, will be proceeded. One of the significant 
requirements for this application is the “ion cocktail” 
means mixed of highly charged heavy ions with the same 
or very close mass/charge ratios produced and injected in 
the same time. Once the ions will be accelerated, the 
different species will be separated by the fine tuning of 
the cyclotron magnetic field. This issue allows to switch 
the type of ions quick and will reduce the time which user 
should spent for full scale testing of its samples. 

The idea is to effectively use existing stuff to modern-
ize and totally upgrade the old U200 machine which was 
decommissioned in 2013, because of being outdated 
physically and technologically. The design will be based 
on existing systems of IC100 (Fig.1) and U200 (Fig.2) 
cyclotrons [1].  

The working diagram of DC130 cyclotron is shown in 
Fig.3. The acceleration of ion beam in the cyclotron will 
be performed at constant frequency f = 10.622 MHz of 
the RF-accelerating system for two different harmonic 
numbers h. The harmonic number h = 2 corresponds to 
the ion beam energy W = 4.5 MeV/u and value h = 3 
corresponds to W = 1.993 Mev/nucleon. The intensity of 
the accelerated ions will be about 1 pμA for lighter ions 
(A ≤  86) and about 0.1 pμA for heavier ions (A ≥  132). 

The axial injection system and its beam line for new 
accelerator will be adapted from the existing IC100 cyclo-
tron systems. 

In the frame of reconstruction of U200 to DC130 it is 
planned to upgrade the cyclotron magnetic structure, 
replace the magnet main coil and renovate RF system. 
Other systems: beam extraction, vacuum, cooling, control 
electronics and radiation safety will be new. 

 ___________________________________________  

† mitrofanov@jinr.ru    
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Figure 1: Layout of IC100 cyclotron. 

 

 
Figure 2: Layout of U200 cyclotron. 

 

 
Figure 3: Working diagram of DC130 cyclotron. 

The main parameters of DC130 cyclotron are contained 
in Table.1. 

Table 1: DC130 Cyclotron Main Parameters 

Pole (extraction) radius, m 1(0.88)
Magnetic field, T 1.729÷1.902
Number of sectors 4 
RF frequency, MHz 10.622
Harmonic number 2 3
Energy, MeV/u 4.5 1.993
A/Z range 5.0÷5.5 7.577÷8.0
RF voltage, kV 50 
Number of Dees 2 
Ion extraction method electrostatic deflector
Deflector voltage, kV 60 

ECR SOURCE AND AXIAL INJECTION 
SYSTEM 

The axial injection system [2] of DC130 cyclotron will 
be adapted from the existing IC100 cyclotron one consist-
ed of the 18 GHz DECRIS-5 ion source which was devel-
oped based on sources of the DECRIS-4 (14 GHz) series 
with copper windings created at FLNR (JINR, Dubna) by 
intensifying the magnetic structure and changing to a new 
type of microwave oscillator. The DECRIS-5 ion source 
was created for industrial application and characterized by 
increased reliability. It was already successfully commis-
sioned in the framework of DC110 project (mass produc-
tion of the track membrane) [3]. Also transport beam line 
will be based on DC110 experience [4].  

DC130 MAGNETIC SYSTEM 
The magnetic system of DC130 cyclotron will be based 

on the existing U200 cyclotron one. The magnetic field 
distribution in the median plane of the DC130 cyclotron 
magnet has been found by means of computer simulation 
with 3D OPERA program code [5]. The main parameters 
of the magnet are contained in Table 2. 

Table 2: DC130 Cyclotron Magnet Main Parameters 

Size of the magnet, mm 5000×2100×3600
Diameter of the pole, mm 2000
Distance between the poles, mm 160
Number of the sectors pairs 4
Sector angular extent (spirality) 43o ( 0o )
Sector height, mm 45
Distance between the sectors 
(magnet aperture), mm

30 

Distance between the sector and 
pole (for correcting coils), mm 

20 

Number of radial coils 6
Maximal power, kW ≈ 300 

 
The operation mode change will be implemented only 

by variation the level of the magnetic field in the range 
from 1.729T to 1.902T and its isochronous distribution 
will be formed operationally by means of six radial cor-
recting coils. The detail information about magnetic sys-
tem of DC130 cyclotron contains in report [6]. 
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RF SYSTEM 

The working frequency of RF system is constant and 
equal to 10.622 MHz. The scheme of RF-resonator is 
shown in Fig.4. The dashed line designates the placement 
of the ground plate. Two generators are used for inde-
pendent feed of two RF resonators. 

Figure 4: Scheme of RF resonator. 

 
The feedback system ensures precise tuning of RF 

phase and amplitude at both dees independently. The 
evaluated power of each RF generator is equal to 11.5 kW. 

BEAM EXTRACTION SYSTEM 
The scheme of beam extraction system of DC130 cy-

clotron is shown in Fig. 5. The dashed line is the cyclo-
tron orbit corresponding to average radius of 88 cm. The 
red line is extraction orbit ending in the object point of the 
experimental beam lines. The beam extraction system 
includes the electrostatic deflector ESD and two magnetic 
static channel MC1,2. In accordance with results of simu-
lation, the maximum voltage at the deflector ESD is equal 
to 60 kV. The magnetic field gradients in MC1,2 channels 
are equals to 25 T/m and 8 T/m correspondingly. 
 

Figure 5: Scheme of DC130 extraction system. 

EXPERIMENTAL BEAM LINES 
The set of the experimental beam lines includes track 

membrane line, SEE testing line and radiation physics 
line. The scheme of the experimental beam lines is shown 
in Fig.6. The common part of the channel consists of 
extraction bending magnet, the quadrupole lens triplet and 
commutating magnet. The centre of the extraction bend-
ing magnet is an object point for all beam line. The expe-

rience of working at U400, U400M cyclotrons will be 
used during developing the experimental channels for 
these applications. 

 
Figure 6: Scheme of experimental beam lines. From left 
to right: RP line; SEE testing line; TM line 

CONCLUSION 
Flerov Laboratory of Nuclear Reaction begins the 

works under the conceptual design of the dedicated ap-
plied science facility based on the new DC130 cyclotron. 
The main characteristics of it are defined and fit main 
user requirements well. The detailed project will be ready 
in December’2018. 
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MECHANICAL DESIGN OF SINGLE SPOKE RESONATOR TYPE-2 (SSR2) 
SUPERCONDUCTING CAVITY FOR RISP* 

M. O. Hyun†, H. Jung, Y. W. Jo, Y. Kim, RISP, IBS, Daejeon, Korea 

Abstract 
Superconducting linear accelerator and many beam ex-

perimental devices for the future of basic science research 
in Korea are being made and prepared for installation in 
Sindong linac tunnel north side of Daejeon, Korea. The key 
components of superconducting linac are the supercon-
ducting cavities and RISP linac has four types of supercon-
ducting cavities such as quarter-wave, half-wave, and sin-
gle spoke resonator type-1 and 2. In this paper, we intro-
duce about the initial RF/EM design of single spoke reso-
nator type-2 (SSR2) superconducting (SC) cavity, and ex-
plain about mechanical design. Afterwards, we analyze 
mechanical design parameters of SSR2 SC cavity using 
ANSYS 18.0 structural solver and material properties of 
RRR 300 pure-niobium and stainless steel. 

INTRODUCTION 
From 2011 to now, RISP proceeded enormous research 

and development of superconducting linac and experi-
mental devices. In our group - Accelerator System Team 
(AST) – four types of SC cavity, RF coupler, tuner, and 
cryomodule are designed, fabricated, and tested in the 
Munji SRF test facility. At the low energy linac region, 
quarter-wave (QWR) and half-wave (HWR) resonator will 
be installed, and single spoke resonator type-1 (SSR1) and 
type-2 (SSR2) also will be installed into the high energy 
linac region [1]. Between 2012 and 2014, we proceeded 
first prototyping of every SC cavity types and tested using 
different SRF facility like TRIUMF, Canada, or Cornell 
Univ., USA. Unfortunately, we didn’t reach our target per-
formance of both SSR1 and SSR2 SC cavity. Therefore, we 
tried to find out proper design of SSR1 SC cavity with the 
collaboration of TRIUMF, Canada. Based on the MOU and 
general contracts, TRIUMF invented a new concept of 
SSR1 SC cavity called ‘Balloon Variant’ [2,3]. TRIUMF 
also proceeded fabrication with PAVAC and 4K/2K cold 
test using their test facilities [4]. The essential advantage of 
balloon variant SC cavity shape is the suppression of multi-
pacting effects. We decided to apply same balloon variant 
concept to the SSR2 SC cavity after SSR1 2K cold test was 
satisfied our expected performances. 

SSR1/2 SPECIFICATIONS AND
 

RF DESIGN 
Table 1 shows the design specifications of SSR1/2 SC 

cavity for RISP. For satisfying our high energy SC linac 
beam lattice, we should evaluate our design specifications. 

Figure 1 shows the SSR2 RF volume design for EM sim-
ulations. Balloon variant concept was applied same as 
SSR1 due to its high suppression effect for multi-pacting. 

 
Table 1: Design Specifications of SSR1/2 

 Unit SSR1 SSR2 
Operating 
Frequency 

MHz 325 

Beta  0.3 0.51 

Operating 
Temperature 

K 2.05 

Q Factor  >5E9 
Epeak MV/m 35 
Vacc MV >2.4 >4.1 
df/dp Hz/mbar <10 

Beam bore mm  50 
Pressure Envelope 

@ 300K 
bar 2 

Pressure Envelope 
@ 5K 

bar 5 

 

 
Figure 1: RF volume design done by RF engineer. 

 
With this shape, RF engineer proceeded multi-pacting 

simulation with CST PIC-solver code, and Fig. 2 shows 
that the multi-pacting is reduced comparing with RISP 
SSR2 first prototype and modified RISP SSR2 with double 
radius corners from the ideation of FNAL [5].  ___________________________________________  

* Work supported Ministry of Science and ICT (MSIT) 
† atikus43@ibs.re.kr 
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Figure 2: Multi-pacting simulation results. 

 
With some considerations about fabrication capability 

and peak magnetic field, RF volume design of SSR2 SC 
cavity was finalized. 

STRUCTURAL ANALYSIS 
From the initial RF design of SSR2 SC cavity, the me-

chanical design was proceeded. First of all, we should se-
tup the material properties of SC cavity. In our project, we 
usually use RRR 300 pure niobium sheet for cavity and 
stainless steel(STS) 316L as liquid helium jacket(vessel) 
outside of SC cavity. Table 2 shows the material properties 
of RRR 300 pure niobium and STS 316L. We choose the 
sheet thickness of pure niobium and STS as 3mm, which 
are same with QWR and HWR. 

 
Table 2: Material Properties of Pure Niobium and Stainless 
Steel 316L 

 
Unit RRR300 

Niobium 
STS 
316L 

Young’s 
Modulus 

GPa 107 193 

Poisson’s 
Ratio 

 0.36 0.25 

Density g/cm^3 8.56 7.99 
Tensile 

Strength 
MPa 134 483 

Yield 
Strensth 

MPa 51 170 

Allowable 
Stress 

MPa 34 113 

 
Tensile strength/3.5 or yield strength/1.5 should be cho-

sen as allowable stress so that niobium allowable stress is 
34 MPa and STS316L allowable stress is 113 MPa. We ap-
plied these properties into the ANSYS 18.0 WB project file 
before structural analysis [6]. Figure 3 shows the initial 
shell design exploded view of SSR2 SC cavity. 

 
 

 
Figure 3 : Exploded view of initial SSR2 SC cavity. 

 
Initially SSR2 SC cavity had no reinforcements so that 

we added the reinforcement after first structural analysis. 
For more realistic structural analysis we applied liquid he-
lium jacket with STS316L material. Figure 4 and 5 shows 
about the difference of spoke deformation between without 
and with spoke stiffeners. We used ANSYS 18.0 Mechani-
cal WB code for the structural analysis of SSR2 SC cavity. 

 

 
Figure 4 : Deformation shape without Spoke Stiffeners. 
 

 
Figure 5 : Deformation shape with Spoke Stiffeners. 

 
For intial structural analysis, we applied rough mesh size 

as 5mm which is comparably coarse but useful to estimate 
the tendency of deformation and stress with reducing cal-
culation resources and time. We applied 1.3 bar liquid he-
lium pressure between SSR2 SC cavity and liquid helium 
jacket for the boundary conditions. 

As we expected, deformation around spoke is reduced 
after applying spoke stiffener. The spoke stiffeners are at-
tached to both side - upper and lower - for avoiding stress 
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asymmetric shape. We should find optimal position of 
spoke stiffener in the further research. 

Also, we should apply the transition ring between SC ca-
vity and liquid helium jacket for tuning the cavity by pres-
sing and releasing the beam port flanges. Figure 6 shows 
the deformation of SSR2 SC cavity with spoke stiffeners 
and transition ring which interconnected one side of SC ca-
vity and adjacent side of liquid helium jacket. As shown in 
figure, attached side deformation is comparably reduced 
with that is shown in Fig. 5. 

 

 
Figure 6 : Deformation shape with Spoke Stiffeners and 
Transition Ring. 

 
For more robust design, we applied helium pressure up 

to 2 bar on the SSR2 SC cavity outside surface. With this 
pressure, maximum deformation of initial shell design is 
more than 0.2 mm and maximum stress was almost 103 
MPa. To avoid the large stress and deformation, we de-
signed the shell stiffener as Fig. 7. This figure shows the 
double-ring stiffeners which is already applied to the pre-
vious SSR2 SC cavity model at 2016 [1], but the composi-
tion is changed from niobium to niobium-copper with TIG 
welding. 

 

 
Figure 7 : Nb-Cu Stiffener Ring attached to SSR2 Shell 
Front and Rear Side. 
 

MODAL ANALYSIS & INTERFACES 
For checking the vibration disturbance we should check 

the natural frequency of SSR2 SC cavity as well. We used 
ANSYS 18.0 Mechanical WB modal analysis solver for 
analysing natural(eigen) frequencies at low frequency 
range. Figure 8 shows the resonance map of SSR2 SC cav-
ity as well. 

 

 
Figure 8: Resonance Map of Dressed SSR2 SC Cavity. 
 
With this figure, we can see that there is some resonance 

possibility between 240Hz and 250Hz (simulation results 
was 245.45Hz) with the front beam flange disturbance and 
fixed point at the spoke beam tube as boundary conditions. 
Figure 9 shows the deformation and stress shape of SSR2 
SC cavity with 245.45Hz resonance. 

 

 

 
Figure 9: Deformation(a) and Stress(b) shape of SSR2 SC 
cavity with 245.45Hz resonance. 

 
Considering about general external disturbance due to 

the motor rotation speed frequency such as 50Hz or 60Hz, 
240Hz is same as 4 times of  60Hz and 250Hz is same as 5 
times of 50Hz, so that the resonance can be happened with 
this natural frequency. Therefore, we should consider the 
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reinforced structure for avoiding resonance. We will inves-
tigate the robust design for solving resonance issues at the 
future works. Furthermore, we will apply different type of 
external disturbance to the dressed SSR2 cavity as well. 

For the consistency of interfaces of SSR2 SC cavity and 
those of SSR2 SC cavity, we applied the same type and size 
of flange connection. Figure 10 shows the interfaces of 
SSR2 SC cavity and Table 3 shows about the key dimen-
sions. 

 

 
Figure 10: SSR2 Cavity Interface. 

 
Table 3: Key Dimension of SSR2 SC Cavity 

 SSR1 SSR2 

Outer Diameter 568mm 612mm 
Iris-to-iris Length 190mm 320mm 

Beam Flange Length 400mm 538mm 
Stiffener Diameter 327mm 345mm 

Spoke Stiffener Length 376mm 200mm 
Coupler Ports Width 718mm 716mm 
Stiffener Thickness 5mm 5mm 

Jacket Diameter 590mm 626mm 
Jacket Length 400mm 546mm 

Jacket Thickness 3mm 3mm 
 
We are now under researching about our design parame-

ters of SSR2 SC cavity like end curvature radius of helium 
jacket and width of  stiffener ring. The main purpose of 
mechanical design parameter is to satisfy the design per-
formance like df/dp or target frequency. Another reason of 
mechanical design parameter is to follow pressure vessel 
code [7] so that we guarantee the safety of our SC cavity 
with operating circumstances. With this purposes, we setup 
the design objectives as follows: 

• minimize df/dp (STB) 
• minimize stress (STB) 
• frequency target is 325MHz (NTB) 

 
First of all, we will proceed our structural analysis with 

this objectives and all design parameters. After analyzing 
parameter sensitivity and parameter correlation, we will se-
lect important parameters and make an experimental table 
with the design of experiment (DOE) method. 
 

CONCLUSIONS 
According to the mechanical design and analysis, we can 

find a proper shape of SSR2 as above. Our institute already 
contracted with domestic company for the prototyping of 
SSR2 with this design. We will finalize our SSR2 engineer-
ing design after many discussions and considerations with 
the contractor soon. Also, we can show the fabrication pro-
cess and the test result in the future. 
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FIRST ACCELERATION OF HEAVY ION BEAMS WITH A SUPERCON-
DUCTING CONTINOUS WAVE HIM/GSI CW-LINAC* 
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K. Aulenbacher1, W. Barth, F. Dziuba, V. Gettmann, T. Kürzeder, M. Miski-Oglu, Helmholtz Institute 
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M. Heilmann, A. Rubin, A. Schnase, S. Yaramyshev, GSI Helmholtzzentrum für Schwerionenforschung, 
Darmstadt, Germany 

1 also Johannes Gutenberg-Universität Mainz, Germany 
 

Abstract 
In the future a new superconducting (sc) continuous wave 
(cw) high intensity heavy ion Linac should provide ion 
beams with a max. beam energy above the coulomb barri-
er for the Super Heavy Element (SHE) program at GSI 
Helmholtzzentrum für Schwerionenforschung. As a first 
step a newly developed superconducting 15-gap Crossbar 
H-cavity (CH-cavity) operated at 217 MHz has been 
successfully tested with heavy ion beam up to the design 
beam energy of 1.85 MeV/u for the first time. The design 
energy gain of 3.5 MV within a length of less than 70 cm 
has been validated with heavy ion beams of up to          
1.5 pµA. The measured beam parameters showed excel-
lent beam quality, while a dedicated beam dynamics lay-
out provides beam energy variation between 1.2 and      
2.2 MeV/u. The beam commissioning is a milestone of 
the R&D work of Helmholtz Institute Mainz (HIM) and 
GSI in collaboration with Goethe University Frankfurt 
(GUF) and the first step towards a sc heavy ion cw-Linac 
with variable beam energy. The first tests under cryogenic 
conditions of the next two CH-cavities have already been 
started at GUF in a vertical cryostat. The results of the 
first successful heavy ion beam acceleration with a super-
conducting CH-cavity will be presented. 

INTRODUCTION 

 
Figure 1: Demonstrator CH-cavity (CH0) with two sc-
solenoids inside the support frame. 

The design and construction of cw high intensity Linacs 
is a crucial goal of worldwide accelerator technology 
development [1]. Above all, compactness of a particle 
accelerator is a beneficial demand for the development of 

high intensity cw proton and ion Linacs [2]. The study 
and investigation of the design, operation and optimiza-
tion of a cw-Linac, as well as progress in elaboration of 
the superconducting technology [3] is of high relevance. 

 
For the HIM/GSI cw-Linac HELIAC (HElmholtz LIne-

ar ACcelerator) several superconducting CH cavities 
operated at 217 MHz are used to provide acceleration of 
ions with a mass to charge ratio of up to 6 to beam ener-
gies between 3.5 MeV/u and 7.3 MeV/u, while the energy 
spread should be kept smaller than ±3 keV/u. For proper 
beam focusing superconducting solenoids have to be 
mounted between the CH cavities. The general parameters 
are listed in Table 1 [4]. R&D and prototyping (demon-
strator project) [5] in preparation of the proposed HELI-
AC is assigned to a collaboration of GSI, HIM and GUF. 
The demonstrator setup is located in straightforward di-
rection of the GSI–High Charge State Injector (HLI). 

Table 1: Design Parameters of the cw-Linac 

Mass/charge  6 

Frequency MHz 216.816 

Max. beam current mA 1 

Injection energy MeV/u 1.4 

Output energy MeV/u 3.5 – 7.3 

Output energy spread keV/u ±3 

Length of acceleration m 12.7 

Sc CH-cavities # 9 

Sc solenoids # 7 

The demonstrator comprises a 15 gap sc CH-cavity 
(CH0) embedded by two superconducting solenoids; all 
three components are mounted on a common support 
frame (see Fig. 1) [6]. The beam focusing solenoids con-
sist of one main Nb3Sn-coil and two compensation coils 
made from NbTi that shield the maximum magnetic field 
of 9.3 T within a longitudinal distance of 10 cm down to 
30 mT. The solenoids are connected to LHe ports inside 
the cryostat by copper tapes allowing dry cooling. The sc 
CH structure CH0 is the key component and offers a 
variety of research and development [7]. 

 ___________________________________________  

* Work supported by the BMBF, project number 05P15RFBA, MYRTE 
which is funded by the European Commission under Project-ID 662186 
and Helmholtz International Center for FAIR. 
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PREPARATION OF RF-CAVITY AND 
SUPPLY SYSTEM 

The sc 15 gap CH-cavity is directly cooled with liquid 
helium, supported by a helium jacket made from titanium. 
The first performance test of the cavity was conducted 
without helium jacket at GUF in a vertical cryostat with 
low RF power after high pressure rinsing (HPR) at the 
vendor Research Instruments GmbH (RI). Gradients up to 
7 MV/m could be achieved. After the final assembly of 
the helium vessel and further HPR preparation at RI, the 
cavity was tested in a horizontal cryostat at GSI. As de-
picted in Fig. 2, the cavity showed improved performance 
due to an additional HPR treatment. The initial design 
quality factor Q0 has been exceeded by a factor of four, a 
maximum accelerating gradient of Ea = 9.6 MV/m at 
Q0 = 8.14×108 has been achieved [8-10]. Prior beam 
commissioning of the cavity, the RF power couplers [11-
12] were tested and conditioned with a dedicated test 
resonator [13]. 

 
Figure 2: RF-testing of CH-demonstrator cavity - im-
proved performance (add. HPR), low field emission rate, 
high field gradient, therm. quenching beyond 9.6 MV/m. 

 
For this the couplers were equipped with sensors to 

control the temperature of the ceramic windows and 
Langmuir probes to detect multipacting currents. First 
conditioning [14] has been performed up to 5 kW with 
pulsed power and up to 2 kW in cw-mode. Further in-
crease of the forward cw-RF power results in a tempera-
tures rise of more than 80°C at the ceramic window, po-
tentially sufficient to damage the coupler. During the 
operation, the "cold" coupler window has been anchored 
to the liquid nitrogen supply tube by copper ribbons. The 
power couplers as well as three frequency tuners, devel-
oped at IAP [15] and manufactured at GSI have been 
integrated in the RF-cavity in a clean room of class ISO4. 
Furthermore, the CH-cavity and both solenoids were 
assembled on a string. After leak testing of the accelerat-
ing string the complete cold mass was integrated [16] into 
the cryostat outside of the clean room. 

DEMONSTRATOR-BEAM DYNAMICS 

 
Figure 3: Bunch shape measurement for HLI beam at 
1.366 MeV/u (top) and at same energy for matched case 
with rebuncher R1 and R2 (down). 

The beam dynamics layout behind the HLI at 
1.4 MeV/u has been simulated in advance. In a preparing 
beam test run, it could be confirmed, that the room tem-
perature focusing quadrupoles (triplet and two duplets) 
and two rebuncher cavities are sufficient to provide for 
full 6D-matching to the demonstrator [17]. At the same 
time, the input beam is axially symmetric for further sole-
noid focusing due to especially chosen gradients, while 
bunch length (see Fig. 3) and momentum spread are 
matched as well. 

 

Figure 4: Layout of matching line to the Demonstrator 
and beam diagnostics test bench; QT/QD  = quadrupole 
triplet/duplet, R = rebuncher, X/Y = beam steerer, 
G = SEM-grid, T = current transformer, P = phase probe, 
BSM = bunch shape monitor, EMI = emittance meter. 

The transport line (see Fig. 4) provides also for beam 
instrumentation. Moreover, beam transformers, Faraday 
cups, SEM-profile grids, a dedicated emittance meter, a 
bunch structure monitor and phase probe pickups (beam 
energy measurements applying time of flight) provide for 
proper beam characterization behind the demonstrator. 

The beam dynamics layout of the sc cw-Linac is based 
on the EQUUS (EQUidistant mUltigap Structure) con-
cept, as proposed in [18]. It features high acceleration 
efficiency with longitudinal and transversal stability, as 
well as a straightforward energy variation by varying the 
applied RF-voltage or the RF-phase of the amplifier. 
Highly charged ions with a mass-to-charge ratio of maxi-
mum 6 will be accelerated from 1.4 MeV/u up to           
3.5 - 7.3 MeV/u. Energy variation while maintaining a 
high beam quality is the core issue with respect to beam 
dynamics, simulated using advanced software [19-20] and 
previously developed algorithms [21-23]. The constant 
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cell length inside an EQUUS designed cavity is fixed for 
a higher (geometrical) β compared to the injection beam 
energy (constant-β structure). As a consequence the con-
stant-β structure leads to a sliding movement in longitudi-
nal phase space. Trajectory and energy gain depend 
strongly on the initial phase at the first gap centre and the 
difference between particle energy and design energy. The 
corresponding transversal emittance evolution has been 
measured in a broad range with small emittance growth. 
Beam dynamics behind the HLI has been carried out with 
the LORASR code (see Fig. 5) [24]. The quadrupole 
triplet and duplets provide for an axially symmetric input 
beam for further solenoid focusing. The beam is matched 
to the demonstrator in the 6d phase space. 

   

 

Figure 5: Beam envelopes (matching the demonstrator). 

FIRST BEAM ACCELERATION 
At June 2017, after successful RF-testing of the sc RF-

cavity in 2016, set up of the matching line to the demon-
strator and a short commissioning and ramp up time of 
some days, the CH0-cavity first time accelerated heavy 
ion beams (Ar11+) with full transmission up to the design 
beam energy of 1.866 MeV/u (∆Wkin = 0.5 MeV/u) [25], 
as shown in Fig. 6. For the first beam test the sc cavity 
was powered with 10 Watt of net RF power, providing an 
accelerating voltage of more than 1.6 MV inside a length 
of 69 cm. Further on the design acceleration gain of 
3.5 MV has been verified and even exceeded by accelera-

tion of beam with high rigidity (A/q = 6.7). As summa-
rized in Table 2, argon and helium ion beams with differ-
ent charge state from an Electron Cyclotron Resonance 
ion source (4He2+, 40Ar11+, 40Ar9+, 40Ar6+) were accelerated 
at HLI with the demonstrator. For longitudinal beam 
matching the rebuncher settings were adapted according 
to the mass-to-charge ratio A/q, as well as the acceleration 
voltage. 

 
Figure 6: First RF-acceleration with the 216.816 MHz-
CH-cavity; measured Ar11+-phase probe signals from HLI 
beam at 1.366 MeV/u (top), HLI-RF-frequency is 
108.408 MHz (T = 9.224 ns). By acceleration up to the 
nominal beam energy (down), the coarse time of flight 
between blue and red signal is slightly reduced. The time 
of flight for the fine measurement between red and green 
signal is significantly shifted, according to the beam ener-
gy of 1.866 MeV/u. 

Table 2: RF- Parameters for Matched Case 

 He2+ Ar11+ Ar9+ Ar6+ 
A/q 2.0 3.6 4.4 6.7 
UReb1,eff. [kV] 8.3 15.0 18.3 27.9 

UReb2,eff. [kV] 22.7 40.8 49.9 75.9 

Eacc,CH
*[MV/m] 1.8 3.2 3.9 5.9 

U0 [MV] 1.2 2.2 2.7 4.0 

* Eacc = transit time factor × total accelerating voltage/(n×0.5×βλ) 

A maximum average beam intensity of 1.5 pµA has 
been achieved, limited only by the beam intensity of the 
ion source and maximum duty factor (25%) of the HLI, 
while the CH-cavity was operated in cw-mode. All pre-
sented measurements were accomplished with high duty 
factor beam and maximum beam intensity from the HLI. 
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SYSTEMATIC BEAM INVESTIGATIONS 

 
Figure 7: Acceleration of an Ar9+-beam; maximum 
achieved beam energy and transmission as function of the 
(eff.) accelerating gradient [25]. 

A full measured 2D-scan of beam energy and beam 
transmission for a wide area of different accelerating 
fields and RF-phases has been performed. The linear 
increase of beam energy with ramped accelerating gradi-
ent (as shown in Fig. 7) could be observed for different 
RF-phase settings, while the beam transmission is kept 
above 90 %. In general these measurements confirm im-
pressively the EQUUS beam dynamics, featuring effec-
tively beam acceleration up to different beam energies 
without particle loss and significant beam quality degra-
dation. As measured with helium beam, for lighter ions a 
maximum beam energy of up to 2.2 MeV/u could be 
reached with the demonstrator cavity, but with reduced 
beam quality.  

 

Figure 8: Phase-scan of Ar6+-beam energy for 3.5 MV/m 
and 5.5 MV/m [25]. 

With Ar6+-beam (A/q = 6.7), an energy gain above 
0.5 MeV/u could be reached with an accelerating gradient 
of 6 MV/m. As an example, Fig. 8 shows a fully meas-
ured 360° phase scan for two different accelerating gradi-
ents (3.5 MV/m and 5.5 MV/m). All individual data as 
well as the characteristic shapes of the phase scans are in 
good agreement according to the accelerating gradient. 
For an increased gradient the maximum beam energy at 
an RF-phase of 210° boosts as well, while the minimum 

beam energy at 130° could be decreased down to 
1.2 MeV/u. The bunch length detected with a bunch shape 
monitor (BSM) [26-27] was measured as very sensitive to 
RF-phase changes. A change of RF-phase by 30° only, 
leads to a significant change of bunch length (by more 
than a factor of four), while the beam transmission is not 
affected. For further matching to another CH-cavity, the 
adjustment of the beam energy setting by changing the 
RF-amplitude is more favourable - compared to changing 
the RF-phase - as no significant bunch shape change 
could be observed. 

PHASE SPACE MEASUREMENTS 
At first the beam quality has been characterized by 

measuring the phase space distribution for different ener-
gies [25]. The measured emittance of the argon beam, 
delivered by the HLI, is adequately low. The total 90% 
horizontal beam emittance is measured for 0.74 µm, while 
the vertical emittance is 0.47 µm only. All measurements 
have been performed without solenoidal field, therewith 
any additional emittance degradation effects by different 
beam focusing could be avoided. The measured (normal-
ized) beam emittance growth at full beam transmission is 
sufficiently low: 15 % (horizontal plane) and 10% (verti-
cal plane). Selective measurements at other RF-
amplitudes and -phases, as well as for other beam rigidi-
ties confirmed the high (transversal) beam performance in 
a wide range of different parameters.  

 
Figure 9: Bunch shape of Ar9+-beam fully matched after 
acceleration to 1.85 MeV/u [25]. 

Besides beam energy measurements the bunch shape 
for the matched case was measured with the Feschenko 
monitor [27] (see Fig. 9). As shown, an impressive small 
minimum bunch length of about 300 ps (FWHM) could 
be detected, sufficient for further matching to and accel-
eration in future RF-cavities. 

ADVANCED R&D 
Up to now, the reference design for the cw-Linac dates 

back to [4]. Meanwhile many experiences have been 
gained in design, fabrication and operation of sc CH-
cavities and the associated components. In this context, a 
revision of the Linac layout was recommended. Opti-
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mized cavity layouts [28] resulted in modified voltage 
distributions. Furthermore, the layout - now with three 
CH-cavities and a sc rebuncher (see Fig. 10) [29] per cryo 
module - has been specified with more details. It features 
high acceleration efficiency with longitudinal and trans-
versal stability, as well as a straightforward energy varia-
tion. Highly charged ions with a mass-to-charge ratio of 
maximum 6 will be accelerated from 1.4 MeV/u up to 
3.5- 7.3 MeV/u. High beam quality and beam energy 
variation is the core feature of the cw-Linac to be noticed 
especially at beam dynamics layout [19-21, 23, 30-32]. 

 

 
Figure 10: Advanced cryo module layout containing de-
monstrator CH0 cavity, two short CH cavities, 
a rebuncher and two solenoids. 
 

Meanwhile the next two CH cavities CH1 and CH2 
have already been constructed and CH1 has already been 
tested under cryogenic conditions (see Table 3). After a 
fast cooldown with 1.8 K/min, to avoid hydrogen related 
Q-disease and several days of RF conditioning, all multi-
pacting barriers could permanently be surmounted and the 
RF performance of the cavity could be determined. Fig. 
11 shows the resulting Q0 vs. Ea curve of the vertical test 
without helium vessel [33]. The Q-value dropped from                         
Q0

low = 1.02∙109 at low field levels down to                 
Q0

high = 2.43∙108 at a maximum gradient of Ea = 9 MV/m. 
This corresponds to a total voltage of Ueff = 3.32 MV 
inside the cavity. The design Q-value of 3∙108 is reached 
at an accelerating gradient of Ea = 8.52 MV/m, which is 
55% above the design gradient of Ea = 5.5 MV/m. Field 
emission started at field gradients above Ea = 5 MV/m; 
the Fowler-Nordheim plot resulted in a field enhancement 
factor of about 80 [33]. 

 

Table 3: Main Results of the First RF Test of CH1 [33] 

Q0
low  1.02∙109 

RBCS nΩ  12.6 

Rmag nΩ 9.78 

R0 nΩ 26.02 

Ea MV/m 9 

Ueff MV 3.32 

Q0
high  2.43∙108 

 

 
Figure 11: RF-testing of CH1 in a vertical cryostat with-
out helium vessel; a maximum field gradient Ea of  
9 MV/m has been measured. 

SUMMARY 
An advanced cw-Linac approach, based on a standard 

cryomodule equipped with three CH-cavities and a sc-
rebuncher, demonstrates the high capabilities due to ener-
gy variation preserving the beam quality, as shown in the 
first beam test. The design acceleration gain of the first sc 
CH-cavity was achieved with heavy ion beams even 
above the design mass to charge ratio at full transmission 
and maximum available beam intensity [34]. The beam 
quality was measured as excellent in a wide range of 
different beam energies, This new design could provide 
beam acceleration for ions with different mass-to-charge 
ratio even above the design beam energy, featuring the 
ambitious GSI-user program, while the GSI-UNILAC is 
upgraded for short pulse high current FAIR-operation. 
[35]. The achieved demonstrator beam commissioning 
confirms the capabilities of the applied EQUUS beam 
dynamics design and is a major milestone paving the way 
to the cw-Linac HELIAC. First extensive tests under 
cryogenic conditions with CH1 showed promising results 
with an accelerating gradient of up to          Ea = 9 MV/m 
and low field emission rates [33] confirming the opti-
mized cavity layout [28].  

ACKNOWLEDGEMENTS 
Successful beam testing could not be accomplished 

without strong support of highly committed people from 
different GSI-departments. The beam test is a milestone 
of the R&D work of HIM and GSI in collaboration with 
GUF preparing a superconducting heavy ion cw Linac. 

14th Int. Conf. on Heavy Ion Accelerator Technology HIAT2018, Lanzhou, China JACoW Publishing
ISBN: 978-3-95450-203-5 doi:10.18429/JACoW-HIAT2018-WEOYA02

Room Temperature and Superconducting Linacs

WEOYA02

133

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
18

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I.



REFERENCES 
[1] C. Prior, Overview of High Intensity Accelerator Projects, 

Proceedings of HB'10, Morschach, Switzerland, pp. 6-10 
(2010). 

[2] S.M. Polozov et al., Beam dynamics study and electrody-
namics simulations for the cw RFQ, Proceedings of 
IPAC2017, Copenhagen, Denmark, pp. 1333-1336 (2017). 

[3] R. Laxdal, Physica C-Superconductivity and its Applica-
tions, Volume: 441, Issue: 1-2, Pages: 13-20, (2006), doi: 
10.1016/j.physc.2006.03.096 

[4] S. Minaev et al., "Superconducting, energy variable heavy 
ion linac with constant β, multicell cavities of CH-type", 
Phys. Rev. ST Accel. Beams 12, 120101, (2009). 
doi: 10.1103/PhysRevSTAB.12.120101 

[5] W. Barth et al., “A superconducting CW-LINAC for heavy 
ion acceleration at GSI”, EPJ Web of Conferences, 
vol. 138, article number 01026, (2017). 
doi: 10.1051/epjconf/201713801026 

[6] F. Dziuba et al., “First Cold Tests of the Superconducting 
cw Demonstrator at GSI”, in Proc. of RuPAC'16, St. Pe-
tersburg, Russia, Oct. 2016, paper WECBMH0, pp. 83-85. 

[7] T. Kürzeder et al., Infrastructure for Superconducting CH-
Cavity Preparation at HIM Proc. of IPAC’18, Vancouver, 
Canada, 2018, Paper WEPML045, p.p.2796-2799,  
doi:10.18429/JACoW-IPAC2018-WEPML045 

[8] F. Dziuba et al., First Performance Test on the Supercon-
ducting 217 MHz CH Cavity at 4.2 K, Proceedings of 
LINAC'16, East Lansing, MI, USA, pp. 953-955 (2016). 

[9] F. Dziuba et al., First Cold Tests of the Superconducting cw 
Demonstrator at GSI, Proceedings of RuPAC'16, St. Pe-
tersburg, Russia, p. 83-85 (2016). 

[10] F. Dziuba et al.,” RF Commissioning of the Superconduct-
ing 217 MHz CH Cavity for Heavy Ions and First Beam 
Operation”, Proc. of LINAC2018, paper THPO073, this 
conference. 

[11] M. Heilmann et al., High power RF coupler for the cw-
linac demonstrator at GSI, in proceedings of IPAC’17, Co-
penhagen, Denmark, pp. 990–992 (2017). 

[12] J. List et al., “High Power Coupler R&D for Superconduct-
ing CH-cavities”, Proc. of LINAC2018, paper THPO107, 
this conference 

[13] M. Busch et al., Update on the sc 325 MHz CH-cavity and 
power coupler processing, proceedings of LINAC’16, East 
Lansing, MI, USA, pp. 913–915 (2017). 

[14] F. Dziuba et al., “Performance tests of the superconducting 
217 MHz CH cavity”, in Proc of SRF’17, Lanzhou, China, 
2017, paper TUPB024. 

[15] M. Amberg et al., The fast Piezo-based frequency tuner for 
sc CH-cavities, Proceedings of LINAC'14, Geneva, Swit-
zerland, pp. 214-216 (2014). 

[16] V. Gettmann et al., “Commissioning of a superconducting 
cw heavy ion Linac@GSI”, in Proc of SRF’17, Lanzhou, 
China, 2017, paper MOPB094. 

[17] M. Schwarz et al., “Beam Dynamics for the sc cw heavy 
ion Linac at GSI”, in Proc of IPAC’15, Richmond, VA, 
USA, 2015, p. 3742-3744. 

18] M. Miski-Oglu et al., „Steps towards superconducting cw-
Linac for heavy ions at GSI”, in Proc of SRF’17, Lanzhou, 
China, 2017, paper MOPB024. 

[19] R. Tiede et al., “LORASR Code Development”, in Proc of 
EPAC'06, Edinburgh, Scotland, 2006, pp. 2194-2196. 

[20] S. Yaramyshev et al., Nucl. Instr. Meth. Phys. Res., Sect. A, 
vol. 558/1 (2006), pp. 90-94. 
doi: 10.1016/j.nima.2005.11.018 

[21] S. Yaramyshev et al., “An advanced procedure for longitu-
dinal beam matching for sc cw heavy ion linacs”, in Proc 
of HB'16, Malmö, Sweden, 2016, pp. 571-574. 

[22] M. Schwarz et al., “Beam Dynamics Simulations for the 
New Superconducting CW Heavy Ion Linac at GSI”, in 
Proc of SRF’17, Lanzhou, China, 2017, paper MOPB005. 

[23] S. Yaramyshev et al., “Virtual charge state separator as an 
advanced tool coupling measurements and simulations”, 
Phys. Rev. ST Accel. Beams 18, 050103, (2015). 
doi: 10.1103/PhysRevSTAB.18.050103 

[24] W. Barth et al., “Advanced superconducting cw heavy ion 
linac R&D”, in Proc of IPAC'13, Shanghai, China, 2013, 
pp. 3770-3772. 

[25] W. Barth et al., “First heavy Ion Beam Test with a super-
conducting multi gap CH-cavity”, 
Phys. Rev. ST Accel. Beams 21, 020102, (2018). 
doi: 10.1103/PhysRevAccelBeams.21.020102 

[26] T. Sieber et al 2018 Bunch Shape Measurements at the GSI 
cw-Linac Prototype, Proc. of IPAC'18, Vancouver, Canada, 
may 2018, paper WEPAK006 pp.2091-2094, 
doi:10.18429/JACoW-IPAC2018-WEPAK006 

[27] A.V. Feschenko, “Technique and instrumentation for bunch 
shape measurements”, in Proc of RuPAC'12, St. Peters-
burg, Russia, Oct. 2016, pp. 181-185, paper FRXOR01. 

[28] M. Basten et al., “First measurements of the next sc CH-
cavities for the new superconducting cw heavy ion LIN-
AC@GSI”, Proc. of SRF2017, TUPB022 

[29] M. Gusarova et al., Multipactor discharge in superconduct-
ing accelerating CH cavities, IOP Conf. Series: Journal of 
Physics: Conf. Series 1067 (2018) 082007 doi 
:10.1088/1742-6596/1067/8/082007 

[30] S. Yaramyshev et al 2018 Advanced approach for beam 
matching along the multi-cavity sc cw Linac at GSI, IOP 
Conf. Series: Journal of Physics: Conf. Series 1067 (2018) 
052005 doi :10.1088/1742-6596/1067/5/052005 

[31] М. Schwarz et al., “Further steps towards the supercon-
ducting CW-linac for heavy ions at GSI”, in Proc. of 
IPAC'16, Busan, South Korea, May 2016, paper 
MOPOY023, p. 896-898. 

[32] S. M. Polozov et al., “Beam dynamics study and elec-
trodynamics simulations for the cw RFQ”, in Proc. of 
IPAC’17, Copenhagen, Denmark, May 2017, paper 
TUPAB013, pp. 1333–1336. 

[33] M. Basten et al.,”Cryogenic Tests of the superconducting 
beta=0.069 CH-cavities for the HELIAC-project”, Proc. of 
LINAC2018, paper THPO072 

[34] W. Barth et al., Superconducting CH-Cavity heavy ion 
beam testing at GSI, IOP Conf. Series: Journal of Physics: 
Conf. Series 1067 (2018) 052007 doi :10.1088/1742-
6596/1067/5/052007 

[35] W. Barth et al., “High brilliance uranium beams for the GSI 
FAIR”, Phys. Rev. ST Accel. Beams 20, 050101, (2017). 
doi: 10.1103/PhysRevAccelBeams.20.050101 

14th Int. Conf. on Heavy Ion Accelerator Technology HIAT2018, Lanzhou, China JACoW Publishing
ISBN: 978-3-95450-203-5 doi:10.18429/JACoW-HIAT2018-WEOYA02

WEOYA02

134

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
18

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I.

Room Temperature and Superconducting Linacs



DESIGN AND BEAM COMMISSIONING OF THE LEAF-RFQ*  

L. Lu†, W. Ma, H. Jia, Y. H. Zhai, Y. Yang, L. P. Sun, L. B. Shi, L. T. Sun, Y. He, H. W. Zhao 
Institute of Modern Physcis (IMP), CAS 

509 Nanchang Rd., Lanzhou, Gansu 730000, China 

Abstract 
An 81.25 MHz continuous wave (CW) radio frequency 

quadrupole (RFQ) accelerator has been designed and 
fabricated for the Low Energy Accelerator Facility (LEAF) 
by the Institute of Modern Physics (IMP) of the Chinese 
Academy of Science (CAS). The operation frequency is 
81.25 MHz and the inter-vane voltage is a constant of 
70 kV. It took about 44 hours continuous conditioning to 
reach RF power of 75 kW which is 1.1 time of the 
maximum designed operational power, and the successful 
CW acceleration of 150 eμA He+ beam to the designed 
energy of 0.5 MeV/u. Both the results of the high power 
test and the beam test will be reported in this paper. 

INTRODUCTION 
The LEAF project was launched as a pre-research 

facility for the high intensity Heavy Ion Accelerator 
Facility (HIAF) project and a heavy ion irradiation facility 
for material research at IMP [1] [2]. The LEAF will consist 
of a 2 mA U34+ electron cyclotron resonance ion source, a 
low energy beam transport line, a CW 81.25MHz RFQ 
accelerator [3], a medium energy beam transport line and 
an experimental platform for nuclear physics. The layout 
of the LEAF project is shown in Fig. 1. The LEAF-RFQ 
shown in Fig. 2 will operate as a CW injector with the 
capability of accelerating all ion species from proton to 
uranium from 14 keV/u up to 500 keV/u. The design goal 

is to design a compact type cavity with lower power loss 
and high operation stability. Considering the LEAF-RFQ 
will operate in CW mode, a four-vane structure is a better 
choice than four-rod type, because the four-vane structure 
is a more stable structure for water cooling. The PISL (Pi-
mode stabilizing loop) structure is adopted to suppress the 
dipole effect. In addition, tuners and undercuts are used for 
frequency tuning and field flatness. The main parameters 
of the LEAF-RFQ are listed in the table 1. In this paper, 
we report the designs and results of the low power test 
and the high power test. 

Table 1: Main Parameters of the LEAF-RFQ 
Parameters   Value 
A/q 7 
Operation CW/pulsed 
Vane type Four vane 
Frequency (MHz) 81.25 
Input energy (keV/u) 14 
Output energy (MeV/u) 0.5 
Inter-vane voltage (kV) 70 
Kilpatrick factor 1.55 
Peak current (emA) 2 
Transmission efficiency (%) 97.2 
Acceleration efficiency (%) 81.7 
Length of vane (mm) 5946.92 
Average radius of aperture (mm) 5.805 

 

Figure 1: Layout of LEAF facility. 

 
 ___________________________________________  
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Figure 2: Side view of installed RFQ after full assembly on site. 

DESIGN AND LOW POEWR TEST 
The LEAF-RFQ is an octagon normal 4-vane structure 

with uniform-distributed 48 tuners and 12 pairs PISLs. The 
RFQ is 6m long and adopts two RF couplers. Based on our 
simulation of the thermal anlysis and multipacting, the 
RFQ could operate very stable. For fabrication, the RFQ 
was divided 6 segments. Each segment was connected by 
screws. The low power tests and tuning of the whole cavity 
were carried out through three steps. Firstly, frequencies, 
Q factor and fields were measured in the cavity with 
aluminum end-plates and aluminum tuners inserted into the 
cavity 26mm, the same situation as the simulation. 
Secondly, through the tuning code LRFQtuning (a code 
developed for LEAF RFQ tuning based on the Matlab), the 
depths of the tuners were adjusted to meet the requirements 
of frequency and fields. After a few iterations, a 
satisfactory resonant frequency and field distribution will 
be achieved. Lastly, the copper tuners with the final 
insertion and copper end-plates replaced aluminum those. 
This step was to check the resonant frequency and field 
distribution, meanwhile, the Q factor was measured. 

The LEAF-RFQ low power test consists of each section 
test and the whole cavity test. The low power tests of single 
section were carried out to check the machining and 
brazing quality. The average frequency difference between 
the simulated and the measured after brazed is 10.15 kHz. 
The average frequency difference between the measured 
before brazed and after brazed is 23.35 kHz. Shown in table 
2, the low power test of the full length RFQ showed that 
the final quadrupole mode frequency is 81.253 MHz which 
meets well with the design value of 81.25 MHz, the 
measured Q factor is 16230 which is 90.3% of the 
simulated value and the measured frequency separation 
was 5.54 MHz which is enough for safe operation. Figure 3 
shows the measured longitudinal field distributions of the 
quadrupole, two dipole fields in the cavity with the tuned 
tuners [4]. The relative error of the quadrupole field is less 
than 1% and the admixtures of the two dipole modes are 
within 1.5% of the quadrupole field. Therefore, the 

frequency and field distribution meet the operation 
requirement. 

Table 2: Main Parameters of the LEAF-RFQ 
Measured results Value 
Quadrupole frequency (MHz) 81.253 
Q factor  16230 (90.3%) 
Q field relative error (%) 0.8 
Admixture of dipole field (%) 1.5 
Separated ∆f (MHz) 5.587 

 
Figure 3: Measured Q and D field of the LEAF-RFQ. 

RF CONDITIONING AND BEAM 
COMMISSIONING 

After installing the equipment of vacuum, couplers, 
cooling routers, ARC detectors and pick-ups, and 
connecting with two 60kW solid state type RF source, the 
RF commissioning was started from Feb. 3rd 2018 aiming 
to 75 kW (1.12 times of necessary power). With a base 
vacuum condition of ~1×10-5 Pa, it took about 44 hours 
continuous conditioning to reach the goal of 75 kW.  

The LEAF-RFQ was designed for 2൑A/q൑7 ion 
acceleration, and the designed Kilpatrick factor was 1.54. 
The He+ beam was adopted for beam commissioning. The 
first pulse beam used 100 μA He+ ions passed the RFQ in 
Feb. 9th 2018. Under the condition of pulse beam, the beam 
energy was measured as 0.5 MeV which meet the designed 
value. And two hours late, the first CW He+ beam passed 
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the RFQ. The current of the CW beam was measured 150 μ A. With supplying of correction magnet, the beam 
conditioning was restarted in June 1st 2018, the beam 
transmission and acceleration efficiency were measured 
97.21% and 50.11%, respectively. The measured 
transmission agreed with the design. The acceleration 
efficiency is lower than the design because an upstream 
multi-harmonic buncher is not installed yet.  

Shown in Fig. 4 and Fig. 5, in Sep. 5th 2018, the first N2+ 
beam was successfully accelerated 110 μA up to the 
designed 500 keV/u with 97.97% transmission and 56.45% 
acceleration efficiency measured in pulse mode (5μs), and, 
the CW 110μA   N2+ beam pass 15 minutes.  The high 
current N2+ beam will be operated in one month when the 
multi-harmonic buncher is installed.  

 
Figure 4: Measured signals of N2+ beam current form ACCTs and a Faraday Cup. 

 
Figure 5: Measured signals of N2+ beam current from two BPMs. 

 
CONCLUSION AND FUTURE PLAN 

The LEAF-RFQ has been designed and simulated, and 
the beam test was successfully performed. The RFQ is an 
octagon four-vane type with 48 tuners and 12 pairs PISLs. 
It is about 6 m long with a good mode separation and a flat 
field distribution between inter-vanes. According to the 
high power test, several milestone goals have been 
achieved, such as the successful RF commissioning of 
LRFQ to its maximum designed power, and the successful 
CW acceleration of He+ beam and N2+ beam to the designed 
energy of 0.5 MeV/u with matched transmission. For the  

next, high intensity N2+ beam will be tested because the 
multi-harmonic buncher was installed already. 
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Institute of Modern Physics of Chinese Academy of Sciences, [730000] Lanzhou, China  

Y. R. Lu§, K. Zhu  
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Abstract 
The new injector SSC-LINAC is under design and con-

struction to improve the efficiency and intensity of beams 
for the Separated-Sector Cyclotron (SSC). This will be 
accomplished with a normal conducting radio-frequency 
quadrupole (RFQ) accelerator. To match with the SSC, 
the RFQ must be operated on Continuous Wave (CW) 
mode with a frequency of 53.667 MHz. A four-rod struc-
ture was adopted for small dimensions of the cavity. 
While, it was a huge challenge on CW mode. A multi-
physics theoretical analysis, including RF, thermal, struc-
tural and frequency shift coupling analysis, have been 
completed in response to the security and stable operation 
of the RFQ. The experimental measurement of frequency 
shift was also completed, which is consistent with the 
simulation. In this paper, the results of theoretical analysis 
and experiment are reported in detail.  

INTRODUCTION 

To achieve excellent performance in nuclear and atomic 
physics, the Heavy Ion Research Facility in Lanzhou 
(HIRFL) was upgraded successfully with a multifunction-
al Cooler Storage Ring (CSR) [1]. As the only injector of 
the HIRFL, the Sector Focusing Cyclotron (SFC) has to 
provide ion beams for both SSC and CSR. The SSC has to 
be shut down when the SFC provides the beams to the 
CSR, which causes the low utilization of the HIRFL. 
Furthermore, a higher beam intensity, which cannot be 
satisfied by the SFC, is required by several new experi-
ments such as the super heavy element and precise mass 
measurement experiments. In order to solve the two prob-
lems, a linear accelerator called SSC-LINAC was pro-
posed as a new injector of the SSC to replace the SFC [2]. 
The SSC-LINAC consists of a superconducting high-
charge-state electron cyclotron resonance (ECR) ion 
source, a low energy beam transport (LEBT) line, a four-
rod RFQ, a medium energy beam transport (MEBT) line, 
three DTLs and a high energy beam transport (HEBT) 
line [3], as shown in Fig. 1.  

 
Figure 1: Layout of the SSC-LINAC. 

The RFQ accelerator is a critical component of the 
SSC-LINAC. It accelerates intense beams and operate in 
CW mode, which was the greatest challenge for a four-
rod structure. To control the emittance growth and beam 
losses caused by intense beams, a quasi-equipartitioning 
design strategy was applied in beam dynamics [4]. The 
main parameters of the RFQ are listed in Table 1. Fur-
thermore, cooling channels design have been finished 
carefully. The bottom plate, stems and mini-vanes are all 
cooled by deionized water to ensure the CW mode opera-
tion [5]. 

Table 1: Main Parameters of the SSC-LINAC RFQ [4] 

Parameters Values 

Frequency 53.667 MHz 
Ratio of Mass to Charge 3~7 
Design Beam Current 0.5 pmA 
Input Energy 3.728 keV/u 
Output Energy 143 keV/u 
Inter-Vane Voltage 70 kV 
Cavity Length 2.527 
Transmission efficiency 94.1% 

MULTI-PHYSICS THEORETICAL 
ANALYSIS 

To demonstrate the security and stable operation of the 
RFQ, a multi-physics theoretical analysis was finished by 
using the Computer Simulation Technology (CST) [6] 
code.  The analysis consists of RF, thermal, structural and 
frequency shift coupling analysis. The RF analysis deter-
mine the power losses of the RFQ cavity. In the thermal 
analysis, the power losses are used as heat loads to deter-
mine temperatures. Displacements and stresses are deter-
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mined by the structural analysis with temperatures and 
pressure boundary conditions. A frequency shift is ob-
tained in the second RF analysis with displacements. The 
effects of the coupler and the plungers were ignored in the 
multi-physics analysis to get more efficient. 

RF Analysis 
To match with the SSC and get a high accelerating gra-

dient, the RFQ frequency was chosen as 53.677 MHz, 
which is four times of the SSC. A four-rod structure is 
very suit for this frequency, because of its small dimen-
sions. It consists of a cylinder wall, 4 mini-vane rods, 12 
stems and a bottom plate, as shown in Fig. 2. 

 
Figure 2: The CST model of the SSC-LINAC RFQ for the 
multi-physics analysis. 

The RF analysis was completed to get the RF power 
loss fields on cavity surfaces, which is determined from 
the magnetic field distribution. Figure 3 shows RF simu-
lation results of surface power loss. These fields are used 
as the heat loads on to the thermal model. A RF power of 
30 kW is needed to accelerate ion beams with a mass-to-
charge ratio of 7, such as 238U34+ beams. 

 
Figure 3: The power loss distribution of the cavity with a 
total power loss of 30 kW. 

Thermal Analysis 
In the thermal analysis, heat loads of the cavity, cooling 

channels and convection coefficients of cavity surfaces 
must be determined at the first step. 

RF power loss fields were transferred to the thermal 
model and applied to the surfaces as heat loads. Power 
losses of cavity parts are shown in Fig. 4.  

 
Figure 4: Power losses of cavity parts [7]. 

As shown in Fig. 5, cooling channels of the cavity con-
sist of two parts: one part is the cooling channel of four 
rods, and the other is the cooling channel of the bottom 
plate and stems. The heat load of the cylinder wall ac-
count for only 2.1% of the total load. It can be cooled 
well by the heat transfer between the surface of the cylin-
der wall and the ambient air. Therefore, the wall has no 
more cooling requirement. 

 
Figure 5: Cooling channels of the cavity. 

The convection coefficient of the cooling channels was 
evaluated by the following formulae [7]: 

 
κ= Nu

h
D

                                 (1) 

Whereκ is the thermal conductivity of the water, D is the 
diameter of channels, Nu is the Nusselt number defined as: 

2/3

( /8)( -1000)

1 12 7( /8)( 1)
=

+ −
f Re Pr

Nu
. f Pr

                  (2) 

where f is the Darcy friction factor calculated by the 

following formula:  
2(0 79ln( ) 1 64)−= −f . Re .                    (3) 

Re  is the Reynolds number given by 
ρ

μ
= vD

Re                                 (4) 

v  is the flow velocity, ρ is water density and μ is the 

absolute viscosity. Pr  is the Prandtl number given by 
μ

κ
= pC

Pr                                 (5) 

pC  is the specific heat of water.  

The temperature of the ambient air and the cooling 
water was set to 20℃. Temperatures of the cavity with 
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kinds of RF powers were simulated in the thermal analy-
sis. Figure 6 shows surface temperature results with a 
RF power of 30 kW. The maximum temperature is 
41.95℃. It exists at the top of stems, where there isn’t 
any cooling channel. 

 
Figure 6: The temperatures of the cavity with a total pow-
er loss of 30 kW. 

Structural Analysis 
The temperatures of the cavity from the thermal analy-

sis were transferred to the structural model. Displacement 
results are shown in Fig. 7. Displacements caused by the 
thermal expansion are below 0.105 mm. The stress level 
is below 14 MPa as shown in Fig. 8. It is safe for full 
power operation on CW mode. 

 
Figure 7: Displacement results of the cavity with a total 
power loss of 30 kW. 

 
Figure 8: Stress contours of the cavity. 

Frequency Sensitivity Analysis 
The frequency shift, which caused by the change of 

cooling water temperature and RF power, must be con-
trolled at reasonable range for the stable operation of the 
RFQ with full power. So, it is necessary to make a fre-
quency sensitivity analysis. 

Figure 9 shows the result of frequency shift caused by 
RF power. A frequency shift rate of -2.48 kHz/kW was 
obtained by a linear fit. Frequency shifts caused by tem-
perature change of the cooling water were given by 
Fig. 10. The frequency shift rate is -1.06 kHz/℃.  

A RF power of 35 kW with an appropriate margin and a 
water temperature variation range of ±5 ℃ were used to 
evaluate the total frequency shift, which was -97.4 kHz. 
The shift can be tuned by automatic RF controlling sys-
tem with a maximum tuning capacity of 191.5 kHz, so 
that the RFQ can operate with a stable resonance frequen-
cy. 

 
Figure 9: Frequency shift caused by RF power. 

 
Figure 10: Frequency shift caused by temperature change 
of the cooling water. 

FREQUENCY SHIFT EXPERIMENT 
The frequency shift experiment has been finished dur-

ing the RF power conditioning. Figures 11 and 12 show 
results of frequency shift measurements. Frequency shift 
rates caused by the RF power and the temperature change 
of the cooling water were -2.58 kHz/kW and -0.987 
kHz/℃, respectively. Comparing with simulation and 
experiment results, the deviation value of Frequency shift 
rates caused by the RF power is less than 5%. Frequency 
shift rates caused by the temperature change of the cool-
ing water agreed well with the simulation ones within less 
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than 7% relative error. this proves that multi-physics sim-
ulation results with the CST code is credibFle. 

 
Figure 11: Comparison of frequency shift caused by RF 
power in simulation and measurement. 

 
Figure 12: Comparison of frequency shift caused by tem-
perature change of the cooling water in simulation and 
measurement. 

CONCLUSION 
A multi-physics theoretical analysis, including RF, 

thermal, structural and frequency shift coupling analysis, 
was finish for the CW four-rod RFQ of the SSC-LINAC 
by using the CST code. Displacements caused by the 
thermal expansion are below 0.105 mm. The stress level 
is below 14 MPa, which is safe for full power operation 
on CW mode. A total frequency shift caused by the 
change of cooling water temperature and RF power is 
below 100 kHz, which can be tuned by automatic RF 
controlling system in stable operation. The experimental 
measurement of frequency shift was also completed, 
which agreed with the simulation within less than 7% 
relative error. This can verify the reliability of the CST 
code. 
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Abstract 
We performed a compact design for 100 MHz Hybrid 

Single Cavity (HSC) for injector of cancer therapy. The 
proposed designs are conventional four-rod structure and 
DTL in a single IH cavity. This compact linac injector, run-
ning in frequency of 100 MHz, accelerates C6+ beams with 
20 mA from 0.02 MeV/u up to 4 MeV/u. The total length 
of HSC is designed less than 4 meters.  

INTRODUCTION 
Compared with traditional structure, firstly, the HSC 

model consists of RFQ structure and DT structure without 
MEBT. Secondly, the IH structure provides the higher 
shunt impedance and acceleration gradient. In the struc-
ture, E-field is focused in the connection parts of 4-rod and 
first DT.  

For DTL section, the section adopts the Alternative 
Phase Focus (APF). The DTL section with APF can 
achieve three-dimensional focusing without the installa-
tion of quadrupole lenses into the drift tubes. 

Further, traditional injector has a complex control sys-
tem and huge injector. Compared with traditional types, 
HSC adopts Direct Plasma Injection Scheme (DPIS). The 
DPIS could easily create enough C6+ions to the linac by 
adjusting the distance from target to laser. 

BEAM AYNAMICS 
In this part, the beam dynamics ware divided into 3 sec-

tions, RFQ section, DTL section, and HSC section [1][2]. 
For RFQ section, it accelerates the C6+ with 20 mA from 
0.02 MeV/u up to 0.6 MeV/u. The DTL section accelerates 
C6+ from 0.6 MeV/u up to 4 MeV/u. For RFQ section was 
designed by RFQGen code. DTL section and HSC ware 
designed by PIMLOC code. More details will be given in 
the next. 

RFQ Section and DTL Section 
The RFQ section is divided into 4 section: radial match-

ing section (RMS), shaper section (SH), gentle buncher 
section (GB), and accelerator section (ACC) [3]. The 
length of IH-RFQ is short 1 m. The original main parame-
ters ware given in the Fig. 1. 

We want the length of RFQ to be as short as possible, 
meanwhile, ensure the acceptable transmission and beam 
quality. To achieve the aims and realize an efficient bunch-
ing for RFQ section, we adopt some basic ides, as follows: 
Firstly, we must vary the transverse focusing strength B 
along the beam direction because of the corresponding 
space-charge conditions at different positions.  

 

 
Figure 1: The original parameters in RFQ section. 

 
Traditionally, the transverse B should be increasing with 

the space-charge force until the transverse defocusing force 
is weakened. After that it should go down. Secondly, the 
evolution speeds of the synchronous phase and the modu-
lation parameters can also improve the bunching process. 

When we followed the important conditions. We can get 
the optimized parameters, shown in Fig. 2. 

 
Figure 2: The optimized parameters in RFQ section. 
 
Figure 3 gives the transmission efficiency, which al-

most over 95%, at last cell. 

 
Figure 3: Transmission efficiency at last cell. 
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And, we can’t ignore the beam losses, both longitudinal 
and transverse losses. In order to reduce the beam losses, 
increasing the longitudinal acceptability in the first several 
cells is effective way. As shows in Fig. 4, beam loss have 
been significantly reduced after optimized. 

 
Figure 4: Beam losses of original and optimized designs. 

 
The main parameters of RFQ and the final parameters 

are summarized in Table 1. 
 

Table 1: Design Parameters of the RFQ Section 
Parameters Value 
Inter-vane voltage  85 (kV) 
Vane length  1050 (m) 
Synchronous phase  -90°to  -30° 
Modulation factor 
Transmission efficiency  
Ellipse parameters  
(Alpha x, y) 
Ellipse parameters  
(Beta x, y) 
Ellipse parameters 
(Emit, u, rms x, y) 
Ellipse parameters 
(Emit, u, rms z) 

1 to 2.1 
95.2 % 

 
1.8456, -1.3395 

 
18.0319, 13.0393 

(cm/rad) 
0.9089, 0.8803 
(cm-mrad) 

0.0712 
(MeV-deg) 

 
The output of RFQ section is adopted convergent de-

sign for following DT injection, shown in Table 2.  
The most important theory in DTL section is Alternative 

Phase Focus (APF) principle. Drift tube linac (DTL) with 
APF is a compact version, which was discovered in 1953, 
compared with the traditional DTL. It can achieve three-
dimensional focusing without the installation of the quad-
rupole lenses into the drift tube. It means that inter-gap RF 
field is used to achieve not only acceleration but also beam 
focusing in APF DTL [4][5][6]. On the one hand, if the 
synchronous phase greater than 0 degree, it will mainly of-
fer transverse focusing, which is higher than longitudinal 
focusing. On the contrary, it mainly offers longitudinal fo-
cusing. But, we can’t deny the fact that it is small longitu-
dinal acceptance in DTL. So, the number and value of neg-
ative phase must be increased in the first several gaps. The 
Fig. 5 gives the phase in each gap. 

Table 2: The Input Parameters of DTL 
Parameters Value 

Ellipse parameters  
(Alpha x, y) 
Ellipse parameters  
(Beta x, y) 
Ellipse parameters 
(Emit, u, rms x, y) 
Ellipse parameters 
(Emit, u, rms z) 

1.8456, -1.3395 
 

18.0319, 13.0393 
(cm/rad) 

0.9089, 0.8803 
   (cm-mrad) 

0.0712 
    (MeV-deg) 

Δw 
Δp 

0.03 (MeV) 
30 (Deg) 

 

 
Figure 5: The phase in each gap. 

 
The voltage in each gap and the length of each gap 

were given in Fig. 6. when we change the length of gap 
and coefficient, the length of DT is changed subse-
quently. To insure the minimum length of DT over 1 mm, 
length of gap was restricted no more than 40 mm. 

 
Figure 6: The voltage and length of gap in each cell. 
 
The number of simulated particles is 10000. After setting 

the basic parameters in PIMLOC and tracing the particles, 
we could get the results of simulations, shown in Table 3, 
which was calculated by PIMLOC to satisfy the whole de-
sign requirements.  
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Table 3: The Parameters in DTL 
Parameters Value 
Voltage 199.2 kV 
Cell number 24 
Length 1853 mm 
Bore radius 13 mm 
DT radius 
Minimum length of DT 

30 mm 
13 mm 

 
The minimum length of DT is over 1 cm, which is satis-

fied to Engineering requirements. The output at the end 
was given in Fig. 7. Transmission efficiency is over 90%.  

 
Figure 7: The output at the last gap. 

HSC Section  
The parameters of HSC were determined by the output 

parameters of RFQ section and DTL section. But, the dis-
tance between exit of RFQ section and first DT (L-RFQ-
DT) is the vital important for the transmission efficiency. 
The transmission efficiency was changed along with the 
distance. In our research, the maximum transmission effi-
ciency occurred at range of 30 mm to 60 mm. 

Secondly, Length of ion source to RFQ section (L-IS) is 
also an important factor. The injection phase is related to 
the two factor, L-RFQ-DT, L-IS. So, the appropriate length 
is vital important to the whole HSC.  

The output of HSC was shown in Fig. 8, which was sat-
isfied the design aims. The transmission efficiency is over 
80%.  

 

 
Figure 8: The results of HSC. 

 
After optimizing the main parameters of HSC, the final 

parameters are summarized in Table 4. 
 

Table 4: The Final Parameters in HSC 
Parameters Value 
L-IS 10 (mm) 
L-RFQ-DT 
L-Pure-Q 

59 (mm) 
30 (mm) 

SUMMARY AND FUTURE PLAN 
We have studied a new HSC type linac which is a prac-

tical and efficient machine to accelerate high intense ion 
beam. We discussed the E matching designs for reducing 
the concentrated electric field distribution and investigated 
relation of meth and power & frequency. 
In the next step, we will optimize multi-physical fields of 
HSC by ANSYS. 
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Nb SPUTTERED 325 MHz QWR CAVITIES FOR CiADS* 

F. Pan†, T. Tan, P. Xiong, H. Guo, C. Zhang, T. Jiang, and Y. He, 
Institute of Modern Physics, [730000] Lanzhou, China  

Z. Li, H. Wang, Northwest Institute for Non-ferrous Metal Research, [710016] Xi’an, China 

Abstract 
The possibility for adopting niobium thin film coated 

copper (Nb/Cu) quarter wave resonators (QWRs) in the 
low energy section of CiADS project [1] is being evaluated. 
Comparing with bulk niobium cavities, the Nb/Cu cavities 
feature a much better thermal and mechanical stability at 
4.5 K. Two 325 MHz Nb/Cu QWR cavities have been fab-
ricated at IMP, to demonstrate whether the niobium coated 
copper cavity technique can meet the requirements of 
CiADS. The cavity is coated with biased DC diode sputter-
ing technique. This paper covers resulting film characters, 
vertical tests with the evolution of the sputtering process, 
and improvements to mitigate issues we met.  

INTRODUCTION 
The operational stability of SRF cavities is one of the 

foremost challenges that hinder CiADS linear accelerator 
from continuous running [2]. Let Nb/Cu cavities replace 
the bulk niobium cavities could be an effective solution, 
because Nb/Cu cavities come up with advantages in terms 
of both thermal stability and mechanical stability [3]. At 
4.2 K, the heat conductance of high purity bulk Nb is about 
75 W/(m·K), while the number is as high as 300-2000 
W/(m·K) for high purity oxygen free copper [3]. The poor 
thermal conductivity of Nb put an upper limit for SRF cav-
ity wall thickness, in order for the inner surface to be effec-
tively cooled, which impairs the robustness of the cavity’s 
mechanical structure. The use of a copper cavity as a sub-
strate can effectively solve the major problems of poor 
thermal conductivity and sensitivity to external pressure 
and vibration at the same time, because the thicker copper 
wall can provide rigid stiffening in the SRF cavity. Further-
more, Nb/Cu cavity is economical than bulk Nb cavity in 
terms of fabrication and processing cost. The material cost 
of OFHC copper is only about 4% of the price for SRF 
grade bulk Nb. In addition, copper is easier to anneal, 
polish, and machine than niobium, the cavity processing 
cost for Nb/Cu cavities would be much lower than that for 
bulk Nb cavities [3].  

IMP launched its Nb/Cu cavity project in 2016. Up to 
now, the film characters, including thickness profile along 
the cavity, structure and morphology tests have been per-
formed at IMP. Two dummy QWR cavities had been pro-
duced and coated to understand and optimize the sputtering 
setup and process. 

THIN FILM COATING SETUP 
The coating system employed in this project is modify 

from an existed equipment at NIN with biased DC diode 
sputtering [4] ability. Figure 1(a) showed the side view of 
this very system. For the purpose of R&D tests, a 325 MHz 
QWR dummy cavity without a beam line has been de-
signed at IMP. The dimension of the dummy cavity is 
shown in Fig. 1(b). For simplicity, two dummy cavities 
were machined directly from OFHC ingot to avoid any dif-
ficulties brought by welding seams inside the cavity [5]. 
S.S. flanges were brazed onto the cavities. Before coating 
process, surfaces were treated with mechanical and electri-
cal polishing. From electromagnetic simulation, the un-
loaded quality factor (Q0) for an uncoated copper cavity is 
1×105, and is 8×108 for a superconducting Nb/Cu cavity. 

 
Figure 1: (a) the deposition system and (b) the dimension 
of the 325 QWR cavity. 

 
Figure 2: The sample holder’s (a) appearance and (b) the 
exact location of the samples’ locations. 

A QWR-like sample holder with 16 samples positions 
along the outer and inner conductors had been used before 
the actual cavity coating. This setup allows access to the 
film properties in different positions by small sample char-
acterizations. Thus the thickness and Tc distribution of the 
coating film could be investigated from clipped samples. 
The surface treatment of small sized samples is similar to 
the dummy cavity. The samples’ locations and their dis-
tance to the bottom plate are marked on Fig. 2(b). 

______________________________________________________________________________________________________________________
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SAMPLES RESULTS 
The thickness of the niobium film deposited on copper 

samples is measured by a step profiler. The critical transi-
tion temperature (Tc) is measured by Superconducting 
QUantum Interference Device (SQUID) through standard 
susceptibility measurement.  

Initially, the sputtering utilized a tube-target sitting right 
in the middle of the inner and outer conductor. Such layout 
generated a non-uniform growth rate distribution, which is 
specified in Table 1. The ratio of average growth rate be-
tween inner conductor and outer is about 10:1. The experi-
ment also reveals that the coating rate at cavity top was 
one-fifth of the rate at bottom area. With a maximum ratio 
of 50:1, the niobium film coated on the sample at point F 
couldn’t be thick enough before the film at point 1 started 
to break-off. The thickness limit test show film starts to 
break when the thickness of film greater than 60 μm. Then 
the shape of the Nb target was re-designed to ensure a max-
imum deposition ratio below 10:1. 

Table 1: Average Growth Rate at Beginning 

 Location Growth rate (nm/h)

Outer  
Conductor 

Top 20 

Bottom 100 
Inner  
Conductor 

Top 200 

Bottom 1000 
 

With optimization between each run, 3 test runs with 
copper samples were performed before the cavity coating. 
The Tcs of selected samples are presented in Table 2. Sam-
ples along the inner conductor exhibit better Tc above 9.3 
K. But samples on the top of the outer conductor are with 
poor properties. The film properties are improved gradually. 
However, point F remains a weak point of our coating. This 
agrees with the growth rate distribution and implies the Tc 
of F sample is still limited by the thickness. 

Results from the last run of experiments showed an al-
most complete superconducting coating was achieve on the 
QWR-like sample holder, except for point F. Due to the 
limit of current deposition system size, the optimization of 
growth rate ratio cannot be further reduced. To solve this 
problem, a new deposition system with a larger vacuum 
chamber to tune the sputtering layout is being built. 

Table 2: Summary of Samples’ Tcs in Each Test Run* 

Run A F Bot-
tom 

1 3 Top 

1 7.3 X 9.0 9.3 N/A # 
2 <6 X X 9.3 9.3 9.3 
3 9.3 <7 9.4 N/A 9.3 9.3 

*: Tc unit in K. 

#: Large visible defect on the surface, unable to measure. 
N/A: Not measured. 
X: not superconducting down to 4 K. 
 

CAVITY TEST 
After the first cavity coating test, it was observed the 

film on the top of the outer conductor wasn’t silver shin-
ning, implying the film there could be very thin or contam-
inated. And particles falling from the target produced sev-
eral defects at the bottom part, because the cavity is under 
the target. The cloudy film and defects are shown in Fig. 3. 

 
Figure 3: The first QWR Cu/Nb Cavity made in NIN. 

Ultrasonic cleaning and high pressure rinsing (HPR) are 
used in the first coated cavity post-treatment processing. 
Film peeled off at a few spots on the outer conductor after 
ultra-sonic cleaning, with typical size 1~2 mm (Fig. 4(a)). 
Optical investigation suggests it may result from the fall-
outs from the target or contaminated substrate surface. Af-
ter HPR, no more defects are detected, no matter there was 
or wasn’t ultrasonic cleaning before it. In order to avoid 
more damage to the film, ultrasonic cleaning is no longer 
used in the post treatment processing for the second coated 
cavity. An SRF grade Nb plate is used as the end-plate, 
sealed by indium wire, because the QWR is designed to 
work under isolated vacuum. In the first cryogenic RF test, 
the microwave power was coupled from the sides (Fig. 
4(b)), and this configuration gave us a lot of problems in-
cluding MP and difficulty in feeding power into the cavity, 
because the size of the coupling tube is too small and the 
tube inner surface is rough. 

 
Figure 4: The first QWR Cu/Nb Cavity made in NIN. (a) 
A few spots peeled off after ultrasonic cleaning. (b) The 
first film cavity is coupling from the sides. 

The vertical test of the first film cavity is very lossy at 
4.2 K. The Q0 cannot be measured from the damping curve. 
Four temperature probes were installed on the bottom and 
top of the outer cavity surface and near the tube. The tem-
perature reading showed that, there was little power fed 
into the cavity and most of power was consumed by the MP 
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at the coupling tube. The temperature near the tube is much 
higher than the top and bottom when we turned on the input 
RF power. The loaded quality factor (QL) of the 1st cavity 
is about 2.5×105 measure by FWHM, in heavily over-cou-
pled condition. The QL value is much higher than the 
OFHC copper cavity at low temperature (~ 6×104), indicat-
ing at least part of the cavity was in superconducting status. 

  The RF power feeding configuration for the vertical 
test of the 2nd cavity was switched to bottom-coupled (Fig. 
5). The 2nd cavity has the same behavior: QL ~ 4E5 at 4.2 
K. However, in the 2nd test, the temperature rising occurred 
all over the cavity. The heating was more uniform compar-
ing with the first test, and the temperature increase was less 
than the maximum value observed on the first cavity. In the 
2nd test, the temperature sensor near the cavity top area al-
ways heats up faster than the others, indicating the film 
near the cavity opening does not transfer into the supercon-
ducting state. 

 
Figure 5: The vertical test of the 2nd cavity is switch to bot-
tom-coupled. 

 
Figure 6: Non-SC part at the bottom is the main contribu-
tion for loss. 

Calculation for the loss source was made based on the 
assumption that there was non-superconducting defects on 
the cavity wall, either (a) a Φ-1 mm exposed copper spot 
like the ones in Fig. 4(a), or (b) a normal conducting nio-
bium (RRR ~ 4) ring near the opening (Fig. 6). The results 
indicated that the loss from a type (a) defect was about the 
same order as the loss from a whole superconducting cavity, 
while type (b) defect can dramatically reduce the cavity’s 
Q by 2 orders of magnitude. Comparing with the measured 

QL, the appearance of a normal conducting Nb ring may 
explain why we were having a degraded RF performance. 
To mitigate this problem, additional efforts need to be im-
posed to ensure the film near the cavity opening to be good. 
Such efforts include extending the Nb cathode out of the 
cavity to get uniform coating near the cavity opening, and 
flipping the deposition set up upside down to avoid any 
particles falling from the target depositing on the cavity 
surface. 

CONCLUSION 
The results of samples tests and vertical tests of the cav-

ity showed that we are close to the final production of 
Nb/Cu QWR cavities with acceptable SRF performance. 
With proper optimization of our deposition system, we will 
demonstrate the feasibility for adopting Nb/Cu cavities at 
the low energy section of the CiADS linear accelerator. 
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DYNAMICS STUDY OF A DRIFT TUBE LINAC FOR BOTH HEAVY IONS 
AND PROTON* 

H. Du†,1, X. J. Yin1,  J. C. Yang, Y. J. Yuan, J. W. Xia, X. N. Li1, Z. S. Li1, K. D. Wang, Q. Y. Kong,
Institute of Modern Physics, Chinese Academy of Sciences, 730000 Lanzhou, China  

1also at Huizhou Research Center of Ion Sciences, 516003 Huizhou, Guangdong, China 

Abstract 
An accelerator complex for Space Environment Simu-

lation and Research Infrastructure (SESRI) has been de-
signed by Institute of Modern Physics (IMP) and will be 
constructed in Harbin Institute of Technology (HIT). This 
accelerator consists of an ECR ion source, a linac injector, 
a synchrotron and 3 research terminals. As an important 
part of the complex, the linac injector should provide both 
proton and different kinds of heavy ions, from helium to 
bismuth, with energy of 5 MeV and 1 MeV/u respectively 
for the synchrotron.  In order to provide beams with the 
mass to charge ratio (A/Q) range from 1 – 6.5(for proton 
to 209Bi32+) by only one linac injector, a special solution of 
the main acceleration section DTL is carried out. The 
relevant dynamics calculations, such as beam matching, 
stripping process of the hydrogen molecule ion and beam 
energy spread reducing, are performed by Particle in Cell 
(PIC) method.  

INTRODUCTION 
In order to simulation and research the damage to the 

electronic equipment and organism on the spacecraft by 
high-energy particles in the universe, Harbin Institute of 
Technology (HIT) proposed building an accelerator based 
nuclear irradiation source named Space Environment 
Simulation and Research Infrastructure (SESRI). The 
accelerator complex of SESRI is designed and construct-
ed by Institute of Modern Physics (IMP) which contains 
an ECR ion source, a linac injector, a synchrotron and 3 
research terminals [1] as shown in Fig. 1. The ECR ion 
source can provide mostly all stable ions from proton to 
bismuth. These ions are accelerated by the linac injector 
to the injection energy of the synchrotron. The synchro-
tron accelerates different kinds of ions to specific energy 
and then slowing extracts them to the experiment termi-
nals. The design of the linac injector must meet the pre-
liminary requirements of the synchrotron, which can be 
seen in Table 1. For this linac injector, the main problem 
is how to accelerate very heavy ions like 209Bi32 and light-
est ion proton and make it more compact. Between the 
linac injector and the synchrotron, there is a long beam 
transport line used for vacuum degree transition. 

According to the project requirement, preliminary dy-
namics design of the DTL is finished. And then, Beam 
dynamics tracking with a PIC simulation code for differ-
ent operation mode alone the main acceleration section is 
accomplished. The simulation takes beam matching into 

account and verifies the preliminary design. On the other 
hand, effects of stripping foil on the hydrogen molecule 
ion are studied. A short beam transport line used for re-
ducing the beam energy spread of proton and heavy ion is 
also designed in the PIC simulation. 

Figure 1: Integrated layout of SESRI accelerator complex. 

Table 1: Inject Beam Parameters of the Synchrotron 
Parameter Value 

Beam energy 1 MeV/u(209Bi32+), 
5 MeV (proton) 

Energy spread ±0.3% 
Transverse emittance ≤13πmm·mrad 

Beam current  30 eμA(209Bi32+), 
   300 eμA(proton) 

PRELIMINARY DYNAMICS  
DESIGN OF THE DTL 

The R/Q of the injection ion for the synchrotron ranges 
from 1 to 6.5 and it is too large for a normal conducting 
muticell linac which is because the cavity power range is 
squared of the R/Q. The whole RF system cannot operate 
stably in such a large power range. So in order to provide 
proton beam to the synchrotron, H2

+ is accelerated to  
1MeV/u by RFQ and DTL1 firstly and then be stripped to 
proton to continue accelerate by DTL2. In this way, the 
R/Q range of the RFQ and the first section of the DTL 
will be only from 2 to 6.5. Beam extract energy of the 
RFQ is set to 300 keV/u for H2

+ and other heavy ions. The 
RF frequency is 108 MHz for the whole linac injector. 

KONUS dynamics [2] concept and LORASR code [3] 
are adopted to make the preliminary dynamics design of 
the DTL for the linac injector. On the basis of the injec-
tion energy requirements of the synchrotron for proton 
and heavy ions, this linac injector contains two DTL cavi-
ties. All heavy ions including H2

+ can be accelerated to 
1 MeV/u by the DTL1 which contains an inner focusing 
quadrupole triplet. And DTL2 is only used to accelerate 
the proton from 1 MeV to 5 MeV. For heavy ions, the 
DTL2 is just regard as a drift section. Between the two 

 ___________________________________________  
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DTLs, there must be a foil for stripping H2
+ to proton. For 

simplicity, the effects of stripping foil on the H2
+ are ig-

nored in the preliminary design. 

 
Figure 2: Phase space distribution at the entrance of 
DTL1. 

Figure 3: Beam transverse envelope in DTL1 and DTL2. 

 
Figure 4: Energy spread and bunch length boundary along 
DTL1 and DTL2. 

In the dynamics calculation, the tracking particle is set 
to be proton, but the maximum values of gap voltage and 
quadrupole magnet strength about DTL1 must be reason-
able when 209Bi32+ is accelerated. Kilpatrick factor is less 
than 2.1 and the maximum pole face electric field of all 
quadrupole magnets is not larger than 0.9T. Beam trans-
verse and longitudinal phase space distribution at the 
entrance of DTL1 is set to uniform distribution which the 
RMS emittance is 0.2πmm·mrad and 0.45πns·keV/u re-
spectively as shown in Fig. 2. Transverse envelope of 
90% beam is shown in Fig. 3. DTL2 is followed by a 
quadrupole triplet. Energy spread and bunch length 
boundary of the beam relative to the synchronous particle 
can be seen in Fig. 4. The normalized RMS emittances 
relative increment is small in transverse but a little larger 
for the longitudinal as shown in Fig. 5. Nevertheless, the 

synchrotron cares more about the transverse emittance, 
especially the horizontal one, and beam energy spread. As 
Fig. 6, the minor axis of longitudinal phase ellipse is short 
and it will benefit for reducing the beam energy spread 
which will be discuss later. 

 
Figure 5: Normalized RMS emittances relative increment. 

 
Figure 6: Phase space distribution at the exit of DTL2. 

BEAM DYNAMICS TRACKING  
FOR 209BI32+ 

The dynamics preliminary design of the RFQ has been 
finished and the phase space distribution of the extraction 
beam of the RFQ is shown in Fig. 7. Transverse and lon-
gitudinal normalized RMS emittance is 0.15πmm·mrad. 
Between the RFQ and DTL1, there is a 1.5 meter long 
beam transport line including 5 quadrupole magnets and a 
2 gap buncher named Buncher1. When doing the simula-
tion of 209Bi32, DTL2 is treated as a drift section. The 
second buncher behind DTL2 is used for reducing the 
beam energy spread of heavy ions extracted from DTL1. 
The PIC simulation is performed by Beampath code.[4] 

 
Figure 7: Beam phase space distribution at the exit of 
RFQ. 

The transverse beam envelope, bunch length and ener-
gy spread along the main acceleration section are shown 
in Fig. 8. At the exit of the linac injector, energy spread of 
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209Bi32 is less than ±0.3%. In this simulation, transverse 
normalized RMS emittance increases about 28% which is 
a little larger than preliminary design result. On the basis 
of the requirement of synchrotron, the normalized RMS 
emittance of heavy ion beam extracted from RFQ must be 
not more than 0.125πmm·mrad. 

 
Figure 8: Beam envelope and energy spread along the 
main acceleration section. 

BEAM DYNAMICS TRACKING FOR 
H2+/PROTON 

Because the RFQ and DTL1 are designed for H2
+ and 

the DTL2 is designed for proton, a stripping foil is needed 
to convert H2

+ to proton. It will enlarge the transverse 
beam emittances and energy spread. On the other hand, 
the holistic beam energy would be lower slightly. These 
situations must be considered in dynamics tracking. Ac-
cording to literature research [5], a 15μg/cm2 carbon foil 
is chose, and the stripping efficiency approaches 100%. 
Its influence on H2

+ is calculated by LISE++ code as 
Table 2 [6].  

Table 2: 1 MeV/u H2
+ Stripping Results by LISE++ 

Parameter Value 
Energy loss 1.7 keV/u 
Energy straggle 0.6 keV/u(1σ) 
Angular straggle  1.47 mrad(1σ) 
Lateral spread 1e-5 μm(1σ) 

The dynamics tracking of 500 eμA H2
+/proton is also 

performed by Beampath code. Monte Carlo method is 
adopted at the stripping foil. Buncher3 is placed behind 
DTL2 with a distance of 2.5 m for reducing the energy 
spread of proton. The transverse beam envelope, bunch 
length and energy spread of H2

+/proton can be seen in 
Fig. 9. Energy spread of 100% beam is too large for the 
synchrotron. But after removing the 20% particles with 
large energy spread, the rest of beam can satisfy the ener-
gy spread requirement of the synchrotron. Transverse 
emittances of H2

+/proton are shown in Fig. 10. Because 
the injection design of synchrotron demands painting in 
horizontal direction, vertical emittance growth is accepta-

ble. Based on the dynamics tracking, proton beam ex-
tracted by the linac injector can meet the design target. 

 
Figure 9: Beam envelope and energy spread of H2

+/proton. 

 
Figure 10: Normalized emittances of H2

+/proton. 

CONCLUSION 
Preliminary design of the DTL for the linac injector of 

SESRI complex has been finished. Beam matching sec-
tion between RFQ and DTL1, stripping foil and energy 
spread reducing section are design and simulated. The 
transverse emittance and energy spread of extraction 
beam of this linac injector meet the requirements of syn-
chrotron basically. Formal design scheme and the RF 
structure design are in the optimization. 
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STUDY ON A HOM TYPE BUNCHER* 

L. Lu†, X. Xu, L. Shi, L. Sun, Institute of Modern Physcis (IMP), CAS, Lanzhou, China
C. Xing, T. He, L. Yang , University of CAS, Beijing, China

Abstract 
Normally, drift tube linacs (DTL) are used following 

RFQ linacs for beam acceleration in middle and high 
beam energy region. The acceleration efficiency of DTLs 
is decreasing with beam energy increasing. Using 
resonated higher order mode (HOM) of cavity, DTL can 
achieve higher effective shunt impedance. We proposed a 
325MHz DTL with TE115 mode. In this paper, the 
dynamics calculation and electromagnetic design of the 
HOM-DTL will be reported. 

INTRODUCTION 
Shown in Fig. 1, in the low energy region, the 

Interdigital-H (IH) type drift tube linacs (DTLs) have a 
higher shunt impedance and suitable accelerating 
structure for heavy ion acceleration, thus the DTLs 
operated in TE111 mode are normal used following the 
RFQ type linac [1–3]. However, in the medium and high 
energy region, the Alvarez type DTLs operated in TM010 
mode are normally used although its shunt impedance 
reduces rapidly [4,5], shown in Fig. 2, because its shunt 
impedance is higher than the IH-DTLs in those energy 
regions. 

 ions in medium and high energy region [6]. We proposed 
a 325MHz DTL operated in TE115 mode. Our proposed 
HOM-DTL is designed as a prototype buncher and its 
structure is shown in Fig. 3. 

Figure 2:   The   shunt   impedance  changing  of  the 
Alvarez type DTLs in medium and high energy region. 

Figure 3: The inner structure of proposed HOM-DTL. 

ELECTROMAGNETIC DESIGN 
The frequency of proposed HOM-DTL is 325MHz 

which is 4th harmonic of the frequency of 81.25MHz. This 
HOM-DTL is a prototype research for future heavy ion 
buncher. The estimated peak voltage is rather high as 
several mega-voltages (MV). The Microwave Studio 
(MWS) code and ANSYS code are used to calculate the 
cavity electromagnetic simulation and mechanical 
simulation [7,8]. 

As shown in Fig. 3, the HOM-DTL has normal DTs 
and ridges that is same to the normal type IH-DTLs with 
TE111 mode and Alvarez type DTLs with TM010 mode, 

Figure 1:  The shunt impedance of the low beta linacs. 

Since the DTLs operated in TE11n mode of the higher 
order mode have a property which is suitable to accelerate 
 ____________________________________________ 
†luliang@impcas.ac.cn 
*Work supported by the NSFC under Grant No. 11427904, 
No. 11475232 and No. 11535016. 
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however, the resonated frequency of cavity can be tuned 
to TE115 mode by configuring directions of the stems. 
Shown in Fig. 4 and Fig. 5, the biggest feature of the 
HOM-DTL is that the axial accelerating e fields of gaps 
are quite flat, even in the two end gaps. The flat e field 
distribution makes the field tuning of cavity very easy. 
The proposed HOM-DTL adopts 10 stems and 11 gaps, 
and the total length is 1m. Shown in the table 1, when the 
Kilpatrick factor adopts 1.5, the simulated total voltage of 
the HOM-DTL is 1.93MV, and the shunt impedance of 
the HOM-DTL is calculated as 91.8 MΩ /m that is better 
than other structure linacs in same beam beta region 
shown in Fig. 1 and normal DTLs shown in Fig. 2. That 
indicates the 325MHz HOM-DTLs have a better power 
efficiency in the medium energy region. 

Figure 4: RF property of TE115 mode (solid line) in the 
HOM-DTL. Dot line shows RF property in IH-DTLs. 

Figure 5: Flat e f ield  distribution  o f  TE115 mode i n 
the HOM-DTL. 

Because an existing mainl coppery frame (copper-
colored part in the Fig. 3) was adopted for simulations 
and fabrications of the 325MHz HOM-DTL, the 
optimization of the RF structure design is limited. In our 

opinion, the shunt impedance could be increased 1.5 
times of the calculated 91.8 MΩ/m.  

Table 1: The Simulated Parameters of the HOM-DTL 

Items Value 
Frequency / MHz 325.008 
Gap No. 11 
DT No. 10 
Cavity diameter / mm 660 
Beam bore / mm 20 
DT diameter / mm 40 
β  (particle energy) 0.173 
Inner length / mm 800 
Total voltage / MV 1.93 @ 1.5 Kp. 
Dissipated power / kW 50.6 @ 1.5 Kp. 
Q value 9167 
Shunt impedance / MΩ /m 91.8 

The RF properties of proposed HOM-DTL are 
confirmed by MWS, shown in Fig. 6, according to the 
resonated TE11n order, the frequency shows an uptrend 
and the Q value shows a downtrend. The downward Q 
indicates that the RF mode is more higher, the higher RF
power is needed. Based on our calculations, the ridges 
have a big effect on the cavity RF property. The height of 
the ridges is more higher, meanwhile the stems are more 
longer, the Q value is more higher. The TE114 is 
308.223MHz, the desired resonated RF mode is 325MHz 
which is totally separated from the neighbor mode. 

Figure 6: Resonated RF mode and Q values of 
calculated HOM-DTL. According to  the TE 11n order, the 
Q shows a downtrend and the frequency shows uptrend. 

And same with the normal IH-DTLs, the hottest part of 
the HOM-DTL is the stem [9]. Shown in Fig. 7, the 
surface current concentrates in the stems. Though we are 
limited by budgets, and the HOM-DTL will be carried out 
low power test and aimed to test the shaping method 
without alignment. However, the cooling designs of stems 
should be considered for possibilities of future use. 
According to the ANSYS calculations, with 10 water 
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routes for stem cooling and 10% duty, the maximum 
deformation is occurred in the cavity (between two 
tuners) and the maximum temperature is about 400C and 
locates in the first tube.  

Figure 7: Images of surface current (left part) and multi-
physics analysis. The intensity increases as the color 
changes from blue to yellow and to red. 

The frequency tuning is being designed using four 
tuners. Both sides of the main frame have two tuners, and 
the tuners are uniform distribution in the beam direction. 
The diameter of tuners is 60mm, and the preset inserting 
length of the tuners is 35mm. According to our 
simulations, the adjustment region of frequency is 
±1.56MHz which is enough for frequency tuning.   

FABRICATION 
The HOM-DTL is being fabricated in manufacturing 

company. Shown in Fig. 8, although the main frame is 
being shaped from a block copper by using a numerical-
controlled machine tool, the cavity wall is being bent 
from an aluminum sheet because of the budget limitation. 
The stand supports the main frame directly by using two 
stainless holders. And two tuner-supports fixes the four 
tuners. The tuners are also made from aluminum material. 

Figure 8: Assembly image of the HOM-DTL. The main 
frame is made from oxygen-free copper material. The 
other cavity parts (walls and the tuners) are being made 
from aluminium material. 

SUMMARY AND FUTURE PLAN 
A HOM structure cavity driven by TE115 RF mode was 

calculated and simulated for high energy beam bunching. 
Its shunt impedance is higher than IH-DTLs and Alvarez 
type DTLs in medium energy acceleration. Along the 
800mm axis, the designed 325MHz HOM-DTL buncher 
could induce 1.93MV with flat e field distribution along 
the axis. Its shunt impedance is 91.8 MΩ/m with a safe 
Kp factor of 1.5. The core part of the HOM-DTL is being 
shaped from a block copper, and other parts are being 
fabricated from aluminium material. 

The fabrication and assembly will be finished by the 
end of this October. Our team will carry out a low power 
test for measuring the RF properties such as resonated 
frequency and e field distribution. Also, we are applying a 
national natural science foundation of China for future 
copper fabrication of the cavity wall.  
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ERROR ANALYSIS AND RF OPTIMIZATION OF A COMPACT RFQ* 
 

K. D. Wang †, X. J. Yin, Z. S. Li, H. Du, Q. Y. Kong, X. N. Li, Institute of Modern Physics,  
Chinese Academy of Sciences, Lanzhou, China, also at Huizhou Research Center of Ion Sciences,  

Huizhou, Guangdong, China 
 
Abstract 

A 162.5 MHz, 7.2 MeV 4-rod radio frequency quadru-
ples (RFQ) dynamics design has been finished for injector 
of a carbon ion cancer therapy facility which is promoted 
by the Institution of Modern Physics (IMP) of the Chinese 
Academy of Science (CAS). A detailed error analysis was 
performed after the optimization process. Field flatness er-
ror is analysed for determining a RF optimization target. 
The RF structure is designed based on a new type dynamics 
design. Electric field of the RF structure is optimized in or-
der to supporting the dynamics design. The error analysis 
and detailed field flatness optimization of this compact 
RFQ have been presented and discussed in this paper.  

INTRODUCTION 
Hadron therapy offers superior dose conformity in the 

treatment of deep-seated tumours compared with conven-
tional X-ray therapy due to its Bragg-peak feature of en-
ergy deposition in organs [1]. So many accelerator facility 
dedicated to cancer therapies have been constructed in 
these years. One of them is Heavy Ion Medical Machine in 
Lanzhou (HIMM), which has been designed and con-
structed by IMP (Institute of Modern Physics). A linac is 
designed to replace cyclotron as the accelerator injector in 
the next generation HIMM, which consists of an ECR ion 
source, a 162.5 MHz RFQ, a compact Interdigital H-mode 
Drift-Tube-Linac (IH-DTL), and beam transport lines. The 
layout is shown in Fig. 1. 

 
Figure 1: Layout of the linac injector of cancer therapy facility. 

A RFQ operated under 162.5MHz as important part of 
this linac has been designed. It accelerate 12C4+ beam from 
8keV/u to 600keV/u with 0.1% duty factor. Unlike most 
research facilities, this RFQ need not running with high 
current and high duty factor. The optimization of designing 
this type RFQ is focus on compact structure, high stability 
and low cost. Based on a traditional setup, a new compact 
fast-bunching design is introduced to optimize. The whole 
dynamics design process is supported by PARMTEQM [2]. 
This method is used to create a more compact structure by 
ignoring the space-charge effect [3]. Finally, RFQ structure 
length is shorten from the standard design value 272cm to 

230 cm, while effectively regulating the particle loss and 
emittance growth. The final parameters is shown in the Ta-
ble 1. And main parameters as a function of position z. is 
shown in Fig. 2. 

Table 1: Main Dynamics Parameters for RFQ 
Parameter Value 
Frequency (MHz) 162.5 
Beam current (euA) 200 
Input energy (keV/u) 8 
Output energy (keV/u) 601.45 
Duty factor 0.1% 
Kilpatrick factor 1.83 
Minimum aperture (a)(cm) 0.3 
Input trans. emit. (π·mm·mrad) 0.200 
Output trans. emit. (π·mm·mrad) 0.199 
Output longitudinal emit. (π·MeV·deg) 0.242 
Length of the vane (cm) 230.14 
Transmission efficiency 99.3% 

 
Figure 2: The RFQ beam dynamics parameters as a func-
tion of position z. 
 It can be seen from Fig. 2 that the bunch process is 
completed in a short time in this design, which shorten 
overall structure length. Based on the dynamics design, the 
error is analysed from two aspects: 1. Input beam errors; 2. 
Errors of field flatness distribution along inter-vane. The dy-
namic design of RFQ is tested by the tolerance of mis-
matched beam. And optimization objective of RF design is 
carried out by the error analysis of field flatness. The RF 
design has been optimized to meet the requirement of field 
flatness. 
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ERROR ANALYSIS 
Input Beam Errors 

 The beam injected into RFQ is affected by the stability 
of ion source and power supply of LEBT transmission line 
[3]. The beam parameters are usually different from the 
ideal condition given in the design. The RFQ's compatibil-
ity to the undesired beam is researched as a comprehensive 
consideration of the RFQ front-end device.  
 For the RFQ dynamics design, beam emittance at en-
trance of the RFQ is 0.2 πmm∙mrad (Norm. RMS), beam 

current is 0.1 pmA, and the energy is 8 keV/u with zero 

energy spread and 360° phase width. Through simulation 
of the PARMTEM, the input error impact is shown in the 
Fig. 3. During the simulation, one of the parameters such 
as the emittance, current or energy spread of the input 
beams is adjusted while the other parameters are kept con-
stant. It could be found that 8% energy dispersion, 1 pmA 
(4 emA) current and 0.375 πmm∙mrad (Norm. RMS) emit-
tance can be tolerated under 90% transmission efficiency 
respectively. The tolerances for three parameters errors are 
far greater than the actual requirements, because during op-
eration, input beam errors are the superposition effect of 
these three errors. 

 
Figure 3: From left to right is transmission efficiency as a function of Norm. RMS transverse emittance, beam energy 
spread and beam current respectively. 

Field Flatness Errors 
Four-rod structure is chosen due to the compact struc-

ture and low cost. For four-rod RFQ, the optimization of 
field flatness is very important, which directly affect beam 
transmission. Field flatness error has been researched here 
as it is considered as the main error of RF design. 

Except for the impact of a non-ideal input beam on the 
RFQ, there are some errors which result from fabrication, 
assembling, and operation. These errors are always added 
in the research process. They are uniformly distributed in 
the ranges listed in Table 2. The dR value refers to the error 
of the electrode pole radius, and the d refers to the error of 
the depth of the modulation curve. The ϕ refers to the error 
of the RF phase, which is determined by the precision of 
the RF phase control system. The ΔT and ΔL are the cavity 
position offsets produced during installing. All of these 
values are set based on prior experience learned from SSC-
Linac fabrication [4].  

 
Table 2: The Setting of the RFQ Errors 

Parameter Range 
Distribution Uniformly 
dR(mm) ±0.1 
d(mm) ±0.1 
ϕ(°) ±1 
ΔT(mm) ±0.2 
ΔL(mm) ±0.2 

 
Based on the fabrication, assembling errors, the field 

flatness error is set as 3.5%, 4% and 5% respectively for 

researching field flatness impact. Through analysis of 1000 
sets of errors, the probability distribution of the beam loss 
is determined using TraceWin simulations as shown in the 
Fig. 4. The calculated transmission efficiency is slightly 
higher than that of PARMTEQM, because the electric field 
and the beam loss criteria are different [5]. As shown in 
Fig. 4, the relative frequency of beam loss distribute mainly 
less than 5%, when the field oscillations is 3.5%. That 
means the beam transmission efficiency can be maintain 
upon 95% with 3.5% field flatness. 

 
Figure 4: The relative frequency of the beam loss with different 
field oscillations. 

RF DESIGN OPTIMIZATION 
 4-rod type is chosen for this RFQ, because it has ad-
vantages in flexibility for tuning and more convenient for 
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maintenance [6]. An initial RF design is carried out by the 
CST Microwave Studio (MWS) [7], after the cavity type 
choosing. The field flatness as one of the important char-
acteristics constrain the performance of RFQ. It will influ-
ence the beam quality and transmission efficiency badly. 
For the impact of end effect of 4-ROD RFQ, the inter-vane 
field along the RFQ forms a shape which the both ends is 
higher than the midium. The general method to improve 
this fluctuation of the electric field is changing the resonant 
frequency of the basic cell through adjusting the height of 
the tuner block between the stem. While local electric field 
will decrease with local resonant frequency decrease [8]. 
Theoretically, the adjustable variables increase with the 
blocks increase. The numbers of the blocks determines the 
difficulty and the limit of adjustment. And optimization of 
the numbers and height of blocks is a process of trial and 
error. For this RFQ, optimization objective of field oscilla-
tions is around 3.5%. Through field flatness error analysis, 
this field oscillations is enough to guarantee beam trans-
mission. The final block position is shown in the Fig. 5.  
The Fig. 6 indicates the field flatness comparison between 
initial structure and structure with tuner block. The field 
flatness is judged by the formula: 

Unflatness =
𝐸𝐸 − 𝐸𝐸�
𝐸𝐸�

 

where E is the electric field value in the every quadrant. 𝐸𝐸� 
is the average electric field in corresponding quadrant. 
Through optimizations, the fluctuation of the electric field 
is kept less than ±3.5%, which could satisfy the operating 
requirement. 

 
Figure 5: Setting of RFQ block (The right end of figure is 
beam inlet). 

 
Figure 6: Average fluctuation of the electric field along the 
longitudinal position. 

CONCLUSION 
Based on the dynamics design, the input beam errors 

and the field flatness errors has been analysed. The feasi-
bility of dynamics design was demonstrated by the toler-
ance of non-ideal input beams. And the optimization objec-
tive of the field flatness has been determined through the 
error analysed. Based on this optimization, the field flat-
ness in RF design is less than 3.5%, which could guarantee 
beam transmission. 
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Abstract 
A new cavity structure of RFQ accelerator with bent 

vanes is proposed to meet the miniaturization requirement 
of low frequency accelerators. The new structure has a 
downsized cross section by bending vanes while keeping 
a certain vane lengths. It also possesses the advantages of 
simple cooling structure in low frequency field. The new 
structure has obvious advantages in reducing manufactur-
ing difficulty of cavity, cutting down project cost, enhanc-
ing facility reliability and stability. 

INTRODUCTION  
Radio frequency quadrupole (RFQ) can accelerate, fo-

cus and bunch particle beam in the low energy field, 
which is generally used as an injector for high energy 
accelerator. Four-rod type and four-vane type are main 
RFQ accelerator structures. Four-rod RFQ is used in the 
low frequency field and four-vane RFQ is applied in the 
high frequency field [1]. However, the cooling structure 
of four-rod RFQ is quite complex so that it is difficult to 
design and machine cavity and the lateral dimension of 
four-vane RFQ is large in the low frequency band which 
increases machining difficulty and cost [2]. In addition, 
four vane with windows RFQ can decrease the cross-
section length in the low frequency band, but its cooling 
structure is extremely complicated and the windows can 
directly influence mechanical strength of the cavity and 
electric field flatness. 

In order to overcome the disadvantages of above three 
kinds of RFQ accelerators, a new RFQ structure is pro-
posed called bent-vane type RFQ at Institute of Modern 
Physics (IMP), Chinese Academy of Sciences. It signifi-
cantly reduces the lateral dimension of the cavity in the 
low frequency field and has a water-cooled system with a 
simple structure and sufficient cooling efficiency. The RF 
structure of bent-vane RFQ is presented in this paper. 

THEORETICAL FOUNDATION 
Considering an ideal four-vane RFQ with a cloverleaf 

geometry (Fig. 1), its equivalent circuit is shown in Fig. 2 
[1]. According to the equivalent circuit, the cavity quad-
rant radius is 

𝑟𝑟2 =
16

𝜇𝜇0(4 + 3𝜋𝜋)𝜔𝜔0
2𝐶𝐶′

 

where ω0 is the resonant frequency, C′ is the total capaci-

tance per unit length and µ0 is the permeability constant. 
This equation indicates that the lateral dimension can be 
decreased by increasing the capacitance at a fixed fre-
quency. 

Based on the discussion above, the vanes of four-vane 
RFQ are bent to increase the capacitance for reducing the 
lateral dimension of cavity. Hence, a new RFQ structure 
is proposed called bent-vane type RFQ, shown in Fig. 3. 

 
Figure 1: The ideal four-vane RFQ with a cloverleaf ge-
ometry. 

 
Figure 2: The equivalent circuit of the ideal four-vane 
RFQ with a cloverleaf geometry. 

RF STRUCTURE 
In order to obtain suitable lateral dimension and quality 

factor of bent-vane RFQ, the cross-section profile of bent-
vane RFQ is put forward with 13 independent variables, 
shown in Fig. 4. 
 

 ___________________________________________  
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Figure 3: The schematic diagram of the bent-vane type 
RFQ. 

r0, ρ and α1 are defined in the code RFQGen [3]. The 
other parameters can be optimized by ourselves using 
CST MWS [4]. Keeping frequency constant (81.25 MHz), 
it is explored that the other ten parameters have an impact 
on the lateral dimension, quality factor and  shunt  imped- 

 
Figure 4: The cross-section of bent-vane RFQ. 

ance of cavity, shown in Fig. 5 (only presenting four 
parameters). The optimization valves of the parameters of 
cross-section are listed in Table 1. The RF structure of 
bent-vane RFQ is shown in Fig. 6. 

 

 

 
Figure 5: The variation of the lateral dimension, quality factor and shunt impedance of bent-vane RFQ as the functions 
of the parameters of cross-section profile (only presenting four parameters). 
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Table 1: The Cross-Section Parameters of Bent-vane RFQ  

 

 

 
Figure 6: The RF structure of bent-vane RFQ. 

CONCLUSION 
 A new RF structure of RFQ accelerator is proposed 

called the bent-vane type RFQ. The new structure has a 
downsized cross section by bending vanes while keeping 
a certain vane length. It also has the simple cooling struc-
ture. The research cavity frequency is 81.25 MHz. The 
cross-section profile is defined with 13 independent vari-
ables. The optimization valves of the parameters of cross-
section are verified to the RF structure of the bent-vane 
RFQ. 
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Parameter Value Parameter Value 
r0 5.347 mm L 279 mm 
ρ 0.75 Rv 20 mm 
α1 10 Deg. α2 5 Deg. 
L1 10 mm Rw 40 mm 
L2 5 mm L4 10 mm 
Rb1 5 mm Rb2 5 mm 
L3 10 mm   
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Abstract 
Heavy Ion Medical Machine in Wuwei (HIMM-ww) is 

the first Chinese heavy ion accelerator facility developed 
for cancer therapy. After commissioning, the particle 
number after acceleration reached 1.5e9 ppp (particles per 
pulse), while injection exceeded 3e9 ppp. The slow ex-
traction efficiency reached nearly 90% for all energies 
from 120 to 400 MeV/u. The spill duty factor exceeded 
90% at a sample rate of 10 kHz. This paper reports the 
results of the synchrotron commissioning. 

INTRODUCTION OF THE 
SYNCHROTRON 

Heavy ion medical machine (HIMM) was constructed on 
the basis of the experience gained from the Heavy Ion Re-
search Facility in Lanzhou-Cooler Storage Ring (HIRFL-
CSR) project [1]. HIMM facility consists of an electron cy-
clotron resonance (ECR) ion source, a cyclotron injector, a 
compact synchrotron ring, and 5 nozzles [2]. The C5+ 
beam generated by the ECR ion source is pre-accelerated 
by the cyclotron to 6.2 MeV/u and then injected into the 
synchrotron using the charge exchange injection method 
[3]. The injected beam is accelerated from 6.2 MeV/u to an 
extraction energy ranging from 120 to 400 MeV/u. 

The layout of the synchrotron, which has a two-fold 
symmetry structure composed by 8 dipoles and 12 quadru-
poles, is shown in Fig. 1. Two long straight sections are 
used for injection and extraction respectively and four me-
dium-long straight sections are occupied by RF cavity, 
DCCT (DC Current Transformers), ES (Electrostatic Sep-
tum), transverse RF, respectively. The parameters of the 
ring are listed in Table 1. 

 
Figure 1: Schematic layout of the HIMM synchrotron ring.
 ___________________________________________  
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BEAM COMMISSIONING RESULTS OF 
THE SYNCHROTRON 

Figure 2 shows the current ramping shape of the syn-
chrotron’s main quadrupole power supply (the power sup-
ply of the dipoles has the same shape as the quadrupoles) 
and the extraction bump at the  extraction  flattop [3]. The 
synchrotron cycle is 7 seconds. The extraction beam en-
ergy is 260 MeV/u. The horizontal and vertical axes repre-
sent the time and amplitude of the power supply, respec-
tively. The extraction duration is 2 seconds. The ramping 
time of the extraction bump is less than 10 ms, and the flat-
top duration is the same as that of the dipole magnet.  

 
Figure 2: Ramping shape of the quadrupole and extraction 
bump. 

Different with other cancer therapy facility in the world, 
the cyclotron is adopted as the injector. The beam intensity 
of the cyclotron is less than 10 uA. To store enough parti-
cles in the ring, the CEI (charge exchange injection) 
method, which regardless of Liouville’s theorem allows 
beams to be injected at the point of phase space already 
occupied by previously injected beam [3], is adopted. 
Therefore, an intense beam can be accumulated in the ring 
without largely increasing the beam emittance. In addition, 
the injected beam can be painted in the horizontal phase 
space by changing the local closed orbit during injection to 
reduce the hitting probability at the stripping foil, thus in-
creasing the injection efficiency. 

Figure 3 is the DCCT signal which shows the beam in-
tensity during the whole cycle. The extraction beam energy 
is 260 MeV/u in Fig. 3.  The  beam  intensity  after injection 
is 1800uA which corresponding to the particles number of 
3e9. The beam capture efficiency is 50%, and the acceler-
ate efficiency is approximately 95%. 

BEAM COMMISSIONING IN THE FIRST CHINESE DEMO CANCER 
THERAPY SYNCHROTRON

Beam Injection and Acceleration
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Figure 3: beam intensity of on the DCCT. 

 
Five beam energies, 120, 190, 260, 330, and 400 MeV/u, 

with an energy separation of 70 MeV/u were chosen as the 
commissioning energies for passive scanning. A total of 
123 energies separated by nearly 2.3 MeV/u corresponding 
to the Bragg peak in water with a range step of 2 mm from 
120 to 400 MeV/u were used for active scanning. 

The beam duty factor is an important parameter to indi-
cate the spill quality. The duty factor defined as follows [4]:  

, 

where I(t) is the spill intensity and T1 and T2 define the 
time range where the duty factor is computed. 

To improve the spill duty factor, amplitude modulation 
[5] and longitudinal RF modulation [6, 7] were adopted. 
The longitudinal RF voltage keeps in a constant value on 
the extraction duration to improve the spill duty factor.  

To flatten the whole spill, the TRF voltage should be 
changed exponentially with time [5]. The polynomial func-
tion was adopted in our case to save the calculation time in 
every synchrotron cycle. The beam duty factor is approxi-
mately 90%. 

The fast quadrupole (FQ) feedback system is adopted to 
flatten the spill. The FQ feedback system is mainly used 
for beam flattening in the macroscopic aspect of the spill. 
The main quadrupole ripple is less than 3 × 10-5; therefore, 
the feedback system for spill microscopic flattening is un-
necessary. Inversely, the FQ system may import extra spill 
ripple because it has the response time during the feedback 
procedure. Additionally, the beam position in the terminal 
will change as the FQ causes the separatrix change. There-
fore, the beam feedback system was adopted only for the 
passive scanning. Figure 4 shows the spill with feedback. 
The beam energy is 400MeV/u. The duty factor exceeded 
95%. 

  
Figure 4: Spill structure with feedback. 

Typical spill structures for 4 other passive scanning en-
ergies, 120, 190, 260, and 330 MeV/u,  are shown in Fig. 5. 

The sample rate of the spill is 10 kHz. The extraction 
flattop is 2 seconds, but in fact the extraction time is usu-
ally less than 2 seconds. This is because the particle num-
bers in every synchrotron cycle fluctuate. The reference in-
tensity must be slightly larger than the actual beam inten-
sity to ensure the beam is extracted completely during the 
extraction flattop.

Figure 5: Screenshot of the time structure shown in the ionisation chamber.

Figure 6 shows the 400MeV/u beam signal viewed in the 
anode-stripped ion chamber in the terminal. The anode-
stripped ion chamber has an effective area of 

200mm×200mm. There are 200 strips in each of the hori-
zontal and vertical directions. The definition of the beam 
position is less than 0.2 mm after gaussian fitting. The two 

Slow Extraction
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upper figures show the beam profile in x (horizontal) and 
y (vertical) direction, respectively. The horizontal axis is 
the position of the beam, while vertical axis is the time du-
ration. The colours represent the relatively beam intensity, 

black is 0 while white means great than or equal to 5.0. The 
lower two figures show the beam profile and the gaussian 
fitting. 

 
Figure 6: Beam signal viewed in the anode-stripped ion chamber. 

Figure 7 shows the extraction efficiency vs energies. The 
ionisation chamber was installed only in the treatment 
room. The slow extraction efficiency measured includes 
the HEBT transfer efficiency. The theoretical extraction ef-
ficiency can reach 99% since the step width of the beam is 
nearly 10 mm at the entrance of the ES, the thickness of the 
wire is 0.1 mm, and the HEBT efficiency is 100% in theory. 
Actually, to decrease the spark of the ES, the maximum ES 
voltage is 115 kV, which is lower than the designed value 
of 135 kV. The gap of the ES also decreased from the de-
signed value of 15 mm to 12.5 mm to maintain the electri-
cal field strength. The alignment error of the ES wire, the 
closed orbit, the large horizontal chromaticity, and the 
large momentum spread vs the narrow gap of the ES will 
cause beam loss, which decreases the extraction efficiency. 

 
Figure 7: Beam energies vs. extraction efficiency. 

SUMMARY 
After commissioning, the particle number after accel-

eration reached 1.5e9 ppp (particles per pulse), while 

injection exceeded 3e9 ppp. The slow extraction effi-
ciency reached nearly 90% for all energies from 120 to 
400 MeV/u. The spill duty factor exceeded 90% and 95% 
at a sample rate of 10 kHz without feedback and with 
feedback, respectively.  

For a square irradiation field, the uniformity was better 
than 106% after the magnet scanning in treatment rooms. 
The uniformity defined as , where  and 

 are the maximum and minimum lateral dose distri-
bution in the middle line of the horizontal and vertical di-
rections.  
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HIGH RESOLUTION MASS SEPARATOR DIPOLE DESIGN  
STUDIES FOR SPES PROJECT 

C. Baltador, M. Comunian, L. Bellan, M. Cavenago, A. Galatà, L. Ferrari, A. De Lorenzi*,  
F.Mosio and A.Pisent 

INFN-LNL, [35020] Legnaro, Italy 
*Consorzio RFX,[35127] Padova, Italy 

Abstract 
The purposes of the SPES (Selective Production of Ex-

otic Species) project at INFN laboratory in Legnaro (Italy) 
is to study nuclei close to the drip lines. Therefore, a High-
Resolution Mass Separator (HRMS) must provide full sep-
aration of the ions with a resolution 1/20000, to be sensible 
to the proton-neutron mass difference in the fission prod-
ucts. SPES HRMS consists of: two 90° magnet dipoles, one 
electrostatic multipole in between them, six electrostatic 
quadrupoles, two electrostatic hexapoles and two electro-
static triplets before and after the slits on the object and 
image point. All these components will be installed on a 
high voltage platform with a maximum operating voltage 
of -240 kV. Before entering the HRMS, a 40 keV energy 
beam go through an RFQ Cooler, designed to have an out-
put energy spread of 1 eV. Mass separation within target 
resolution is the most critical part: dipoles must provide a 
magnetic field homogeneity of 4 10-5 throughout beam oc-
cupancy (half magnet pole surface), at a field intensity of 
0.562 T for the reference ion 132 Sn. Therefore, a very ac-
curate dipole design is mandatory. This contribute will 
show the studies which lead to a possible dipole design. 

INTRODUCTION 
The Selective Production of Exotic Species (SPES) pro-

ject at INFN-LNL Legnaro, Italy is a radioactive ion beam 
(RIB) facility [1,2]. Many field of interests will character-
ize its experimental life, ranging from basic research in nu-
clear physics and astrophysics to interdisciplinary applica-
tions, like production of radionuclides of medical interest 
and the generation of neutrons for material studies, nuclear 
technologies and medicine. SPES RIB production is based 
on the ISOL method with an UCx Direct Target able to sus-
tain a power of 10 kW. The primary proton beam is deliv-
ered by a high current Cyclotron accelerator, with energy 
35-70 MeV and a beam current of 0.2-0.5 mA. Neutron-
rich radioactive ions will be produced by proton induced 
Uranium fission in the UCx target at an expected fission 
rate in the order of 1013 fissions per second. The exotic iso-
topes will be re-accelerated by the ALPI superconducting 
LINAC at energies of 10A MeV and higher, for masses in 
the region A=130 amu at expected rate on the secondary 
target of 107 – 109 pps.  

In the framework of the SPES project, the High-Resolu-
tion Mass Spectrometer (HRMS) must provide high puri-
fication of the 132Sn ion beam and > 95% transmission. The 

design goal is to achieve a mass resolving power ∆𝑚 𝑚⁄ ൌ1 20000⁄ .  

HRMS LAYOUT 
The design choices made for the HRMS are common 

from the medium mass separator (MRMS) of SPES [3], 
which is now under installation and will be used as a test 
stand for the HRMS. Similar optics layout is used in recent 
projects [4,5,6], with different choice of parameters. 

The HRMS general layout, which is perfectly symmetric 
with respect to the central axis, is presented in Fig. 1. 

 
Figure 1: HRMS layout on high voltage platform. 

HRMS will be installed on a High Voltage platform (rep-
resented by the light blue line) with a maximum operating 
voltage of -240 kV. The beam, which is extracted from the 
source with 40 keV energy, enters HRMS from the right-
hand side branch of the device. The object and image slits 
(HR.BI.03-6) delimit separator entrance and exit.  

More in details, following the beam path, an accelerating 
column (HR.AT.01) gradually accelerates the beam to 
accommodate its energy for the HV platform and then it 
will pass through the following components: 

• an electrostatic triplet (HR.3EQ.02); 
• two electrostatic quadrupoles (HR.EQ.01-2); 
• one electrostatic hexapole (HR.EH.01-2); 
• a single electrostatic quadrupoles (HR.EQ.03); 
• a magnetic dipole (HR.D.01-2), H-shaped with bend-

ing angle 𝜑 ൌ 90° ; 
• one electrostatic multipole (HR.EM.01); 
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After the multipole, the beam will pass through the same 
array, but with inversed order.  

From the optical point of view, the spacing between the 
elements is set to achieve unit magnification imaging from 
slit to slit in the horizontal plane. Hexapoles are added to 
provide dynamics correction aberration: in a separator the 
horizontal size of the beam is large in the dipoles so that 
geometrics aberrations occur. The triplet is needed to create 
a waist into the object point of the separator. All the 
components, excluding the dipoles, are electrostatic to 
avoid mass dependences outside the dipoles, for a given 
energy. Table 1 summarizes the specifications of the 
various components. 

Table 1: HRMS Components Specifications 
Element Nom. Value  Units / Note 
HR.3EQ.02/03 -7 / +6 / -7 kV / triplet 
HR.BI.03/06 1.1   mm/object-image  
HR.EQ.01/06 -9.6 kV 
HR.EQ.02/05 +4 kV 
HR.EH.01/02 < 1 kV / hexapole 
HR.EQ.03/04 -6 kV 
HR.D.01/02 0.5623 T 
HR.EM.01 < 1 kV /multipole 
 

 
Figure 2: Emittances of three resolved isobars at image slit 
as from beam optics simulations (Tracewin). 

HIGH RESOLUTION ISSUES 
Mass resolution relates directly with the displacement ∆𝑥 of the beam at the image point with respect to the 

position at the object slit through the relation: 
 ∆𝑥 ൌ 𝐷 ௗ௠௠   (1) 

 
where 𝐷 is the dispersion of the separator. In general, the 
larger ∆𝑥 the lower the horizontal overlap of the separated 
isobars at the image point. Large dispersion is therefore 
needed: in HRMS case 100 m dispersion is expected, 
leading to 2.5 mm isobar separation at image slit, provided 
the 1/20000 mass resolution (see Fig. 2).  

However, many issues can degrade the resolutive power 
of a separator. In this contribution only general overview is 

presented, while a deep study about sources of perfor-
mance degradation for HRMS is presented in [7]. 

Magnetic mass separators, like HRMS, discriminates 
momentum, since deflection of charged particles under an 
external vertical magnetic field, is described by the mag-
netic rigidity relation: 

 𝐵𝜌 ൌ ௣௤  (2) 

 
By applying the logarithm derivatives to 𝑝ଶ ൌ 2𝑚𝐸 (𝑚 

the mass and 𝐸 ൌ 𝑞𝑉 the energy of the particle), one has: 
 2 ௗ௣௣ ൌ ௗ௠௠ ൅ ௗாா   (3) 

 
This gives the important information that energy varia-

tion can have the same effect as a mass variation. Hence, 
the energy spread of the beam must be in of the same order 
mass resolution, otherwise HRMS performances would be 
affected. This immediately translates in terms of voltage 
stability of the high voltage platform to be in the range of 
less than 1V for a nominal beam of 260 keV. 

Beam emittance also needs to be as small as possible. 
Emittance 𝜀 and mass resolution relates through the 
relation:  ௗ௠௠ ൌ ଶఌ஽ ௫ᇱ,  (4) 

 
being 𝑥′ the beam divergence. Equation (4) shows that a 
beam featuring small emittance is mandatory for achieving 
the needed purification level. An RFQ Cooler (currently 
under development by LPC [8]) is prescribed to be placed 
before HRMS entrance to reduce energy spread and 
emittance: its design goals are indeed an output energy 
spread >±1eV and transverse emittance reduction by a 
factor 10. From the combined action of C-RFQ and the 
acceleration provided by the HV platform a 3.2 mm mrad 
geometric emittance is expected at object slit. 

Anyway, the most critical role to satisfy the requirements 
for a mass separation resolution of 1/20000 is played by the 
two dipoles, in terms of mechanical design. This can be 
easily understood, since the wanted resolution implies a 
very high magnetic field homogeneity within the poles. 
From (2), since 𝑣 ൌ ඥ2𝑚𝑉 𝑞⁄ , by logarithm derivations 
one gets: ௗ஻஻ ൌ ଵଶ ௗ௠௠   (5) 

 
Hence, field deviation from the reference value must lie 

within a range of the same order of magnitude of the mass 
separation that has to be resolved. i.e. 5 10-5. Otherwise a 
field variation would act as a mass variation, in the same 
fashion as discussed before for the energy spread.  

DIPOLE DESIGN 
Designing a suitable dipole capable to achieve the field 

homogeneity needed to preserve the 1/20000 mass 
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resolution is therefore mandatory for the HRMS. Table 2 
summarizes main beam reference parameters. 

HRMS features two H-shaped dipoles with bending 
angle 𝜑 ൌ 90°. The following relation directly relates the 
curvature radius to the dispersion generated by a dipole: 

 𝐷 ൌ 𝜌ሺ1 െ cos 𝜑ሻ  (6) 
 

When the bending angle is 𝜑 ൌ 90° than 𝐷 ൌ 𝜌. 
Therefore, two identical dipoles, like in our case, would 
double the dispersion. Of course, one single 180° dipole 
would act in the same fashion, but this configuration allows 
for the installation of the electrostatic multipole for high 
order aberration corrections [9]. From equation (1), we 
know that large dispersions values are beneficial for the 
mass resolution. Unfortunately, practical limitations to the 
overall HRMS size is due to the small space available on 
site, for the platform and the overall services around it. The 
maximum possible curvature radius for the dipoles is 𝜌 ൌ1500 mm. 

Table 2: Beam Reference Parameters 
Geometric Emittance 3.2 4σ mm*mrad  
Ion Mass (q=1) 132 amu 
Beam Energy 260 KeV 
RMS Energy Spread 1 eV 
RMS Spot size at image 0.3 mm 
Maximum X range 500 mm 

The reference vertical magnetic field inside the dipoles 
is then derived from the rigidity relation (2) as 𝐵௬ି௥௘௙ ൌ0.562 𝑇. 

The entrance and exit edges of the magnetic dipoles are 
angled (𝛼 ൌ 27°, 16′) with respect to the beam trajectory 
to provide vertical focusing. Edges also feature circular 
curvatures to correct hexapole aberrations deriving from 
second order components of the dipole field: 

 𝑟௘ௗ௚௘ ൌ ஻೤షೝ೐೑ଶ஼೓೐ೣೌ೛೚೗೐ ሺsec 𝛼ሻଷ  (7) 

 
where 𝐶௛௘௫௔௣௢௟௘ ൌ 0.163 𝑇 𝑚⁄  is the hexapole term 
coefficient, given by Tracewin [10] simulations. 

From beam optical simulations done with Tracewin, 
info on beam horizontal and vertical extensions can be 
obtained (see bottom part of Fig. 3. These information are 
needed for pole gap and length sizing. The electrostatic 
components of the HRMS are configured to produce a very 
narrow beam at the dipole entrance, but despite a 40 mm 
pole gap of can be enough as vertical acceptance, helping 
also for power saving, a too complex vacuum chamber 
installation pushed for a 60 mm gap. 

Turing to the pole length, the choice of an initial 900 mm 
was made with the rule of thumb to almost double the 
horizontal beam extension of 500 mm (see upper part of 
Fig. 3). It was then possible to optimize this value to 
860 mm. In more details the density profiles given by 
Tracewin state that the 68% of the beam lies within ± 115 

mm, the 90% within ± 220 mm and the 99% within ± 250 
mm, with respect to the optical axis. 

The size of the coil cross section, chosen on power 
saving considerations, and the magnetization level of the 
iron in working condition, define the return yoke size. It is 
important to try to keep the magnet working as much as 
possible, in the linear range of the B-H curve: in our case, 
we have considered XC06 iron and the magnetization level 
limit of 1.6 T, which was a good compromise between 
magnetization level and magnet weight. A summary of the 
main dipole parameters are listed in Table 3. 

 

 

 
Figure 3: Beam density on horizontal (top) and vertical 
(bottom) planes, from object slit to image slit (Tracewin). 

Table 3: Dipole Parameters 
Radius 1500 mm 
Bending Angle 90 Deg 
Vertical Gap (wrt centre)  ± 30 mm 
Pole length (wrt centre) ± 430 mm 
Nominal Magnetic Field 0.562 T 
Edge Angle 27.16  Deg 
Edge Hexapole radius 2220 mm 
Iron max. magn. level 1.6 T 
Coil current density 4.2 A/mm2 
Power 28 kW 

FIELD OPTIMIZATION 
As discussed before, the most critical aspect for 

achieving the 1/20000 resolution for the HRMS is the field 
homogeneity in between the two poles. The challenge arise 
not only by the homogeneity level 5 10-5, but especially 
because this goal has to be achieved throughout all the area 
where the beam is intended to pass inside the dipole that is 
very large, since the high dispersion inside the dipole 
(upper part of Fig. 3). The idea is that the magnet must 
behave like an ideal infinite, hard-edge dipole.  

A possible approach that can be followed for the 
optimization process is to optimize the dipole cross section 
shape at first, achieving the desired homogeneity along the 
transverse direction with respect to the optical axis, with 
2D simulations. The optimized cross section can then be 
transposed to the third dimension, where a second 
optimization process is needed to consider the asymmetry 
introduced by the dipole-bending angle. 

The observable throughout all the process is the field 
flatness, defined as: 
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൬ ஻೤ሺ௦ሻ஻೤షೝ೐೑൰ െ 1 ൌ 0 േ 4 10ିହ  (8) 

 
where 𝑠 is the pole length x-position for the 2D simulations 
and the longitudinal angular position of the dipole in the 
3D simulations. With this definition for the flatness, we are 
looking for a profile that is zero within the 4 10ିହ range. 

The following design studies were carried out with the 
TOSCA package of the commercial fem software OPERA-
3D [11].  
 

 

 
Figure 4: Cross sectional view of ¼ dipole (top) and Flat-
ness profile (bottom). 

2D Optimization 
With 2D simulations, it is possible to investigate the best 

design solution for the field flatness in the transverse 
direction with respect to the optical axis. Many solutions 
were investigated. In the end, the best result was obtained 
with the Purcell-cell design, in combination with the 
Rogowsky shaped pole edge. 

The Purcell-cell design consists in a fully magnetically 
detached pole from the rest of the yoke. We can address to 
the detached pole as the ‘floating pole’, while to the gap in 
between as ‘Purcell gap’ (see upper part of Fig. 4). The 
Rogowsky edge profile is a curve given by the following 
equation: 𝑦ோ௢௚ ൌ 𝐺 ቀଵଶ ൅ ଵగ 𝑒ቀഏಸೣ ିଵቁቁ ,  (9) 

 
where 𝑦ோ௢௚ is the y position at which the Rogowsky curve 
has to stop and 𝐺 is the full dipole gap.  

With a correct choice of Purcell gap vertical position 
and 𝑦ோ௢௚, a flatness profile within 5 10ି଺ was even 
achievable. The lower part of Fig. 4 show the flatness 
profile, as defined by equation (8), in function of the pole 
length. The vertical axis is limited to the reference flatness 
goal of 4 10ିହ, while dashed lines are reference flatness 
values. Lastly, horizontal beam density information are 
given by the coloured areas: the 68% of the beami is 
enclosed by the pink area, the 99% by the red and the 99% 
by the green one. 
 
3D Optimization 

Moving to the third dimension the bending angle of the 
dipole introduces an asymmetry that cannot be considered 
in the two 2D cross section. This asymmetry generates a 

field hot-spot in the dipole ‘elbow’. This is show in the 𝐵௬ 
map a) of Fig. 5. This field map corresponds to the simple 
extrusion of the 2D cross section presented in the upper 
part of Fig. 4, to which hexapole curvatures to the entrance 
and exit faces was added only. Note that the colour scale in 
Fig. 5 ranges within ±10-4 with respect to 𝐵௬ି௥௘௙. 

 

 
Figure 5: Field homogeneity rough optimization. Field 
maps inside the dipole after: a) simple extrusion of 2D 
cross section; b) magnetic flux balance; c) Rogowsky pro-
file extended to the entrance and exit edges. 

Therefore, for flatness optimization, the asymmetry has 
to be counteracted. Since it consists in a different amount 
of iron between the internal and external curvature of the 
dipole, a good way to proceed is to balance the magnetic 
fluxes in the internal and external return yokes. The lack of 
iron in the internal curvature causes the increase of the 
magnetization level and consequently of the local relative 
permeability of the iron: this acts like a bottleneck for the 
magnetic flux. To restore the flux balance, the internal and 
external return yoke horizontal and vertical surfaces should 
be equalized, respectively. The two surfaces are high-
lighted with yellow dashed lines in the upper part of Fig. 4. 
This equalization can be done by increasing the amount of 
iron in the internal curvature for the horizontal surface, 
while cutting away iron as highlighted by the blue dashed 
line in Fig. 4, on the external part of the yoke for the verti-
cal one. The latter step causes the magnet top and bottom 
external surfaces to be not flat as usual. This is also bene-
ficial for dipole weight. 

The result of this flux balance can be seen in the field 
map b) of Fig. 5.  In Fig. 5 the field uniformity is now 
enhanced in the dipole centre, but there still something 
missing at the entrance and exit of the dipole. 

It makes sense, then, to extend the Rogowsky shape also 
to the entrance and exit faces of the floating pole. Until 
now, it was applied to the floating pole lateral edges only, 
as consequence of the extrusion of the 2D cross section. 
The consequences of this step are shown in the field map 
c) of Fig. 5, while Fig. 6 shows the model of the dipole, 
obtained so far. 
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Figure 6: OPERA model of the dipole: view of the pole 
face. 

Let refer to this last step as ‘opt-0’. It is now possible to 
look at the field flatness again but considering a flatness 
profile along the beam propagation direction, instead of 
transverse direction, like in the 2D case. In this way, it is 
possible to have longitudinal information about the field 
homogeneity. The transversal information can be obtained 
this time by considering not only the flatness profile at the 
optical axis (𝜌 ൌ 1500 𝑚𝑚) but also at different curvature 
radius. In the following plots, flatness profiles in 50 mm 
steps far away from the optical axis are reported, so that the 
entire beam horizontal extension (99% of the beam lie 
within ± 250 mm wrt to 𝜌) is observed. The trajectories of 
these profiles are visible in the field maps of Fig. 5. In the 
flatness profiles in Fig. 7 the vertical axis gives 
information about the homogeneity level, the horizontal 
axis now gives longitudinal information, while the 
different lines give transversal information. 

  

 
Figure 7: Flatness profiles at different curvature radius: a) 
opt-0; b) opt-1; c) opt-3.  

The upper plot a) of Fig. 7 refers to the flatness of the 
opt-0 step. It is clear that further optimization is still 
needed, since a vertical field hot-spot at the dipole ‘elbow’ 
is still present even if strongly weakened than before. 

By applying a net cut to the floating pole ‘elbow’ only, 
it is possible to damp the hot-spot with high accuracy (opt-
1 step). Flatness is now within the reference range (red 
dashed line), enclosing the 99% of the beam for the 50% 
of the dipole length (Fig. 7b). 

A further extension of the flatness along the longitudinal 
direction is possible by introducing some field 
reinforcement inside the Purcell-gap, at the entrance and 

exit faces (opt-2 step). A correct sizing of the 
reinforcements can extend field flatness up to the 75% of 
the pole length, as shown by c) plot of Fig. 7. 

Lastly, fringe field effect must be taken into account as 
well. Fringe field causes the magnetic length of the dipole 
to be different with respect to the hard-edge model, given 
by 𝐿௛௔௥ௗି௘ௗ௚௘ ൌ గଶ 𝜌. The effective magnetic length can be 
obtained with: 𝐿௘௙௙ ൌ ׬ ஻೤ሺ௦ሻௗ௦ಮషಮ஻೤ሺ଴ሻ   (10) 

, where 𝑠 is the curvilinear coordinate along the dipole 
length. To have 𝐿௛௔௥ௗି௘ௗ௚௘ ൌ 𝐿௘௙௙ condition, field clamps 
can be added to the entrance and exit dipole faces (see lhs 
of Fig. 8). By placing the clamp at the proper distance from 
the pole face, it is possible to cancel the difference between 
the two lengths (see rhs of Fig. 8). 

 
Figure 8: Two possible field clamp configurations (left), 
both capable to cancel the fringe field effect (right). 

 
Figure 9: Beam optics inside dipole simulations with 
Tracewin: comparison between theoretical hard-edge ma-
trix model (red line) and field map (blue line) from dipole 
final design with OPERA simulation. 

It is now possible to check dipole field, obtained from 
this study, with beam optics simulations. Figure 9 shows a 
perfect agreement between a theoretical, matrix-modelled, 
hard-edge dipole (doubled checked with COSY-infinity 
[2]) and the same simulation done using the field map 
obtained with OPERA simulations. 

CONCLUSIONS 
The design studies performed with OPERA simulations 

demonstrate that a dipole with a field flatness suitable for 
a separator with a resolution of 1/20000 is feasible. 
Mechanical and electrical tolerances are currently under 
investigation and preliminary studies are giving 
encouraging results with very strict tolerances, but anyhow 
reasonable. Since the engineering of the design here 
presented was not done yet, this is can be considered a 
feasibility study only. 
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MULTIPOLE MAGNETS FOR THE HIAF FRAGMENT SEPARATOR US-
ING THE CANTED-COSINE-THETA (CCT) GEOMETRY* 

W. Wu†, Y. Liang, L.C. Zhou, E. M. Mei, D.S. Ni, S.J. Zhen, X.J. Ou, W.J. Yang,  
Institute of Modern Physics, Lan-zhou, China 

Abstract 
The fragment separator of the HIAF (High Intensity 

Heavy Ion Accelerator Facility) project called HFRS re-
quires quadrupoles with high gradients (11.4 T/m) and 
large bores (gap width of 420 mm). The iron dominated 
magnets with superconducting coils have been widely 
used in the similar facilities such as A1900, BigRIPS, 
Super-FRS and RISP with the advantages of low request 
for coils installation precision, simple fabrication and low 
cost, but they have large cold mass and helium contain-
ment, which result in long time cooling down and high 
pressure rise during a quench. In addition, due to iron 
saturation, it is hard to guarantee on the field quality in 
the operated field range. A new coil dominated design 
based on the Canted-Cosine-Theta geometry is presented 
for HFRS, which is expected to overcome these problems. 
The design superimposes several layers of oppositely 
wound helical windings to generate high quality quadru-
pole. Sextupole, octupole and steering dipole can also be 
easily integrated to reduce the length of cryostat. This 
paper reports the detailed design of HFRS multiplets 
based on the CCT concept and the construction of a sub-
scale prototype. 

INTRODUCTION 
The High Intensity Accelerator Facility is a new pro-

ject to pursue nuclear physics research and is under con-
struction at the Institute of Modern Physics in China [1]. 
As shown in Fig. 1, it consists of a 45 GHz superconduct-
ing ECR ion source, a superconducting Linac, a fast cy-
cling booster ring, a fragmentation separator and a spec-
trometer ring. The fragmentation separator of HIAF 
called HFRS is an important connection between BRing 
and SRing. It is used to produce, separate, purify, and 
identify the desired exotic nuclei. The field rigidity is 25 
T·m. It has a big beam acceptance of ±160 mm. For 
similar facilities, such as A1900 [2], BigRIPS [3],[4], 
SuperFRS [5] and RISP [6], to meet the magnetic field 
requirement within a large aperture, the superferric design 
with cold iron have been widely used. They are easy to 
fabricate and wind, while their coils require lower posi-
tioning precision. But because of the iron saturation, it is 
hard to achieve good field quality at both low and high 
field with the superferric design. And large cold mass also 
brings about new challenges, such as long-time cooling-
down, high pressure during a quench and difficulties of 
supports and alignments. Air-core type magnets have the 
advantages of light weight and good field linearity and are 

used in BigRIPS as the first element near the target to 
lower the radiation heat load [7]. Walstrom type coil with 
better field quality are used in the S3 device of SPIRAL2 
project [8]. But their magnetic field are more sensitives to 
coil positioning error and they are difficult to fabricate 
and wind, especially Walstrom type coil [9].  

 
Figure 1: Layout of HIAF project. 

CANTED–COSINE–THETA MAGNET 
The basic idea of Canted-Cosine-Theta was firstly pub-

lished by D. I. Meyer and R.Flasck in 1970 [10]. As 
shown in Fig. 2, by the superposition of two oppositely 
tilted solenoids with respect to the bore axis, the azimuth-
al component of the magnetic field is cancelled and the 
high-quality dipole field can be generated.  

 
Figure 2: Conceptual view of CCT dipole windings. 

Higher order multipole fields can also be obtained by 
superimposed current with an z direction oscillation as 
shown in following equations. For example, n=2 produces 
a quadrupole field as shown in Fig. 3, and so forth. 

      x(θ) = 𝑅𝑅 ⋅ cos (𝜃𝜃)                        (1) 

      y(θ) = 𝑅𝑅 ⋅ cos (𝜃𝜃)                        (2) 

      z(θ) = ℎ
2 𝜋𝜋
𝜃𝜃 + ∑ 𝐴𝐴𝑛𝑛 sin(𝑛𝑛𝜃𝜃 + 𝜑𝜑𝑛𝑛)𝑛𝑛                      (3) 

 ____________________________________________  

* Work supported by the National Natural Science Foundation of China 
(Grant No. 11575266)  
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Figure 3: Conceptual view of CCT quadrupole windings. 

Because of its flexibility and field quality in compari-
son to convectional superconducting magnets, CCT mag-
net gained new traction. Meinke et al. described their 
studies in a series of publications [11 – 14]. More recently, 
Caspi et al. have successfully developed a series of CCT 
dipole prototypes with NbTi and Nb3Sn [15 – 17] and 
also presented a Proton gantry design based on CCT coils 
[18]. At CERN, for Hi-Lumi LHC orbit correctors, the 
CCT solution was finally retained for the advantages of 
easier assembly and lower cost, compared with the classi-
cal cos-theta design [19]. It was also an option for the 16-
T FCC-hh main dipole which is under development in 
PSI [20]. In a word, the CCT coil is at a balance point 
between field quality and cost, thus, our HFRS complex 
also chose the CCT as baseline solution. 

MAGNETIC DESIGN 
As shown in Fig. 4 is the layout of HFRS. Totally 39 

superconducting singlets are grouped into 13 triplets and 
cryostat modules. Fig. 5 shows a typical lattice of HFRS 
singlet consists of three quadrupoles with different effec-
tive length, sextupole, octupole and steering dipole. 

 

 
Figure 4: Layout of HFRS. 

 
Figure 5: A typical lattice of HFRS singlet. 

Table 1: Magnet Specifications 
 Quadrupole Sextupole Octupole 
Aperture 320 mm 320 mm 320 mm 
Gradient  11.43 T/m 30 T/m2 105 T/m3 
Effective 
length 

0.8/ 1.1/1.5 
m 

0.8/ 1.1/1.5 m 0.8/ 1.1/1.5 
m 

Field 
quality 

< ±8⋅10-4 < ±5⋅10-4 < ±5⋅10-4 

 

The usable magnet aperture is 320 mm and the field 
gradient is 11.43 T/m. Field requirements for quadrupole, 
sextupole and octupole field are summarized in Table 1. 
In addition, dipole coils are used for two directions’ steer-
ing corrections. The quadrupole coil, which experience 
the highest field, is the most demanding coil. Thanks to 
the good features of CCT coil, octupole, quadrupole, 
sextupole and dipole fields can be nested to reduce the 
mechanical length of the cryogenic modules. 

Comparison of Different Conductor Placement 
Methods 

For complicate coil like CCT, two types of conductor 
placement methods can be considered. First is the direct 
placement with adhesive, such as BNL’s direct winding 
technology [21] with ultrasonic adhesive system. Recently, 
techniques that thermally embedded wire into thermal 
plastic material have also been applied in the fabrication 
of RF smart card coils and 3D printing of electromechani-
cal devices [22]. But this method requires special equip-
ment.  

Another is conductor placement in grooves. Super-
conducting wires or cables can be placed into machined 
grooves from metal or composite mandrel. With cable, the 
CCT magnet’s operation current is high and its inductance 
is low, which is suitable for powering in a string of mag-
nets. With wire, its operation current is low while the 
inductance is high, which is a good choice for magnets 
powered with standalone converters. But it needs more 
mandrels if the grooves can only accommodate one wire. 
More mandrels mean higher cost, in order to lower the 
cost, CERN winds several insulated wires (2 x 5) into one 
groove and then connects them in series as shown in  
Fig. 6 (a). This method could be named coil placement in 
grooves. In order to improve the positioning accuracy, 
simplify the winding process and eliminate the insulation 
thickness of each wire, we come up with a variant that 
puts mini round cable with 7 insulated wires into groove 
as shown in Fig. 6 (b). Compared with CERN’s solution, 
this design has more flexibility of insulation design that 
wire insulation is for turn to turn and cable insulation is 
for ground. Due to the transposition of wires, the coupling 
loss can be reduced. 

 
Figure 6: Conceptual drawing of coil placement in 
grooves and its variant with mini round cable. 

Conductor Selection and Insulation System 
In order to reduce the power supply and current leads 

costs, operational current lower than 500 A is chosen. 
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When the peak field is about 3.5 T, the Nb-Ti wire is 
selected. Its specifications are summarized in Table 2. In 
order to withstand high radiation dose while maintaining 
voltage insulation levels > 1 kV, polyimide coating are 
used. The mini round cable is stranded by 7 insulated 
wires and wrapped with two layers of polyimide tapes for 
insulation (see Table 3). The voids between two adjacent 
cable can be filled with copper alloy wire as heater and 
glass fibre, then vacuum impregnated with CTD101K 
resin system. The impregnation also provides a support 
for the cables inside the grooves.  

Table 2:  NbTi Superconductor Specifications 
 Units 

Wire diameter mm 0.85 
Diameter with insulation (polyimide 
coating 0.025mm) mm 0.90 

Number of NbTi filaments  630 
Filament diameter μm 22 
Cu RRR  >100 
n-value  >30 
Cu/Sc  1.3 
Ic@4.2K 4 T A >750 

 
Table 3:  Mini Round Cable Specifications 

 Units 
Number of strands   6+1 
Cable diameter mm 2.70 
Cable diameter with insulation 
(Polyimide tape wrapped) mm 2.80 

CCT Coil Design of HFRS Singlet 
For each singlet, a set of multipole coils are nested con-

centrically with their mandrels. In order to reduce the cold 
mass and transfer function non-linearity, room tempera-
ture iron yoke outside of cryostat is used. The coils are 
designed to generate lower field which can be enhanced 
by the iron yoke. Table 4 list the design parameters of 
quadrupole and sextupole CCT coils with the effective 
length of 0.8 m.  

Table 4:  Overview of Magnet Parameters 
Characteristics Quadrupole Sextupole 
Gradient Field  10 T/m 30 T/m2 

I/wire 440 A 330 A 
Layers 2×(6+1) 1×(6+1) 

CCT skew angle 30° 40° 
Turns per layer 66 64 
ID of mandrel 420 mm 453.2 mm 

Pitch 12.2 mm 12.6 mm 
Groove size 2.8mm×5.8mm 2.8mm×3mm 

Conductor length 6.4 km 3.4 km 
Bpeak 3.5 T 3.0 T 
Io/Iss 54% 37.5% 

 

The quadrupole and sextupole coils are modelled in 
OPERA-3D as shown in Fig. 7 and the peak field located 
in the inner quadrupole coil is about 3.5 T as shown in 
Fig. 8. The octupole (Fig. 9) and steering dipole coil are 
designed in the pattern of discrete Cosine-Theta coil and 
will be mounted inside the quadrupole coil and outside 
the sextupole coil, respectively. 

 
Figure 7: CCT coil model created by OPERA. 

 
 

Figure 8: B map of the CCT coil model. 
 

 
Figure 9: Octupole coil (left) and dipole coil (right). 

MECHANICAL DESIGN 
The coil winding is embedded in aluminium alloy coil 

formers with CNC machined slot. The machined formers 
are hard anodized for insulation. As shown in Fig. 10 and 
Fig. 11, the singlet assembly is comprised of two formers 
for quadrupole and two formers for sextupole, GFRP 
former for steering dipole, aluminium outer support tube, 
two end plates, and two joint boxes for quadrupole and 
sextupole coils’ connections. In order to guarantee the 
field quality, the positional accuracy of the grooves need 
to be controlled within 0.05 mm. According to the prelim-
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inary error analysis, the concentricity of four formers is 
not as strict as that of slots. The assembly is then vacuum 
impregnated with CTD101K resin. Finally, three singlets 
are inserted into a central stainless bobbin as triplets. The 
bobbin also serves as a part of the helium vessel. 

 

 
Figure 10: 3D drawing of the singlet assembly. 

SUBSCALE MODEL COIL 
In order to study the feasibility of the CCT design. We 

designed and fabricated a subscale quadrupole coil (see 
Fig. 11). As listed in Table 5, the field gradient is 40 T/m 
within a 60mm cold bore. The effective length is 160 mm. 
The NbTi conductor as described in Table 6 was used. 
The groove size is 2 x 5 mm for ten turns of conductor as 
shown in Fig. 6 (a). Same method of coil placement in 
grooves as CERN’s was adapted. Figure 12 shows the 
process of winding 10 turns of wires into grooves. After 
winding, assembly, instrumentation, splicing and vacuum 
impregnation, the coil was successfully energized to de-
sign current without a quench. Fig. 13 shows the mea-
sured radial field increased linearly with operated current. 

 
Figure 11: 3D drawing of the subscale model coil. 

 

Table 5:  Parameters of Subscale Model Coil 
Parameter Unit Value 

Gradient  T/m 40 
Effective length Mm 160 

Operation current A 400 
Winding pitch mm 6 

Tilt angle Deg 45 
Inductance mH 10 
Aperture mm 60 

Good field mm ± 20 
 

Table 6:  Specifications of the Superconductor Used in 
the Subscale Model Coil 

Wire type Monolith 
Insulation Formvar + Polyester braid 
Bare size φ0.72 mm 
Insulated size φ0.77 mm (Formvar) 

 φ0.9 mm±5μm (Polyester 
braid) 

Cu/SC 1.3:1 
RRR (293 K/10 K) > 100 
Ic (6 T, 4.2K) 442.7 A 
 

 
Figure 12: Winding process of the subscale quadrupole 
coil. 

 
Figure 13: Measured transfer function (Br at radius of 
about 7 mm). 
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PROJECT PLANING 
IMP plans to fabricate and test a model singlet with 

nested quadrupole, sextupole, octupole and steering di-
poles by the June of 2019. The effective length is 0.8 m 
and the bore diameter is 200 mm. And then the full size 
prototype singlet and triplets will be built by the middle 
of 2020. Totally 13 sets of multiplets need to be produced 
and tested before the end of 2023. 

CONCLUSION 
The novel CCT geometry coil structure has been 

adapted to the multiple magnets design of HFRS spec-
trometer. It reduces significantly size, weight of cold mass, 
cryogenic system and magnet installation requirements 
and cost of fabrication and operation. However, further 
error analysis of field quality, quench simulation and 
stress analysis are now under way to ensure the field 
quality and safety operation of the full-size magnets. 
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Abstract 

Radionuclides for radiopharmaceuticals preparation are 
currently produced in cyclotrons, generators or nuclear re-
actors. However, none of these modes is free from serious 
issues, like: high costs of targets, production of undesired 
radionuclide contaminants, long and expensive separation 
methods and formation of long-lived radioactive wastes. 
For this purpose, novel methods are being developed for 
the production of highly pure radionuclides. The ISOL 
(Isotope Separation On-Line) method can be applied to 
produce high purity radionuclides of medium and heavy 
masses. ISOL is nowadays established as a major method 
for the production of high intensity and high quality radio-
active ion beams for nuclear physics studies. The SPES-
ISOLPHARM project at INFN-LNL (Istituto Nazionale di 
Fisica Nucleare – Laboratori Nazionali di Legnaro) aims to 
provide a feasibility study for an innovative technology for 
the production of high specific activity radionuclides based 
on the ISOL method. The ongoing experimental activities 
on primary and secondary (ion collectors) targets produc-
tion, construction and testing of the selection and transport 
apparatus is here presented.  

INTRODUCTION 

Radiopharmaceuticals are medicines that deliver a pre-
defined amount of radiation to a target tissue for diagnostic 
or therapeutic purposes depending on the mechanism of 
decay. Radiopharmaceuticals are usually made of two 
parts: a “radioactive core” and a “carrier system”; the latter 
allows the irradiation of malignant cell populations, avoid-
ing damage to healthy tissues [1]. 

Beta-emitting radionuclides are usually produced mainly 
by direct reaction in dedicated targets using neutrons from 
nuclear reactors. By means of those reactions it is possible 
to produce a large number of isotopes and different nuclei 
in the target. The chemical methods to extract the desired 
radionuclide leads to the presence of a considerable 
amount of carrier. In this case, the specific activity, which 
is the ratio between the activity of the radioisotope and the 
mass of the element taken into account, is very low. 

The global network of accelerators used for the produc-
tion of medical radioisotopes, in particular cyclotrons, has 

seen a rapid expansion over the last decade, with a huge 
increase on the number of installed machines [2]. 

The accelerators based on the ISOL (Isotope Separation 
On-Line) technique [3] might be an efficient way to pro-
duce radioisotopes for radiopharmaceuticals application, 
thanks to the mass separation, which guarantees the possi-
bility to produce radioisotopes with high specific activity, 
close to theoretical value. 

THE ISOLPHARM PROJECT 

 At INFN-LNL (Istituto Nazionale di Fisica Nucleare – 
Laboratori Nazionali di Legnaro), the SPES (Selective Pro-
duction of Exotic Species) facility will allow the produc-
tion of radioactive ion beams of neutron-rich nuclei with 
high purity, in the range of mass between 80 and 160 amu 
[4]. 

At SPES the production of the radioactive isotopes is ob-
tained by nuclear reactions induced by 40 MeV protons, 
accelerated by a cyclotron, recently installed at LNL, that 
will collide a multi-foil target with discs of different mate-
rials, mostly uranium carbide [5], properly spaced to dissi-
pate the heat (8 kW) generated by the reaction. Most of the 
produced nuclides will be neutron-rich (uranium fission) 
but using different target materials it could be possible to 
produce proton-rich isotopes. The reaction products will be 
extracted from the target by evaporation at high tempera-
ture (about 2000 °C), and then forced to pass through a 
transfer tube towards an ionization cavity, where they will 
be ionized to the 1+ state. Once ionized, these isotopes will 
be accelerated through an electrode at high potential (up to 
40 kV). 

The ground-breaking idea of the ISOLPHARM method 
was granted an International patent (INFN). The driving 
idea is the obtainment of carrier-free radioisotopes, to be 
used as radiopharmaceutical precursors, thanks to the ex-
treme purity of ISOL radioactive beams. 

The formed beam will be focused using different elec-
tromagnetic systems and purified in order to have a pure 
isotope beam without any contaminants. It will therefore 
be possible to collect the radionuclides of interest using a 
proper substrate placed at the end of the experimental line. 
In Fig. 1 a general scheme of the process is shown. 

 
 ___________________________________________  
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Figure 1: The ISOLPHARM process. 

 

 

THE SPES FRONT END 

The experimental apparatus present at LNL allowed the 
performance of some preliminary tests. A SPES test bench 
was used, referred to as offline Front End (FE). This appa-
ratus, shown in Fig. 2, has been designed and developed 
for the SPES project. 

To study the production of a radionuclide with the ISOL 
technique for the obtainment of a radiopharmaceutical 
product, stable isotopes of the same element can be used, 
since they have the same chemical behavior. For this rea-
son, the FE was used to produce stable ion beams and carry 
out the feasibility tests here reported. The FE is made of 
five different functional subsystems: the ion source com-
plex, the beam optics subsystem, the Wien filter and two 
diagnostic boxes. 

In offline mode, different methodologies can be used to 
introduce the stable isotopes to be ionized and accelerated, 
depending on the physical state of the element. In the case 
of gases, they are introduced through a controlled gas flow 
and injected in the ionization source thanks to a calibrated 
leak; in case of solid materials, they are in the form of sol-
uble salts, dissolved in acidic media and quantitatively de-
posed and solvent evaporated on a tantalum foil, called 
mass marker (MM) [6]. 

The ionization sources used in the FE are of two kinds 
[7], according to the first ionization potential of the ele-
ment. For elements of the 1st and 2nd groups, a Surface Ion 

Source (SIS) is adopted; for elements with higher electro-
negativity, a Plasma Ion Source (PIS) is necessary. 

For the simulation of the radionuclide production, at the 
end of the line, immediately after the second diagnostic 
box, a substrate of pharmaceutical grade (usually sodium 
chloride, “irradiation target” in Fig. 2) is positioned in or-
der to collect the desired accelerated stable ions. 

 

COPPER IONIZATION AND DEPOSITION 
TESTS 

Among the radioisotopes that can potentially be pro-
duced in the framework of the ISOLPHARM project, 64Cu 
and 67Cu are a promising theranostic pair [8]. 

In order to evaluate the capability of the SPES FE to ef-
ficiently ionize copper isotopes and extract them into a 
beam, ionization tests were performed by loading precise 
amounts of stable natural copper into the ion source, by 
means of the MM technique which foresees the surface 
deposition of a small amount of the desired element on a 
thin tantalum foil that is lately accurately folded and in-
serted inside a small tubular oven, that replaces the produc-
tion target. Such oven can be heated by Joule effect, allow-
ing the atomization of the substrate previously deposed on 
the foil, and the migration of the neutrals towards the ion 
source. In the case of copper, the PIS was used. 

We could verify copper ionization thanks to the analysis 
of masses composing the beam. A typical mass scan for 
copper is reported in Fig. 3A. Copper is clearly identified 
thanks to the two peaks of masses 63 and 65. 
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Figure 2: The off-line Front End. 

 

 
Figure 3: (A) Mass scan of copper beams and (B) trend of copper beam in time during ionization tests. 

 

The ionization efficiency, i.e., the total amount of natCu 
ionized out of the amount of natCu in the MM, was 7.7 ± 
1.3%. In Figure 3B the copper beam current trend is re-
ported. 

After the removal of the secondary target at the end of 
several hours of irradiation, its appearance was as shown 
in Fig. 4, clearly showing the implantation of the two dif-
ferent masses composing natCu, 63 and 65.. 

The quantification of copper after the recovery from the 
beam was made possible thanks to the dissolution of the 
targets in acidic medium. When diluted nitric acid was 
used, only a low amount of copper was measured, so the 

dissolution in concentrated nitric acid and at high temper-
atures was then applied. In this case the amount of copper 
recovered was higher (about 50%), but still not the 100% 
of the copper which was foreseen on the targets. For this 
reason, further studies are going to be carried out to im-
prove the efficiency of the chemical recovery process. 

CONCLUSION 

The ISOLPHARM project aims to develop a technique 
which opens the possibility to produce a wide range of ra-
dionuclides with extremely high levels of purity. This is re-
lated to the intrinsic high specific activity, because of the 
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lack of isotopic contaminants, and radionuclidic and chem-
ical purity, since impurities coming from the beam and 
from the targets are very limited, compared to those of tra-
ditional methods. 

 

 
Figure 4: The Cu and Cu spots on the secondary target63 65

from right to left. 
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BEAM SOURCE *  

Y. H. Xie , C. D. Hu, Y. J. Xu, J. Li, Y. L. Xie, #

Institute of Plasma Physics,  Chinese Academy of Sciences, 230031  Hefei, China 

 
Abstract 

An ion source of Ne beam was designed for basic 
physical research in the Institute of Plasma Physics, 
Chinese Academy of Science (ASIPP). The ion source 
was designed with hot cathode plasma source with three 
electrodes accelerator. The designed beam energy is 10-
20 keV, the beam power is 50 kW, beam size is 250 mm 

 250 mm and beam duration is 2 seconds. The three 
electrodes accelerator with slit type was designed. The 
extracted beam current and beam divergence angle was 
simulated. The maximum beam power of 40 kW can be 
extracted when the divergence angle less than 5 degree 
with beam energy of 10 keV and the beam power of 28 
kW can be extracted with minimum divergence angle of 
2.2 degree. When the beam energy is 20 keV, the 
maximum beam power of 180 kW can be extracted when 
divergence angle less than 5 degree. And the beam power 
is 130 kW with minimum beam divergence angle is 2.2 
degree too. The results shown that, the maximum beam 
power can’t got 50 kW with beam energy of 10 kW, but 
the beam power can achieve 130 kW with beam energy of 
20 keV. 

INTRODUCTION 
In order to support the basic physical research in 

Institute of Plasma Physics, Chinese Academy of 
Sciences (ASIPP), a fast ion source was needed. The 
desired fast ions with beam energy of 10-20 keV, beam 
power of 50 kW with beam duration of 2 seconds. A Ne+ 
beam system was designed based on the R&D 
experiences of high power neutral beam injector on 
Experimental Advanced Superconducting Tokamak 
(EAST) [1-7].  

The ion beam system contains a Ne+ beam source, 
vacuum vessel, calorimeter, power supply system, water 
cooling system, control system and gas pumping system. 
The Ne+ beam source was designed and the beam 
performance was simulated. The preliminary simulation 
results were presented in this manuscript.  

THE BEAM SOURCE 
The Ne+ beam source contains a hot cathode plasma 

generator and an accelerator with three electrodes. The 
schematic map of beam source is shown in Fig. 1. The 
designed parameters of the beam source are shown in 
Table 1.  The plasma generator has a rectangle cross 

section arc chamber with dimension of 400 mm × 400 
mm × 300 mm (W×L×H). There are three lines of 
permanent magnets installed on the back electron dump 
plate and 36 lines on the arc chamber body to form axial 
line-cusp configuration. Each Sm-Co permanent magnet 
has the magnet intensity of 3500G, and can form a large 
magnetic-free-area region to generate plasma. In the 
opposite direction of accelerate grids, 16 pure tungsten 
filaments are installed near the back electron plate, which 
to provide sufficient primary electrons. The filaments are 
made of pure tungsten with hairpin shape and each of 
them is 160 mm long with the diameter of 1.5 mm. The 
multiple slit type apertures are used in the accelerator 
system, which have the transparence of 60%. Each layer 
of the two accelerator grids have 28 rails, which has 
cavity structure and made of molybdenum. 

  

Figure 1: Schematic of high current ion source. 

Table 1: The Designed Parameters of Beam Source 
Source Species Ne+ 

Source type Hot cathode 

Beam energy 10-20keV 

Beam power 50 kW 

Beam duration 2s 

Beam cross section 250 mm × 250 mm 

Number of accelerator 3 

Extraction sort Multi-slot 

Transparence 0.6 

Divergence angle Less than 5o 

 

_____________________________________________ 

*Work supported by National Natural Science Foundation of China 
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THE ACCELERATOR OF BEAM SOURCE 
The accelerator system is slot type and has a three stage 

electrode grids, which are plasma grid, suppressor grid 
and exit grid, which is shown in Fig. 2. Each stage has 
two modules, and each module has 14 rails and which is 
made of molybdenum. The plasma grid and exit grid are 
circular cross type with diameter of 3.6 mm. The gradient 
grid is water-drop cross type with width of 4.57 mm and 
depth of 5.99 mm. The distance between two rails is 5.4 
mm and the accelerator has a beam transparency of 60% . 
The gap between plamsa grid and suppressor grid is 10.67 
mm, between guppressor grid and exit grid is 1.73 mm. 
The extraction area is confine in 250 mm × 250mm with 
the mask plate.  

 

 
Figure 2: Schematic map of accelerator for the Ne+ beam 
source. 

The performances of beam source, such as beam 
divergence angle, extracted beam current, beam profile 
are simulated. The simulation picture of accelerator grids 
is shown in Fig. 2 too. 

PRELIMITARY SIMULATION RESULTS 
OF BEAM SOURCE 

The beam divergence angle and beam power were 
simulated with different beam energy of 10 keV and 20 
keV. The results are shown in Fig. 3 and Fig. 4, 
respecitely. From Fig. 3, it can be seen that, the beam 
power increased from 15 kW to 40 kW with the beam 
divergence angle less than 5 degree. The beam power is 
around 27 kW when the beam in the optimum beam 
divergenc angle of 2.25 degree. The  results also shown 
that, the beam power can not achieve 50 kW with beam 
energy of 10 keV. 

The Fig. 4 tells us the beam power with different 
divergence angle with beam energy of 20 keV. The beam 
power increased from 85 kW to 188 kW when the beam 

divergence angle changed from 5 degree to 2.25 degree 
and then 5 degree too. The beam power is much larger 
than the beam with 10 keV, which can meets the 
requirement of 50 kW extracted beam power. The beam 
power is around 130 kW with the optimum beam 
divergence angle of 2.25 degree. 

 
Figure 3: The beam power and beam divergence angle as 
a function of ion density with beam energy of 10 keV. 

Figure 4: The beam power and beam divergence angle as 
a function of ion density with beam energy of 20 keV. 

 Consider the beam divergence angle is very high, the 
beam profile during the beam transmission was simulated 
too. In order to decrease the beam divergence angle, the 
beam extract surface was simulated with two tructures, 
which is shown in Fig. 5. The left one is the two pieces of 
grids are arranged in the same plane, and the right one is 
the two pieces of grids are arranged with angle of 1 
degree, which can form the mechanical focus. 

 
Figure 5: Layout of two pieces of accelerator. 
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    The beam system was desgined with length of 150 cm 
and the beam will injected into the plasma in the position 
of 180 cm. The beam profiles in the position of 50 cm, 
100 cm, 150 cm and 180 cm downstream the exit grid 
were simulated with two structures. The results are shown 
in Fig. 6 and Fig. 7. It can been seen from Fig. 6 that, the 
beam power profile is much smooth during the beam 
transmission, it is good to achieve uniform beam power 
among the beam extraction area. But the beam power is 
not uniform when the accelerator has a angle, which is 

shown in Fig. 7. The beam is overlaped and like Gaussian 
distribution. The power density in the middle is about two 
times conpare with it in the mergin of beam. In this case, 
the beam loss is smaller compare with the accelerator 
with flat sturcture. The beam transmission efficiency with 
minimum divergence angle of 2.25 degree and beam 
energy of 20 keV is simulated and shown in Fig. 8. When 
the beam transmited into the plasma, the beam 
transmission efficiency is estimated about 88% for flat 
accelerator and about 93% for the accelerator with angle. 

 
Figure 6: Beam profiles in differernt postions when accelerator grid arranged in the same plane.  

 
Figure 7: Beam profiles in differernt postions when the accelerator grids arranged with angle of 1 degree. 
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Figure 8: Beam transmission efficiency with two different 
structures. 

STRUCTURE DESIGN OF 
ACCELERATOR FOR NE+ BEAM 

SOURCE 
The three layers of accelerator has the same sturcture. 

Each layer of accelerator contains grids, holds, gird 
support, side plate and water cooling pipes, which shown 
in Fig. 9. The module of grids is installed on the grid 
suport can be adjusted to to flat or has a angle. The 
cooling water is connected with the cooling pipes and 
goes through the inner pipe of each grid, which can takes 
away the heat deposited on the grids. 

 
Figure 9: Structure of accelerator for Ne+  beam source. 

CONCLUSION 
An Ne+ beam source with hot cathode plasma 

generator and three electrodes accelerator is designed to 
supply the fast ions for basic physical research. The 
designed beam power is 50 kW and beam cross section is 

250 mm × 250 mm. The beam energy was designed from 
10 keV to 20 keV.   

The beam divergence angle, beam power and beam 
profiles were simulated with beam energy of 10 keV and 
20 keV. The results shown that the maximum beam 
power of 40 kW and 180 kW can be extracted when the 
divergence angle less than 5 degree with beam energy of 
10 keV and 20 keV, respectively. The beam power is 28 
kW and 130 kW can be extracted with minimum 
divergence angle of 2.25 degree when the beam energy is 
10 keV and 20 keV, respectively. The divergence angle 
can be decreased by fold the accelerator grids. But the 
beam power density will change to Gaussian distribution.  

Under this design, the maximum beam power can 
not achieve 50 kW with beam energy of 10 kW, but the 
beam power can achieve 130 kW with beam energy of 20 
keV.  
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JINR HEAVY ION ACCELERATORS APPLICATION FOR SEE TESTING 

IN ISDE 
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Abstract 

Thousands satellites and spacecrafts are lunched world-

wide every year. All of them, without exception, are ex-

posed to space ionizing radiation. The radiation consists 

of galactic cosmic rays, solar energetic particles, as well 

as electrons and protons from Earth’s radiation belts. 

Radiation environment results in upsets and even failures 

of spacecraft system electronics. To ensure mission suc-

cess, electronic engineers must perform a series of opera-

tions to validate the radiation hardness level of electronic 

components used. For modern electronic parts the most 

hazardous upsets and failures are due to the impact of 

single high-energy particles. Such radiation effects are 

called as SEEs – Single Event Effects – since undesirable 

event is induced by a single particle strike. The spectrum 

of space radiation environment is extremely wide, but as 

the measure for the single particle environment with par-

ticular energy Liner Energy Transfer (LET) can be used. 

Ground tests are unable to reproduce the space environ-

ment, yet heavy-ion accelerators allow us to create exper-

imental environment simulating LETs similar to space 

radiation. LET spectrum is from a few MeV cm/mg up to 

one hundred MeV cm/mg. The goal of SEE tests is to 

obtain the dependence of SEE cross-section from LET for 

each type of effects (upsets and failures). To ensure ener-

gy deposition in a sensitive region and register SEEs, 

particles with at least 30-40 um range in Device Under 

Test (DUT) die are required. To meet the test require-

ments, the wide range of ions – from O to Bi and energies 

from 3 MeV/nucleon – shall be used, while a lid should 

be removed from a DUT. A number of devices, due to 

their design, require the longer-range, and hence the high-

er-energy ions, while maintaining the requirements for 

LET. To meet the needs of Russian space equipment 

designers and manufacturers of integrated circuits and 

other semiconductor devices, ISDE in collaboration with 

JINR have created the unique in Russia SEE Test Facili-

ties. In this paper, we introduce readers the test facilities 

specifications, ion beam formation and monitoring tech-

niques, certified methods for ion energy and fluence 

measurement and technical means for their implementa-

tion. The paper presents statistics on the use of test facili-

ties, directions for their further development and upgrade. 

GENERAL INFORMATION ABOUT TEST 

FACILITIES 

Since 2010, we have been acting in the field of SEE test-

ing. Up to now, 3 test facilities on the basis of U-400 and 

U-400M accelerators that provide all types of SEE radia-

tion tests of electronic components of any functional class 

are in operation. The test facilities allow to irradiate 

DUTs in the following test environments: range of ions 

from С to Bi; initial energy from 3 to 60 (for light ions) 
MeV/A; LETs (Si) from 1 to 100 MeV×cm

2
/mg; ranges 

(Si) from 0.03 to 2 mm (depending on the energy); ad-

justable fluxes from 10 to 10
5
 particles/(cm

2
 × s); irradia-

tion area up to 200×200 mm; beam nonuniformity less 

than 10 % [1]. The general structure of SEE Test Facili-

ties is shown in Fig. 1. Equipment in green belongs to the 

heavy ion accelerator, and all others have been designed 

especially for SEE testing. 

 
 

Figure 1: General structure of SEE Test Facilities based 

on ion sources. 

In Fig. 2 we can see a layout of a beam transfer channel 

with a large number of tools which are used for beam 

formation, monitoring and measurement. To provide the 

high accuracy of the beam in a test chamber (on DUT) we 

use multistage control of the beam parameters [2]. 

 

Figure 2: Beam transfer channel layout. 

SEE tests are considered to be one of the most expen-

sive parts of ground testing of spacecraft electronic 

equipment. And the largest expenses are related to the ion 

accelerators operation. Thus, it is essential to optimize the 

test procedure. A key advantage of our test facility is a 

 ___________________________________________  
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large beam area that allows several items to be irradiated 

simultaneously. This provides the high levels of beam 

fluxes, which in turn allows the fast fluence production 

corresponding to the test standards. Also, test engineers to 

reduce the time for vacuum pumping must comply with 

the regulations of vacuum equipment operations for elim-

inating the extra gassing sources. Large amounts of test 

equipment are recommended to be preliminary outgassed 

in a special chamber. 

To obtain a large irradiation area considering the specif-

ic structure and length of each test facility several beam 

modification systems have been designed. The beam spot 

from the heavy ion accelerator goes through two magnet 

scanners, which in turn move the beam in two directions 

(see Fig. 3). Using this technique, we scan the area in a 

vacuum chamber and seed the irradiation area with the 

heavy ions with low nonuniformity. For different facilities 

we use different scan frequency in X- and Y-axis and 

different current waveforms (saw-shape, sinus). The max-

imum amplitude of magnetic fields is about 300-350 Gs. 

 

Figure 3: Beam modification system. 

Examples of beam profile are shown in Fig. 4. 

 

Figure 4: Typical shapes of ion beam profile & best loca-

tion of DUTs. 

CERTIFIED BEAM CONTROL 

TECHNIQUES 

The main parameters of the heavy ions during SEE testing 

are the beam fluence and LET. To calculate fluence we 

use old and reliable method of holes calculation on irradi-

ated track detector. Also, we have the scintillator-based 

detection system (orange spots in Figs. 5, 6), but it is used 

only for estimation of fluence value. To meet the dosime-

try support requirement of each irradiation we put the 

track detectors nearby the DUT (Figs. 5,6). The fluence 

evaluation method is quasi-online (online: scintillators, 

off-line: track detectors), and yet it shows the excellent 

accuracy. The online detectors are used to determine the 

moment for stopping the irradiation after the fluence 

reaches >10
7
 (3х105

 for Power MOSFETs). To obtain a 

precise value, the track detectors placed close to the DUTs 

are used (Fig. 7). The measurement method is based on 

the calculation of etched holes formed due to the differ-

ences in etching rates of the damaged and undamaged 

areas of the plastic track detector after its irradiation with 

heavy ions, and then dividing this amount by the area of 

field on which holes were calculated. 

 

Figure 5: Track detectors (TD) mounting. 

 

Figure 6: TD irradiation. 

 

Figure 7: Holes calculation. 
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To obtain the LET value we need to know the ion 

energy and after that it is easy to calculate LET using 

SRIM software. For energy measurements we use Time of 

Flight (TOF) technique and system based on scintillation 

detectors and high resolution electronics. Schematic of 

TOF technique is shown in Fig. 8. TOF technique based 

on one-to-one correspondence between the kinetic energy 

and the particle velocity. During the test campaign, energy 

measurements are performed once after each ion ejection 

(may be repeated if required). This method provides ener-

gy determination with up to 2% accuracy. 

 

Figure 8: The energy measurements. 

An important feature of the high-energy facility is the 

opportunity to use special thin aluminum or nickel 

stacked degrader in the beam line (Fig. 9). The use of 

degraders allows us to change the ion energy, and there-

fore, the ion LETs and ranges without changing its species 

(Fig. 10). As a result, we can obtain a number of LETs 

while irradiating with one ion. Thus, using degraders with 

all ion species, we obtain quasi-continuous LET spectrum 

in almost the whole required range (Fig. 11). 

 

Figure 9: Special features of beam parameters determina-

tion for the High-Energy Test Facilities. 

 

Figure 10: An example of dependence between ion ener-

gy, LET and range. 

 

Figure 11: Quasi-continuous LET spectrum at the 

high-energy facility using degraders – LET & Range for 

different type of ions. 

CONCLUSION 

The ISDE & JINR collaboration have created and now 

successfully operates the unique in Russia test facilities 

for certification of microelectronics for space applica-

tions. Their application allow us to perform the compre-

hensive single event effect tests and failure analysis, and 

ensure the fault- and failure-free operation of spacecraft 

electronics in harsh space radiation environment. Since 

2010, more than 4200 parts of electronic components for 

space application have been tested. To meet the growing 

demands of test customers, we do our best for the test 

facilities development and enhancement. We are looking 

forward to cooperating fruitfully in the field of SEE test-

ing and space device engineering. 
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