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FOREWORD 
The 24th  International Workshop on Electron Cyclotron Resonance Ion Sources (ECRIS2020), was 
held from September 28th–September 30th, 2020 and followed by the North-American Charge 
Breeding (NACB) workshop October 1st and 2nad. Both events were hosted online by the Facility 
for Rare Isotope Beams (FRIB) at Michigan State University.  

The scientific program was similar to previous editions of the workshop and included progress 
reports and new development of ECR ion sources. Other topics included plasma modeling, charge 
breeding, plasma physics and techniques and experimental investigations of ECR plasmas. 

Despite the challenges posed by the COVID-19 pandemic that prevented the community to meet 
in person, many people contributed and attended the workshop online across many different time 
zones. The program included 24 talks and 27 posters. Unlike previous years posters consisted of a 
shorter presentation of 8 minutes with 2 minute for questions. Overall approximately 20 students 
contributed to the workshop. 

Highlight of the workshop included recent progress on 4th generation ECRIS working at 45 GHz 
at IMP and LBNL, the progress of the 3rd generation sources at FRIB and KBSI and the report of 
several new ion sources at INFN, IMP, IAP, HIMAC, LPSC and JYFL including for this latter a 
new concept of CUBE-ECRIS. Plasma investigations were presented from INFN using X-ray 
imaging, by MSU on experimental studies on plasma instabilities and Osaka University on 
microwave launching. Many contributions of metallic beam production were presented including 
GANIL, IMP and JINR which remain a very important topic for the community.  A very 
interesting study of plasma chamber cooling was presented by IMP for sustainable high power 
operation of 28 GHz ion source using microchannels. Finally more theoretical work and 
modelisation were presented including a model of B-min instabilities by LBNL, a detailed 
modeling of electron trajectories by LPSC and simulation of electromagnetic waves in ECR cavity 
by INFN. 

The proceedings, which include copies of presentations, are available on the JACoW website. 

Finally, after the workshop it was determined that the next workshop will be held at the Institute for 
Plasma Research in Ghandinagar, India in 2022 

Guillaume Machicoane 
ECRIS20 Conference Chair 
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FECR ION SOURCE DEVELOPMENT AND CHALLENGES* 

L. Sun1,2 †, H. W. Zhao1,2, W. Wu1,2, B. M. Wu1, J. W. Guo1, X. Z. Zhang1, Y. Q. Chen1, E.  
M. Mei1, S. J. Zheng1, L. Zhu1, X. D. Wang1, X. J. Ou1, C. J. Xin1, M. Z. Guan1, W. Lu1,  

L. B. Li1, L. X. Li1,2, J. B. Li1, Z. Shen1,2 
1Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, China  

2School of Nuclear Science and Technology, University of Chinese  
Academy of Sciences, Beijing, China

Abstract 
FECR or the First 4th generation ECR (Electron Cyclo-

tron Resonance) ion source is under development at Insti-
tute of Modern Physics (IMP) since 2015. This ion source 
is aiming to extract intense highly charged heavy ion 
beams in the order of 1 emA from the dense plasma heated 
with 45 GHz microwave power. To provide effective mag-
netic confinement to the 45 GHz ECR plasma, a state of 
the art Nb3Sn magnet with min-B configuration is a 
straightforward technical path. As there are no much prec-
edent references, it has to be designed, prototyped at IMP 
through in-house development. Meanwhile, other physics 
and technical challenges to a 4th generation ECR ion source 
are also tackled at IMP to find feasible solutions. This pa-
per will give a brief review of the critical issues in the de-
velopment of FECR ion source. A detailed report on the 
status of FECR prototype magnet development will be pre-
sented.  

INTRODUCTION 
Heavy ion accelerators are the most powerful tools in 

modern nuclear physics research. Driven by the needs of 
large scale heavy ion accelerators, such as FRIB at MSU, 
RIBF in RIKEN, HIRFL at IMP and so on, ECR ion 
sources have been continuously supported and improved. 
The recently started national basic science research project 
called HIAF or High Intensity heavy ion Accelerator Facil-
ity in Huizhou [1], which is composed by high perfor-
mance superconducting ECR ion sources, SRF (Supercon-
ducting Radio Frequency) linac, BRing (Booster synchro-
tron Ring), HFRS (High energy FRagment Separator) and 
SRing (Spectrometer synchrotron Ring), will accelerate 
and accumulate 1×1011 ppp U35+ of 800 MeV/u in BRing 
(Fig. 1). For this goal, the injector linac iLinac needs to de-
liver U35+ beam with a beam intensity of ~1 emA at the en-
ergy of 17 MeV/u. Consequently, the room temperature 
front end part will be able to produce and deliver high in-
tensity U35+ beams. A 70% efficiency is estimated to 
transport the intense U35+ with high quality to iLinac, and 
as a result ~40 pμA U35+ is literally needed for routine op-
eration if the peak performance of HIAF is desired. Given 
some margin, the ion source should be able to produce 
50 pμA U35+ when fully optimized to guarantee the routine 
operation performance.  

 
Figure 1: Schematic layout of HIAF. 

Modern ECR ion sources with the 3rd generation sources 
as the iconic machines have been built since 20 years ago. 
Heated by the microwave of 24~28 GHz and 10 kW max-
imum power, these sources such as VENUS in LBNL, 
SCECRIS in RIKEN, SuSI at MSU, SECRAL at IMP and 
so on, can produce (or potentially) U3x+ ion beams of the 
intensity 10~15 pμA which is more than 10 times the re-
codes set 20 years ago. But to meet the needs of HIAF, the 
performance still needs to be boosted by a factor of 3~4. 
As ECR ion source development is mainly governed by the 
scaling of 𝐼 ∝ 𝜔ଶ , the straightforward technical path is 
to develop a 4th generation machine. FECR ion source, 
which is one of the key components of the LEAF (Low En-
ergy heavy ion Accelerator Facility) project [2], will proto-
type the first 4th generation ECR ion source in the world.  

FECR 
The 4th generation ECR ion source concept was pro-

posed more than 10 years [3] when several 3rd generation 
ECR ion sources had been constructed but seemed to be 
saturated in performance, which was still not up to the re-
quirements of next generation heavy ion accelerators. 
FECR ion source is one of the next generation ECR ion 
sources following the 4th generation concept, which is aim-
ing to be operated the microwave frequency of 45 GHz that 
can fundamentally increase the ECR plasma density by a 
factor of 2~3. Table 1 gives the typical design features of 
FECR. As is mentioned in the table, with the increase of 
the microwave frequency, the key parameters of the ion 
source in comparison with a 3rd generation ECR have been 
obviously changed, which will give the challenges and dif-
ficulties in ion source development. 

 ___________________________________________  

* Work supported by NSFC with contract No. 11427904 and Chinese
Academy of Sciences with contract No. QYZDB-SSW-JSC025. 
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Table 1: Typical Design Features of FECR 

Spec. Unit FECR 3rd G ECR 
ωrf GHz 45 24/28 

RF power kW ≥20 ~10 
Chamber ID mm ≥Ø140 Ø100~150 
Mirror Fields T 6.4/3.5 ~4/2.8 

Brad T 3.2 1.8~2.2 
Lmirror mm 500 420~500 

Bmax in conductor T ~11.8 ~7 
Conductor / Nb3Sn NbTi 

Ts keV 80~100 50~60 
(Ne)crit cm-3 ~2.6×1013 ~1×1013 

Max. drain  mA ~50 ~20 

CHALLENGES 
To make an operational 45 GHz ECR ion source, FECR 

has many challenges. As given in Table 1, the key parame-
ters of the ion source will have obvious changes, which 
might give fundamental impact to the ion source structure 
or operation conditions. The main expected challenges are 
given in the following discussions. 

Nb3Sn Magnet 
Sextupole Coil Production. A wind and react approach is 

used in the fabrication of the FECR coils. There are many 
successful examples of high field solenoids with Nb3Sn 
wire, but in terms of sextupole, no much successful infor-
mation could be the references. The main challenges lie in 
the precise winding of more than 800 turns single strand in 
a saddle-like configuration. To have high standard electri-
cal insulation (3~5 kV) of the coil, no damage in the 
S-glass braided material is allowed during the winding. Af-
ter successful winding, winded coil will be sent to a pro-
grammable oven for heat treatment where the wire will turn 
into Nb3Sn conductor. To achieve high quality of electrical 
insulation and also high RRR value of the superconductor, 
decarbonization process is mandatory. Finally, the coil will 
be put in a tooling for Vacuum Pressure Impregnation 
(VPI) to form the final configuration and more importantly 
to strengthen the coil and improve the electrical insulation 
property. To meet the needs of precise installation with 
bladder and key technology, the 860 mm length sextupole 
coils should be eventually prepared within a tolerance of 
±100 μm. 

Cold Mass Structure. There will be complicated forces 
between the coils. For a 3rd generation ECR ion source, it 
has already been a big challenge. For FECR, this interac-
tion forces will be more than doubled. Efficient pretension 
and clamping of all the coils will be the highest priority in 
the structure design. FECR cold mass design also adopted 
the state-of-the-art bladder and key technique. The explo-
sive view of FECR cold mass is given in Fig. 2.  

Quench Protection. FECR will have totally ~1.6 MJ 
stored energy at 100% energized currents. Fast and safe ex-
traction of the stored energy when the magnet quenches is 
crucial. However, compared to NbTi, Nb3Sn has much 
slower quench propagation speed that makes fast quench 
detection and energy extraction more stringent. Passive 
quench protection widely used on 3rd generation devices is 

not suitable to FECR. Figure 3 gives the hot-spot tempera-
ture for one of the FECR coils. Active quench protection 
system adaptable to FECR should be developed. 
 

 
Figure 2: FECR cold mass structure. 

 
Figure 3: Hot-spot temperature estimation with passive 
quench protection scheme for one injection solenoid. 

Cryogenic System. FECR has a 3.5 tons cold mass. 
To accommodate it and make it work safely at 4.3 K (liquid 
helium temperature), many issues should be handled.  
Radial field homogeneity is very essential for a high per-
formance ECR ion source. Misalignment of the cold mass 
will possibly cause thermal shortage inside the cryostat, 
and more importantly, the inhomogeneous radial field on 
the plasma chamber wall will result in much weaker total 
magnetic field and consequently much heavier localized 
heating by plasma flux leakage. Additionally, for efficient 
energy extraction, active quench protection will use 
0.5~2.0 Ω dump resistor which will excite high voltages in 
the coil circuits. For FECR, a highest voltage of ~1 kV will 
be seen during the quench energy extraction at 100% de-
sign currents [4], which needs a very robust solution to the 
electrical insulation in the cryostat design and fabrication. 
Last but not least, much more dynamic heat load is ex-
pected to be dumped to the cold mass, and high dynamic 
cooling capacity is needed at 4.2 K to avoid the loss of boil-
ing-off liquid helium.  
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Conventional ECR Parts 
20 kW/45 GHz Microwave Coupling. As 45 GHz micro-

wave has a wave length of ~6.7 mm, transmission and cou-
pling of high power microwave to ECR plasma may have 
the potential risk of arcing inside the circular waveguide. 
Quasi-optical transmission in air from the generator to the 
microwave window, and then converted to oversized wave-
guide after the microwave window is proposed and suc-
cessfully tested at IMP on the SECRAL-II test bench 
(Fig. 4). This has basically solved the problem of high 
power transmission and coupling to ECR ion source. How-
ever, the efficient coupling to an ECR plasma in terms of 
highly charged ion production remains unclear, which 
needs the real test with FECR. Additionally, in recently 
years several laboratories have demonstrated that multi-
frequency heating is essential to stabilize the plasma when 
the ion source is fed with high power microwave for highly 
charged ion beam production. For FECR, it is still hard to 
make a choice in the auxiliary plasma heating frequency. 
As a baseline, 45 GHz/20 kW + 28 GHz/10 kW will be ap-
plied. 
 

 
Figure 4: SECRAL-II test bench with 45 GHz microwave 
coupling system. 

Reliability and Stability at 20 kW/45 GHz. Once high 
power density plasma is built, there will be many chal-
lenges. The critical one is the efficient plasma chamber 
cooling. Many laboratories had the experience of damaged 
plasma chambers by localized overheating of escaped 
plasma flux. According to the estimation by T. Thuillier in 
his paper [5], the peak power sink on the inner wall of 
plasma chamber can reach to 1.25 MW/cm2 for 1 kW 
28 GHz microwave heating that will cause instant boiling 
of the cooling water at the weak |B| area on the plasma 
chamber at high power level. Created bubbles will prevent 
further cooling with flowing water and plasma chamber 
damage will happen when chamber material starts to de-
grade at high temperature. Normally, this damage is an in-
stant process once the heated microwave power reaches the 
critical value of the chamber (magnetic field configuration, 
plasma stability also have influences). At 45 GHz, we 
might face much higher plasma flux density for every kW 
microwave power launched. Most of the existing plasma 
chamber can barely take long-time operation at the power 
level of 10 kW. It is a big challenge for FECR to work at 
20 kW/45 GHz.  

Strong Bremsstrahlung Radiation. Strong bremsstrah-
lung radiation is an iconic characteristic of highly charged 

ECR ion source, which is an evidence of the existence of 
energetic electrons inside the plasma. For superconducting 
ECR ion source, this radiation will give additional heat 
sink to the cryogenic system as mentioned in the former 
section. This radiation will also cause the degradation of 
electrical insulators. High voltage (HV) main insulators 
have been damaged with many 2nd or 3rd generation ion 
sources. More energetic and dense electrons will be created 
inside FECR plasma, and the damage to the main insulator 
column will be devastating. Another possible risk is the ra-
diation to the Nb3Sn coils. As Nb3Sn coils have strict re-
quirement on electrical insulation property. Any degrada-
tion in the epoxy insulation will affect the performance and 
even the normal operation of the coils.   

Intense Beam Extraction. 3rd generation ECR sources 
have produced highly charged beams with a total current 
of 15~20 emA that is 2~3 times the total current from a 
high performance 2nd generation ECR ion source. FECR is 
expected to be able to extract 30~50 emA total beam that 
will raise the challenges in beam extraction, transport and 
quality control. 

Intense Refractory Ion Beam Production. Intense ura-
nium beam is highly desired in most of the heavy ion ac-
celerator laboratories. High temperature oven remains the 
baseline solution to highly charged intense uranium beam 
production, despite the sputtering method has also been re-
garded as an efficient technology in the production of 100 
eμA U3x+. As metal uranium is chemically reactive to most 
crucible materials, UO2 is favoured for oven application, 
which needs ~2000℃ for intense beam production. At such 
a high temperature, Lorentz forces, material degradation 
(or chemical reaction), and thermal stress constitute the 
challenges in high temperature oven technique. Other than 
uranium beams, intense beam production of Th, W, Mo, 
Ca, and so on is also of high challenge with regards to pro-
duction efficiency and high charge state. 

STATUS REPORT 
Many research activities oriented to the afore mentioned 

challenges have been made. In this paper, several typical 
processes are presented. 

FECR Prototype Cold Mass 
To validate the cold mass design of FECR, a 1/2 length 

prototype has been proposed and developed [5]. This pro-
totype is mainly composed by 6 sextupole coils and 2 axial 
solenoids, which can demonstrate the Nb3Sn coil fabrica-
tion technique, cold mass structure, quench protection and 
cold mass integration technologies. By the end of August 
2020, the prototype cold mass has been developed and re-
cently tested for the 1st round. The prepared prototype cold 
mass is shown in Fig. 5. In the cold test, we energized the 
solenoid and sextupole individually. The solenoid was en-
ergized to 100 % design current of 600 A without a quench, 
and the sextupole was energized to 90% design current of 
671 A without a quench. But during the training study, we 
found flux jump signal interference and the power supply 
stability are problems for stable operation and fast, accu-
rate quench detection. 
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Figure 5: Picture of completed FECR 1/2 size prototype 
cold mass ready for test. 

Cryogenic System 
An engineering design of the FECR cryogenic system 

has been made recently based on the final structure design 
of the cold mass. This cryogenic system will provide the 
LHe operation condition for the 3.5 tons cold mass. Cold 
alignment with the assistance of on-line field mapping is 
enabled in the cryostat design. The typical features of 
FECR cryogenic system is given in Table 2. The choice of 
the cryocoolers is specified. As given in Table 3, a combi-
nation of 1 CH-110 and 3 RDE-418D4 coolers from Sumi-
tomo Inc., and 3 KDE422 coolers from CSIC Pride (Nan-
jing) Cryogenic Technology Co., Ltd. has been adopted.  

Table 2: Cryogenic System Parameters of FECR 

Parameters Value 
Operation Temp. (K) 4.3 

Magnet Cooling  LHe bathing 
Stored Energy (MJ) ~1.6 
Required dynamic 

cooling capacity (W) 
≥12 

Warm bore ID (mm) Ø162 

LHe volume (liter) ~330 
Dimension (mm) L1456×Ø1200×H2690 

Total weight (ton) ~6.1 
 

Table 3: Cryocoolers for FECR 

Model 1st Stage  2nd Stage 
   

CH-110 ~130 W@50 K N/A 
KDE-422 ~20 W@50 K ≥2.2 W@4.2 K 

RDE-418D4 ~42 W@50 K ≥1.8 W@4.2 K 
Total ~316 W@50 K ≥12 W@4.2 K 

High Power Operation 
Traditional double-wall water cooling aluminium 

plasma chamber can only safely work at the ECRH micro-
wave power level of 7~8 kW of 24~28 GHz. A recent 
breakthrough in plasma chamber design by utilizing a mi-
crochannel technology can fundamentally improve the 
cooling capacity of the plasma chamber. In the recent 

online test, a total power of 11 kW has been fed into the 
newly developed plasma chamber installed on SECRAL-
II. After 48 hours continuous 11 kW operation, the plasma 
chamber survived and stable highly charged ion beams are 
also produced, such as >100 eμA Xe34+. This can’t guaran-
tee the safe operation at 20 kW/45 GHz, but is a good base-
line for the FECR ion source plasma chamber design. 

High Temperature Oven 
Enlighted by the successful inductive heating oven 

(IHO) developed at MSU for the reliable operation under 
1800℃, a refined IHO has been recently developed at IMP. 
With several modifications in the oven structure and mate-
rial design, this oven can work stably up to 2000℃. Re-
cently, this oven has been used to produce intense uranium 
beams. At 6 kW/24 GHz, 450 eμA U33+ was produced and 
more importantly the oven survived the one-week high 
temperature operation [6], which gave us confidence in de-
veloping reliable high temperature oven for FECR. 

Dynamic Heat Load 

 
Figure 6: Estimated dynamic heat load to the 4.3 K cryo-
genic system at different operation Bmin. 

Dynamic heat load to the 4.2 K cryogenic system is 
mainly caused by the high energy electron bremsstrahlung 
radiation as most of the existing 3rd generation ECR ion 
sources have used 1~2 mm Ta shielding that could easily 
prevent the X-ray of <200 keV from penetration to the cry-
ogenic system. The experimental results from SECRAL-II 
indicate the dynamic heat load could reach 0.6~1.0 W/kW 
at 24~28 GHz when Bmin was set in the range of 0.6~0.7 T, 
~0.7 of Becr. It has been accepted by the community that 
high temperature electron spectra temperature Ts increases 
linearly with Bmin before the cyclotron instability is trig-
gered at Bmin/Becr~0.8. For FECR, it will be operated at the 
Bmin of 0.9~1.1 T. As illustrated in Fig. 6, 1~2 W/kW dy-
namic heat load is predicted for FECR which means the 
cryogenic system will have a total dynamic heat load of 
20~40 W during CW operation, which is much beyond the 
~12 W design value. Before we can find better solutions, 
one compromised plan is to lower the operation duty factor 
by pulsing the microwave power when > 10 kW operation 
is desired.   
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SUMMARY 
FECR project was officially started in 2015. After 

5 years continuous development, we have tackled most of 
the envisioned challenges. Most of them have got funda-
mental progresses recently, but there are still many open 
questions. To develop an operational FECR ion source, 
there are still many challenges ahead. According to the up-
dated project plan, FECR assembly is about to be ready in 
2021. That will be time to check the feasibility and relia-
bility of our designs towards a high performance 45 GHz 
ECR ion source.  
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Abstract 
LECR5 (Lanzhou Electron Cyclotron Resonance ion 

source No. 5) is an 18 GHz room temperature ECR ion 
source featuring Ø80 mm ID (Internal Diameter) plasma 
chamber and high magnetic fields. It has been successfully 
constructed at IMP recently and has been fully commis-
sioned to meet the requirements of SESRI (Space Environ-
ment Simulation and Research Infrastructure) project. Ac-
cording to the test results, LECR5 can meet the require-
ments of SESRI with sufficient beam intensities within the 
required the transverse emittances. As LECR5 is designed 
to be optimal for the operation at 18 GHz, we have ex-
plored the source performance at 18 GHz with a maximum 
microwave power around 2 kW. Recent source test indi-
cates, LECR5 can produce not only high intensity ion 
beams such as 2.12 emA O6+, 121 eμA of Ar14+, 73 eμA of 
Kr23+, 145 eμA of Xe27+, but also very high charge state ion 
beams such as 22 eμA of Bi41+. This paper will present the 
recent progress with LECR5, especially the intense ion 
beam production and the beam quality investigation. 

INTRODUCION 

Space Environment Simulation and Research Infrastruc-
ture (SESRI), which is one of the large-scale science pro-
jects proposed in the National Twelfth Five-Year Plan of 
China, will be constructed in Harbin Institution of Technol-
ogy. It has kinds of accelerators designed and constructed 
by the Institute of Modern Physics (IMP), the Chinese 
Academy of Sciences (CAS). The 300 MeV proton and 
heavy ion accelerator is a significant radiation source, 
which will supply 100 - 300 MeV protons and 7 - 85 
MeV/u heavy ions for studying the interaction of high en-
ergy space particle radiation with the material, device, 
module, and biological entity. Electron Cyclotron Reso-
nance (ECR) ion sources are widely used to produce a 
multi-charged ion beam for heavy ion accelerators. The 
SESRI project dedicated to space radiation consists of a 
high performance ECR ion source, a high intensity ion 
linac, a synchrotron, and three research terminals to meet 
the above requirements. As shown in Fig. 1. Table 1 shows 
the required beam current and quality of the ion source. 
Some all permanent magnet ECR ion sources (LAPECR1, 
LAPECR2) and some room temperature ECR ion sources 
(LECR1, LECR2, and LECR3) have also been succes-
sively built at IMP [1].  
 

All permanent Magnet ECR ion source and 14.5 GHz room 
temperature ECR ion source cannot meet the bismuth ion 
beam requirement. Referring to the ECR ion source devel-
opment at IMP [2], 18 GHz ECR ion source can meet this 
project’s needs. As the critical part of the complex, a high 
performance room temperature ECR ion source (named 
LECR5) was proposed for various ion beams injection. 
Ac-cording to the scaling laws of an ECR ion source [3, 
4]. Its design is based on LECR4 [5] parameters and 
optimized for the magnetic field of the SECRAL 
operating at 18 GHz [6]. Compared with a supercon-
ducting ECR ion source, a room temperature 18 GHz 
ECR ion source has the advantages of more accessible 
construction, lower cost, and more convenient main-
tenance. 

Figure 1: The layout of accelerator of SESRI. 

Table 1: The Requirements of the Ion Source (*updated) 

Ions Current (eμA) 4RMS (π.mm.mrad) 

H2
+ ≥250 ≤0.8 

4He2+ ≥200* 

≤0.6 84Kr18+ ≥84 

209Bi32+ ≥50 

DESIGN OF LECR5 AND FEATURES 
As shown in Fig. 2. For most room temperature ECR ion 

source, the axial magnetic field to achieve a mirror field 
uses two coils that injection and extraction coils. LECR5 
designed a third set of coils placed in the middle of the mir-
ror field to control Bmin. It is advantages to tuning on the 
electron temperature through the magnetic gradient at res-
onance. Besides, the magnetic field at the injection side is 
reinforced by a thick iron plug that obtains a high-B mode 
magnetic profile. The axial field of 2.5 T at the injection is 
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achievable. A hexapolar system gives the radial magnetic 
field. The optimum configuration for such a system is 
given by the so-called Halbach array composed of 36 block 
permanent magnets (88 mm inner diameter, 188 mm outer 
diameter, and 320 mm long). Using the higher remanence 
material N50M NdFeB (Br=1.407 T, Hc=-1043 kA/m) im-
proves the radial magnetic field strength, and uses higher 
polarization coercivity material N48SH NdFeB (Br=1.386 
T, Hc=-1011 kA/m) solves the self-demagnetization prob-
lem in the six critical magnetic segments. The radial mag-
netic field at a chamber wall of 1.2 T is achievable, and the 
large and long plasma chamber (80 mm in diameter and 
340 mm long) allows a long lifetime for the ions to produce 
high charge states. Table 2 presents the design parameters 
of the LECR5 ion source. After the assembly, the magnet 
parameters are up to and better than the design value [7]. 

Figure 2: Layout structure of the LECR5 ion source. 

Table 2: The Design Parameter of the LECR5 Ion Source 

Parameters value

Microwave frequency (GHz) 14.5 - 18 

Maximum power (kW) 2.5 

Binj (T) 2.5 

Bext (T) 1.4 

Bmin (T) 0.33~0.53 

Brad (T) 1.2 

Mirror Length (mm) 340 

Plasma Chamber D (mm) 80 

Maximum HV (kV) 30 

COMMISSIONING ION BEAMS 

Gaseous Ion Beams Production 
The testing of LECR5 was started in August 2019 by 

producing high charge state ion beams from oxygen and 
argon plasmas [7]. The first extraction’s beam intensity 
adopted dual-frequency (14.5 + 18 GHz) heating has pro-
duced 450 eμA O7+ and 260 eμA Ar12+, which verified 
the performance of LECR5. At the beginning of 2020. The 
commissioning of LECR5 for stable beam production was 
started from oxygen. 2.12 emA O6+ has been obtained af-
ter optimization. Depending on 14.5+18 GHz microwave 
power and comparing with other ECR ion sources given in 
Fig. 3. It was commissioned with a single frequency of 18 

GHz, maximum power was 2 kW, and stainless steel 
plasma chamber for the SESRI project requirements. Opti-
mization of typical charge states of gaseous ion beams was 
commissioned to explore the performance of LECR5 ion 
source. The record intensities for argon, krypton, and 
xenon are presented in Table 3. The beam results of LECR4 
in Table 3 were commissioned with dual-frequency (18 
+18 GHz), and microwave power was less than 2.2 kW [8]. 
Those of SECRAL in Table 3 were commissioned at 18 
GHz [9]. It produces a higher charge state ion beam that is 
better than LECR4 and close to SECRAL operated at 18 
GHz. The higher radial magnetic field (>1.2 T) can pro-
duce higher charged ion beams at the same conditions. It 
can meet the demand of ion beam current at less than 1 kW 
microwave power and supply stable ion beams. For the 
light ion beam, the magnetic field and microwave power 
can be reduced to meet its needs. 

Figure 3: Depending on 14.5+18 GHz microwave power 
and comparing with other ECR ion sources. 

Table 3: Comparison of the Gaseous Ion Beam Results of 
LECR5 with other ECR Ion Sources 

 Q LECR5 
(eμA) 

LECR4 
(eμA) 

SECRAL 
(eμA) 

40Ar 11+ 521 620 

 12+ 385 430 510 

 14+ 121 185 270 

 16+ 21 21 73 

84Kr 18+ 220 

 20+ 120 

 23+ 73 

 26+ 32 

129Xe 20+ 338 430 505 

 23+ 263 275 

 26+ 200 205 410 

 27+ 145 135 306 

 28+ 104 92 

Metal Ion Beams Production 
High intensity high charge state metal ion beam is essen-

tial for performance presentation of ECR ion source. The 
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bismuth ion beam has been produced with LECR5 oper-
ated at dual-frequency (14.5 +18 GHz) and aluminum 
plasma chamber. By optimizing of LECR5 conditions, sta-
ble high charged bismuth ion beams had been obtained 
with an oven method at 25 kV extraction voltage. An inter-
nal oven was developed at IMP for metallic ion beam pro-
duction. The central part of the oven (Fig. 4) consists of an 
alumina ceramic wound with a 0.5 mm diameter tantalum 
wire, and its working temperature is from 200 ℃ to 1300 
℃ [10]. A 15 A/20 V electrical power supply is used to heat 
the tantalum wire. Table 4 presents the commissioning 
beam results compared with LECR4 and SECRAL. Figure 
5 shows the typical spectrum when Bi41+ is optimized. 
The results of higher charged bismuth ion beams are close 
to and better than those of SECRAL operated at 18 GHz. 

Figure 4: The layout structure of the oven used on the 
LECR5. 

Table 4: Comparison of the Metal Ion Beam Results of 
LECR5 with Other ECR Ion Sources 

 Q LECR5 
(eμA) 

LECR4 
(eμA) 

SECRAL 
(eμA) 

209Bi 30+ 119 191 

 31+ 101 92 150 

 32+ 81 63 

 41+ 22 22 

 45+ 12.5 15 

 50+ 3.8 1.5 

Figure 5: The spectrum of LECR5 optimized for Bi41+ at 
dual-frequency (14.5 +18 GHz) heating. 

ION BEAMS EMITTANCE 
LECR5 ion source can improve the efficiency of linac 

by providing high quality ion beam. It is difficult to control 
the beam quality of ECR ion source for light ion, but it can 
be optimized for heavy ion beam. The light ion beam emit-

tance could be controlled by slits in two directions and op-
timization of low energy beam transmission. During the 
LECR5 beam commissioning heavy ion beam, 121 eμA 
Ar14+, 145 eμA Xe27+, 81 eμA  Bi32+ and 22 eμA Bi41+ at 25 
kV extraction voltage ion beam emittances were measured 
by an Allison-type emittance scanner. The results are 
shown in Fig. 6. It can be seen that normalized emittance 
of high intensity high charged ion beam is around 0.1 
π.mm.mrad and could satisfy the requirement of SESRI.  

Figure 6: Ion beam Emittance for argon, xenon, and bis-
muth, H means horizontal, V means vertical. 

CONCLUSION AND PERSPECTIVES 
A high performance 18 GHz room temperature ECR ion 

source was successfully constructed. Some outstanding re-
sults of medium-high-charge ion beams have been pro-
duced. It can produce a higher charged heavy ion beam 
close to SECRAL operated at 18 GHz. The emittance of 
the ion beam is reasonable and better than the requirements 
of the SESRI project. The 18 GHz room temperature ECR 
ion source’s performance can be further improved by in-
creasing the radial magnetic field and effective confine-
ment magnetic field. Better beam results will be obtained 
by multi-frequency heating and microwave power up to 3 
kW in the future. 
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STATUS OF THE AISHa ION SOURCE AT INFN-LNS* 
L. Celona†, G. Calabrese, G. Castro, F. Chines, O. Leonardi, G. Manno, D. Mascali, 

A. Massara, S. Passerello, D. Siliato, G. Torrisi and S. Gammino 
INFN – Laboratori Nazionali del Sud, Catania, Italy 

G. Costanzo, C. Maugeri, F. Russo, CNAO, Pavia, Italy

Abstract 
The AISHa ion source is an Electron Cyclotron Reso-

nance Ion Source designed to generate high brightness 
multiply charged ion beams with high reliability, easy op-
erations and maintenance for hadrontherapy applications. 
The R&D performed by the INFN-LNS team during the 
2019/2020 has allowed the improvement of the AISHa per-
formances up to 20% for some of the extracted beams: both 
injection and extraction flanges has been improved and a 
movable electrode has been installed. The low energy 
beam transport has been equipped of an Emittance Meas-
urement Unit (EMU), working through the beam wire 
scanners principle, for the measurement of the vertical and 
horizontal emittance of the beams of interest for hadron-
therapy applications. Beam emittance has been character-
ized as a function of q/m and of the beam intensity to high-
light space charge effects. If necessary, the beam wire scan-
ners can be used for the characterization of the beam shape. 
The perspectives for further developments and plasma di-
agnostics will be also highlighted. 

INTRODUCTION 
The Advanced Ion Source for Hadrontherapy (AISHa) is 

an Electron Cyclotron Resonance Ion Source (ECRIS) rep-
resenting an intermediate step between a 2nd generation 
ECRIS, unable to provide the requested current and/or 
brightness, and the 3rd generation ECRIS, too complex and 
expensive [1]. 

It has been intended as a multipurpose device and was 
designed with the typical requirements of hospital facilities 
in mind, where the minimization of the mean time between 
failures and the fast maintenance operations are key issues 
together with the low ripple, high stability, and high repro-
ducibility of the ion beams produced. 

For these peculiarities and for the ability to produce 
highly charged ion beams, it is also a suitable solution to 
feed accelerators as cyclotrons. 

Figure 1 shows a view of the ion source in the experi-
mental area, while the main design features are listed in 
Table I. The features included in the design exploit all the 
knowledge acquired from INFN-LNS in the last decades in 
the ion source design and realization [2].  

The AISHa hybrid magnetic system consists of a 36 seg-
ment permanent Halbach-type hexapole magnet and a set 
of 4 independently energized superconducting coils. The 
coils are enclosed in a compact cryostat equipped with two 
double-stage cryocoolers that allow us to reach the operat-
ing conditions in around 40 h in LHe free operation [3]. 

The microwave injection system has been designed for 
maximizing the beam quality through a high-power klys-
tron amplifier operating in the 17.3–18.4 GHz band that 
allows us to fine tune the frequency by a Digital Fast Tuner 
System (DFTS). It is scheduled to upgrade the microwave 
injection system to a higher frequency in order to operate 
in both single and double frequency modes to exploit at the 
same time, the Frequency Tuning Effect (FTE) and the Two 
Frequency Heating (TFH) [4]. 

A 21 GHz-1.5 kW klystron power amplifier is expected 
to be delivered by the end of the year and it will be coupled 
with low losses to the source through the use of an “ad hoc” 
electromagnetic bandgap device acting as a DC-break. 

The plasma chamber, designed to operate around 
18 GHz and to hold a maximum power rate of 2 kW is 
placed at a high voltage (up to 40 kV) and insulated to the 
ground by a waveguide DC break [5], designed to permit 
reliable operation up to 50 kV.  

The beamline consists of a focusing solenoid placed 
downstream of the source, a 90° bending dipole for ion se-
lection, and two diagnostic boxes. Each diagnostic box 
consists of a Faraday Cup (FC), two beam wire scanners, 
and four slits. 

The system of wire scanners and slits has been designed 
and assembled to allow to beam emittance measurement. 
The commissioning of the customized Emittance Measure-
ment Unit has started during the late spring with the char-
acterization of the emittance of Argon, Oxygen Carbon, 
Helium and Proton beams. 

 

 
Figure 1: Side view of the Advanced Ion Source for Ha-
drontherapy at INFN-LNS in Catania. 

____________________________________________  

* Work supported by INFN Fifth National Commission  
† Celona@lns.infn.it  
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Table 1: The Main Design Features of the Source AISHa 
Parameter Value 
Radial field on plasma 
chamber wall 

1.3 T 

Axial field 2.6/0.4/1.7 T 
Frequency  17.3/18.4 GHz 
Power  1.5 kW 
Cryostat length 620 mm 
Diameter 650 
Extraction voltage Up to 40 kV 
Plasma chamber 92 mm 
Extraction aperture 7.2 mm 
Resonance zone length <10 cm 

The body source has been totally redesigned paying 
more attention to the water cooling circuit enabling reliable 
long time operations. Improvement of the stability of the 
gas fluxes through the use of mass flow controllers able to 
provide stable fluxes as low as 0.011 sccm played a key 
role in the optimization of the source tuning that is in turn 
beneficial for the emittance minimization. 

EXPERIMENTAL RESULTS 
The performances of the AISHa ion source has been 

characterized by the simultaneous measurements of the 
Charge State Distribution (CSD), of the beam emittance 𝜀 
and beam brilliance 𝐵.  

The beam emittance has been performed by slicing the 
beam along the x/y direction and measuring the current for 
different position of a beam wire scanner, moving parallel 
to the horizontal/vertical slit. The experimental data have 
been analysed by means of a home-made code that evalu-
ates the root mean square (rms) normalized emittance.  

Normalized emittance is a relativistic invariant, which is 
expected to be independent of the extraction voltage. Here-
inafter we will refer to the rms normalized emittance as the 
emittance. 

The beam brilliance is a measured of the beam current 
per unit of phase space. Beam brilliance enables us to com-
pare beams characterized by different intensity and emit-
tance. Beam brilliance has been evaluated as the ratio be-
tween the ion beam current and the emittance squared: 𝐵 ൌ 𝐼𝜀௫𝜀௬ 

In case of symmetric emittance, 𝜀௫~𝜀௬, the brilliance can 
be simply evaluated as: 𝐵 ൌ 𝐼𝜀௫,௬ଶ 

Figures 2, 3 and 4 shows the CSD of the AISHa ion 
source when producing Argon, Oxygen and Helium re-
spectively. During the test AISHa was able to produce up 
to 1.3 mA of O6+, 0.35 mA of O7+ and more than 5 mA of 
He2+. 

However, it is noteworthy that, for any of the ion beam 
investigated, maximum brilliance has been always 
achieved in the highest current conditions. 

 
Figure 2: Argon charge state distribution for the ion source 
tune optimized for the Ar11+ charge state. 

 
Figure 3: Argon charge state distribution for the ion 
source tune optimized for the O6+ charge state. 

 
Figure 4: Argon charge state distribution for the ion 
source tune optimized for the He2+ charge state. 

Figures 5 and 6 show respectively an example of vertical 
and horizontal beam emittance acquired by wire scanner 
system developed at INFN-LNS. The vertical emittance 
has a spatial dimension larger than the horizontal emittance 
due to the symmetry breaking introduced by the analysing 
magnet along the beam transport line. On the other hand, 
the dimension in the dx/dz dimension is larger in horizontal 
emittance. 
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Several studies has been performed with the aim of de-
creasing the beam emittance for a given ion beam. In par-
ticular beam emittance has been characterized versus 
charge state current Iq. Best value of emittance has been 
generally obtained for lower values of extracted current. 
For example, in the case of O6+, the best value has been 
achieved when producing 0.230 mA (peak value 1.4 mA). 
In the case of He2+, when producing 0.7 mA (peak value 
5.4 mA).  

 
Figure 5: Measure of the vertical emittance of a O6+ beam. 

 
Figure 6: Measure of the horizontal emittance of a O6+ 
beam. 

Table 2 summarizes those results in terms of beam cur-
rent (mA), beam emittance (π·mm·mrad) and beam bril-
liance (mA/π·mm·mrad²). 

Further improvement in terms of peak current and bril-
liance are awaited as soon as the AISHa shall be upgraded 
to 21 GHz. Installation of the novel 21 GHz-1.5 kW klys-
tron power amplifier is expected within the end of this year. 

CONCLUSION AND PERSPECTIVES 
The AISHa ion source is LHe hybrid ECRIS designed in 
order to work in hospital environment, but is also capable 
to produce intense highly charged ion beams and for this 
reason it may be also used in nuclear physics laboratories 
as a multipurpose source.  
The source is going to be moved in a new dedicated labor-
atory where it is planned to be used for the R&D activities 
of the LNS ion source group. 
 
 
 
 
 

A series of experiment and developments have been 
funded in the next three within the experiment IONS. 
 
Table 2: Best results achieved by the AISHa Ion Source in 
terms of extracted current (mA), beam emittance 
(π·mm·mrad) and beam brilliance (mA/π·mm·mrad²) 

Charge State Iq 𝜺𝒓𝒎𝒔.𝒏𝒐𝒓𝒎 Brilliance  
16O6+ 1.4 0.2198 28.9  
16O6+ 0.23 0.115 17  
16O7+ 0.35 0.247 5.7  
12C4+ 0.65 0.272 8.8  
12C4+ 0.15 0.222 3  
12C5+ 0.17 --- ---  

40Ar11+ 0.16 0.201 3.8  
40Ar12+ 0.14 0.201 3.4  
4He2+ 5.4 0.418 30.9  
4He2+ 0.7 0.245 11.6  

A second source is under realization for the CNAO had-
rontherapy center located in Pavia. Magnetic system have 
been already realized, the procurement phase is under way 
and the first assemblies are expected for March-April 2021 
at INFN-Pavia. The pre-assembled source is expected to be 
deployed at CNAO synchrotron room within the fall of the 
next year. 

ACKNOWLEDGEMENTS 
The authors would like to acknowledge the support of 

the INFN technical staff and of the mechanical workshop 
for the valuable work done in the design and manufacture 
of several items of the AISHa facility. 

REFERENCES 
[1] R. Geller, Electron Cyclotron Resonance Ion Source and 

ECR Plasmas, Institute of Physics, Philadelphia, 1996. 
[2] S. Gammino et al., “Perspectives of electron cyclotron res-

onance ion sources beyond the scaling laws,” IEEE Trans. 
Nucl. Sci., vol. 63, pp. 1051-1059, 2016. doi:10.1109/ 
TNS.2016.2514981 

[3] L. Celona et al., “Experimental characterization of the AI-
SHa ion source”, Rev. Sci. Instrum., vol. 90, p. 113316, 
2019. doi:10.1063/1.5128631 

[4] F. Maimone et al., “Influence of frequency tuning and dou-
ble-frequency heating on ions extracted from an electron cy-
clotron resonance ion source,” Rev. Sci. Instrum., vol. 82, p. 
123301, 2011. doi:10.1063/1.3665673 

[5] O. Leonardi, G. Torrisi, G. Sorbello, L. Celona, and S. Gam-
mino, “A compact dc-break for ECR ion source @ 18 GHz,” 
Microwave. Opt. Technol. Lett., vol.60, p. 3026, 2018. doi: 
10.1002/mop.31421 

 

24th Int. Workshop on ECR Ion Sources ECRIS2020, East Lansing, MI, USA JACoW Publishing
ISBN: 978-3-95450-226-4 ISSN: 2222-5692 doi:10.18429/JACoW-ECRIS2020-MOWZO03

MOWZO03C
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
19

).
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

12 02: Production of Highly Charged Ion Beams



GISMO GASDYNAMIC ECR ION SOURCE STATUS:
TOWARDS HIGH-INTENSITY ION BEAMS OF SUPERIOR QUALITY∗

I. V. Izotov†, A. F. Bokhanov, E. M. Kiseleva, R. L. Lapin, V. A. Skalyga, S. S. Vybin
Institute of Applied Physics of Russian Academy of Sciences, Nizhny Novgorod, Russia

Abstract
GISMO, a CW high-current quasi-gasdynamic ECR ion

source, is under development at the IAP RAS. The quasi-
gasdynamic confinement regime, featuring high plasma
density (up to 1014 cm-3) and moderate electron temper-
ature (∼100 eV), allowed to extract pulsed beams of H+

and D+ ions with current of 450 mA and RMS emittance
<0.07 𝜋·mm·mrad [1]. It has been already demonstrated that
major benefits of quasi-gasdynamic confinement, previously
tested in pulsed mode at SMIS37 facility [1], are scalable to
the CW operational mode. In first experiments at GISMO fa-
cility, the ion beams were extracted in pulsed mode from the
CW plasma of ECR discharge due to technical limitations
of cooling circuits. Proton beams with current up to 65 mA
were achieved at extraction voltage of 40 kV. A new unique
extraction system especially effective for the formation of
high current density ion beams was developed.

INTRODUCTION
A distinctive feature of gasdynamic ECR ion sources be-

ing under development at IAP RAS is a confinement regime
of a high density plasma. It was demonstrated [1–3] that
the use of high-frequency gyrotrons is very beneficial for
a dense plasma production and high-current ion beams for-
mation. Previously, ion beams of both light (hydrogen)
and heavy (nitrogen, argon) elements were extracted from
the plasma of ECR discharge sustained by 37.5 [1] and
75 GHz [3] radiation, demonstrating ion beam currents on
the level of 100–500 mA with normalized RMS emittance
below 0.2 𝜋·mm·mrad in a pulsed operation mode. This
success stimulated the construction of the facility named
GISMO (Gasdynamic Ion Source for Multipurpose Opera-
tion) [4] at IAP RAS, which main application is a powerful
neutron generator [5]. The scheme of the facility is shown
in Fig. 1. A 28 GHz/10 kW CW gyrotron is used for the
plasma heating, manufactured by Gycom. The microwave
generator is equipped with power supplies suitable for CW
or pulsed operation. The plasma trap has an all-permanent
magnet design. To ensure sufficient plasma confinement,
the magnetic field configuration is designed to be similar to
a simple mirror trap close to the system axis, and the mag-
netic field strength is 1.5 T at plugs and 0.25 T at the trap
center, yielding the mirror ratio of 6. The distance between
magnetic mirrors is 12 cm. The magnet bore is 50 mm, thus
allowing the use of a water-cooled plasma chamber with

∗ supported by RFBR, grant #20-32-70002, and within the state assignment
of the Ministry of Science and Higher Education of the Russian Federation
No. 0035-2019-0002.

† vizot@ipfran.ru

a vacuum bore of 32 mm. An ion beam extraction system
has been designed to use the acceleration voltage of up to
100 kV. A high source potential requires a development of an
appropriate high-voltage insulation of the plasma chamber
from unbiased components of the facility. A quasi-optical
system, shown in Fig. 1, is implemented instead of a conve-
nient waveguide DC-break. The electro-magnetic radiation
of the gyrotron (TE02 mode of a circular waveguide) is con-
verted to the Gaussian beam, which then propagates in open
air through the gap of 15 cm, acting as a DC-break. The
radiation is received by the horn antenna, converted into a
TE11 mode of a circular waveguide, and then focused to
the plasma with a microwave-to-plasma coupling system
embedded into the vacuum chamber.

GISMO plasma chamber is schematically shown in Fig. 2
together with the simulated temperature on the surface of
the chamber touching the magnets (temperature simulations
were conducted taking into the account plasma flow and
power distributions) and the electromagnetic field distri-
bution inside the chamber (calculated in vacuum, i.e. in
absence of the plasma). Simulations show that the unique
design of the plasma chamber allows us to safely inject the
nominal power of 10 kW with the microwave transmission
efficiency close to 95%, (estimated when no reflection from
the plasma is present) and without having any cooling is-
sues. Having the plasma volume of 40 cm3, injected power
density reaches 250 W/c3, whereas conventional ECRISes
usually operate at ∼1–10 W/cm3 power density. Such level
of deposited power allows to run the ion source in quasi-
gasdynamic mode (which is naturally featured with very
high energy losses due to low plasma lifetime) while keep-
ing the electrons hot enough to maintain 100% ionization
degree.

The main motivation of studies at GISMO facility is the
development of a powerful D-D neutron generator [5] capa-
ble of producing the neutron flux sufficient for boron neutron
capture therapy (BNCT). The D-D neutron generator scheme
based on a high-current gasdynamic ECR source should pro-
vide the necessary neutron flux once the ion beam current
reaches ∼1 A at 100 keV energy.

Besides BNCT, neutronography is the application which
demands high density neutron fluxes. The use of a high-
current ECR ion source with quasi-gasdynamic plasma con-
finement and heating with gyrotron microwave radiation
allows us to produce light ion beams with uniquely low emit-
tance (for a given current level) [6]. Such a low emittance
enables the focusing of the ion beam into the spot of several
tens of micrometers in diameter. The suggested approach
may be exploited for the development of the point-like neu-
tron source with the size of emitting area comparable to
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Figure 1: GISMO experimental facility layout.

Figure 2: Simulated plasma chamber temperature and RMS
electric field distributions at 10 kW of injected power.

femtosecond laser systems, but with significantly higher
neutron yield.

FIRST EXPERIMENTS
It has been shown earlier that the plasma density can

reach a level of 1013 cm-3 [7]. As a first step, we have used a
simple 2-electrode extraction system for a beam formation.
This system is obviously non-optimal for plasma parameters
achieved at GISMO, as it has a very long (250 mm) and
narrow (30 mm) puller tube, which leads to a more than 90%
of beam losses, as was confirmed with IBSimu code [8].

Thus, instead of the extracted ion beam current measured
with the conventional Faraday cup, the power supply drain
current has been used for a beam current evaluation in the
first experiments. The dependence of the drain current on
the hydrogen pressure in the plasma chamber is shown in

Fig. 3, right axis shows the corresponding current density,
assuming 3 mm extraction aperture, the microwave power
was equal to 2 kW.

Figure 3: Drain current and corresponding current density
as a function of hydrogen pressure in the plasma chamber.

Despite the fact we are not able to extract the whole beam
with such extraction system, we estimated the emittance
of the beam with pepper-pot method. The beammask was
located at the exit of the puller tube (i.e. 260 mm from
the plasma electrode), CsI scintillator was placed 50 mm
downstream from the mask and its luminescence was cap-
tured with synchronized CCD camera. The example of emit-
tance diagram obtained at 1 mTorr pressure and 2 kW of
microwave power and 30 kV of extraction voltage is shown
in Fig. 4.

RMS normalized emittance calculated from the data in
Fig. 5 is equal to 0.019 𝜋·mm·mrad, which seems to be as
low as the method precision for the used geometry. We
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Figure 4: Emittance diagram example, obtained at a hy-
drogen pressure of 1 mTorr, 2 kW of microwave power and
30 kV of extraction voltage.

would like to underline that once the whole beam would be
extracted, the emittance will be likely greater, though these
preliminary experiments and IBSimu simulations together
indicate that it is reasonable to expect the emittance on the
level of 0.1–0.2 𝜋·mm·mrad.

SPHERICAL EXTRACTOR
In order to address the problem of high current density

beam formation, the new type of extraction geometry is
proposed [9]. The main idea is to change the shape of the
electrodes, which exploits an inhomogeneous distribution
of the electric field in the accelerating gap of the ion beam
formation system. This method may be especially effective
in systems with a high current density, mitigating the neg-
ative effect of the space charge of the beam on its quality.
It allows for significant enhancement of the current and/or
reducing the emittance at a certain accelerating voltage and
characteristic size of the system, especially when the ex-
traction system operates in the space charge limited regime,
which is the case for GISMO facility. The problem of the
dense ion beam formation is due to the harmful influence of
the self space charge, which distorts the shape of the menis-
cus, making it convex. Accordingly, the accelerating field
near the meniscus forms a diverging beam, which cannot be
transported efficiently. The increase in the electric field near
the meniscus provides higher beam acceleration gradient
and reduces the region with high space charge level. It is
proposed to consider the combination of electrodes shown in
Fig. 1. Hereinafter we denote such a system as a “spherical”
because the puller and the tip of the plasma electrode form
plates of a hollow hemispherical capacitor (this region is
highlighted with a rectangle in Fig. 5a), whereas the conven-
tional flat structure shown in Fig. 5b forms plates of a flat
capacitor.

The use of inhomogeneous accelerating field allows an in-
crease of the electric field magnitude near the plasma menis-
cus without raising the extraction voltage or reduction of
interelectrode distance (see Fig. 5). In this work we consider
a new electrode geometry which produces an inhomoge-
neous electric field providing higher gradients of ion beam

Figure 5: Distribution of the electric field modulus in the
interelectrode space (a - spherical, b - flat). Distribution of
the electric field along the axis of symmetry (c). The voltage
between electrodes is the same and equal to 70 kV.

acceleration and reducing the space charge influence on its
quality.

It is of note that the new geometry can be used for a wide
range of the ion beam sources and its applications. This
approach in extraction system design allows for increase
of the current of the beam at proton injectors [10, 11] and
multi-charged ion sources for accelerators [12]. The current
density can exceed the level of 1 A/cm2. Such high current
densities are available at ion sources for focused ion beams
(FIBs) [13] but the total current is lower by several orders
of magnitude. On the other hand, the use of a new geometry
allows for significant decrease of the extraction voltage and
hence it is useful for low energy ion beam production. Such
beams are required for ion implantation [14]. The decrease
of the optimal extraction voltage can also significantly reduce
the co-extracted electron flow in negative ion sources [15].
In many nuclear physics facilities injecting heavy ion beams
into cyclotron accelerators the experimental program often
requires high currents of medium charge state ions. The
currents of such beams often cannot be maximized because
the injection energy (source potential), defined by the design
of the central region of the cyclotron, is too low to reach
the plasma density-limited operation mode of the ion source.
The novel approach for the beam extraction system could
overcome such limitations and is therefore of interest for
various accelerator facilities. In particular, this is relevant
for the 3rd and 4th generation ECR ion sources where the
plasma density is as high as 1012–1013 cm-3, and very high
extraction voltages are required to reach the plasma density-
limited operation. In this case the new extraction system
allows exploiting the full capacity of the ion source in a wider
range of extraction voltages. Another technical advantage of
the proposed system is the possibility to use puller with much
greater aperture than in conventional extraction systems,
as the puller aperture barely affects the the shape of the
meniscus and the mode of extraction of the beam. The
example is shown in Fig. 6, where two significantly different
puller apertures are simulated. The reason for that being the
puller part highlighted in the Fig. 6a has a weak effect on
the electric field distribution, while the highlighted part in
the Fig. 6b makes the main contribution.
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Figure 6: Formation of an ion beam with various puller
designs. A significant increase in the aperture of the puller
slightly affects the beam.

A set of tungsten electrodes of a new type was designed
and fabricated at IAP RAS for initial test on GISMO facility.
A photograph of electrodes is shown in Fig. 7. The first ex-
periments with new electrodes are in progress at the moment
and will be published soon.

CONCLUSION
New gasdynamic CW ECRIS named GISMO is now

operational at IAP RAS. Hydrogen plasma emissivity of
>1 A/cm2 has been demonstrated. A new type of extraction
system geometry able to handle beam current densities of
>1 A/cm2 is developed and manufactured. Proton beams
with current of 65 mA were successfully obtained at extrac-
tion voltage of 40 kV. Judging from conducted experiments
and IBSimu numerical investigations, the extraction system
consisting of 4 electrodes and new spherical geometry would
be able to extract the beam current on the level of 250 mA,
Preliminary estimations of normalised RMS emittance sug-
gested that the emittance of such a beam should be lower
than 0.2 𝜋·mm·mrad. Thus, GISMO facility may be able to
fulfill the requirements of future proton accelerator projects,
such as ISIS upgrade (ISIS-II) and DARIA [11].

Figure 7: A photograph of spherical plasma electrode and a
set of puller electrodes.
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STATUS OF THE 45 GHz MARS-D ECRIS* 

D. Z. Xie†, J. Y. Benitez, M. Kireeff Covo, A. Hodgkinson, M. Juchno, L. Phair, D. Todd, L. Wang 
Lawrence Berkeley National Laboratory, Berkeley, CA, USA

Abstract 
Development of MARS-D, a 45 GHz next-generation 

Electron Cyclotron Resonance ion source (ECRIS) using a 
NbTi MARS-magnet, continues to move forward at LBNL. 
All of the key components of MARS-D have been nearly 
finalized, with recent completion of the magnet stress anal-
yses. This article presents and discusses the status of this 
new 45 GHz ECRIS, such as the latest design features and 
the component fabrication plans likely taking place in the 
near future.  

INTRODUCTION 
The next generation of ECRIS will operate at substan-

tially higher magnetic fields and microwave frequencies, 
therefore source development will require addressing a 
number of challenges. The most critical challenge is con-
structing a superconducting magnet system capable of pro-
ducing the needed high-magnetic fields. Compared to the 
two existing superconducting ECRIS magnet geometries: 
Sext-In-Sol and Sol-In-Sext, the Mixed Axial and Radial 
field System (MARS) presents many advantages [1]. The 
key advantage is the efficiency with which MARS can gen-
erate minimum-B fields capable of extending the NbTi 
conductor to the next generation of ECRIS operating at 
45 GHz, whereas using one of the two existing geometries 
will require higher-current superconductors, such as Nb3Sn 
or HTS. To validate and demonstrate the MARS magnet 
geometry as the superior ECRIS magnet scheme, 
MARS-D, a demonstrative ECRIS operating at 45 GHz, 
was proposed and conceptual design of the source system 
was initiated in 2015 [2]. A NbTi MARS-magnet will be 
used to produce a minimum-B configuration of field max-
ima of 5.6 T axially and 3.2 T radially needed for the 
45 GHz MARS-D. Over the subsequent years, efforts to 
further optimize the design of MARS-D have been contin-
uing. In the following sections, the optimized mechanical 
layout and main features of MARS-D will be presented and 
briefly discussed, such as the updated magnet dimensions, 
the coil stress analyses, multiple-frequency plasma heat-
ing, preliminary design of the plasma chamber, and plans 
for the conventional ion source components. 

MAGNET OPTIMIZATIONS 
The initial magnet design of MARS-D reported in 2015 

[2] incorporated a set of hexagonal solenoids to increase 
the axial mirror fields of the closed-loop-coil to achieve the 
required minimum-B field for ECRIS operations. Since 
that time a few changes have been made to optimize the 

magnet design. First, the closed-loop-coil has been slightly 
modified for better form aspect ratio and electrically di-
vided into inner and outer subsections with different cur-
rents, as shown in Fig. 1a, to keep this coil operating fur-
ther away from the NbTi critical current. To mitigate the 
hoop-stress and reduce magnet coil quenching, the hexag-
onal solenoids have been replaced with a set of round so-
lenoids where some of them are either electrically divided 
or mechanically divided, as shown in Fig. 1b. Table 1 lists 
the updated inner and outer diameters, axial widths and lo-
cations, and the designed engineering current densities for 
all coil subsections for 45 GHz operation.  

a 

 
b 

Figure 1: a and b show the optimized layout of the NbTi 
MARS-based-magnet with electrical subdivisions for a 
45 GHz next generation ECRIS: MARS-D. 

 ____________________________________________  
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Table 1: Coil Mechanical Dimensions and Designed 
Current Densities of the Optimized MARS-D Magnet for 
Operations at 45 GHz 

Coil 
Subsection 

ID/OD/W 
(mm)* 

Axial Z1: Z2 
(mm)** 

Des. Jeng 
(A/mm2) 

C1-Inner 220*/252/78 -270 : 270 140 

C1-Outer 252*/316/78 -270 : 270 210 

C2-in-Inj 250/320.5/90 -370 : -280 140 

C3-out-Inj 320.5/391/90 -370 : -280 180 

C3-out-comb 351/391/60 -150 : -90 180 

C4-Middle 351/391/60 -30 : 30 -200

C5-Extr. 
(1 & 2) 

351/391/60 80 : 140 
200 : 260 

180 

* Minimum ID and OD of the hexagonal shape of the
closed-loop-coil, W is the coil axial length.

** Axial coil location Zs are referenced in the center of 
the closed-loop-coil. 

COIL SUPPORT AND STRESSES 
Figure 2 shows a sectional view of the updated MARS-D 

magnet cold mass comprised of the NbTi coils and the sup-
port structure. After exploring the possible schemes for coil 
clamping, a shell-based technique of Bladder and Key [3], 
schematically illustrated in Fig. 3, developed by the BCMT 
(Berkeley Center for Magnet Technology) at LBNL has 
been chosen to radially clamp the MARS-D magnet coils. 
2-D and 3-D stress analyses of the MARS-D magnet sys-
tem have shown that the MARS-D magnet comes with sub-
stantially lower stress compared to either a NbTi or a
Nb3Sn magnet using the existing “Sext-In-Sol” magnet ge-
ometry for 28 and 45 GHz operations. Comparisons of the
maximum coil stresses for the three high-field ECRIS mag-
nets at designed excitations are tabulated in Table 2. The
lower stresses on the NbTi coils of the MARS-D magnet
will benefit the operation reliability. Row 4 of Table 2
shows that MARS-D at 45 GHz operation has the lowest
stored energy of the three at 560 kJ. The substantially lower 
stored energy in MARS-D magnet system is a result of its
smaller magnet volume since the system stored energy is
linearly proportional to both the conductor wire length and
wire current squared. A five-cooler wet-closed cryostat
with a hexagonally shaped warm bore matching the
MARS’s closed-loop-coil shape has been planned and will
be fabricated by a commercial company.

QUAD-FREQUENCY HEATING 
As shown in Fig. 4, a minimum-B field configuration has 

many closed, nested ECR Heating (ECRH) surfaces, which 
can be used to energize plasma electrons by injecting ap-
propriate microwave frequencies simultaneously. Double-
frequency plasma heating was successfully demonstrated 

enhancing the ECRIS performance in the 1990’s [4] and is 
commonly employed in high charge state ECRISs. Further 
benefits were demonstrated with the first use of triple-fre-
quency heating in SECRAL-II [5]. One of the merits of 
multi-frequency plasma heating in ECRISs is that it can ef-
ficiently combine more wave power, from a number of 
low-power wave sources, through the nested ECRH sur-
faces into the plasma.  

As a 45 GHz 20 kW microwave source is not yet availa-
ble in the North America, we plan to commission MARS-
D using a combination of four-frequencies, 22, 28, 35 and 
45 GHz, with a total power of ≃ 4 kW as listed in Table 3, 
to establish a baseline performance before an eventual 
power upgrade to ~ 20 kW. Quad-frequency plasma heat-
ing should provide an opportunity to further study the ef-
fects of multi-frequency plasma heating in high charge 
state ECRISs, especially for the production of low-inten-
sity ultra-high-charge-state ion beams.  

The use of four-frequency heating will also allow inves-
tigations into the effects of power density in ECRISs and 
serve as a test of one of Geller’s scaling laws stating that 
the microwave power Pµ dependence on the angular fre-
quency 𝜔, the optimum charge state qopt and the ECRH vol-
ume V (volume enclosed by the ECRH surface), is summa-
rized as [6]:  

Pµ/V ~ 𝜔1/2qopt
3                      (1)

The third generation sources have seen approximately a 
doubling of frequency from second generation (2nd: 
14-18 GHz, 3rd: 24-28 GHz), while the heating volumes
and injected microwave powers have increased a factor of
3-5. For example, Pµ and V in AECR-U (14 GHz) are
2.1 kW and ~ 300 cm3, while in VENUS (28 GHz) are
10 kW and ~ 1300 cm3. These parameters result in a Pµ/V
ratio of ~ 7.0 W/cm3 in AECR-U and about ~ 7.5 W/cm3 in
VENUS, i.e., about the same for the two generations of
ECRIS. So far it is not clear what and how important a role
the ECRH volume plays in the greatly enhanced VENUS
performance over AECR-U which seems to contradict Gel-
ler’s scaling mentioned above [6]. Thus an investigation
into the effects of ECRH volume could yield a better un-
derstanding of the ECR plasma.

The ECRH volume for each planned frequency in 
MARS-D is computed and listed in column 4 of Table 3. 
For instance, the 45 GHz ECRH volume in MARS-D is 
about 2.3 – 2.5 liters, about a factor of 2-3 of the 28 GHz 
volume in MARS-D or VENUS. In the future, one could 
analyze the performance of the four ECRIS generations to 
explore the advantages and differences for a better under-
standing and revisit the wave power scaling in question if 
needed. The quad-frequency heating capability in 
MARS-D will also make it possible to study the effects of 
each of the four ECRH volumes in a more systematic and 
detailed manner. 
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Figure 2: A sectional view of the optimized MARS-D NbTi 
magnet cold mass. 

 
Figure 3: Interfaces between different cold mass materials 
are indicated. A Bladder and Key system will be used to 
radially pre-stress the coils of the MARS-D NbTi magnet.  

 
Figure 4. A schematic view of four nested ECR surfaces in 
a minimum-B field inside a plasma chamber of a high 
charge state ECRIS [4]. 

Table 2: Maximum Magnet Coil Stress of Three Magnet 
Systems for MARS-D, FRIB VENUS and IMP FECR 
 

FRIB  
VENUS1  

IMP 
FECR2  MARS-D3  

Frequency  28 GHz 45 GHz 45 GHz 

Sextupole  140 MPa 144 MPa 80 MPa 

Solenoids  90 MPa 100 MPa 55 MPa 

Sys. stored  
Energy 720 kJ 1600 kJ 560 kJ 

Geometry Sext-In-Sol Sext-In-Sol MARS 

Conductor NbTi  Nb3Sn  NbTi  
1 H. Felice, Report and Review on the FRIB VENUS magnet 

(Oct 2013) and (Sept 2014, unpublished). 
2 M. Juchno, Report on the IMP 45 GHz ECRIS magnet prelim-

inary design review (Dec 2016, unpublished). 
3 M. Juchno, MARS-D NbTi Magnet Stress Analysis (June 

2020, unpublished). 
 
Table 3: Quad-frequency Heating Planned for Energizing 
the MARS-D Plasma 

f (GHz) Max. Power (kW) Becr (T)  ECRH 
V (Liter) 

22 1.5 0.79 0 – 0.4  

28 1.0 1.00 0.5 – 0.9 

35 1.0 1.25 1.1 – 1.5  

45 0.5 1.61 2.3 – 2.5  

 Total power of 4 microwave sources ≃ 4.0 kW. 

CONVENTIONAL SOURCE 
COMPONENTS AND BEAM OPTICS 

A full superconducting ECRIS consists of three compo-
nent categories: 1. The superconducting magnet; 2. The mi-
crowave sources; and 3. The conventional source compo-
nents. Category 3 is the remainder as it is not addressed in 
the above Sections. To save engineering efforts and costs, 
most of the MARS-D conventional source components 
will be duplicated from the VENUS source system (e.g., 
beam optics, beam transport line, and ion beam analysis). 
Some of these duplications will involve minor revisions or 
simplifications, such as eliminating remote adjustment of 
the gap between the puller electrode and the extraction ap-
erture, as VENUS is largely insensitive to the gap distance. 
The injection assembly will undergo somewhat larger 
changes, shortening it as much as possible to ease routine 
operations. The plasma chamber for MARS-D should meet 
a few requirements. First, it should be fabricated with a 
hexagonal shape matching the warm bore of the cryostat to 
maximize the utilization of the generated sextupole fields. 
Second, it should employ high x-ray attenuation in the 
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plasma chamber to reduce the x-rays getting into the cryo-
stat. Third, it should be able to sustain an anticipated 20 
kW of wave power needed for intense ion beam produc-
tion. A scheme, shown in Fig. 5, is being explored as a good 
candidate for the desired plasma chamber. A single rectan-
gular water channel of ~ 21 mm2 cross section is roughly 
equivalent to a single tube of 5-mm-diameter, and two of 
these channels near each plasma flute should be able to 
handle the anticipated maximum power deposition in the 
walls for ~ 20 kW operation.  

 

 
Figure 5. A cross-sectional view of a plasma flute in a hex-
agonal-shape plasma chamber with a W(95)/Cu(5) x-ray 
attenuator embedded inside the cooling channel.  

For x-ray attenuation, tungsten will be used in place of 
tantalum as they have approximately the same atomic num-
ber, but tungsten is approximately 20% more dense and 
will attenuate more x-rays for the same thickness. Numer-
ical computations indicate that a 6-mm-thick W(95)/Cu(5), 
planned for embedding in the MARS-D plasma flutes, will 
attenuate x-rays of energy ≤ 1 MeV by more than a factor 
of 2 compared to the 2 mm Ta shielding used in VENUS. 
This increased x-ray attenuation will help reduce the dy-
namic thermal load in the cryostat to keep the magnet func-
tional at high frequency and power operation. The goal for 
the new W/Cu attenuator is to cope with at least the 4 kW 
power operation and a central field Bmin of about 0.8 - 1.0 
T during the commissioning which is substantially higher 
than in VENUS and could lead to very high yield of ener-
getic x-rays [7]. The source commission with 4 kW should 
set up a baseline for future operations with higher power. 
Future solution is planned for the worst scenario by sacri-
ficing more radial space to increase x-ray attenuation with 
thicker W/Cu slab and operating the source with as low 
Bmin as possible to handle the operations with microwave 
power up to 20 kW. 

DISCUSSION 
The above presentation and discussion have shown that 

the MARS-D ECRIS is converging and nearly finalized on 
all the technical aspects. The optimized MARS magnet de-
sign and its lower coil stress are advantageous and should 
improve the operational reliability of the NbTi magnet for 
MARS-D. Once the NbTi MARS-magnet is constructed 
and tested, we will have passed the most difficult step, 

leaving only the fabrication of conventional source compo-
nents and procurement of microwave sources. The utiliza-
tion of quad-frequency plasma heating, even with limited 
power up to only 4 kW, will be a first for ECRISs. It could 
possibly lead to further enhancements of ECRIS perfor-
mance, especially on the production of ultra-high charge 
state ion beams. In addition it will provide a new oppor-
tunity to study the merits of multiple-frequency plasma 
heating which will benefit the future ECRISs. 

In summary the design of the 45 GHz MARS-D ECRIS 
has been optimized and source fabrication will begin once 
funding is available. 
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CONCEPTUAL DESIGN OF HEAVY ION ToF-ERDA FACILITY
BASED ON PERMANENT MAGNET ECRIS AND
VARIABLE FREQUENCY RFQ ACCELERATOR

O. Tarvainen∗, A. Letchford, D. Faircloth
STFC Rutherford Appleton Laboratory, ISIS, Harwell, OX11 0QX, United Kingdom

T. Kalvas, J. Julin
University of Jyväskylä, Department of Physics (JYFL), 40500 Jyväskylä, Finland

Abstract
We present a conceptual design of a heavy ion time-of-

flight elastic recoil detection analysis (ToF-ERDA) facility

based on a permanent magnet (PM) ECRIS and variable

frequency RFQ designed to accelerate 1–10 pnA of 40Ar8+,
84Kr17+ and 129Xe24+ ions to 4–7, 10–15 and 13–20MeV. It

is argued that the required beam currents can be achieved

using the minimum-B quadrupole CUBE-ECRIS, which is

currently being developed at JYFL. Beam dynamics studies

demonstrate approximately 95% transmission of the heavy

ion beams through the low energy beam transport (LEBT)

and 70–80% efficiency through the RFQ. The predicted

LEBT and RFQ transmissions of the CUBE-ECRIS with a

rectangular extraction slit are almost similar to those of a

conventional ECRIS with a circular extraction aperture. It

is shown that approximately 10–20% of the ions can be ac-

celerated to the desired energy with an energy spread Δ𝐸/𝐸
below the required limit set by the ToF-ERDA resolution.

INTRODUCTION
Typical ToF-ERDA facilities are based on the concept

shown in Fig. 1(a). The heavy ion beams (X−) are pro-

duced with a caesium sputter ion source (see e.g. Ref. [1]).

These ions are injected into a tandem-type accelerator where

they are first accelerated by the terminal voltage, stripped

at the terminal to produce positive ions with a charge state

distribution (X+ ... X𝑛+) and finally accelerated by the ter-

minal voltage into the sample chamber at laboratory ground

through an 𝑚/𝑞-separation magnet selecting the ion energy.

The concept has benefits and drawbacks. The advantages

are: the required beam currents of 1–10 pnA (i.e. particle

∗ olli.tarvainen@stfc.ac.uk

nanoamperes at the target) can be produced from a wide

range of elements; the ion beam energy can be varied over a

range of several MeV through the adjustment of the acceler-

ator terminal voltage and selection of the final charge state;

the same accelerator can be used for Rutherford Backscatter-

ing Spectrometry if equipped with a negative helium (He−)

ion source. By contrast: the stability of the ion source and

the lifetime of its cathode can prolong the measurement time

and cause downtime of the facility; tandem-based IBA fa-

cilities tend to be large in size as the accelerator terminal

voltage is on the order of several MV and often needs SF6-
insulation to work, which requires special management (SF6
is a potent green house gas with an estimated 23,900 times

"global warming potential" of CO2 [2]).

The majority of ToF-ERDA investigations can be carried

out with the ion beams (elements) listed in Table 1. All

listed beams are halogens, which are easy to produce with

the negative sputter ion source from caesium salt targets.

Table 1: Typical Ions (Elements) and Beam Energies Used

in ToF-ERDA

Ion Energy [MeV]
35/37Cl 4–10
79/81Br 10–15
127I 13–20

PROPOSED ToF-ERDA FACILITY
We introduce an alternative ToF-ERDA concept, shown

schematically in Fig. 1(b). The benefits are: increased re-

liability of the ion source, reduced operational effort and

maintenance, lack of SF6 electrical insulation and smaller

Figure 1: (a) The concept of a typical ToF-ERDA facility based on negative ion source and an electrostatic accelerator. (b)

An alternative concept based on permanent magnet ECRIS and variable frequency RFQ accelerator.
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laboratory footprint in comparison to most tandem-type ac-

celerators. This conceptual study has been carried out to sup-

port the planning of the UK National Thin Film Deposition

and Characterisation Centre (led by Daresbury Laboratory).

The proposed concept is intended to complement the arsenal

of quantitative characterisation methods available for users

by allowing the measurement of elemental depth profiles

of thin films containing both heavy and light elements in

nanometer-scale.

The main components of the proposed TOF-ERDA equip-

ment are

• High charge state permanent magnet electron cyclotron

resonance ion source (PM-ECRIS).

• Low energy beam transport (LEBT) with electrostatic

focusing and permanent magnet 𝑚/𝑞-separator.
• Two-stage low energy acceleration platform.

• Variable frequency RadioFrequency Quadrupole

(RFQ) accelerator.

• High energy beam transport (HEBT) with energy dis-

persive separator, i.e. bending magnet.

• Sample chamber with an option of an auxiliary Ruther-

ford Backscattering Spectrometry (RBS) system.

• Time of Flight – Energy telescope for the detection of

recoils.

The design is based on a variable frequency RFQ acceler-

ator, approximately 1.9m long and with a frequency range

of 79–107MHz. Such accelerator would be an SF6-free so-
lution producing beams listed in Table 2, i.e. with noble gas

ions replacing the halogens. The beam currents listed in Ta-

ble 2 are the 𝑚/𝑞-analyzed electric currents (eμA) through
the LEBT required to achieve 1–10 pnA at the target with

the desired energy spread (Δ𝐸/𝐸 <0.2%).

Permanent Magnet ECRIS
The ion beams in Table 2 can be produced with modern

PM-ECRISs with an order of magnitude margin in beam

intensities (see the literature survey in Ref. [3]). A con-

ventional minimum-B ECRIS with solenoid and sextupole

Table 2: Ions, Beam Energies and Required 𝑚/𝑞-analysed
LEBT Beam Currents for RFQ-based ToF-ERDA

Ion Energy [MeV] Current [eμA]
40Ar8+ 4–7 0.1–1.0
84Kr17+ 10–15 0.2–2.2
129Xe24+ 13–20 0.3–3.0

field components can be considered an overkill for the task.

Therefore, the primary candidate for the ion source is the

10GHz CUBE-ECRIS under construction at JYFL accel-

erator laboratory. The CUBE-ECRIS is a PM version of

the ARC-ECRIS, i.e. it has a minimum-B quadrupole mag-

netic field topology. The magnet structure is very simple in

comparison to conventional PM ECRISs and the resulting

field fulfills the semiempirical scaling laws [4] as shown in

Fig. 2. The physics design of the CUBE-ECRIS is presented

in Ref. [3]. First results from the prototype are expected in

2021.

Low Energy Beam Transport
The expected shape of the beam spot extracted from the

CUBE-ECRIS differs from the beam spot of a conventional

PM ECRIS. That is because the plasma flux distribution

from a quadrupole magnetic field topology favors a rectan-

gular slit instead or a round aperture to extract the beam [3].

Thus, two versions of the low energy beam transport have

been simulated comparing the expected LEBT transmissions

of the CUBE-ECRIS and conventional ECRIS. The CUBE-

ECRIS LEBT is based on a two-stage acceleration with

the ion source at approximately +10 kV potential with re-

spect to the LEBT platform, electrostatic quadrupole doublet

(EQ1–EQ2), 90° 𝑚/𝑞-analysis magnet (DIP) and electro-
static quadrupole triplet (EQ3–EQ5) all on the high voltage

platform. Meanwhile, the LEBT design for the conventional

ECRIS is based on a 90° 𝑚/𝑞-analysis magnet on the plat-
form and a solenoid magnet (SOL) at laboratory ground fo-

cusing the beam into the RFQ. The LEBT simulations were

X
3.1 3.1

2.9

2.0

2.0

1.86

Figure 2: The permanent magnet array and magnetic field of the prototype 10GHz CUBE-ECRIS. The magnetization

vectors are mirrored about the 𝑧 = 0 plane. The mirror ratios (𝐵max/𝐵ECR) on each axis are marked with the black dots.
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Figure 3: The optimized LEBT solutions for the CUBE-ECRIS (left) and a conventional PM-ECRIS (right).

made with Python-driven Ion Optics Library, PIOL (under

development at JYFL), using third order matrices. Figure 3

shows an example of the simulations for Ar8+. The simu-
lation of the conventional ECRIS LEBT assumes similar

beam properties to the JYFL 14GHz ECRIS, i.e. diverg-

ing beam with 0.1mm·mrad normalized rms emittance in

both transverse planes. For both LEBT options and beams

shown in Table 2 the calculated LEBT transmission is 93–

97%. The given number is the total transmission through the

LEBT, not the fraction of the beam in the RFQ acceptance,

which is discussed later. The expected ∼95% transmission

is similar to the CUBE-ECRIS prototype beamline with an

electrostatic quadrupole doublet and a 135° dipole magnet

(loaned from GANIL), under commissioning at JYFL. Thus,

the first experimental 𝑚/𝑞-analysed beam currents should
match those in Table 2 to demonstrate the feasibility of the

CUBE-ECRIS concept for the IBA-application.

The two-stage acceleration allows extracting all three no-

ble gas ion species with 10–11 kV ion source potential and

using a permanent magnet dipole for the 𝑚/𝑞-separation be-
fore accelerating the ions into the RFQ. The combined plat-

form + ion source voltage ranges from 18.75 kV to 31.25 kV

corresponding to 4MeV argon and 20MeV xenon out of the

RFQ, respectively. The use of the PM dipole minimizes the

power consumption of the LEBT platform. Figure 4 shows

a preliminary simulation of a 90° PM bending magnet with

35° entrance and exit angles (used in the LEBT simulation).

The magnetic field can be adjusted in the range of 68–91mT

by moving the "magnet cartridge" radially with respect to

the apex of the reference beam trajectory. However, for

the IBA-application it is more convenient to adjust the ion

source potential to select the beam. In Fig. 4 the dipole

field is 83mT, achieved when the cartridge is moved 25mm

outwards from the position corresponding to the maximum

field i.e. when the cartridge is perfectly aligned with the

gap in the return yoke. The radial uniformity of the field

(Δ𝐵/𝐵) is better than 10−3 in the volume occupied by the
beam (i.e. −40mm < 𝑟 < 40mm). The uniformity of the
field is affected by the volume of the PM material in the thin

layers between the magnet pole pieces and the return yoke.

Variable Frequency RFQ
The Radio Frequency Quadrupole (RFQ) is an RF ac-

celerator particularly well suited to the acceleration of low

velocity ions due to its use of transverse electric rather than

magnetic fields for focussing the beam. The RFQ has four

symmetrically placed electrodes inside a resonant cavity

which concentrate the TE21 quadrupole mode into a small

beam channel. By carefully shaping or modulating the beam

facing surfaces of the electrodes a component of the trans-

verse field is directed into the longitudinal direction to pro-

vide acceleration.

Because it is an RF accelerator a strict requirement for the

RFQ is synchronism between the particles and the RF field.

PM layer
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Iron yoke
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Figure 4: The permanent magnet dipole (left), its magnetic field along the reference particle trajectory (center) and the

radial uniformity of the field, Δ𝐵/𝐵 (right).
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For a fixed frequency RFQ this translates into a fixed velocity

profile. Any ions with the same charge to mass ratio can be

accelerated with the final energy being proportional to the

mass. Ions with different charge to mass ratios can also be

accommodated by varying the strength of the electric field

(or RF power level) within the constraint that the maximum

surface electric field is not exceeded. In order to achieve

variable energy in a single structure it is necessary to adjust

the operating frequency. Designing a frequency adjustable,

high Q resonant cavity is certainly the biggest challenge

in realising a variable energy RFQ however several such

devices have been built previously [5–8]. At this stage of

the study only the beam dynamics of the RFQ have been

considered.

A particular feature of the RFQ is its ability to take a

continuous beam from an ion source and bunch it for stable

RF acceleration with very high capture efficiency even for

high current beams with large space charge forces. This is

achieved by a slow, quasi-adiabatic bunching process for

which there are well developed design procedures. In the

context of low current, high charge state heavy ion beams for

IBA this type of design has several disadvantages: (i) Adia-

batic bunching can result in a rather long structure. (ii) The

slow increase in the electrode modulation can lead to fea-

tures that are at or beyond the limit of ordinary machining

processes. (iii) Constraints on the adiabatic bunching can

mean that the longitudinal emittance is not a free parameter

resulting in large energy spread.

In order to overcome these disadvantages a different ap-

proach has been taken for the IBA RFQ. The long adiabatic

bunching section has been replaced by a discrete buncher

and drift followed by a capture section. This results in a

somewhat shorter RFQ with larger modulation at the be-

ginning and greater control over the energy spread at the

cost of reduced total capture efficiency. Figure 5 shows

the RFQ parameters. The graphed energy is for the case

of 129Xe24+ accelerated to 20MeV where the total energy
spread is ∼0.5%. The total beam transmission 𝜂 and fraction
of beam below 0.2% and 0.5% energy spread are shown in

Table 3. These values were calculated by tracking the parti-

cle distributions at the end of the LEBT through the RFQ.

The total transmission through the RFQ is somewhat better

for the conventional ECRIS and its LEBT but the difference

to CUBE-ECRIS is very small when the energy spread is

restricted (by slits in the high energy beamline).
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Figure 5: The RFQ parameters along the 1.92m length of

the structure (cell number): Δ𝑧 is the length of each cell,
𝑎 the minimum distance of the vane tip from the axis, 𝑚
the vane modulation, 𝜙𝑠 the synchronous phase and𝑊𝑠 the

energy of the synchronous 129Xe24+ ion. The vertical dashed
line marks the transition into the accelerating section.

High Energy Beam Transport and Time of Flight –
Energy Telescope
The use of the variable frequency RFQ accelerator means

that the beam is pulsed at the RFQ frequency with the beam

pulses occupying approximately 20% of the time domain,

which translates to 2 ns pulses at 10 ns interval for 100MHz

RFQ frequency. The beam can be considered to be semi-

continuous if there is sufficient temporal overlap of recoils

hitting the first timing detector produced by successive beam

Table 3: The calculated ion beam final energy E, RFQ frequency f and vane voltage Vvane, ion source potential Vsource, total

beam transmission 𝜂 and fraction of beam for which certain Δ𝐸/𝐸 . The transmission values are for the CUBE-ECRIS and
its LEBT with the corresponding values for the conventional ECRIS and its LEBT in parentheses.

Ion E [MeV] f [MHz] Vvane [kV] Vsource [kV] 𝜼 [%] 𝚫𝑬/𝑬 <0.5% 𝚫𝑬/𝑬 < 0.2%
40Ar8+ 4 79.687 56.7 18.75 69 (84) 23 (29) 9 (11)
40Ar8+ 7 105.416 63.0 32.81 76 (93) 25 (29) 9 (9)

84Kr17+ 10 86.946 42.4 22.06 70 (87) 20 (27) 8 (13)
84Kr17+ 15 106.486 63.5 33.09 76 (93) 21 (28) 9 (13)

129Xe24+ 13 79.995 39.0 20.31 70 (81) 22 (29) 8 (13)
129Xe24+ 20 99.222 60.0 31.25 70 (87) 25 (29) 8 (10)
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pulses. For example, the 100MHz repetition rate is suffi-

ciently high, depending on spectrometer design, if the recoil

times-of-flight span more than 50 ns. Typically, the times-

of-flight are in the range of some 100 ns, which implies

that for this application the RFQ beam can be considered

continuous.

The energy spread of the beam incident on the target can

be limited by a high-resolution dipole magnet coupled with a

pair of slit plates. The maximum allowed energy spread can

be estimated by assuming that the intrinsic ToF spectrometer

energy resolution must be greater by some factor than the

broadening in recoil spectra caused by incident beam energy

variation.

For the proposed beams the energy resolution of the spec-

trometer for surface recoils can be calculated. One of the

figures-of-merit of interest for a ToF-ERDA system is the

achievable depth resolution, which is affected not only by

instrumentation but fundamental ion-matter interactions like

energy-loss straggling and multiple scattering.

Table 4: Relative energy resolution (%) of the proposed

time-of-flight spectrometer for various surface recoils, and

scattered incident beam ion from 197Au, taking into account

timing resolution, kinematic broadening due to finite detec-

tor solid angle, and energy loss straggling in the first timing

foil.

Ion E 1H 16O 28Si 197Au (sc.)
MeV % % % %

40Ar8+ 4 0.56 0.41 0.39 0.31
40Ar8+ 7 0.53 0.42 0.39 0.33
84Kr17+ 10 0.54 0.42 0.39 0.29
84Kr17+ 15 0.54 0.46 0.42 0.31
129Xe24+ 13 0.56 0.41 0.39 0.27
129Xe24+ 20 0.53 0.45 0.42 0.28

In Table 4 we have considered effects related to ERD kine-

matics and intrinsic timing resolution (150 ps), kinematic

broadening due to finite detector size or position sensitivity

(1mrad), as well as energy loss straggling in the first car-

bon foil (thickness 2 μg cm−2) for surface recoils in a ToF

spectrometer with a flight path length of 600mm installed

to an angle of 40° relative to the beam. The depth resolu-

tion degrades rapidly deeper in the sample especially for

heavier recoils, so these values of 0.2–0.6% should be con-

sidered optimistic estimates of real world performance. It

is concluded that an incident energy spread of 0.2% would

be sufficiently small to account for the difference between

the optimistic estimate and actual performance of the spec-

trometer. The assumptions made are based on realistically

achievable ToF-ERDA spectrometer design [9, 10].

DISCUSSION AND OUTLOOK
The main advantage of the proposed RFQ based IBA-

system over the state-of-the-art negative ion based facilities

is the use of (high charge state) noble gas ions, which allows

the production of these beams with the PM-ECRIS to be

automated into a turn-key system with minimal user involve-

ment. The same applies to the tuning of the RFQ once the

correct combination of injection energy, RF frequency and

electrode voltage (RF power) for each final ion energy has

been determined.

In addition to the RFQ, we have considered the possibility

of using a high charge state PM ECRIS on a high voltage

platform to produce the desired beams. The benefit of the

platform option would be the addition of He2+ beam into the
arsenal, and hence enabling the use of RBS with the same

accelerator. However, the platform voltage would need to be

750–800 kV to achieve the same range of final ion energies

as with the RFQ. Such platform would be prohibitively large

–its reliable operation would require a laboratory space up

to 10 squash courts (in volume) – and the RBS energies of

1.6MeV as a maximum would be only borderline acceptable

for the proposed STFC facility.

The proposed ToF-ERDA concept has been submitted to

STFCs internal evaluation as a part of the National Thin

Film Deposition and Characterisation Centre with the pos-

sible funding decision of a technical design study expected

in 2020–2021. Meanwhile the development of the CUBE-

ECRIS is ongoing at the JYFL accelerator laboratory. The

success of the CUBE-ECRIS prototype will define the choice

of the ion source for the project.
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Abstract 
Plasma instabilities limit the ECR Ion Sources perfor-

mances in terms of flux of the extracted highly charged 
ions by causing beam ripple and unstable operation condi-
tions. In a 14 GHz ECRIS (Atomki, Debrecen), the effect 
on the plasma instabilities in an Argon plasma at Two Close 
Frequencies heating scheme (the frequency gap is smaller 
than 1 GHz) has been explored. A special multi-diagnostic 
setup has been designed and implemented consisting of de-
tectors for the simultaneous collection of plasma radio-
self-emission and of high spatial resolution X-ray images 
in the 500 eV - 20 keV energy domain (using an X-ray pin-
hole camera setup). We present the comparison of plasma 
structural changes as observed from X-ray images in single 
and double-frequency operations. The latter has been par-
ticularly correlated to the confinement and velocity anisot-
ropy, also by considering results coming from numerical 
simulations.  

INTRODUCTION 
Electron Cyclotron Resonance (ECR) Ion Sources (EC-

RIS) are used to produce highly charged plasmas and ion 
beams [1]. The ion beams are usually injected into to a high 
energy accelerator to provide high energy ions mainly for 
nuclear and particle physics experiments. Demand from 
the users were strongly motivating the improvement and 
development of ion source performances since the appear-
ance of the pioneer ECRISs. 

To produce highly charged ions hot plasma should be 
generated. Due to the magnetic confinement of the charged 
particles the velocity distribution of the energetic electrons 
is strongly anisotropic in the plasma. This anisotropy can 
cause plasma kinetic instability [2] limiting the energy con-
tent of the plasma and therefore the number of the extracted 
highly charged ions.  

Appearance threshold of the kinetic instability was in-
vestigated intensively. Strong correlation between the mag-
netic field configuration of the source and the onset of the 
instability was found [3].  The instability always raises 
when the Bmin/BECR exceeds a value around 0.8 (where Bmin 
and BECR are the minimum magnetic field and the resonant 

magnetic field, respectively). This value slightly varies 
with the other operation conditions of the ion source (gas 
pressure, microwave power). Recent study [4] shown that 
the spectral temperature of the plasma is increasing mono-
tonically toward the threshold value and then saturates. En-
ergy content of the plasma cannot be increased anymore, 
the electrons losses caused by the unstable condition dom-
inates the plasma processes. 

Several experiments demonstrated that the plasma sta-
bility and therefore the ion beam stability can be improved 
by applying two frequency heating of the plasma. Both two 
far (resulting in two well separated ECR heating zones) and 
two close (frequency gap is comparable with the scale-
length of the resonance) frequency heating were investi-
gated [5, 6].  

While the beneficial effect of the multiple frequency 
heating is proved [7] the mechanism and the dynamics of 
the processes caused by the second frequency are still not 
fully known. Therefore, we have investigated the effect on 
the plasma instabilities in an Argon plasma at Two Close 
Frequencies Heating (TCFH) scheme using two diagnostic 
tools; a two-pins RF probe connected to a spectrum ana-
lyzer (SA) and an X-ray pinhole camera.  

Parameters of the radiofrequency spectra (obtained by 
the RF probe) can be used as an indication of stable and 
unstable plasma conditions and a quantitative estimation of 
the strength of the instability can be done [6]. 

The high spatial resolution X-ray images (taken by the 
pinhole camera) are used to monitor the structural changes 
of the plasma when the second frequency is injected. 

Furthermore, numerical simulation to investigate the ve-
locity distribution of the plasma electrons were done to in-
terpret the complex information obtained by the help of the 
two diagnostic tools.  

EXPERIMENTAL SETUP 
Argon plasma were generated by the 14 GHz, room tem-

perature Atomki ECRIS [8]. The B-minimum trap consists 
of two room temperature coils and of a NdFeB permanent 
magnet hexapole. The radial magnetic field measured at 
the plasma chamber wall is about 1.1 Tesla while the axial 
magnetic peak fields along the axes of the plasma chamber 
are 1.26 T at the injection side and 0.95 T at the extraction 
side. The minimum value (Bmin) is 0.39 T. 

 ___________________________________________  
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The plasmas were heated by single and double frequency 
mode. The first 14.25 GHz signal was amplified by a klys-
tron while the second tuneable one was provided by a TWT 
Amplifier operating in 13.6 GHz - 14.6 GHz frequency 
range. Microwaves were launched through only one wave-
guide by mixing the two RF signals before the plasma 
chamber by a power combiner. Both the forwarded and the 
reflected powers were measured at the closest possible 
point to the plasma chamber. 

Schematic drawing of the experimental setup can be 
seen in Fig. 1. 

 

Figure 1. Drawing of the experimental setup with the two 
diagnostics tools. 

The injection plate of the plasma chamber was adapted 
to the X-ray imaging: the area of the Al made circle shape 
injection plate was divided into two regions in the ratio 2:1. 
The smaller area was used for microwave and gas injec-
tion, furthermore to insert the RF-probe directly inside the 
plasma chamber. The larger part was closed by an Al mesh 
to form closed resonant cavity and to provide transparency 
for X-ray imaging at same time. 

The X-ray pin-hole camera for 2D space resolved spec-
troscopy [9], consisting in a CCD camera and a lead pin-
hole. The CCD camera is made of 1024 x 1024 pixels and 
sensitive the range 500 eV - 20 keV. It was coupled to a  
Pb pin-hole (thickness 2 mm, diameter Φ = 400 μm) and 
placed along the axis, facing the chamber from the injec-
tion flange. A Titanium window with 9.5 μm thickness was 
used to screen the CCD from the visible and UV light com-
ing out from the plasma. A multi-disks (disks with the same 
thickness and different hole diameter) lead collimator [10] 
was used as extra shielding, developed to acquire X-ray 
picture at up to 200 W of total incident power with appro-
priate signal over noise ratios. The magnification of the im-
aging system was 0.244. 

A two-pins RF probe was connected to a Spectrum Ana-
lyser (SA) in order to detect the plasma emitted EM waves 
in GHz ranges characteristics of the kinetics instabilities. 
The flexible two-pins RF probe has an outer diameter of 
4mm and a pin length of 3.5 mm. The pin distance is 2 mm. 
The Spectrum Analyser is operated in the range 
13-15 GHz. The resolution bandwidth was 3 MHz with a 
sweeping time of 400 ms.  

ANIZOTROPY VS. BMIN/BECR 
We have performed simulation of plasma electrons in the 

magnetic trap of the Atomki ECRIS under ECR conditions 
in single frequency heating (SFH) mode to investigate the 
effect of the Bmin/BECR to the anisotropy of the plasma 
electrons by changing the resonant frequency (conse-
quently the resonant field). The simulation was done by 
TrapCAD [11, 12], which is a numerical code using a sin-
gle electron approach neglecting the particle-particle inter-
actions. The electron heating using the electron–cyclotron-
resonance process is calculated by assuming a simple RF 
field but using realistic magnetic field configuration. A cir-
cularly polarized plane wave is assumed propagating along 
the z-axis. The electric vector of this type of wave is rotat-
ing in the x-y plane of the chamber. A 4th-order Runge-
Kutta method is applied for the integration of the magnetic 
field line equation. The Lorentz force integration is pro-
cessed by a time-centered leapfrog scheme explicitly solv-
ing the motion equations. The time-step of the code was set 
to be 3ps. 

SFH mode was modelled by running the code for 15 con-
figurations. The RF frequency was scanned from 11 GHz 
to 18 GHz with 500 MHz steps. The corresponding ratio 
Bmin/BECR is increasing from 0.6 to 0.99 by changing the 
frequency from 18 GHz to 11 GHz. 100,000 electrons were 
started from the resonant zone with 5.5 eV initial average 
kinetic energy both for parallel and perpendicular velocity 
components. Simulation is ended after 200 ns (i.e. after 
many RF cycles and thus giving the opportunity to the 
whole simulated electron bunch to interact with the wave), 
while the RF power was set to 200W which corresponds to 
134 V/cm electrical field in the given cylindrical ECRIS 
plasma chamber. 

Figure 2 shows the average kinetic energy of the elec-
trons related to the parallel and the perpendicular compo-
nents. The “anisotropy parameter” has been then calculated 
as the ratio of the average kinetic energy corresponding to 
the parallel and perpendicular velocity component of the 
electron: An = <E_l>/<Ell>. Dependence of “An” as func-
tion of the Bmin/BECR is plotted in Fig. 3.  

 

Figure 2. Average Energy of the parallel (EII) and the 
perpendicular (E_I) velocity components of the non lost 
electrons. 
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Figure 3. Dependence of the anisotropy parameter. 

This plot underlines the escalation of the anisotropy to-
ward higher Bmin/BECR ratios. The escalation starts close to 
the experimentally observed 0.8 threshold value and rap-
idly rises above 0.95. In the next section we will compare 
the anisotropy changes effected by the second frequency 
with the experimental results obtained by the X-ray camera 
and RF diagnostic system.  

RESULTS AND DISCUSSION 
We were taking series of X-ray images and RF spectra 

in single and in two frequency operation mode. In single 
frequency operation mode the frequency was swept from 
13.6 GHz to 14.6 GHz with 50 MHz frequency steps at 
fixed incident microwave power (200 W). At two close fre-
quency operation the microwave power provided by the 
TWT was fixed at 120 W (also in this case the frequency 
was swept from 13.6 GHz to 14.6 GHz with 50 MHz fre-
quency steps) while the power launched by the fixed fre-
quency klystron was always 80 W.  

Plasma-self Emitted RF Spectra 
In stable plasma conditions cases the observed frequency 

spectra typically show the pumping RF peak(s) only. How-
ever, in unstable plasma cases the spectra characterized by 
high number of plasma self-emitted sub-harmonics. By 
considering the number and the intensity of the sub-har-
monic peaks a quantitative parameter estimating the insta-
bility strength (Is) can be calculated [6]. In the paper [6] 
we demonstrated that the TCFH regime is able to dump the 
instabilities: it was possible to observe that the instability 
strength drops dramatically by adding the second pumping 
wave, see Fig. 4. 

We have also shown that the spectral structure of the 
self-emitted radiation (subharmonics are detected along 
with the main frequencies) in TCFH mode always follows 
an empirical law; every time, the emission has been ob-
served to occur at frequencies lower than the lowest of the 
two pumping frequencies. As an example, we present two 
SA spectra recorded at single frequency (13.9 GHz and 
14.25 GHz) and one spectra recorded at 14.25 GHz + 
13.9 GHz in double frequency heating mode (in all three 
cases the total net power was 200 W): they are shown, re-
spectively, in the sequence of plots of Fig. 5. This tendency 

indicates that the plasma density distribution is rearranged 
at TCFH mode, becoming denser in the central region of 
the plasma chamber (where the B-field is lower). 

 

Figure 4. Instability strength as function of the applied fre-
quency in single and in two frequency operation mode. 

 

Figure 5. RF spectra measured by the spectrum analyser 
corresponding to single (13.9 and 14.25 GHz, at 200W) 
and to double frequency heating (13.9 GHz +14.25 GHz, 
120 W + 80 W) operation mode. 

Plasma Images 
X-ray images of the plasma were taken with long 

(50 seconds) exposure time, while the read-out rate was 
1 MHz. The Analogue Digital Unit (ADU) corresponding 
to every pixels and finally read by the CCD is proportional 
to the product of the number of incident photons and their 
energies. The images are able to reveal the energy content 
of the plasma. Figure 6. shows a typical plasma images. We 
can identify several distinctive areas in the image contain-
ing information about the Argon plasma, the losses of the 
electrons on the plasma electrode and on the cylindrical 
plasma chamber wall. In order to directly observe the struc-
tural changes of the plasma we have selected several ROIs 
(Regions of Interest) corresponding to different radial po-
sitions of the plasma. ROI-Hole gives information about 
the energy content of the plasma centre, while the ROI-
Side characterizes the side areas of the plasmoid. 

24th Int. Workshop on ECR Ion Sources ECRIS2020, East Lansing, MI, USA JACoW Publishing
ISBN: 978-3-95450-226-4 ISSN: 2222-5692 doi:10.18429/JACoW-ECRIS2020-MOYZO01

01: Fundamental Processes

MOYZO01

29

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
19

).
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



 

Figure 6. Typical plasma image (in logarithm scale) taken 
of Argon plasma generated at 13.9 GHz (single frequency 
mode), 200W. The exposure time was 50s. 

We defined a parameter corresponding to every individ-
ual image to describe the degree of the concentration of the 
plasma in the central region of the chamber. This parameter 
is calculated as the ratio of the (area normalized) ROI-Hole 
(black rectangle in Fig. 6) counts of the central region and 
ROI-Side (red rectangle in Fig. 6) counts as the side re-
gions of the plasma.  

The higher this ratio, the plasma is more centralized. We 
have calculated this parameter both for single and double 
frequency scans and we have compared them at those fre-
quencies where the instability was pronounced (i.e. Is pa-
rameter is higher than 7 mW) at single frequency operation 
mode. These frequencies are 13.6 GHz, 13.8 GHz, 
13.85 GHz, 13.9 GHz, 14 GHz, 14.05 GHz. The corre-
sponding centralization parameters are plotted in Fig. 7. 
This figure together with Fig. 4 clearly demonstrate that at 
two close frequency heating mode the instability is effec-
tively damped by the second frequency, meanwhile the 
plasma is rearranged to be denser in a central region of the 
plasma. This observation is in good agreement with the 
tendency obtained from the RF spectra, presented in Fig. 5. 

 

Figure 7. Centralization parameters at single and two fre-
quency operation mode.  

Comparison with Simulation Results 
The effect of the second frequency to the anisotropy was 

investigated by the simulation code and compared with the 
experimentally obtained Is parameters and the centraliza-
tion parameters. Figure 8 shows these parameters in single 
and in double frequency operation modes (combination of 
13.9 and 14.25 GHz). Each blue bar of the histogram rep-
resents the normalized anisotropy. The red curve is the ex-
perimentally measured Is parameter, the grey bars indicate 
the centralization parameter, while the green rectangles re-
port the average energy of the electrons in each simulated 
configuration. It can be seen that, in addition to the three 
experimentally investigated working point, we simulated 
also other two conditions in which the RF power of the two 
waves used for TCFH has been increased with respect to 
the experimental case. This plot shows that: at the same net 
power cases the anisotropy and the average energy de-
crease when we apply two close frequencies (in the simu-
lation) and the plasma becomes more centralized mean-
while the instability is damped effectively. The additional 
simulated points when the TrapCAD runs in TCFH at 
higher total net powers, by increasing the power for both 
frequencies in parallel, showing that it is in principle pos-
sible to increase the average energy of the electrons (even 
above the energy corresponding to 13.9 GHz) and maintain 
anyway the anisotropy at low level.  
 

 

Figure 8. Comparison of simulation (sim.) and the experi-
mental (exp.) results. 

SUMMARY 
We have presented experimental and simulation results 

corresponding to stable and unstable plasmas heated in sin-
gle and two close frequency heating schemes. Non-linear 
increase of the anisotropy of the simulated electrons in the 
velocity phase space was observed around the well-known 
threshold value (Bmin/BECR ~0.8) at single frequency. Insta-
bility strength and the anisotropy is moderated by applying 
two close frequency heating. It was also shown that when 
the instability is effectively damped by the second fre-
quency the structure of the plasma is changes remarkably, 
the plasma becomes more centralized. One can conclude 
that the TCFH is making the parameter space broader and 
improving the plasma confinement allowing to extend the 
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operation conditions (using a higher amount of RF power) 
at Bmin/BECR values that are impeded by the onset of strong 
plasma instabilities at single frequency heating. 
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Abstract 
High resolution spatially-resolved X-ray spectroscopy, 

by means of a X-ray pin-hole camera setup operating in the 
0.5-20 keV energy domain, is a very powerful method for 
ECRIS plasma structure evaluation. We present the setup 
installed at a 14 GHz ECRIS (ATOMKI, Debrecen), in-
cluding a multi-layered collimator enabling measurements 
up to several hundreds of watts of RF pumping power and 
the achieved spatial and energy resolution (0.5 mm and 
300 eV). Results coming by a new algorithm for analyzing 
Integrated (multi-events detection) and Photon-Counted 
images (single-event detection) to perform energy-re-
solved investigation will be described. The analysis per-
mits to investigate High-Dynamic-Range (HDR) and spec-
trally resolved images, to study the effect of the axial and 
radial confinement (even separately), the plasma radius, 
the fluxes of deconfined electrons distinguishing fluores-
cence lines of the materials of the plasma chamber (Ti, Ta) 
from plasma (Ar) fluorescence lines. This method allows a 
detailed characterization of warm electrons, important for 
ionization, and to quantitatively estimate local plasma den-
sity and spectral temperature pixel-by-pixel. 

INTRODUCTION 
Electron cyclotron resonance ion sources (ECRIS) are 

able to produce beams of highly charged ions with high in-
tensity and stability, which are necessary for accelerators 
in applied and nuclear physics research. In order to produce 
these beams, continuous improvement in the performance 
of ECR ion sources is required and, since the characteris-
tics of the extracted beam (in terms of current intensity and 
production of high charge states) are directly connected to 
plasma parameters and structure. Deeper knowledge of 
plasma properties becomes thus fundamental. Therefore, at 
INFN-LNS (Istituto Nazionale di Fisica Nucleare – Labor-
atori Nazionali del Sud) in collaboration with the Atomki 
laboratories (Debrecen, Hungary), several non invasive di-
agnostic tools have been developed, with advanced analyt-
ical methods. Among the others, an innovative diagnostic 
tool consisting of a lead pin-hole, a CCD camera and a 
multi-disks lead collimator is able to perform high spatial 
and energy resolution imaging and spectroscopy in the soft 
X-ray domain. 

It represents a very powerful tool to investigate spec-
trally resolved images, to study the effect of the axial con-
finement, the plasma radius evaluation and the fluxes of 
deconfined electrons, also distinguishing fluorescence 
lines of each material of the plasma chamber (Titanium, 
Tantalum) from fluorescence lines of plasma (Argon).  

Several experiments have demonstrated that the plasma 
turbulent regimes cause ECRIS performances deterioration 
in the extracted ion beam, in terms of beam ripple and a 
decreasing of the high charge state production [1-3]; even 
if other works have demonstrated that the plasma stability 
and the ion beam stability can be improved by applying 
two frequency heating of the plasma [4-6], further studies 
are necessary in order to investigate in details this phenom-
ena. Moreover, other works [7] predict that turbulent re-
gimes of plasma can generate precipitations of the ener-
getic electrons in the loss cones (producing the X-ray burst 
emission when they impact in the plasma chamber walls) 
thus increasing the losses compared to the plasma emis-
sion. 

In 2014 X-ray space resolved-spectroscopy was already 
performed, but only in low power regimes up to 30 W of 
RF pumping power [8, 9]. In order to investigate the turbu-
lent regimes, increasing the pumping RF power at least at 
about 100 W becomes necessary [10]. On this purpose, the 
whole diagnostic tool for X-ray imaging has been recently 
improved.  The system was re-designed; a new multi-disks 
lead collimator able to reduce the noise caused by scatter-
ing (that becomes very high in high power domain), an in-
novative plasma chamber design and analytical methods to 
post-process the acquired images were introduced.  Now 
200 W operations are possible (one order of magnitude 
higher than the previous ones) and the diagnostic system 
can represent an interesting and powerful method to inves-
tigate how the turbulences affects the plasma confinement 
and losses dynamics.  

EXPERIMENTAL SETUP 
The measurement was carried out in the 2th generation 

ECRIS installed in the ECR Laboratory of ATOMKI, in 
Debrecen (Hungary) [11]. The basic operation frequency is 
14.25 GHz provided by a klystron amplifier, but it is also 
possible heating the plasma with a second (tuneable) fre-
quency provided by a travelling wave tube (TWT) ampli-
fier. The axial magnetic field is 1.26 T (injection), 

 ___________________________________________  
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0.39 T (Bmin) and 0.92 T (extraction), whilst the radial 
magnetic field produced by a permanent magnet hexapole 
and measured at the plasma chamber wall (R=29 mm) is 
1.1 T. The length of the plasma chamber is 210 mm and the 
diameter 58 mm. 

The non-invasive diagnostic tool consists of: 
 a CCD camera, with a sensitive range 2 keV – 20 keV, 

made of 1024x1024 pixels and having a sensor size 
13.3 x 13.3 mm;  

 a lead pin-hole of 2 mm of thickness and 400 µm of 
hole diameter, which is able to reproduce the plasma 
image in the CCD position-sensitive detector. The 
magnification M of the pin-hole system (developed 
by the position of the pin-hole with respect to the 
plasma and to the CCD chip) was optimized: 
M=0.24; 

 two Titanium windows with a total thickness of 9.5 µm 
in order to reduce UV and visible light; 

 a multi-disks collimator consisting of two lead disks of 
1 mm of thickness was installed at 40 mm from the 
pin-hole on the CCD side and 6 mm on the plasma 
side. The hole diameters are1 mm and 2 mm, respec-
tively. 

A sketch of the whole system is shown in the Fig 1. 

 
Figure 1. Sketch of the X-ray pin-hole camera setup. 

Moreover, a special design of the plasma chamber walls 
covered by a liner of Tantalum (for the lateral walls) and 
Titanium and Aluminum (for the extraction and injection 
endplate, respectively) has been implemented in order to 
distinguish between fluxes of X-rays coming from walls' 
bremsstrahlung and fluorescence (produced by the elec-
trons escaping the magnetic trap and impinging on the met-
als surfaces), from the ones coming from the Argon plasma 
(due mainly to the fluorescence of the confined ions). 

Multi-collimator to Investigate High Power  
Regimes 

By developing the multi-disks lead collimator as extra 
shielding it has been possible to acquire X-ray picture in 
relatively high RF-power operation mode, up to 200 W to-
tal incident power. This datum still represents the highest 
operative RF power for which X-ray imaging has been 
never performed in the field of ECR Ion Sources and ECR 
compact traps. 

Figure 2 shows the two images acquired in the same op-
erative configuration (pumping RF power of 200 W and RF 
frequency of 13.9 GHz) with an exposure time of 50 sec-
onds have been reported: the image 2.a) has been acquired 
without the usage of the collimator, the 2.b) with it. It has 
been demonstrated that using the collimator the noise de-
crease of 405% outside the plasma chamber (considering 

the total counts in the region of interest (ROI) squared in 
green, in the images) and of 152% inside the plasma cham-
ber (considering the total counts in the ROI squared in 
cyan, in the images). Whilst the signal/noise ratio increase 
of 70% and 39% outside and inside the plasma chamber, 
respectively. The signal has been estimated considering the 
total counts in the ROI white squared. 

 

 
Figure 2. Pseudo-color elaboration of X-ray flux (in loga-
rithmic scale), putting in evidence the ROI where the radi-
ation coming from Ar plasma only (squared in white), and 
the ROIs where radiation is due to scattering effects 
(squared in cyan and in green). a) - without the multi-disks 
collimator. b) - in the pin-hole setup the multi-disks colli-
mator has been used. 

Moreover, a very high spatial resolution (500 µm [12]) 
can be obtained by using the collimator; in the Fig. 2.b) it 
is in fact possible well distinguish the mesh structure of the 
Aluminum endplate, manufactured in order to shield mi-
crowave but guarantee above 60% of X-ray transmission. 
The wire diameter is only 400 μm. 

THE X-RAY IMAGE OPERATIVE MODES	
The photon impinging in the camera generates charge 

that is proportional to the deposed energy. The Analogue 
Digital Unit (ADU), corresponding to every pixels and fi-
nally read by the CCD, is proportional with the product of 
the incident photons and their energies. Typically, there are 
two main operative modes to acquire the images: the Spec-
trally Integrated (SpI) mode and the Single Photon Count-
ing (SPhC) mode. 

During a long exposure time - for example images col-
lected with several tens of seconds - multi events are reg-
istered by the CCD camera, and the spectral information of 
the incoming X-rays is lost. Therefore, images obtained 
with long exposure times are called Spectrally Integrated 
images. In this case energy separation of the events is not 
possible, however, ADUs are revealing the energy content 
of the plasma and plasma chamber complex. The ad-
vantage, in this case, is that these acquisitions are typically 
fast (tens of seconds) and it is so possible to master, likely 
"on line", the changes of plasma structure and morphology. 

The more powerful investigations, able to perform local 
energy determination, is provided by Single Photon Count-
ing mode. Decoupling of photon number versus energy is 
possible. The technique allows to perform space-resolved 
spectroscopy (thus evidencing the local displacement of 
electrons at different energies, as well as of plasma ions 
highlighted by fluorescence lines emission) versus the 

a) b) 
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main tuning parameters such as the pumping wave fre-
quency and the strength of the confining magnetic field. It 
is very useful in order to study how the operative parame-
ters (RF pumping frequency and power, magnetic field and 
also phenomena such as plasma turbulence) affect the 
plasma confinement, stability and turbulence onset and to 
investigate dynamics of plasma versus plasma losses.  

The SPhC mode is obtained by fixing a short exposure-
time for each of the acquired image-frame (typically in the 
range of several tens of milliseconds). Multi-images are 
recorded in SPhC (of the order of thousands image-
frames). The SPhC mode allows minimizing the probabil-
ity that two (or more) photons hit the same pixel during the 
exposure of a single image-frame with a consequent loss of 
information about their energies. Only a few number of 
pixels is illuminated on the full CCD matrix and they can 
be associated with single photon events and, consequently, 
they carry the information (in terms of charge) on the en-
ergies of the incident photons. 

Development of a proper acquisition and processing pro-
cedure of the experimental data were required and ad-
vanced analytical methods were needed and have been de-
veloped on purpose. 

THE ANALYTICAL METHOD 
Analytical algorithm has been developed to elaborate the 

raw data acquired using the X-ray pin-hole camera tool, in 
particular to analyze the Single Photon-Counting images, 
to perform energy-resolved investigation pixel-by-pixel 
and deep investigations about confinement dynamics. The 
analytical method has been developed using the MatLab 
programming platform. 

The developed analytical method for SPhC imaging and 
spectroscopy consists of six different steps. In this section 
we describe only the main step, the so called Grouping pro-
cess (Gr-p), that allows performing the space-resolved 
spectrum. 

Even working in SPhC mode, multipixel events are al-
ways present in each of the image-frames acquired during 
the measurement: they could be associated with a single 
photon that interacts with more than one pixel, or two (or 
more) photons that hit neighboring pixels. The algorithm 
has been elaborated for recognizing and correcting the 
group-events. 

To ensure the incoming photon energy proportional to 
the sum of ADU of the loaded pixels, it is necessary that in 
each acquired image-frame one photon only releases its en-
ergy in a given group of pixels. Whilst, if photons are fall 
to two pixels close to each other, the pixels loaded by the 
two photons are overlapped or become neighbours forming 
large clusters and the energy of the photons are summed in 
this big cluster. Since the isolation of the effect of the two 
or more photons contributions are impossible, these spuri-
ous events have to be filter out by the analytical algorithm. 
On this purpose, we introduced an input parameter in the 
algorithm, called S parameter, that represents the maxi-
mum cluster size (size is defined as the number of neigh-
bours pixels compounding a cluster) that can be considered 
due to the impact of only one photon. Consequently, all the 

clusters of pixels having size larger than S have been fil-
tered out by the algorithm. Moreover, also the offset noise 
contribution has been removed setting a threshold called 
L value. 

In a nutshell, the two main input parameters used to char-
acterize the script-run are: 
 L = count Limit, the threshold to consider a pixel as 

cluster component, this limit set a noise level; 
 S = cluster Size, the maximum number of connected 

pixels to consider them as not overlapping counts. 
In more detail, the algorithm works in the following 

mode: considering a given image-frame, the first phase 
consists in "turning off" all pixels having ADU lower than 
L, putting to zero all their values; later the procedure scans 
pixel by pixel each of the image and when an illuminated 
pixel of coordinates (X, Y) is identified, its neighbouring 
pixels are checked. If no charge is present into the sur-
rounding pixels, the event is considered to be generated by 
a single photon and it is associated with a 3-coordinates 
point (X, Y, E). The coordinate E is the energy associated 
with the photon. When a group of neighboring pixels is 
identified during the scan of an image-frame, the algorithm 
processes this multipixel event to reconstruct its nature 
(i.e., single or multiple-hit):  
 in the group associated with a single photon-event 

(typically characterized by the presence of a pixel with 
a maximum intensity, in terms of charge) the code per-
form the integration of the total charge giving the en-
ergy of the photon; the hitting coordinate (X, Y) is 
fixed to the pixel containing the maximum contribu-
tion; 

 in case of the groups associated with multiple-hit 
events (typically characterized by the presence of dif-
ferent relative maxima in a large size of the group of 
pixels) the processing algorithm filter out them.  

When the pixel in the position (X,Y) has been elabo-
rated, the algorithm start to process the subsequent pixel in 
the position (X+1,Y). The above procedure is repeated 
pixel by pixel in all the frames. 

Considering, for example, a ROI (Region of Interest) of 
the pixelated matrix (1024x1024 pixels) correspondent to 
an image-frame, it is possible to observe how the different 
steps of the Gr-p elaborates the images: we can consider a 
setting S=5 and L=10 as input parameters in the algorithm. 

A ROI of 20X30 pixels, by way of example, has been 
considered in the Fig. 3. The image shown in Fig. 3 a) is 
corresponding to the first phase, where all pixels having 
charge lower than L (putted to zero). Moreover, in this step, 
the algorithm finds and checks the clusters size (in red 
squared the clusters having size larger than S, in green 
squared the other ones). As it is possible to observe, the 
first ones typically present two or more local maximum, 
highlighting the contribution does not due by one only sin-
gle photon. On this purpose, the second step filters out 
them (the image with the ADU values is shown in 
Fig. 3. b). 
Finally, the third step integrates the charge of all pixels 
composing a given cluster shown in Fig. 3. c). 
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a)  

b)  

c)  
Figure 3: ROI of 20X30 pixels elaborated implementing 
the three different steps of the grouping procedure: a) after 
the first step; b) after the second step; c) after the third step. 

After that the Gr-p has been performed for all the image-
frames composing a measurement, it is assigned a variable 
N to each coordinate (X,Y) of the CCD matrix; N is the 
number of photons with energy E in the position (X, Y). N 
is incremented by a unit during the scansion of all the 
frames when a photon of energy E is detected in the same 
position (X, Y) in another frame K. 

At the end of the scansion of all the image-frames a set 
of points with coordinates (X, Y, E, Ntot) is obtained. The 
plot of the total counts Ntot versus the energy E is the full 
X-ray spectrum of the sample under investigation. 

THE EXPERIMENTAL RESULTS 
In this section an overview of the experimental results 

concerning both the integrated imaging and the space-re-
solved spectroscopy in SPhC will be presented. 

The Integrated X-ray Imaging 
The Integrated X-ray Imaging consists in acquiring only 

one image with a long exposure time of the order of tens of 
seconds. In this case the total measurement time results to 
be very fast and the elaboration of the image needs an easy 
analysis. 

An example of a power scaling of the integrated images 
is shown in Fig. 4 (RF frequency = 13.8 GHz) varying the 
pumping RF power from 20 W to 200 W at step of 20 W. 

From a visual inspection it is possible to highlight how the 
energy content changes vs. the pumping power. 

 

 
Figure 4: Pseudo-color elaboration of X-ray images (in the 
same logarithmic scale): power scaling, from 20 W up to 
200 W. 

Selecting specific ROIs in the images it is also possible 
to quantitative investigate about the energy content of the 
emission, comparing the plasma emission vs. the losses 
emission. It has demonstrated that in the stable regimes the 
losses decrease [5] and the plasma is rearranged to be 
denser in a central region of the plasma [13]. 

Moreover, with integrated imaging it is also possible to 
on-line measure the plasma radius: i.e., at 13.9 GHz of 
pumping frequency, the experimental radius results 16.04 
± 1.44 mm, which is in very good agreement with the ra-
dius of the ECR-ellipsoid (15.50 mm) estimated using the 
realistic magnetic field of the Atomki-ECRIS. 

PhC Imaging and Space-Resolved Spectroscopy 
Figure 5 shows the reports of the full field X-ray spec-

trum of an acquired configuration, with a total net RF 
pumping power of 200 Watt and a FR frequency of 
13.9 GHz amplified by the TWT.  

 
Figure 5: Full field X-ray spectrum of experimental con-
figuration acquired with a total net RF pumping power of 
200 Watt and a FR frequency of 13.9 GHz amplified by the 
TWT. 

20W 40W 80W 

100W 120W 140W 

180W 200W 160W 
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The thousands of image-frames are gaining the statistics 
necessary for elaborating high quality X-ray fluorescence 
spectra and images. 

It is possible to distinguish fluorescence lines of each 
material of the plasma chamber (Ti, Ta) and the fluores-
cence lines of plasma (Ar). There are also dimer peaks and 
escape peaks for each fluorescence line. The energy reso-
lution is 0.326 keV at 8.1 keV [12], corresponding to the 
Ta-Lα line. Separated characteristic peaks in the X-ray 
spectra, coming from each material, allow to study the con-
finement dynamics (plasma vs losses X-ray emission) dis-
criminating the radial losses from the axial losses also: 
X-rays coming from magnetic branches (where electrons 
are axially deconfined) consist of mostly fluorescence from 
Ti, X-rays coming from plasma are mostly due to ionized 
Kα Argon lines and X-rays coming from poles (where elec-
trons are radially deconfined) are mostly due to radial 
losses impinging on the Ta liner. 

Moreover, since the data on the spectrum contains the 
spatial information on the emitting positions, the definition 
of a ROI on the fluorescence peaks in the spectrum allows 
the imaging of the elemental distribution, and it is possible 
to distinguish the emission (and the correspondent image) 
coming from each material. As it is possible to highlight in 
Fig. 6, it is possible to distinguish the emission coming 
from Ar plasma only (selecting the fluorescence from Ar 
only), compared to the radial losses (Ta) or the axial losses 
(Ti), selecting the fluorescence from Titanium and Tanta-
lum, respectively. 

 

 
Figure 6: 2D energy filtered images showing fluorescence 
photons coming from the argon plasma and signals coming 
from the metallic layers covering plasma chamber walls. 

Finally, it is possible also perform a complementary 
analysis: selecting in the whole image only a “collection” 
of pixels of a ROI, it is possible to investigate about the 
elemental composition in the given ROI only by means of 
the correspondent spectrum and, consequently, to perform 
the plasma parameters (electron density and temperature) 
estimation. 

CONCLUSION AND PERSPECTIVES 
The paper reports the tool, the analytical method and the 

preliminary results of a powerful system for making 
plasma physics investigation by means of spectrally-re-
solved imaging and space-resolved spectroscopy. Live 
plasma structure and emission investigations can be per-
formed, using Integrated imaging, and correlating the re-
sults vs. ECRIS operative parameters. 

The more powerful analysis consists in the Spatial-Re-
solved Spectroscopy for quantitative estimation of decon-
fined fluxes in stable vs. unstable regimes, quantitative el-
emental composition determination pixel-by-pixel and lo-
cally plasma parameters (electron density, temperature) 
measurements.  

In perspectives, space-resolved soft X-ray analysis will 
investigate how plasma turbulence and plasma heating 
method (i.e. the Two-Close-Frequency Heating) affect 
plasma confinement and loss dynamics. 
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THE RELATIONSHIP BETWEEN THE DIFFUSION OF HOT
ELECTRONS, PLASMA STABILITY, AND ECR ION SOURCE

PERFORMANCE
Bryan Isherwood∗ and Guillaume Machicoane

National Superconduction Cyclotron Laboratory, East Lansing, MI, USA
Facility for Rare Isotope Beams, East Lansing, MI, USA

Abstract
The diffusion of electrons from ECRIS plasmas results in

the emission of a continuous energy distribution of pho-
tons from the plasma chamber. Measurements ECRIS
bremsstrahlung that are both time and energy resolved of
the are often difficult to perform due to the 10’s – 100’s ms
timescale that the plasma evolves over. However, the ad-
vancement of low-cost micro-controllers over the last decade
makes timing and gating photon spectrometers easier. We
present a proof of principle measurement which uses an
Arduino micro-controller as a gate-and-delay generator for
time resolved ECRIS bremsstrahlung measurements. An ex-
ample plot of the time resolved spectrum, triggered by beam
current variation induced by kinetic instabilities is shown.

INTRODUCTION
Accelerator facilities like the National Superconducting

Cyclotron Laboratory (NSCL) and the Facility for Rare Iso-
tope Beams (FRIB) require high intensity, high charge state
ion beams for facility operations. These facilities rely on
electron cyclotron resonance (ECR) ion sources (ECRISs)
to produce stable ion beams for their operations. To that
end, researchers have determined different ways to optimize
the performance of the ion source [1–3]. In particular, the
semi-empirical magnetic field scaling laws have proven to be
reliable and important guides to optimizing the performance
of ECR ion sources [4].

However, the ECR ion source plasma is prone to microin-
stabilities that cause quasi-periodic losses of high energy
electrons and limit the ion source’s performance on the high
field and power range of the operating parameter space [5].
These instabilities result from the combination of loss-cone
confinement and resonant heating mechanisms that create
the ECR plasma. These combined mechanisms create steady-
state electron populations that are anisotropic, with large
transverse energies, 𝑇⊥ >> 𝑇∥ [6]. These electrons can
excite and amplify electromagnetic plasma modes within
the plasma chamber and, in doing so, drive themselves into
the loss cone [7, 8]. This instability is known as a kinetic
cyclotron maser instability and is a type of inverse Landau
damping [9, 10].

Electrons driven into the loss cone rapidly escape the
plasma chamber, disrupt the plasma quasi-neutrality condi-
tion, and alter the confinement characteristics of ions within
the system. These imbalances result in the quasi-periodic
∗ isherwo3@gmail.com

beam current variations that are characteristic of the insta-
bilities in ECR ion sources [5]. Consequently, the average
extracted current of highly charged ions decreases, limit-
ing the ion source’s performance, particularly on the high
field side of the ion source’s operating parameter space. It
is difficult to suppress the instabilities as they are a natu-
ral consequence of the loss-cone and microwave heating
mechanics [11]. Understanding when and how a plasma
changes from stable to unstable is essential for optimizing
ECRIS performance.

Measurements on AECR at the University of Jyväskylä
(JYFL) show that large losses (50 – 90%) of highly charged
beam currents occur when operating the ion source
with large injected microwave powers and magnetic field
strengths, in particular when Bmin > 0.7 – 0.8 BRF [5], where
BRF = 𝜔RF/(28 GHz) (more commonly known as BECR), and
𝜔RF is the propogation frequency of microwave injected into
the plasma chamber. Followup measurements on SuSI at
the NSCL demonstrated that the instabilities could occur
over a larger subset of the magnetic field parameter space,
Bmin < 0.55 BRF [12]. The instabilities at lower field values
tended to repeat more frequently and perturb the plasma
less. However, those measurements focused on the stability
characteristics of the magnetic field parameter space as a
whole and revealed few details into the effect of the varying
field strength on the beam current’s transient characteristics.

We report the results of an investigation into the extracted
beam current, from an unstable plasma while changing the
ion source magnetic field when operating the ion source
with magnetic fields lower than those prescribed by the semi-
empirical scaling laws. In particular, we focus on the effect
of changing magnetic field topologies (extraction side field
maximum and global minimum) upon the transience state
of extracted Ar8+ currents. These results demonstrate a
connection between the amplitude and repetition frequency
of the plasma instabilities and the longitudinal magnetic
field’s topology.

APPARATUS AND PROCEDURES
All measurements were taken using the Superconducting

Source for Ions (SuSI) at the NSCL[13] (Fig. 1). The ion
source’s confining magnetic field is created with four su-
perconducting solenoids and a superconducting hexapole
coil. The four axial solenoid coils provide longitudinal con-
finement while allowing for control over the injection and
extraction maxima and the field minimum. The system’s
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design allows for each of the longitudinal field extrema to
vary independently of one another.

Figure 1: A schematic of the source-beamline configuration
used for this measurement.

This measurement acted as a supplemental measurement
to Isherwood et al. [14], except in this case, we measured
extraction ion currents rather than the diffusing electrons.
The dynamics of the diffusion electrons are complicated,
however, and a direct 1-to-1 comparison would between
these two measurements would be difficult at present. How-
ever, these same field parameters allow us to observe the
effect of plasma instabilities at less than what is prescribed
by the scaling laws. Those fields were based around a "con-
trol" magnetic field profile, which all other measurements
could be compared against. For our purposes at the moment,
the importance of the field profile is that it sets the global
minimum and extraction side maximum lower than what is
prescribed by the scaling laws (see Table 1).

Table 1: A comparison between the magnetic field topolo-
gies of the "standard" field configuration for facility opera-
tions and the "control" field configuration used in this study
and Ref. [14].

Standard Control
Bmin/BRF 0.71 0.62
BInj,max/BRF 3.96 3.68
BExt,max/BRF 1.94 1.71

The extraction and einzel lens voltages were fixed at 20 kV
for the duration of the measurement, with the puller elec-
trode fixed at 0 V. Argon ions were extracted from the plasma
chamber with a fixed neutral gas pressure of 213 nTorr, as
measured by an ion gauge on the injection side of the plasma
chamber. A 90° dipole was used for charge selection and
guided the ions into a solenoid focusing lattice to guide
the selected charge state current into a Faraday cup. Re-
flected/emitted microwaves from the plasma chamber were

measured with an HP 8473C Low Barrier Schottky Diode
connected to a bi-directional waveguide coupler connected
to the microwave waveguide. The diode cannot measure the
propogation frequency of the emitted microwaves, but does
measure the instability repetition rate. The beam current
and microwave power signals were measured simultaneously
using a Tektronix MDO3054 oscilloscope. Bremsstrahlung
measurements were taken on axis using a High Purity Germa-
nium Detector (HPGe), placed in line with the longitudinal
axis of the ion source’s plasma chamber. Two lead bricks
and a cylindrical piece of tungsten collimated the flux of
bremsstrahlung radiation emitted from the ion source.

RESULTS
Varying the Extraction Side Field Maximum

We will start by looking at the effect of varying the extrac-
tion side field maximum on the extracted Ar8+ current. The
extraction side field maximum appears to control several
characteristics of the unstable plasma, such as the repetition
rate and amplitude of individual instability events. Figures 2,
3, and 4 demonstrate these trends through measurements
of extracted Ar8+ currents and emitted microwave power
signals, in time and frequency domains. The increasing field
strength correlates with an increasing instability repetition
rate and decreasing current variation and microwave emis-
sion amplitudes. Furthermore, the higher frequency events
tended to occur more randomly, with a larger spread over
the frequency domain. Eventually, the microwave power
signal beings to resemble electronic noise, albeit large am-
plitude noise. At this point, the extracted current reaches its
minimum over the domain. Figure 5 quantifies these trends
by looking at the averaged Ar8+ current extracted from the
plasma chamber.

Figure 2: Ar8+ beam current for a varying extraction field
maxima: (Top Left) BExt,max = 0.99 T, (Top Right) BExt,max
= 1.07 T, (Bottom Left) BExt,max = 1.15 T, (Bottom Right)
BInj,max = 1.23 T. Bmin = 0.4 T, P𝜇 = 350 W, pAr = 213 nTorr.

Lastly, we find another noteworthy trend in Figs. 2 and 6.
As we would expect, the average current increases to a maxi-
mum at BExt,max = 1.15 T ≈ 1.79 BRF, and then decreases as
the field continues to increase. However, at this same point,
the total number of high energy photons (E𝛾 > 80 keV) be-
gins to decrease. We might expect the total photon intensity
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Figure 3: Microwave power signals for a varying extrac-
tion field maxima: (Top Left) BExt,max = 0.99 T, (Top Right)
BExt,max = 1.07 T, (Bottom Left) BExt,max = 1.15 T, (Bottom
Right) BInj,max = 1.23 T. Bmin = 0.4 T, P𝜇 = 350 W, pAr =
213 nTorr. Microwave power has been offset by it’s mini-
mum value, over the entire 100 ms measurement period, to
account for the AC coupling of the oscilloscope. Signals
have been treated with a digital low pass filter using the
Matlab signal processing toolkit, with a cutoff frequency of
333 kHz.

Figure 4: Fourier transform of the microwave power signals
emitted from the ion source for a varying extraction field
maxima: (Top Left) BExt,max = 0.99 T, (Top Right) BExt,max
= 1.07 T, (Bottom Left) BExt,max = 1.15 T, (Bottom Right)
BExt,max = 1.23 T. Bmin = 0.4 T, P𝜇 = 350 W, pAr = 213 nTorr.

to decrease with the increasing field (decreasing loss cone
pitch angle), but we also see that the photon intensity is
relatively insensitive to the field strength for the lower field
strengths. In particular, the monotonic decrease appears to
begin around a field strength of BExt,max = 1.1 T, but accel-
erates beyond BExt,max = 1.15 T. This trend is not reflected
in the emitted microwave power, which peaked at BExt,max =
1.07 T and showed no qualitative change around BExt,max ≈
1.8 BRF.

Varying the Magnetic Minimum
Varying the magnetic minimum caused a more abrupt

change to the beam current’s transient characteristics. Fig-
ure 7 shows four examples of the changing extracted beam
current as the magnetic minimum is varied, as seen by an
oscilloscope. For comparison, Figures 8 and 9 show how the

Figure 5: Trends in the average extracted Ar8+ beam cur-
rents, measured over a 200 ms period, and its standard devia-
tion as the extraction side field maxima is varied. Both data
sets are normalized by the largest values in their respective
sets. Error bars represent the average positive and negative
amplitudes away from the average measured current. Bmin
= 0.4 T, P𝜇 = 350 W, pAr = 213 nTorr. The vertical dashed
lines show where BExt,max/BRF = 1.8

Figure 6: Total number of xray photons, with energies
greater than 80 keV, measured while varying the extraction
side maximum. Bmin = 0.4 T, P𝜇 = 350 W, pAr = 213 nTorr.
The dashed vertical line shows where BExt,max/BRF = 1.8.
The data set is normalized by its largest value.

amplitude and frequency microwave signal change through-
out this part of the measurement, in both time and frequency
domains. At low fields, the amplitude and repetition fre-
quency between subsequent instability events are similar.
As the field increases, the amplitude between subsequent
instability events becomes more random. The emission of
microwave radiation begins spreading over the frequency
domain. Eventually, we begin to see larger single instability
events that occur less frequently. These events overshadow a
set of smaller, but more frequent, instabilities events that do
little to perturb the extracted current. At the end of our field
domain, Bmin = 0.47 T, the plasma appears to stabilize. The
variations in the extracted current and emitted microwave
power become indistinguishable from electronic noise. This
does not mean that the plasma is stable, as it may exist in the
so-called "CW" mode; however, without more sophisticated
diagnostics, this operating point is almost indistinguishable
from one that is stable [15].
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Figure 7: Fourier transform of the microwave power signals
emitted from the ion source for a varying magnetic minimum:
(Top Left) Bmin = 0.34 T, (Top Right) Bmin = 0.40 T, (Bottom
Left) Bmin = 0.44 T, (Bottom Right) Bmin = 0.47 T. BExt,max
= 1.1 T, P𝜇 = 350 W, pAr = 213 nTorr.

Figure 8: Fourier transform of the microwave power signals
emitted from the ion source for a varying magnetic minimum:
(Top Left) Bmin = 0.34 T, (Top Right) Bmin = 0.40 T, (Bottom
Left) Bmin = 0.44 T, (Bottom Right) Bmin = 0.47 T. BExt,max
= 1.1 T, P𝜇 = 350 W, pAr = 213 nTorr.

The average extracted beam current increases over the
measured domain (see Fig. 10). At Bmin = 0.47 T≈ 0.73 BRF,
the beam current reaches its maximum while also minimiz-
ing its upward and downward deviations. The field domain
was not large enough to determine if the current would con-
tinue to increase or begin to decrease beyond 0.47 T, although
previous measurements suggest an eventual decrease [5]. In
this case, the maximum current correlates with a minimum
in the emitted microwave power. Lastly, we can see that
intensity of photons emitted from the plasma chamber in-
creased monotonically with the increasing magnetic field
strength. In this case, we do not see any qualitative change
in the diffusion rate of electrons out of the system.

DISCUSSION
The results of these measurements demonstrated how the

ECRIS magnetic field topology affects the stability of its
plasma. Figures 2 and 7 show that more frequent instability
events tend to correlate with larger amplitude beam current
variations, in particular, larger losses. A longer time between
instability events may indicate that a larger population of

Figure 9: Fourier transform of the microwave power signals
emitted from the ion source for a varying magnetic minimum:
(Top Left) Bmin = 0.34 T, (Top Right) Bmin = 0.40 T, (Bottom
Left) Bmin = 0.44 T, (Bottom Right) Bmin = 0.47 T. BExt,max
= 1.1 T, P𝜇 = 350 W, pAr = 213 nTorr. The peaks in the lower
right plot are the result of electronic noise that is persistent
throughout the facility.

Figure 10: Average, maximum, and minimum Ar8+ beam
currents, measured over a 100 ms period, for a varying mag-
netic minimum.

electrons builds up before the instability event. This buildup
would result in a larger loss of electrons from confinement
per event and perturb the plasma to a greater degree. On the
other hand, this hypothesis would also imply a larger release
of microwave energy from the plasma per event. However,
confirming this hypothesis is difficult, as we cannot mea-
sure the propagation frequencies of the emitted microwaves.
Without this information, we cannot correct Figs. 3 and 8
for waveguide losses.

Figures 6 seem to suggest that the decreasing extracted
ion current above BExt,max = 1.8 BRF is correlated with a
decreasing electron diffusion rate. The more frequent in-
stability events may suppress the accumulation of electrons
within the system, effectively suppression the production of
highly charged ions. However, the increasing instability rate
does not appear to affect the diffusion rate of electrons while
the magnetic minimum is increased (Fig. 11). Alternatively,
the changing electron diffusion rate may result from the vary-
ing pitch angle of the magnetic field’s loss cone. However,
if that were the case, we would expect to see a change in
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Figure 11: Total number of xray photons, with energies
greater than 80 keV, measured while varying the magnetic
minimum. BExt,max = 1.1 T, P𝜇 = 350 W, pAr = 213 nTorr.
The data set is normalized by its largest value.

the electron diffusion rate for lower extraction field maxima,
which is not the case.

More work is necessary in order to understand the relation-
ship between ECR ion source performance and the kinetic
instabilities within the ion source plasma. The results shown
here indicate that the ECRIS performance is not necessarily
correlated with the presence of kinetic instabilities. Rather,
a more complicated interaction between the magnetic field
topology and the electron population appears to limit the
extracted ion current. However, these results are limited to
the low power regime, and may not represent performance
at higher powers. Further studies of the electron diffusion
rate, particularly beyond the Bmin/BRF = 0.8 performance
limit, may provide greater insight into the scaling laws.
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PRODUCTION OF 48Ca AND 48Ti ION BEAMS  
AT THE DC-280 CYCLOTRON 

S. L. Bogomolov, D. K. Pugachev†, V. E. Mironov, A. A. Efremov,  
V. N. Loginov, A. N. Lebedev, A. E. Bondarchenko, K. I. Kuzmenkov,  

Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research, Dubna, Russia 

Abstract 
The heaviest known elements (up to 118Og) were synthe-

sized at the U-400 cyclotron (FLNR JINR, Dubna) by us-
ing a beam of 48Ca ions. 

During the tests of the DC-280 cyclotron an intense 
beams of 48Ca ions were produced. 

For synthesis of the elements 119 and heavier, intense 
and stable beams of medium-mass elements are required, 
such as 50Ti and 54Cr. Before starting the main experiments, 
we test the production of 48Ti ion beam, which is less ex-
pensive than 50Ti. 

The article describes the method, technique, and experi-
mental results on the production of 48Ca and 48Ti ion beam 
at the DC-280 cyclotron from the DECRIS-PM ion source. 

INTRODUCTION 
In last 20 years, at FLNR JINR the super-heavy elements 

up to 118 have been synthesized using the 48Ca at the U-
400 cyclotron.  

For further progress in the synthesis of SHE the first in 
the world Factory of superheavy elements (SHE Factory) 
was created at the FLNR JINR in 2019 [1]. The main goals 
of the SHE Factory are experiments at the extremely low 
cross sections, such as synthesis of new SHE, new isotopes 
of SHE and study of decay properties of SHE. In addition, 
experiments requiring high statistics will be conducted, 
such as nuclear spectroscopy and the study of the chemical 
properties of SHE. 

The factory includes the high-current DC-280 cyclotron 
and gas-filled separator DGFRS-2. The main parameters of 
the cyclotron are shown in the Table 1. 

Table 1: The Main Parameters of DC-280 
Ion sources  DECRIS-PM  - 14 GHz
Injection energy Up to 80 keV/Z
A/Z range 4÷7.5 
Energy 4÷8 MeV/n
Magnetic field level 0.6÷1.3 T
K factor 280 
Magnet weight 1000 t 
Magnet power 300 kW 
Dee voltage 2x130 kV
RF power consumption 2x30 kW
Flat-top dee voltage 2x14 kV
Deflector voltage Up to 90 kV
 
The cyclotron is equipped with the all-permanent magnet 

ion source DECRIS-PM [2] (Fig. 1).  

To obtain the requested injection energy, the source is 
placed at a high-voltage platform. The requests for the ion 
source are the production of ions with low and medium 
masses (from He to Kr) such as 48Ca and 50Ti.  

The first experiments at the SHE factory will be per-
formed using 48Ca+242, 244Pu and the 48Ca+243Am reactions. 
After completion of these experiments, it is planned to start 
the synthesis of new superheavy elements in reactions of 
50Ti and 54Cr ions with 248Cm, 249Bk and 249-251Cf isotopes. 

Figure 1: The DECRIS-PM on the high-voltage platform 
of the DC-280 cyclotron. 

THE SOURCE DESIGN 
Several different ion sources with permanent magnets 

are in operation, such as LAPECR2 [3], NANOGAN [4], 
BIE [5], and others. The sources of this type have the fol-
lowing advantages:  

• Low power consumption.  
• Low pressure in the water-cooling system.  
• Easy tuning. 
Disadvantages of these sources are the fixed and rela-

tively small magnetic fields. Despite these disadvantages, 
the systems typically have a long service life-time. 

The magnetic structure of DECRIS-PM consists of hex-
apole with 24-segments and five 36-segmented axial mag-
netic rings. The magnetic structure and axial magnetic field 
are shown in Fig. 2. In the middle part of the source the 
additional coil is installed for correction of Bmin value in 
the range of ±0.075 T, with the maximum current in the 
coil of 300 A.  

The source was tested on a test-bench before installing 
to the DC-280. The results for metal ions are shown in Ta-
ble 2 [6]. 

 

 ___________________________________________  

† pugachev@jinr.ru  
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Table 2: Results of the DECRIS-PM Tests 
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  

 

Figure 2: (Top) Magnetic structure of DECRIS-PM: 1÷5 – 
PM rings; 6, 7 – soft iron rings; 8÷11 – soft iron plates,  
12÷14 – auxiliary elements, 15 – hexapole, 16 – coil.  
(Bottom) Axial magnetic field. 

PRODUCTION OF 48Ca BEAM   
Production of Ca ions is performed by injecting the cal-

cium vapors into the source chamber from the electrically 
heated micro-oven installed at the injection side of the 
source and shifted from the center to the radius of 23-mm. 

The oven has a length of 50 mm and the outer diameter 
of 6 mm.  The body of the oven is made of stainless steel; 
the crucible is made of tantalum. Working diagram for the 
oven is shown in the Fig.3. The red quadrangle shows the 
temperature range for the required vapor pressure; the av-
erage vapor pressure for calcium in this area is 2.3×10-3 

Torr. 
The crucible is filled with Ca at the stand-alone installa-

tion by using the calcium oxide reduction with aluminum 
in vacuum: 

3CaO+2Al→348Ca+Al2O3                    (1) 

The required temperature for the reaction is around 
1300 °C. In the process of reduction, pure calcium is con-
densed inside the crucible. The evaporation system is 
shown in Fig. 4. 

 
Figure 3: Working diagram of the oven. 

 
Figure 4: Calcium evaporation system. 

The inner volume of the crucible (Fig. 5) is 88 mm3 that 
corresponds to 130 mg of calcium. However, the irregular 
deposition during reduction from the initial volume into the 
crucible gives a smaller volume of the substance. The cru-
cible is stored in a vacuum container to avoid re-oxidation.  

 
Figure 5: Crucible. 

A significant part of the metal vapors evaporated from 
the oven condenses on the walls of the source chamber and 
only a small part leaves the source as an ion beam [6]. To 
prevent deposition of atoms on the water-cooled walls of 
the chamber, we use a hot tantalum screen. It is placed in-
side the source with a minimum contact with the surface of 
the chamber, which reduces heat transfer in the system. 
During the source operation, the screen is heated by the 
plasma electrons and microwaves, which contributes to the 
additional evaporation of the atoms from the surface. As 
the result, the higher is the injected microwave power, the 
higher is the temperature of the screen. The injected micro-
wave power of 500 W provides the screen temperature of 
550 °C, which is quite enough for the evaporation of cal-
cium from the screen surface [7]. 

As a support gas, light gases such oxygen and helium are 
used. The best result for required charge state (Ca10+) is 
achieved with helium (Fig. 6).  
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The total operational time with injection of the calcium 
beam is currently ~1600 hours; the average consumption 
for the entire working time is 0.7 mg/h at the average in-
tensity of 8 pµA for Ca10+. The average efficiency of the 
total Ca ion extraction is 16%, for the Ca10+, this value is 
5%, excluding regeneration. The dependence of consump-
tion on the ion beam current of Ca10+ is almost linear. 

 
Figure 6: The 48Ca ion spectrum, optimized for Ca10+. 

PRODUCTION OF 48Ti BEAM   
Operational temperatures of our micro-oven do not allow 

to use the evaporation technique to produce 48Ti ion beams. 
Thus, to obtain a stable and high-intensity titanium beam 
we use the MIVOC method. This method is based on use 
of organometallic compounds that have a relatively high 
vapor pressure (10-3 Torr) at the room temperature.[8] The 
vapor pressure is sufficient to operate the source providing 
the high conductivity of the vapor supply channels. We 
tried to work with different systems of the gas feeding. The 
best results were achieved with the gas-regulating valve 
EVR 116 [9]; it has a smooth adjustment of the gas supply 
and sufficient gas conductivity, which eliminates clogging 
of the valve openings by the deposited compound. 

The working substance is placed in a glass container 
(Fig. 7) and after pre-pumping, the glass flask breaks inside 
the metal casing, which prevents air from entering. The va-
por pressure of the substance at the room temperature is 
sufficient to produce an ion beam without a support gas. 

 
Figure 7: Container with (CH3)5C5Ti(CH3)3. 

The source is equipped with a half-millimeter thick stain-
less-steel liner to facilitate cleaning of the chamber from 
carbon contamination. It is a necessary because the change 
of operating modes should be done in a short period of 
time. The recently measured charge state distribution of the 
extracted ion currents for titanium ions is shown in   Fig.8. 
The working time with the titanium beam currently corre-
sponds to ~240 hours on a DC-280 cyclotron. The average 
efficiency of ion source for 48Ti is 20 %, for the Ti7+ this 
value is 5%. 

 
Figure 8: The 48Ti ion spectrum, optimized for Ti7+.  

CONCLUSION 
During the work was obtained 48Ca and 48Ti. Calcium 

beam was accelerated, the average efficiency from the ion 
source to output from the cyclotron is 50%. The average 
consumption for the Calcium-48 is 0.7 mg/h, for Titanium-
48 is 0.55-0.65 mg/h. 
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ECR DISCHARGE IN A SINGLE SOLENOID MAGNETIC FIELD AS
A SOURCE OF THE WIDE-APERTURE DENSE PLASMA FLUXES∗

I. V. Izotov†, A. F. Bokhanov, S. V. Golubev, M. Yu. Kazakov, S. V. Razin,
R. A. Shaposhnikov, S. P. Shlepnev, V. A. Skalyga

Institute of Applied Physics of Russian Academy of Sciences, Nizhny Novgorod, Russia

Abstract
Sources of dense plasma fluxes with wide aperture are

extensively used in applied science, i.e. surface treatment,
and as a part of neutral beam injectors [1]. Electron cyclotron
resonance (ECR) discharge in a solenoidal magnetic field
(i.e. with no magnetic mirrors for plasma confinement),
sustained by a powerful radiation of modern gyrotrons is
under consideration at IAP RAS as a possible alternative to
widely used vacuum arc, RF and helicon discharges. The use
of a high frequency radiation (37.5 GHz) allows us to obtain
a discharge at lower pressure, sustain almost fully ionized
plasma with density more than 1013 cm−3, whereas the power
on the level of several hundreds of kW enables the creation
of such a plasma in considerably large volume. In the present
work fluxes of hydrogen plasma with the equivalent current
density of 750 mA/cm2 and the total current of 5 A were
obtained. A multi-aperture extraction system design capable
of forming the non-divergent ion beam was developed with
the use of IBSimu code.

INTRODUCTION
The use of the powerful millimetre wavelength range gy-

rotron radiation for the plasma heating allowed us to create
a concept of an unique gasdynamic ion sources at IAP RAS.
In such sources the plasma density confined in the simple
mirror trap reaches the level of 1013-1014 cm−3 with the
electron temperature on the order of 100 eV [2–5]. The pre-
sented research was conducted to investigate the possibility
of creation of the plasma with comparable to the gasdynamic
ECR ion source (ECRIS) parameters using the sole solenoid
field for radial plasma confinement, leaving longitudinal
∗ supported by RFBR, project #19-32-90079, and by Presidential Grants

Foundation (Grant #MD-2745.2019.2)
† †vizot@ipfran.ru

confinement to a self-consistent ambipolar potential, which
accelerates ions and slows down electrons. The system based
on the single solenoid is very convenient for scaling, much
more compact, is free of plasma bremsstrahlung due to the
absence of hot electrons, and greatly reduces material costs
when compared to the conventional ECRIS traps and with
the simple mirror trap.

EXPERIMENTAL FACILITY
The test bench was constructed on the base of SMIS37

facility [3]. The scheme of the experiment is shown in
the Figure 1. The microwave radiation with the frequency
37.5 GHz and the power up to 100 kW is launched into the
plasma chamber of 68 mm inner diameter through the mi-
crowave coupling system. The wedge-like coupling system
was located inside the discharge chamber in order to prevent
the plasma flux reaching the quartz vacuum window. The
microwave launching part has an inner diameter of 38 mm,
whereas the plasma chamber has an inner diameter of 68 mm.
An influence of that fact on the obtained result is discussed
in the conclusion section of the present paper. A stainless
steel grid with a transparency of 70% was installed at the
farther end of the discharge chamber, opposite to the injec-
tion side, in order to create a microwave cavity to improve
the efficiency of plasma heating. In the presented research,
the metal grid was a part of the discharge chamber and, ac-
cordingly, they were under the same potential, namely, they
were grounded. The magnetic field in the centre of the coil
was varied from 1 to 3 T, while the resonance field value for
the radiation frequency of 37.5 GHz is 1.34 T. The plasma
chamber is placed inside the pulsed solenoid, which provides
the maximum field in its centre of up to 3 T.

The neutral gas is injected into the discharge chamber
through the gas feed line embedded into the microwave cou-

Figure 1: The principal scheme of the constructed experimental bench.
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pling system by means of a fast solenoid valve, much alike
to SMIS37 facility. The working pressure range was 2·10−4

– 8·10−4 Torr. The residual gas pressure was on the level of
10−7 Torr.

EXPERIMENTAL RESULTS
The plasma flux was studied with a single flat Langmuir

probe with 1 mm2 square, placed on a 3D movable rod
mounted on the back flange of the diagnostic chamber pro-
viding measurement both in longitudinal and transverse di-
rections with respect to the magnetic field. The probe was
biased negatively, thus measuring the ion saturation current.

The dependence of the plasma flux density on the mag-
netic field in the solenoid as a function of the injected mi-
crowave power is shown in Figure 2.

Figure 2: Plasma flux density dependence on the magnetic
field value as a function of the injected microwave power.

In this measurement the probe was placed on the system
axis as close to the metal grid as possible, resulting in the
distance of 74 mm between the probe and the solenoid centre.
It is clearly seen from Figure 2 that the plasma flux density
increases with the magnetic field magnitude and reaches
750 mA/cm2 at 3.1 T and the microwave power of 100 kW.
A clear change of dependencies behaviour is observed above
2.5 T, which is presumably explained by the fact that at this
field strength the farthest from the microwave launching sys-
tem ECR zone touches the grid. The effect of ECR surface
position would be studied in further experiments.

We have also confirmed that the dependence of the plasma
flux density on the coordinate along the system axis follows
the magnetic field strength, thus the plasma flux is magne-
tized within the whole volume of the discharge chamber,
which may be beneficial for the extractor design providing
a flexible tool to control the flux density by moving the
extraction system along the system axis.

To study the homogeneity of the plasma flux, we mea-
sured the radial profile at the same distance of 74 mm from
the solenoid centre, i.e. as close to the grid as possible.
The measurement was done with the optimal parameters,
being 3.1 T and 100 kW of microwave power and its result
is presented in Figure 3. While the maximum density was
750 mA/cm2, the corresponding total ion current reached
5 A, evaluated straightforward as an integral of the profile

over transverse coordinate, assuming the axial symmetry of
the flux.

Figure 3: Plasma flux transverse profile at 74 mm from the
solenoid centre. Microwave power is 100 kW, gas pressure
is 8 · 10−4 Torr, magnetic field in the coil centre is 3.1 T.

Also, it could be seen that plasma flux FWHM is on the
order of 25 mm, while the plasma chamber is 68 mm in di-
ameter. This may be explained by the structure of magnetic
field lines together with the plasma chamber geometry. The
plasma flux in the system is likely constrained by the di-
ameter of the microwave coupling. This fact additionally
underlines the importance of the microwave injection scheme
for the discharge parameter optimization. More studies on
the microwave coupling scheme are needed even in such a
simple configuration.

EXTRACTION SYSTEM DESIGN

n order to form non-divergent beam with current density
on the level of 750 mA/cm2 and total current of several A it
is necessary to use a custom multi-aperture or gridded ex-
traction system, as the current density-induced space charge
of the beam is considerably high. Simulations of the system
capable of dealing with such a beam were performed with
IBSimu code [6]. Numerical studies have shown that the
least divergent beam may be obtained with the use of 3 multi-
aperture electrodes: plasma electrode, middle electrode and
puller electrode, separated by 4 and 5 mm respectively. The
assembly is intended to be installed at the same position
as the grid was installed to in presented experiments, i.e.
74 mm from the solenoid centre, thus the plasma electrode
would be acting as a microwave cavity plug. The optimal po-
tentials were numerically found to be +80 kV at the plasma
electrode and the plasma chamber, +70 kV at the middle
electrode, whereas the puller electrode is conventionally
grounded. All of the electrodes have the same shaped holes
of 1 mm in diameter and total transparency of 70%. The
result if simulation is presented in Figure 4.

According to simulations, it is possible to form a slightly
divergent beam with the current density of 750 mA/cm2 in
the accelerating gap and on the level of 500 mA/cm2 further
downstream the beamline.
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Figure 4: IBSimu simulation of a multi-aperture extraction system. Electric potential (green lines) and current density
(false colour) are shown for the single beamlet (top), all beamlets in the extraction region (bottom left), extender region
(bottom middle). Cross-sections of the beam current density close to the extraction system (middle right) and 200 mm
downstream the beamline (bottom right) are shown in false colour.

CONCLUSION
Wide-aperture plasma fluxes from the ECR discharge in

the magnetic field of a single solenoid were obtained. It
was found that the flux density increases with the microwave
power and magnetic field. The maximum value of the flux
density was 750 mA/cm2, and corresponding total ion cur-
rent was equal to 5 A. It was also found that the plasma
follows magnetic field lines while expanding into the diag-
nostic chamber.

The obtained results may be supposedly improved with
the increase in the frequency and the power of heating mi-
crowaves. An increase in the flux aperture could be provided
by the use of discharge chambers of larger diameters simul-
taneously with a specific design of the microwave injection,
optimized for more uniform electromagnetic field distribu-
tion in the volume.

The obtained results demonstrate perspectives of the pro-
posed system based on a single coil for wide-aperture plasma
flux formation, including its probable application for neutral
injector development.

Further investigations will be dedicated to the obtaining
of plasma fluxes with apertures of 100 cm2 and a flux density
of 1 A/cm2. The numerically tested extraction system will
be tested experimentally.
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STABLE AND INTENSE 48Ca ION BEAM PRODUCTION
 WITH A MICROWAVE SHIELDED OVEN AND AN OPTICAL

 SPECTROMETER AS  DIAGNOSTIC TOOL 
F. Maimone†, A. Andreev, R. Hollinger, R. Lang, J. Mäder, P. T. Patchakui, and K.Tinschert 

GSI-Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany  
 

Abstract  
The CAPRICE ECRIS installed at the High Charge In-

jector (HLI) of GSI produces highly charged ion beams 
from gaseous and metallic elements. A high demand of 
metal ions comes from the nuclear physics, material re-
search, and Super Heavy Element group (SHE), and the 
most requested element, besides 50Ti, is 48Ca. When this 
chemical reactive material is deposited inside the plasma 
chamber at internal components the stability can be com-
promised. Furthermore, it is difficult to find a working 
point to guarantee a long-term stability as the oven re-
sponse time and the reaction of the ECRIS are relatively 
slow. The monitoring by using an Optical Emission Spec-
trometer (OES) facilitates immediate reactions whenever 
plasma instabilities occur. For this reason, a real-time di-
agnostic system based on an OES has been installed at the 
ECRIS at HLI for routine operation during the beam-time  
2020. The measured spectra revealed a parasitic oven heat-
ing by coupled microwaves often compromising the ion 
source performance. Therefore, a tungsten grid has been 
installed to shield the oven orifice from the coupled micro-
waves. The results in terms of 48Ca beam intensity and sta-
bility are reported here. 

INTRODUCTION 
At the high charge state injector (HLI) of GSI highly 

charged ions are produced by a CAPRICE-type ECRIS. Up 
to 260 days of beam time per year were served from the 
ECRIS injector in the last decade. Figure 1 shows the total 
days of beam-times starting from 2008. In 2013 and 2017 
the accelerator was on shut-down mode for maintenance or 
upgrade. 
 

 
Figure 1: Total days of beam times in the last 12 years by 
the GSI ECRIS at HLI 

 

A high demand of metal ions comes from the nuclear phys-
ics, material research, and Super Heavy Element (SHE) 
groups, and the most requested element is 48Ca as shown 
Fig. 2. Up to 85 days per year of 48Ca were requested in the 
last years. In order to produce the metallic ion beams with 
high efficiency and low material consumption, the evapo-
ration technique is used at GSI by means of a resistively 
heated oven, the STO (Standard Temperature Oven). [1] 
The ion source performance in producing metallic ion 
beams has been optimized through the past decades to sat-
isfy the demand of intensity and stability. However, when 
chemical reactive materials are deposited inside the plasma 
chamber and at internal components, the stability is com-
promised. Furthermore, it is difficult to find a working 
point for a long-term stability because the response time of 
the oven and the reaction of the ECRIS are relatively slow.  

 
 Figure 2: Total days of metallic ion beams produced in 
the last 12 years by the GSI ECRIS at HLI. 

 
The Optical Emission Spectroscopy has been used to ana-

lyse the plasma parameters [2-3] and the continuous mon-
itoring by using an Optical Emission Spectrometer (OES) 
may facilitate immediate reactions whenever plasma insta-
bilities occur. For this reason, a real-time diagnostic system 
based on an OES has been installed at the ECRIS at HLI 
for routine operation and monitoring during the beam time. 
By means of the OES a parasitic oven heating by coupled 
microwaves was measured and in case of low melting ele-
ments of high vapour pressure like Ca it may compromise 
the ion source performance [4]. For this reason, the effect 
of the oven shielding was studied with the OES and a tung-
sten grid has been installed to shield the oven orifice at HLI 
during the Ca beam-times of 2020.  

EXPERIMENTAL SET-UP 
The description of the ion source and of the beamline are 

reported in [5] and references therein and the details of the 
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STO are reported in [1].  The sample material has been 
filled into the STOs and then a tungsten grid has been in-
stalled to shield the oven head as show in Fig. 3. A tungsten 
mesh type 100 holes/inch and 0.0254mm wire with an open 
area of 81% was used. The geometry of the grid has been 
selected after several tests with different spacings carried 
out in December 2019 at the EIS (ECR Injection Set-up) 
testbench of GSI with 40Ca. No material deposition or con-
densation was observed after the testing campaign. The mi-
crowave power coupled to the ECRIS during the Ca beam-
times was around 650 W at 14.5 GHz. 

In order to early detect and prevent instabilities, a diag-
nostic tool, based on an OES, has been arranged. The set-
up is described in [4]. To measure the visible light spec-
trum, the Ocean Optics QE Pro spectrometer is used [6]. 
The main specifications include a 25 µm slit, a grating with 
600 lines/mm calibrated at 500 nm and a 449-833 wave-
length bandwidth determining a 0.95 nm optical resolution. 
During the beam-runs the optical spectra have been meas-
ured together with the plasma images recorded with a CCD 
camera. 
 

 
Figure 3: Microwave shielding grid at the oven orifice. 

RESULTS AND DISCUSSION 
At GSI, 48Ca beams were requested to be delivered from 

the ECRIS at HLI from February to May 2020 for 64 days 
of total beamtime in four separate blocks.  The ion source 
parameters were tuned to optimize the production of 
48Ca10+. In table 1 the achieved beam parameters are 
reported.  The maximum intensity achieved in 2020 has 
been 120 µA and a typical charge state distribution is 
shown in Fig. 4. With respect to the 48Ca runs of the 
previous years a much more stable ion source behaviour 
has been observed implying a huge reduction of tuning 
intervention for optimization. The use of the tungsten grid  
improved the long-term beam stability. This result is shown 
in Fig. 5 where the 48Ca10+ current measurement at the 
beam current transformer for almost 10 days, in April 2020, 
is reported.  

 
 
 

Table 1: Ca Beam Runs in 2020: Main Achievements  
Date 48Ca10+  

intensity 
Note 

19/02-04/03 90-120 µA 
 

No on–call or 
intervention 
necessary 

17/03-31/03 70-90 µA Two on–call 
interventions 

02/04-15/04 90-100 µA Two on–call 
interventions 

19/04-15/05 100-110 µA No on–call or 
intervention 
necessary 

 

 
Figure 4: Ca charge states distribution optimized for Ca10+. 

 
The maximum intensity has been achieved at the very 

begining of 48Ca production as observed for each beam run 
even in the past years. The intensity drop about 10-15% 
afterwards can be related to the contamination of the 
internal components due to the condensed material. A shift 
hof the intensity towards lower charge states has been 
observed as well. No ion source parameter has been tuned 
after the initial optimization and the oven setting has been 
slightly tuned on 7th and on 10th of April. The two events 
are underlined in Fig. 5. The first optimization required an 
increase of oven power in order to compensate the 
consumed material while the second one required a full 
ECRIS tuning since an increase of the oven temperature 
was detected. 

 

 
Figure 5: 48Ca10+ intensity measured at the current 
transformer for 10 days. 
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In Fig. 6 the plasma images recorded during these two 
events are presented. The OES measurements were carried 
out at the same time frame when the plasma images have 
been recorded. The optical emission spectra of the plasma 
images corresponding to the three frames in the upper row 
of Fig. 6 are shown in Fig. 7.  The optical spectra of the last 
two plasma images, corresponding to the second 
optimization event of the ECRIS are illustrated in Fig. 8. 
 

 
Figure 6: Plasma images recorded at the CCD camera when 
the optimizations of the ECRIS were requested. 
 

 
Figure 7: OES measurement at the upper time-frames of 
Fig. 6 during the first ECRIS optimization (07-08 April). 
 

 
Figure 8: OES measurement at the lower time-frames of 
Fig. 6 during the second optimization (10-11 April). 
 

With respect to the first optimization, at the second event 
occurred on the 11th of April an heating of the oven resulted 
in an increase of counts at higher wavelenghts. 

This result ist more clear by analysing figure 9, showing 
the normalised intensity of the peak at 732 nm and at 827 
nm and the integrated counts over the full spectrometer 
bandwidth. The dashed vertical lines identify the time 
frames when the plasma images and the optical spectra 
have been measured and reported. A rise of oven 
temperture occurred several times during the Ca beam-

times of previous years, but with the shielding grid this 
parasitic heating event was observed only once on 11th of 
April. Furthermore, the use of the shielding provided an 
improvement of the material consumption since the 
reduction of the parasitic heating events avoided the 
additional and unuseful material evaporation.  

Nevertheless, finer meshes or thicker wires will be tested 
in order to improve the oven shielding to avoid any over 
heating. It is worth to report that no material condensation 
has been observed at the oven heads used for all the 
beamtimes confirming that the shielding can be routinely 
used  even for longer beam time periods. 

 
Figure 9: Normalised light intensity at different 
wavelengths recorded for 5 days (07-08 April) 

 

CONCLUSION 
The use of an OES as a diagnostic tool for routine oper-

ation of the CAPRICE ECRIS helps to recover the source 
performances much faster during the metallic ion beam 
production whenever optimizations are required or insta-
bilities occur. This result has been confirmed during the last 
48Ca runs. The monitoring of the spectral components at 
certain visible wavelengths may help to prevent excessive 
optimization time.  

The grid shielding of the oven head has improved the Ca 
ion beam production by an ECRIS in terms of stability, in-
tensity and material consumption since the parasitic heat-
ing of the ceramic insulating material inside the oven head 
is strongly reduced.  

In future it is anticipated to improve the light transmis-
sion between plasma and OES. A spectrometer with a 
wider range towards the infrared light spectrum would give 
the opportunity to measure the oven temperature in situ. 
This would lead to even better control of the evaporation 
rate. 
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NEW METALLIC STABLE ION BEAMS FOR GANIL 

F.Lemagnen†, C. Barue, M.Dubois, R.Frigot, N.Lechartier, V.Metayer,  
B.Osmond. GANIL, CEA/CNRS, Bd Henri Becquerel, Caen Cedex 5, France 

Abstract 
GANIL has been producing many stable beams for 

nearly 40 years. Constant progress has been made in terms 
of intensity, stability and reliability. The intensity for some 
stable metallic beams now exceeds or approaches the pµA 
level at an energy up to 95 MeV/u: 1.14 pµA for 36S (65% 
enriched) at 77 MeV/u, 0.35 pµA for 58Ni (63%) at 74 
MeV/u. 

Constant developments are being made to broaden the 
range of available beams for physics [1]. The presentation 
highlights recent results obtained for 28Si, 184W and 130Te 
using the GANIL ‘s LCO (Large Capacity Oven) [2] on the 
ECR4 ion source. To produce the tungsten beam, two in- 
jection methods were compared. For the first one, we evap- 
orated some tungsten trioxide (WO3) with GANIL ‘s LCO. 
For the second one, the injection in the plasma chamber 
was made by using MIVOC (Metallic Ions from Volatile 
Compounds) [3, 4, 5] with a tungsten hexacarbonyl 
(W(CO)6) compound. It was the first time that we used 
metal carbonyl compounds and the result is promising. All 
the tests have been qualified to obtain the level of intensity 
and beam stability. Theses good results led us to propose 
them for Physics experiments.  

EQUIPMENT CONFIGURATION 

The“Oven configuration” of the ECR4 Ion Source 

Figure 1: Oven in the ECR4. 

The MIVOC Configuration of the ECR4 Ion Source 

SILICON BEAM WITH ECR4 ION 
SOURCE 

Introduction 
The silicon beam was produced using the natural silicon 

monoxide (SiO) compound which was evaporated with the 
large capacity oven (LCO). The 28Si beam can also be pro- 
duced with SiH4 gas but it’s highly flammable and for the 
safety reason, we don’t use this compound. 

The Sample Preparation 
The compound is a sticky brown powder. This form of 

compound can be found for several isotopes of silicon 
(30Si, 29Si). We use an alumina crucible with a useful ca- 
pacity volume of 140 mm3. The powder is lightly pressed 
in the crucible. After filling, we have 130 mg of the SiO 
in the crucible. To evaporate the compound, we use the 
high temperature version of the LCO. Before the introduc-
tion of the sample in the ion source, we heat the sample 
up to 500°C for outgazing in the vacuum chamber. 

To obtain a vapor pressure of 10-2 mbar the temperature 
of compound should be of 1080°C (1705°C for the melting 
point). 

Production of 28Si with ECR4 Ion Source 
Test has been first performed with the natural silicon 

monoxide. Due to the high temperature required for evap- 
oration we decided to fix, in the first time, the oven position 
at +9 mm, see on Fig. 1. For the first test, we measured a 
high consumption (2.45 mg/h of 28Si) with the spectrum 
op- timized on 28Si5+. For the second test, we changed the 
oven position at 0 mm (Fig. 2). The intensity of 28Si5+ has 
been delivered by changing various source parameters: 
RF power, gaz, oven power, we used, like buffer gas, O2 

and we easy obtained the beam stability during 48 hours. 
The main parameter, which is optimized was the electri-
cal power oven to keep the level of the beam intensity. 

The charge state distribution has been optimized on 
28Si7+ with 20µA.e, see on Fig. 3. The consumption was 
0.56 mg/h of 28Si with the total ionization efficiency of 6%. 

Figure 2: MIVOC chamber with transfer tube connec- 
ted to the ECR4. 

 ___________________________________________
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Figure 3: Spectrum optimized on 28Si7+ (20 µA). RF power: 
350 W, buffer gas O2: 7.4106 mbar at injection, 2.3107 

mbar at extraction, 24.6 kV/1.65 mA, platform 60.5Kv, ax-
ial magnetic coils: 1070A/1050A, oven power 23.3 W 
(~800°C off-line), oven position: +0 mm inside the plasma 
chamber, no bias. Transport efficiency up to the faraday 
cup: ~35%. 

Conclusion 
An intensity of 6µA.e 28Si5+has been produced for 48 

hours. The charge state distribution was better for the sec- 
ond test with 20µA 28Si7+ due to the change of oven posi- 
tion and more gaz buffer (O2). With these results, we will 
be able to increase the list of available beams at GANIL. 

TUNGSTEN BEAM WITH ECR4 ION 
SOURCE 

Introduction 
Two tests have been scheduled to produce tungsten 

beam. We choose two different molecules to inject in the 
ion source. For the first test, we produced the tungsten with 
the injection of the tungsten hexacarbonyl and for the sec- 
ond we injected the tungsten trioxide. The goal of this ex- 
periment is to compare the performance of the beam pro- 
duction with the two injection methods. 

Production of 184W with Tungsten Hexacarbonyl 
Compound 

It was the first time that we produced some ions with a 
neutral carbonyl molecule. To inject the tungsten hexacar- 
bonyl in the plasma chamber, we used the MIVOC method. 
The scheme of injection is on Fig. 2 and the installation is 
shown in Fig. 4. 

Figure 4: MIVOC process is connected at ECR4 ion 
source. 

Before the production of the beam, we analyzed the com- 
pound with the analyser mass spectrometer to see the dif- 
ferent atomic masses of molecules and the pollution. The 
presence of water was important but it was decrease thanks 
to pumping in MIVOC chamber and the time. 

The production test lasted several days, starting the 
source in the morning and switching it off in the evening, 
for a cumulative runtime of 33h. A mean intensity of 1.2 
µA for 184W18+ has been maintained. 

It corresponds to a total particles current of 0.55 pµA see 
on Fig. 5. The measured beam transport efficiency of 47% 
- assumed to be the same for all charge states and spe- cies 
- leads to an ion flow extracted from the source of about 
1.2 pµA. The consumption of 184W was 0.2mg/h and an ion-
isation efficiency around 5%. 

Figure 5: Spectrum obtained with ECR4 ion source and op- 
timized on 184W18+ (2.3 µA). RF power: 170 W, biased 
tube  :  -100V/0.0mA,  no  buffer  gas,  MIVOC   flow 500 
mbar.L/s, 4.010-7 mbar at injection, 2.010-7 mbar at ex-
traction, source 25 kV/1.7 mA, platform 50 kV, injec- tion 
coil 1060 A, extraction coil 1050 A. Total transport to Far-
aday cup 47%. 

Production of 184W with Tungsten Trioxide 
For this test we chose the natural compound of tungsten 

trioxide (30.6% of 184W). The sample was a very fine 
green powder which was difficult to stock in the oven’s 
crucible. We obtained a stable beam during 24 hours with 
2.8µA of 184W20+ see on Fig. 6. The consumption of 
184W was 1mg/h with the total ionization efficiency 
around 1.4%.  
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 Figure 6: Spectrum obtained with ECR4M and optimized 
on 184W21+ (2.5 µA). RF power: 278 W (reflected 110 W), 
18 kV/2.0 mA, buffer gas O2, oven power 33.1 W 
(~1100°C off line), oven position: +4 mm inside the 
plasma chamber, no biased tube, coils: 960A/730A. 
Transport efficiency up to the faraday cup: ~47%. 

Conclusion 
If we compare the two methods of production, we can 

see that we have the same level of intensity with a better 
charge state distribution for the oven methods. We could 
try to do another test with the oven to reduce the consump- 
tion. For the two compounds, if we find the isotopically 
enriched sample, we will be able to multiply by three the 
intensity and thus have 7.5µA of 184W21+. 

TELLURIUM BEAM PRODUCTION 
WITH ECR4 ION SOURCE 

Introduction 
This beam was developed to answer of the new project 

of experiment for Agata detector. To produce this test, we 
took a metallic isotopically enriched sample of 130Te 
(99.8%). 

The Sample Preparation 
We use an alumina crucible with a useful capacity vol- 

ume of 140mm3. The sample was a metallic form and we 
put 100mg of the 130Te in the crucible. 

To obtain a vapour pressure of 10-2mbar the temperature 
of compound should be of 360°C (452°C for the melting 
point). To minimise the influence of plasma heating, a plug 
with an aperture of 1mm diameter has been put at the ex- 
tremity of crucible. 

Production of 130Te with ECR4 Ion Source 
Due to chemical reaction between oxygen and heated 

tellurium, we decided to inject nitrogen as a buffer gas 
This test has been performed continuously during one 

week. The charge state distribution has been optimized on 
130Te18+ with 8µA like the spectrum in Figure 7. 

The consumption was 0.2 mg/h of 130Te with the total 
ionization efficiency of 8%. 

Figure 7: Spectrum obtained with ECR4 and optimized on 
130Te18+ (8 µA). RF power: 220 W, buffer gas N2, oven 
power 2 W (~200°C off line), oven position: +0 mm inside 
the plasma chamber, no biased tube, coils: 1065A/1065A. 
Transport efficiency up to the faraday cup: ~35%. 

Conclusion 
An intensity of 8µA 130Te18+has been produced for 50 

hours. The use of Nitrogen gas buffer is good solution to 
optimise the charge states distribution and to obtain a good 
stability of the beam. With these results, the AGATA exper- 
iment can be programmed for the year. 
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MICROCONTROLLERS AS GATE AND DELAY GENERATORS FOR
TIME RESOLVED MEASUREMENTS

Bryan Isherwood∗ and Guillaume Machicoane
National Superconduction Cyclotron Laboratory, East Lansing, MI, USA

Facility for Rare Isotope Beams, East Lansing, MI, USA

Abstract
The diffusion of electrons from ECRIS plasmas results in

the emission of a continuous energy distribution of pho-
tons from the plasma chamber. Measurements ECRIS
bremsstrahlung that are both time and energy resolved of
the are often difficult to perform due to the 10’s – 100’s ms
timescale that the plasma evolves over. However, the ad-
vancement of low-cost microcontrollers over the last decade
makes timing and gating photon spectrometers easier. We
present a proof of principle measurement which uses an
Arduino microcontroller as a gate-and-delay generator for
time resolved ECRIS bremsstrahlung measurements. An ex-
ample plot of the time resolved spectrum, triggered by beam
current variation induced by kinetic instabilities is shown.

INTRODUCTION
Accelerator facilities like the National Superconducting

Cyclotron Laboratory (NSCL) and the Facility for Rare Iso-
tope Beams (FRIB) require high intensity, high charge state
ion beams for facility operations. These facilities rely on
electron cyclotron resonance (ECR) ion sources (ECRISs)
to produce stable ion beams for their operations. The mi-
crowave heated plasmas within these devices can produce
beams of highly charged ions. Those ions must undergo
multiple ionizing collisions before escaping from the plasma
chamber, making the ion confinement time and the electron-
ion collision frequency two of the most important character-
istic time scales within ECR ion source plasmas [1].

However, the ECR ion source plasma is also prone to mi-
croinstabilities that decrease the confinement time of ions.
The combined microwave heating and loss-cone confinement
creates populations of hot electrons (𝐸kin > 10 keV) with
large temperature anisotropies, 𝑇⊥ >> 𝑇∥ . The anisotropic
electrons can excite and amplify electromagnetic plasma
modes within the plasma chamber and, in doing so, drive
themselves into the loss cone [2, 3]. By driving the hot elec-
trons into the loss-cone, the instabilities limit the confine-
ment time of highly charged ions and cause quasi-periodic
losses of extracted beam current [4, 5].

Performing time-resolved measurements can provide in-
sight into the dynamics of the electron and ion populations
during unstable operation. To that end, we require non-
invasive diagnostic whose acquisition systems can be trig-
gered by the instabilities, rather than an external trigger [6–8].
Doing these kinds of measurements can be difficult, particu-
larly if the measurement must take place over milliseconds.

∗ isherwo3@gmail.com

However, we can use Ardunio micro-controllers (AMC)
as programmable gate and delay generators to take time-
resolved measurements of the ion source bremsstrahlung
during unstable operating.

This paper presents a proof-of-principle measurement of
this technique using the facilities at the NSCL and seeks to
demonstrate its feasibility as a low-cost method of perform-
ing time-resolved measurements. In particular, we will show
the results of a test measurement where an AMC is used as
a gate and delay generator of Bremsstarhlung measurements
of the ECRIS plasma chamber, during unstable operation.

APPARATUS
This measurement was performed with the Superconduct-

ing Source for Ions (SuSI) at the NSCL[9] (Fig. 1). The
ion source’s confining magnetic field is created with four
superconducting solenoids and a superconducting hexapole
coil. The four axial solenoid coils provide longitudinal con-

Figure 1: A schematic of the source-beamline configuration
used for this test.

finement while allowing for control over the injection and
extraction maxima and the field minimum. The system’s
design allows each of the longitudinal field extrema to be
varied independently. The extraction, einzel lens, and puller
voltages were fixed at 20 kV, −18 kV, and −0.3 kV, respec-
tively. Oxygen ions were extracted from the plasma chamber
with a fixed neutral gas pressure of 131 nTorr, as measured
by an ion gauge on the injection side of the plasma chamber.
A 90° dipole was used for charge selection and guided the
ions into a solenoid focusing lattice to guide the selected
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charge state current into a Faraday cup. An Ortec High Pu-
rity Germanium (HPGe) detector was placed in line with the
longitudinal axis of the ion source’s plasma chamber. Two
lead bricks and a cylindrical piece of tungsten collimated the
flux of bremsstrahlung radiation emitted from the source.

For this test measurement, we used an Arduino UNO
microcontroller as our gate and delay generator for the multi-
channel analyzer connected to our HPGe. For this test, the
AMC (Fig. 2) measured the voltage drop created by the
varying current across a variable resistor using the digital
input port. Using the ion current as the trigger signal delayed
the measurement by the ion the transit time, ΔT = 2.7 µs for
O6+ ions. The AMC measured the resulting voltage using
the digital input port, which minimized the computational
time necessary to trigger the TTL by bypassing the system’s
internal analog-to-digital converter (ADC), cutting the input-
to-output time down to ∼0.667 µs. For the duration of the
measurement, we stored the AMC in an aluminum mesh
cage to prevent sparking, with a BNC bulkhead connecting
the AMC to the Faraday cup.

Figure 2: When the AMC measured a decrease in the mea-
sured current (voltage drop across a resistor, 𝑉sig < 500 mV
for a digital signal input), it would output a TTL signal to
gate the MCA used to collect data from the HPGe detector.
The MCA then sent the gated data to a computer running
the ORTEC MAESTRO spectrometer program.

We performed two measurements as part of this test, with
the goal of observing how the bremsstrahlung distribution
would change over the duration of the instability. In the first
measurement, the TTL was output immediately following
the measured beam current variation, 𝛿t = 0.667 µs. In the
second measurement, we manually programmed an 8 ms
delay into the micro-controller. The output TTL width was
fixed at w = 100 µs and the instability repetition period was
approximately 50 ms, for an average duty cycle of 0.2%.
Figure 3 shows an example cartoon of the gate timing for
both measurements and an example picture of the measured
current and gate signals, as seen during the measurement.

RESULTS
Figure 4 shows the results of this test. As we might ex-

pect, the total count rate is higher immediately after the
instability event (no delay), indicating an increased electron
diffusion rate. However, the count rate is at least an order

Figure 3: (Top) Two test measurements were performed: one
where a TTL was output immediately after the isntability
event, within 0.667 µs, and one where the TTL was delayed
by 8 ms. (Bottom) Example picture of showing the TTL
output along side the measured O6+ beam current, on an
oscilloscope.

of magnitude lower than what we would expect during time-
averaged measurements (see [10, 11]). The low count rates
introduce a large uncertainty in the energy-resolved portion
of this measurement and make it difficult to observe any

Figure 4: Comparison between the measured bremsstrahlung
distributions when the gating TTL is output immediately
after (blue) and 8 ms after (orange) the emission triggering of
the AMC. The total measurement period for each distribution
was 2000 s.
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major differences between the two distributions. For exam-
ple, the spectral temperature, Ts (ln 𝐼𝛾 = −ℏ𝜔/𝑇𝑠), between
the two distributions are consistent with Ts,0ms = 93 keV ±
27 keV and Ts,8ms = 94 keV ± 11 keV. Time-averaged mea-
surements with the same ’live-time’ typically have an order
of magnitude lower uncertainty in their spectral tempera-
tures (𝛿Ts ∼ 1–2 keV). Furthermore, Fig. 5 shows that there
is little difference between the normalized distributions of
each measurement. A higher count rate may demonstrate
a larger difference between the two distributions. However,
this result may indicate that the instability affects electrons
across a broad energy domain, an observation made in some
time-resolved measurements of electrons escaping from con-
finement from an ECR ion source during unstable opera-
tion [6].

Figure 5: The re-binned and normalized (by largest value)
bremsstrahlung distributions show that there is very little
difference between the shapes of the two distributions, sug-
gesting that the instability forces electrons of a broad range
of energies into the loss cone during, or immediately after,
the instability.
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MEASUREMENTS OF PLASMA PARAMETERS NEAR RESONANCE 
ZONES AND PERIPHERAL REGIONS IN ECRIS 

W. Kubo†, S. Harisaki, I. Owada, K. Sato, K. Tsuda, and Y. Kato,  
Division of Electrical, Electronic and Infocommunications Engineering, Graduate School of  

Engineering, Osaka University, 2-1 Yamada-oka, Suita-shi, Osaka 565-0871, Japan 

Abstract 
Electron cyclotron resonance ion source (ECRIS) has a 

wide range of application, e.g., cancer treatment and mate-
rial synthesis. We have constructed the ECRIS which can 
provide various ion species and investigated how to pro-
duce multicharged ions efficiently in Osaka University. In 
recent years, we have focused on waves propagations in 
plasma and conducted the upper-hybrid resonance (UHR) 
experiments. The second microwaves whose frequencies 
are much higher than fundamental ECR’s one are superim-
posed to the ECR plasma. We have also conducted experi-
ments heating by the coaxial semi-dipole antenna with the 
aim of enhancing the right-hand polarization (RHP) wave, 
which contributes to ECR. 

We measure simultaneously plasma parameters in those 
regions by two Langmuir probe inserted into each location 
under the same operation condition. These probes are set at 
the upperstream and the downstream of the ECR zone. We 
measure the electron energy distribution function (EEDF) 
and the ion saturation current Iis in the two regions. We pre-
sume RHP waves propagation near the ECR zone by com-
paring measurements results and the accessibility of the 
RHP wave in the ECRIS. The accessibility is estimated 
from the B profiles by the calculation and the ne profiles 
obtained by the fitting with the past measurements. In near 
future, we optimize the coaxial semi-dipole antenna in or-
der to optimize the ECR efficiency by the 2.45 GHz micro-
wave.  

INTRODUCTION 
Ion sources based on electron cyclotron resonance  

(ECRIS) have a wide range of applications, e.g., cancer 
treatment and material synthesis [1, 2]. We have con-
structed the ECRIS, which can provide various ion species 
efficiently for those various applications. We have investi-
gated how to produce multicharged ions efficiently in 
Osaka University [3-6].  We have focused on waves prop-
agations in ECR plasma and conducted the upper-hybrid 
resonance (UHR) experiments. The second microwave 
(4-6 GHz) whose frequencies are much higher than funda-
mental ECR’s one (2.45 GHz) are superimposed to ECR 
plasma as extraordinary (X) mode and got evidences for 
occurrence of UHR in the experiments [3-5]. We installed 
coaxial semi-dipole antenna, which is the new type antenna 
on the mirror end along the geometrical axis of the vacuum 
chamber. We compared ion beams extracted from the  
ECRIS with the new antenna and that with conventional 
one which is the rod antenna installed on the side wall of 
the vacuum chamber. We obtain the experimental results 

that the coaxial semi-dipole antenna contributes to stable 
increase of the multicharged ion beams at high power [7]. 

Multicharged ion beams have been improved using var-
ious methods, e.g., increasing of the magnetic field 
strength and the microwave frequency, using the DC bi-
ased plate-tuner, mixing low z gases, and heating by mul-
tiple frequencies. However the position of microwave 
launching has been empirically determined on conven-
tional ECRIS. There is still room for improvement with the 
respect to more efficient excitation of the RHP wave prop-
agation. The objective of this research is the estimation of 
the propagation of the RHP wave near the ECR zone, and 
in the opposite peripheral region beyond it. We measure 
simultaneously plasma parameters in those regions by two 
Langmuir probe inserted into each location under the same 
operation condition. We can measure plasma parameters, 
i.e., the electron density ne, the electron temperature Te, the 
Iis, and the EEDF. We measure EEDF’s and Iis’s in the up-
perstream and downstream regions near the ECR zone. We 
observe that Iis’s and tails of EEDF’s measured on the side 
closer to the microwave launching are higher than those on 
the other side. These results are consistent with the propa-
gation theory of the RHP wave in the ECR plasma. We 
compare extracted ion beams by launching microwaves 
from the coaxial semi-dipole antenna and the rod antenna. 

BRIEF THEORICAL BACKGROUND  
AND EXPERIMENTAL APPARATUS 

The RHP waves which give rise to ECR are transverse 
electric (TE) mode and propagate in the direction parallel 
to magnetic fields. On the basis of the RHP wave disper-
sion relationship for the case of no collisions and infinite 
mass ions, the RHP wave refraction index Nr can be written 
using the electron plasma frequency fpe and the electron cy-
clotron frequency fce as following: 

𝑁
ଶ ൌ ൬

𝑣ଶ

𝑐ଶ
൘ ൰

ିଵ

ൌ 1 െ
𝑓୮ୣ

ଶ

𝑓ሺ𝑓 െ 𝑓ୡୣሻ
 

where 𝑓  is the frequency of incident microwave (RHP 
wave), 𝑣 is the phase velocity of the RHP wave, and 𝑐 is 
the velocity of light.  

Figure 1 shows the typical dispersion relationship of the 
RHP wave. The vertical and horizontal axes show 
𝑣ଶ/𝑐ଶ  and f respectively. There is three regions A  
(𝑓 ൏ 𝑓ୡୣሻ , B (𝑓ୡୣ ൏ 𝑓 ൏ 𝑓 ሻ , and C (𝑓 ൏ 𝑓ሻ  where 𝑓   is 
the R-cutoff frequency which is the cutoff of the RHP wave 
(Nr→ 0). A and C regions are propagation regions of the 
RHP wave (𝑣ଶ  0ሻ and B region is the non-propagation 
region (𝑣ଶ ൏ 0ሻ . The fce depends on the magnetic field 
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strength B and the 𝑓  depends on B and the ne. The micro-
wave frequency launched to the vacuum chamber 
(2.45 GHz) relatively move between the three regions 
(A, B and C) in the dispersion relationship with the change 
of the fce and the 𝑓 .  

 

 
Figure 1: The typical dispersion relationship of RHP 
waves. 

Figure 2(a) and 3(a) shows a schematic drawing of the 
ECRIS in Osaka Univ. It consists of a cylindrical vacuum 
chamber (160 mm in inner diameter and 1074 mm in 
Fig. 2(a)/1054 mm in Fig. 3(b) in length) with several ports 
at the top and the side wall. We use the cartesian coordinate 
system (x, y, z) with the origin located at the center of the 
chamber. The magnetic configuration of the ECRIS is 
formed by mirror coils (Coil A and B), an additional coil 
(Coil C), and permanent octupole magnets. Currents of 
three coils are defined as IA, IB, and IC, respectively. Nor-
mally, the IA and the IB are 150 A, occasionally 170 A, and 
the IC is optimized within ±20 A. The ECR zone is formed 
in the center of the chamber and is controllable by adjust-
ing the IC. 2.45 GHz microwaves are generated by the mag-
netron (incident microwave power 1.3 kW at the maxi-
mum) and are introduced into the vacuum chamber of the 
ECRIS thorough the coaxial window. We launch them 
from coaxial semi-dipole antenna z=-448 mm, in Fig. 2(b) 
or the rod antenna z=-175 mm, in Fig. 2(c) installed on the 
side wall of the vacuum chamber. The coaxial semi-dipole 
antenna is installed along the geometrical axis of the vac-
uum chamber in consideration of RHP wave propagation 
which is parallel to the B field [7-9]. The shape of the co-
axial semi-dipole antenna is L-shape at the tip because we 
aim to exciting RHP waves by enhancing TE mode [7-9] in 
Fig. 2(b). The aluminum plate tuner (120 mm in diameter 
and 2 mm in thickness) is inserted behind the semi-dipole 
antenna. It is movable horizontally from z=-498 mm to 
z=-468 mm.  

The operating gas is Ar and operating pressures are  
10-4~10-3Pa. Langmuir probes LP1 (z=-175 mm) and LP2 
(z=175 mm) and L-shape probe (z=364 mm) are inserted 
from the side port of the vacuum chamber and the plasma 
electrode in the case I in Fig. 2(a) and II in Fig. 3(a) respec-
tively. LP1, 2 and L-shape probe consist of cylindrical Mo 
wires of 0.5 mm in diameter and 10 mm for LP1 and LP2 
and 15 mm for L-shape probe in length in Fig. 2(d) and in 
Fig. 3(b). They are movable within x=0-50 mm for LP1 
and LP2, and movable in the direction of the rotation for 
L-shape probe. We can estimate the plasma parameters, 
e.g., the EEDF, the Iis (measured by applying -45V to 
probes), the ne, and the Te. Ion beam extraction electrodes 

 
Figure 2: Schematic drawing of ECRIS (Case I) (a).  Co-
axial semi-dipole antenna installed on the z-axis (b). Rod 
antenna installed on the side wall of the vacuum chamber 
(c). Probes inserted from the side port (LP1 and LP2) (d). 

 
Figure 3: Schematic drawing of previous ECRIS for 
Fe@C60 (Case II) (a).  L-shape probe inserted from the ex-
tractor (b). 
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consist of the plasma electrode (PE), the mid-electrode 
(E1), and the extractor electrode (E2) in Fig. 1(a). Ex-
tracted ion beams are focused by the einzel lens and ana-
lyzed by a sector magnet. Ion beam currents are measured 
by several Faraday cups. We can obtain the charge state 
distribution (CSD) of the extracted ion beam.  

Figure 4 shows the typical accessibility condition in the 
x-z plane of the vacuum chamber estimated from the past 
measurements of ne profiles and calculated B.  Black and 
red lines represent the ECR and the R-cutoff regions re-
spectively. It represents the location of the coaxial semi-
dipole antenna, the rod antenna, and measurement regions 
of the LP1 and LP2. There is the B region, which is non-
propagation region between the coaxial semi-dipole an-
tenna and the rod antenna. It is considered that the RHP 
wave launched from each antenna difficult to reach the op-
posite region beyond the ECR zone. We consider that RHP 
waves from each antenna produce ECR more efficiently on 
the closer side with respect to the antenna than on the other 
side from the point of the accessibility condition. We meas-
ure and compare the plasma parameter Iis and EEDF in the 
two regions. 

 
Figure 4: The typical accessibility condition in the x-z 
plane. 

EXPERIMENTAL RESULTS  
AND DISCUSSIONS 

Comparison of the Iis’ Measured by LP1 and 
LP2 in the Case of the Microwave Launching by 
Each Antenna 

Figure 5 shows comparison of the Iis’s profiles in the 
x direction measured by LP1 and LP2 in the case of the 
microwave launching by the coaxial semi-dipole antenna 
(a) and the rod antenna (b) under conditions which are Ic’s 
are 11 and 15 A respectively. Vertical and horizontal axes 
are Iis and measurement positions x respectively. Red and 
blue plots represent measurement results of LP1 and LP2. 
In the case of the coaxial semi-dipole antenna, Iis’s meas-
ured by LP1 are higher than those by LP2. On the other 
hand, Iis’s measured by LP2 are higher than those by LP1 
especially in the center of the vacuum chamber in the case 
of the rod antenna. These results indicate that the ECR on 
the side closer to the antenna is more efficient than the 
other side. This is consistent with propagation theory of 
RHP waves that they cannot pass through the B region 
above already mentions. 

 
Figure 5: comparison of the Iis’s profile in x direction meas-
ured by LP1 and LP2 in the case of the microwave launch-
ing by the coaxial semi-dipole antenna (a) and the rod an-
tenna (b). 

Comparison of the EEDF’s Measured at  
z=-175 and 75 mm in ECRIS 

Figure 6 shows comparison of the EEDF’s measured by 
LP1 and LP2 at the x=0 in the case of the microwave 
launching by the coaxial semi-dipole antenna (a) and the 
rod antenna (b). Red and blue plots represent measurement 
results of LP1 and LP2. In both cases of microwave launch-
ing by each antenna, EEDF’s measured on the side closer 
to each antenna have higher tail than the other side. We can 
calculate the effective electron energy Teff from EEDF’s. In 
the case of the coaxial semi-dipole antenna, Teff’s are 
12.9 eV (LP1) and 12.7 eV (LP2). In the case of the rod 
antenna, Teff’s are 11.0 eV (LP1) and 9.72 eV (LP2). We 
observe that the EEDF measurement results indicate same 
tendencies as Iis, which are consistent with the propagation 
theory of RHP waves.  

 
Figure 6: Comparison of the EEDF’s measured by LP1 and 
LP2 at the x=0 in the case of the microwave launching by 
the coaxial semi-dipole antenna (a) and the rod antenna (b). 
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Typical CSD’s of Ion Beams Extracted from 
Plasmas Produced by Each Antenna at Low and 
High Power 

Figure 7 shows typical CSD of the ion beams extracted 
from Ar plasmas produced by each antenna at the low 
power 100W (a) and the high power 280-300W (b). The 
black and red plots represent the case of the coaxial semi-
dipole antenna and the rod antenna respectively. At the low 
power in Fig. 7(a), the currents of multicharged ions 
(Ar4~7+) are higher in the case of the microwave launching 
by the rod antenna than that by the coaxial semi-dipole an-
tenna. We estimate that this tendency is caused by the lo-
cation of the rod antenna, which is downstream with the 
respect to the ECR zone and on the side closer to the ex-
tractor. At the high power in Fig. 7(b), multicharged ion 
currents become unstably and start to decrease in the case 
of the rod antenna [7]. On the contrary, they continue to 
increase stably in the case of the coaxial semi-dipole an-
tenna. This is because setting the antenna along the z-axis 
is suitable to the RHP wave propagation [7]. 

 
Figure 7: Typical CSD of the ion beams extracted from Ar 
plasmas produced by two probes at the low power 100W 
(a) and the high power 280-300W (b). 

Plasma Parameters Measured Near the  
PE-plate by the L-shape Langmuir probe in  
ECRIS 

Figure 8(a) shows PE-plate after experiments of synthe-
sising Fe@C60

6 in the previous ECRIS in Fig. 3(a). We can 
confirm the pattern of the plasma confined by the octupole. 
We divide it into 8 regions (No. 1~8). We analysis the two 
regions (No. 5 and 6) by the time of flight mass spectrom-
etry (TOFMS). We observe the spectrum of C60

+ in the 
No. 5 in Fig. 8(b) and materials which have same m/q as 
Fe@C60 and Fe@C58 in the No. 6 in Fig. 8(c).  

 

 
Figure 8: PE-plate after experiments of synthesising 
Fe@C60 (a). Spectrum of the TOFMS analysis in the No. 5 
region (b). That in the No. 6 region (c). 

Figure 9 shows measurement results by rotating the  
L-shape probe in Fig. 3(b). We measure the dependence of 
the Iis on the angle 𝜃 in Fig. 9(a). The Iis peak in the even 
number regions (No. 2, 4, 6, 8). We measure EEDF’s at 
𝜃 ൌ205° in the No. 6 and those at 𝜃 ൌ190° in the boundary 
region between No. 5 and No. 6 in Fig. 9(b). They are rep-
resented by red and black plots respectively. It is observed 
that the EEDF at 𝜃 ൌ 205 °  has higher tail than that at 
𝜃 ൌ205°. There are higher energy electrons in the No. 6 
where productions of Fe@C60 and Fe@C58 is suggested. 
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Figure 9: Iis measured by L-shape probe (a). EEDF’s meas-
ured at the 𝜃 ൌ205° and 190° (b). 
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Abstract
A High-Temperature Oven (HTO) with inductive heating

technology has been developed successfully in 2019 at Insti-
tute of Modern Physics. This oven features durable operation
temperature of >2000°C inside the tantalum susceptor. By
careful design the oven structure, material compatibility and
thermal stress issues at high temperature has been success-
fully handled, which enables the production of >400 eµA
U33+ with SECRAL-II. With necessary refinement, this type
of oven could also be available with room temperature ECR
ion sources, like LECR4 and LECR5. Some improvements
in structure have been proposed in this year. The design and
testing results will be presented in this contribution.

INTRODUCTION
Most of the advanced heavy ion accelerators need intense

metallic ion beams, like MSU-FRIB needs 13 puA of U33+

and U34+, RIKEN-RIBF needs 15 puA of U35+, IMP-HIAF
needs 20 puA of U35+, and so on. To meet all these require-
ments, colleagues in the ECR community have developed
several methods to produce enough metal vapour in ECR
plasma, such as direct plasma heating, MIVOC, Sputter-
ing, Metal oven, Laser ablation, etc. Direct plasma heating
method is rarely used in ECR ion source now because the
intensity and charge state are very limited and difficult to
get very stable plasma. MIVOC is suitable for producing
medium charge state ion beams. For sputtering method, it
has the advantage of simple structure, and it’s also suitable
for long-term operation. But the disadvantages are also ob-
vious, like difficult to get very high intensity and charge
state. Laser ablation method has been shown to be capable
of producing pulsed medium charge state metallic ion beams.
But the charge state and reliability still need to be further
improved. In general, metal oven method is still the best way
to produce intense high-charge-state ion beams. As shown
in Fig. 1, it is clear that, for refractory metals, the typical
temperature to produce enough metal vapour (0.01–0.1 torr)
in an ECR source is 1600–2000°C.

As we know, high performance resistive heating ovens
have been developed in the ECR community for more than
ten years, and some good results have been produced [1, 2].
But there are also several challenges, like high standard pro-
cessing technology, strong Lorenz force, and so on. This
∗ Work supported by the West Light Foundation of the Chinese Academy

of Sciences & National Nature Science Foundation of China (Grant Nos.
11875300 and 11427904.

† luwang@impcas.ac.cn

could be more serious in the next generation ECR ion
sources, like FECR and MARS, because the axial magnetic
field at the injection side might up to 6 T. compared with
a resistive heating oven, the most important feature of an
inductive heating oven is that it’s Lorenz force free when
working in the high magnetic field environment.

Figure 1: The temperature as a function of metal vapour
pressure for refractory metals.

INDUCTIVE HEATING OVEN-2019
The structure of this inductive heating oven is similar to

that of MSU [3]. It is composed of a susceptor, zirconia,
inductive heating coils, water cooling system, and an AC
power supply. The main difference is that a gap has been
added between the tantalum crucible and zirconia, as shown
in Fig. 2. With this gap, the crucible can only contact the

Figure 2: Schematic view of the inductive heating oven-
2019.

zirconia at the ends, thus effectively avoiding the chemical
reaction between each other at the high-temperature region
and improving the working temperature and corresponding
service life. The newly designed oven also has the following
features: 1) end cover structure is designed for easy fixing;
2) Al2O3 instead of BN for outer shielding. All of these
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make the inductive heating oven-2019 become a reliable,
flexible, and low out-gassing high-temperature oven.

Off-line and On-line Test
Figure 3 shows the off-line test platform for the inductive

heating oven-2019 at IMP. The test result shows that the
temperature of tantalum crucible can reach up to ∼2000°C
at a maximum AC power of about 1.2 kW. After the off-line
test, we installed the oven on the supercon-ducting ECR ion
source SECRAL-II, to produce intense high-charge-state
uranium ion beams. With 24+ 18 GHz double frequency
heating, some preliminary results have been produced with
a total microwave power of 6.0 kW in 2019, such as 310 eµA
of U35+, 60 eµA of U42+, 9 eµA of U50+, and so on. Detailed
information can be found in reference [4].

Figure 3: Off-line test platform for the inductive heating
oven-2019 at Institute of Modern Physics.

Routine Operation for HIRFL-CSR
HIRFL-CSR has been operating for more than 10 years

at IMP since 2007. It needs refractory metallic ion beams
for different terminal requirements every year, like 27Al8+,
56Fe17+, 181Ta35+ in 2019. For aluminum and iron, we use
the inductive heating oven-2019 instead of the traditional
oven. Intensities of 20–30 eµA for 27Al8+ and 30–40 eµA
for 56Fe17+ have been produced on SECRAL-II ion source
with 0.3–0.4 kW of inductive heating power and delivered
to HIRFL-CSR for about one week to one month without
interrupt, as shown in Table 1. Figure 4 shows long-term
stability when delivering 56Fe17+. For tantalum, we use the
sputtering method. 40–60 eµA of 181Ta35+ has been pro-
duced on SECRAL-II ion source with 3.9–4.5 kV negative
sputtering voltage and delivered to HIRFL-CSR for more
than three weeks without interrupt.

MINI-INDUCTIVE HEATING OVEN-2020
For standard inductive heating oven-2019, the diameter

and length is 36 mm and 70 mm, which is suitable for su-
perconducting ECR ion source SECRAL-I and SECRAL-
II, but too large for a room temperature ECR ion source,

Table 1: Refactory Metallic Ion Beams Routine Operation
for HIRFL-CSR in 2019

Ion IHO Temp. Iq Days[°C] [eµA]
27Al8+ 1300–1400 20–30 7
56Fe17+ 1400–1500 30–40 32
181Ta35+ Sputtering method 40–60 21

Figure 4: 56Fe17+ routine operation for HIRFL-CSR with
inductive heating oven-2019 in one month.

like LECR4 and LECR5 at IMP. To solve this issue, mini-
inductive heating oven-2020 has been proposed this year.
As shown in Fig. 5, it is similar to inductive heating oven-
2019 in structure, but smaller in diameter and shorter in
length. Similar crucible diameter has also been kept to pro-
vide enough loading capacity for long-term operation.

Figure 5: Schematic view of the mini-inductive heating oven-
2020.

1st On-line Test
The mini-inductive heating oven-2020 was firstly installed

on the room temperature ECR ion source LECR5, to produce
intense highly charged calcium ion beams with calcium ox-
ide directly. It is worth to mention that the ion source group
at RIKEN has already produced ∼50 eµA of 40Ca11+ with
CaO and high-temperature resistive heating oven in 2019 [5].

In the first test, the oven was located close to the plasma
in order to utilize the contribution of plasma heating, as
shown in Fig. 6. In fact, the plasma contributes too much,
which leads to serious outgassing and instability. Only low-
charge-state ion beams were produced, like 110 eµA of Ca3+,
60 eµA of Ca4+, and so on, as shown in Fig. 7.

2nd and 3rd On-line Test
To decrease the influence of plasma heating to the oven,

we increase the distance between oven and plasma from
40 mm to 60 mm and 100 mm, as shown in Fig. 8. In the
second test, plasma heating is still obvious, but much lower.
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Figure 6: Layout of oven and plasma in the 1st on-line test
and photo of oven after tuning.

Figure 7: Typical spectrum when oven nearby the plasma in
the 1st on-line test.

Figure 8: Layout of oven and plasma in the 2nd and 3rd on-
line test.

Some medium-charge-state calcium beams have been pro-
duced, like 120 eµA of 40Ca12+, 50 eµA of 40Ca14+, and so
on. In the third test, the oven is located far always from the
plasma. Test results demonstrated that the plasma heating in-
fluence has been well controlled, and very high charge state
calcium beams can be produced, such as 30 eµA of Ca16+,
10 eµA of Ca17+, etc. Figure 9 shows the typical spectrum
when Ca12+ is optimized.

CONCLUSION
A new type of inductive heating oven with a special gap

and fixing structure has been developed at the Institute of
Modern Physics. Online test and routine operation have

Figure 9: Typical spectrum in the 2nd on-line test.

shown that this type of oven can operate at 1600–2000°C
for long-term operation without degradation and damage.
With necessary refinement, the mini-inductive heating oven-
2020 has been fabricated this year and applied to the room
temperature ECR ion source LECR5. Some preliminary
results have been produced with 0.6–0.8 kW of inductive
heating power, like 120 eµA of 40Ca12+, 50 eµA of 40Ca14+,
30 eµA of 40Ca16+, etc.
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A PROPOSED EXPLANATION OF HIGH-MINIMUM-B INSTABILITIES 

D. S. Todd† and J. Y. Benitez, Lawrence Berkeley National Laboratory, Berkeley, CA, USA

Abstract 
It is well-known that electron cyclotron resonance ion 

sources exhibit instabilities when these sources’ minimum 
magnetic fields are approximately 80% of the resonant 
field or greater, but the reasons for this instability have yet 
to be satisfactorily explained. We show that raising the 
minimum field makes much faster heating modes accessi-
ble at lower energies that invite the onset of kinetic insta-
bilities. 

KINETIC INSTABILITIES 
Electron cyclotron resonance ion sources (ECR ion 

sources or ECRISs) are an effective means of producing 
high current, highly-charged ion beams [1,2].  These 
sources typically rely on a superposition of solenoidal and 
sextupolar magnetic fields to confine a plasma via mag-
netic mirroring.  Electrons are heated resonantly by in-
jected microwaves near closed surfaces of constant mag-
netic field that surround the source’s minimum magnetic 
field center.  Decades of experience with these sources has 
shown high-charge-state production is optimized when the 
axial fields have maxima of approximately twice the reso-
nant field at the beam-extracting end of the source and 
three-to-four times the resonant field at the opposite end, 
while maintaining radial fields that are approximately 
twice the resonant field on the plasma chamber surface. 
The central field is typically set so that its minimum is in 
the range of 50-to-80 percent of the resonant field.  It has 
been found for all ECR ion sources that as the minimum 
field is increased to, and especially beyond, 80 percent of 
the resonant field the confined plasma becomes increas-
ingly unstable.  When this happens, the plasma expels 
strong bursts of high-energy electrons that have been asso-
ciated with kinetic instabilities arising when the electron 
energy distribution increases with energy [3]. 

Kinetic instabilities can develop in systems where parti-
cles gain energy much more quickly than particle-particle 
interactions can smooth out the energy distribution.  ECR 
ion sources are susceptible to this since scattering cross-
sections rapidly decrease with kinetic energy.  For ad-
vanced sources electron energies can reach the low MeV 
range, and electrons with energies of 10s of keV or more 
will spend significant portions of their millisecond-time-
scale lifetimes without collisions.  If an ECR ion source is 
tuned in a manner that allows for the rapid heating of a sig-
nificant percentage of electrons to energies where scatter-
ing becomes rare, kinetic instabilities become increasingly 
likely. 

SINGLE PASS HEATING 
The most effective heating of low-energy electrons takes 

place where the local magnetic field matches the injected 

microwave frequency, and as the energy is increased rela-
tivistic effects will move the resonance to higher magnetic 
field surfaces.  A rough estimate of the energy gained in 
crossing the resonance surface can be made as follows. 
The differential energy gain along path length 𝑑𝑠 is given 
by 𝑑𝐸 ൌ �⃑� ∙ 𝑑𝑠.  Maximum electron resonant heating in a 
magnetic field occurs for a circularly polarized wave of 
magnitude 𝐸 in phase with an electron rotating at radius 𝑟 
through an angle 𝑑𝜃: 𝑑𝐸 ൌ 𝑒𝐸𝑟𝑑𝜃.  We can use the fact 
that the transverse and longitudinal (defined to be z-direc-

tion) velocities are given by 𝑣ୄ ൌ 𝑟
ௗఏ

ௗ௧
  and  𝑣∥ ൌ

ௗ௭

ௗ௧
 , re-

spectively, to rewrite the energy gain as 𝑑𝐸 ൌ 𝑒𝐸
௩఼
௩∥
𝑑𝑧.  

Reasonable maximum microwave electric fields within the 
source are likely 10s of kV/m, and for typical high-charge-
state producing fields (minimum-field-to-lower-mirror-
field ratios of .25 to .4) the velocity ratios are in the range 
. 5 ≲

௩఼
௩∥
≲ .8.  Plugging this all in, it is expected that en-

ergy-gain-per-mm of axial travel is in the range of 10s to 
100s of eV/mm with higher gains possible as the velocity 
ratio increases.  Single particle simulation agrees with 
these numbers.   For a low-energy electron to reach 10s of 
keV kinetic energies or greater requires many such cross-
ings, and phase differences will give much lower energy 
gains on average.  However, if regions are accessible where 
the electron spends a long time in resonance either because 
of low axial velocity or because it is in a region of near-
zero gradient, much larger energy-gains-per-pass are pos-
sible. 

The minimum magnetic field near the center of the 
source is a region with zero-gradient, but as mentioned pre-
viously it is typically 50-80% of the resonant field.  Nearly 
all ECR ion sources utilize axially-injected microwaves 
and as electron energies are increased, electron axial veloc-
ities can be large enough that the Doppler shift of this in-
coming wave becomes significant.   

In the laboratory frame, microwaves reach a source elec-
tron with frequency 𝑓 ൌ 𝑓ሺ1 െ 𝑘௪௩ ∙ 𝛽ሻ , where 𝑓 , 
𝑘௪௩, and 𝛽  are the injected wave frequency, its direction, 
and the electrons velocity divided by the speed of light, re-
spectively. An electron will be in resonance with the shifted 
wave if the local magnetic field satisfies the cyclotron 

equation, 𝜔 ൌ
ೝೞ
ఊ

, which can be solved for the local res-

onant field: 

𝐵௦ ൌ
𝜔𝛾𝑚
𝑒

ൌ
𝜔൫1 െ 𝑘௪௩ ∙ 𝛽൯𝛾𝑚

𝑒
ൌ 𝐵௦,ఊୀଵ ∙ 𝛾ሺ1 െ 𝑘௪௩ ∙ 𝛽ሻ 

where 𝜔 is injected microwave’s angular frequency 
and 𝐵௦,ఊୀଵ is the magnetic field that a non-relativistic 
electron would resonate at that frequency. 

Increasing the minimum magnetic field decreases the ki-
netic energy required for a confined (outside loss cone) 

 ___________________________________________  
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electron to be resonantly heated at the zero-gradient field 
near the source center.  Figure 1 shows the minimum ki-
netic energy necessary to reach this field ratio for an ex-
traction mirror field (Bext) twice the resonant field.  Higher 
extraction fields move this curve down, but the effect is 
small over the typical extraction field operating ranges for 
high charge state production (1.8  Bext/Bmin  2.2). 

Access to the zero-gradient part of the axial field curve 
allows greater kinetic energy changes near this minimum.  
More importantly, we will see there are other heating 
modes that become accessible when the electrons have en-
ergies that allow them to better utilize fields lower than the 
injected frequency’s natural resonance. 

 
Figure 1: The minimum kinetic energy required for reso-
nant heating at Bmin as a function of Bmin/Bres is plotted for 
Bext/Bres=2. 

ELECTRON RESONANT HEATING 
Figure 2 shows a plot of the axial magnetic field in VE-

NUS as a function of axial position along with the fields 
required for resonant heating by the Doppler-shifted in-
jected waves a simulated, confined electron receives as it 
moves inside the source.  The heating wave is assumed to 
be two axially-directed, circularly-polarized plane waves 
with 10 kV/m magnitude traveling in opposite directions, 
so at any instant the electron is affected by two waves:  one 
Doppler shifted up and one down.  Because of these shifted 
frequencies, the electron resonant fields are also shifted, 
and this shifted field is also plotted for the electron motion 
in Fig. 2.  

 
Figure 2: The axial field and Doppler-shifted resonance 
fields (“away”: shifted down, “toward”: shifted up) for a 
confined electron are plotted vs. axial position. 

From the plot in Fig. 2, we expect resonant heating to be 
possible where the resonant field curves overlap with the 
local magnetic field.  The region where these overlaps oc-
cur is shown in Fig. 3 with the energy as a function of 
z plotted below.  As can be seen in this figure, the largest 
energy changes (in the range of 100s of eV, as expected) 
occur where the local field is close to the Doppler resonant 
field.  For this figure and all following figures of the same 
format, electron energies and trajectories are selected 
somewhat randomly as representative of the concept, not 
the maximum energy gains.  

 

Figure 3: The axial field and Doppler-shifted resonance 
fields, above, and electron energy, below, are plotted vs. 
axial position.  Energy changes occur when resonant field 
is near local magnetic field.  This and Fig. 4-7 use semi-
randomly chosen trajectories that illustrate where energy 
changes occur, but not the maximum energy change possi-
ble, which is phase-dependent. 

As mentioned above, it is expected that if the electron 
spends a long period of time near resonance or interacts 
with regions of low magnetic field gradient, it will be pos-
sible to have especially large energy changes in a single 
crossing.  Figure 4 shows a crossing in the former case 
where the electron reflection occurs near resonance.  Heat-
ing in this mode, which can give higher energy changes in 
a single pass (~keV range) is possible for electrons of all 
energies in all sources with appropriate ratio of transverse-
to-axial velocities, however it is expected that a small per-
centage of electrons have the proper angle to undergo this 
heating.    

Increasing the minimum magnetic field provides other 
fast-heating mode as the lowest section of the axial mag-
netic field becomes accessible.  Figure 5 shows what hap-
pens when the zero-gradient part of the magnetic field be-
comes accessible for resonant heating: larger energy gains 
(again, keV range or higher) become possible in a single 
pass.  

It is not necessary for there to be actual coincident reso-
nance near the minimum field point for there to be large 
energy gains.  Two examples are given in Figs. 6 and 7 
where the shape of the lowered resonance curve as a func-
tion of z roughly approximates the shape of the local mag-
netic field along the electron’s trajectory.  In Fig. 6 there is 
only one actual resonance match to the local field near each 
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end of the z axis, but for the remainder of the region be-
tween these points it is near-resonance, allowing for large 
(keV-scale) energy gains in a single source crossing.  Fig. 7 
has two matches of the resonant and local fields on either 
side of the minimum field, but even larger gains are made 
possible by the outer resonances happening near the reflec-
tion points. 

 
Figure 4: Resonant heating where the reflection point has 
a resonant magnetic field close to the local electric field. 
Larger energy gains are possible as the axial velocity is 
near zero at the ends. (see Fig. 3 for full description) 

 
Figure 5: Resonant heating when the axial minimum be-
comes accessible.  (see Fig. 3 for full description) 

 
Figure 6: Resonant heating with one resonant match on ei-
ther side of Bmin but a near resonance over much of the tra-
jectory. (see Fig. 3 for full description)  

The wider availability of heating modes where large 
electron energy gains can be made with few axial bounces 
makes kinetic instabilities more probable. Increasing the 
minimum field makes especially high-energy-gain modes 
accessible at lower kinetic energy. 

 

Figure 7: Resonant heating with two resonance matches on 
either side of the minimum field and a general shape match 
allowing relatively high energy changes. (see Fig. 3 for full 
description) 

ECR RESONANT HEATING MAP 
Utilizing conservation of the first adiabatic invariant 

(𝜇 ൌ
ఊ௩఼

మ


), it is possible to determine which near-axial 

electrons will encounter a resonance point before mirroring 
based on the kinetic energy and velocity angle away from 
the source’s long axis at the axial location of the minimum 
field.  Figure 8 represents a map of this kinetic energy/ve-
locity angle phase space where resonance heating can oc-
cur for any ECR ion source with Bmin/ Bres=0.8 and Bext/ 
Bres=2.0.  In this figure we can see that there is no resonant 
heating at large angle (electrons don’t have sufficient axial 
velocity to reach resonance) and that the maximum energy 
electrons that may be resonantly heated are just over 1 
MeV.  The maximum bremsstrahlung energies measured 
from advanced ECR ion sources such as VENUS have 
been in the MeV range [4], and Fig. 8 implies that next-
generation sources shouldn’t be able to exceed this energy 
via resonantly heated electrons.  Also plotted is the line 
showing the angle/energy combination allowing resonant 
heating at the field minimum. 

For comparison, Fig. 9 shows a similar phase space plot 
to Fig. 8 but with a lower minimum field (Bmin/Bres=0.6).  
It can be seen that there are a number of changes between 
these two plots. First, the phase space area allowing the 
resonant heating of confined electrons dramatically de-
creases when Bmin is reduced.  Second, reducing Bmin shifts 
the minimum field resonance line to significantly higher 
energy for confined particles.  Both of these would be ex-
pected to result in generally slower electron heating and 
lower likelihood of kinetic instabilities. 

As an aside, it was found experimentally using VENUS 
that the instability encountered when Bmin/Bres=0.8 and 
Bext/Bres=2.0 went away as the extraction field was reduced 
to around Bext/Bres=1.6 while keeping the minimum field 
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ratio fixed.  Reducing the extraction field moves the loss 
cone line upwards in Fig. 8, which replicates the trend 
when the minimum field is reduced: it shifts the kinetic en-
ergy required of confined electrons for resonance at mini-
mum field higher and simultaneously reduces the resonant 
heating phase space for the confined electrons.  

 
Figure 8: Phase space map indicating kinetic energy/axial 
angle combinations where resonant heating may occur for 
Bmin/Bres=0.8.

 

Figure 9: Phase space map indicating kinetic energy/axial 
angle combinations where resonant heating may occur for 
Bmin/Bres=0.6. 

ADDING SECOND FREQUENCY 
The addition of a second heating frequency to an ECR 

ion source is a well-known means of reducing instabilities.  
For VENUS, the secondary frequency is 18 GHz, and 
Fig. 10 repeats the electron simulations above but adds 4 
kV/m of the lower frequency.  This represents 40% of the 
28 GHz field or 16% of the power, and this power ratio is 
not very different from that used in VENUS. 

As can be seen when comparing Fig. 10 to the earlier 
similar figures, the addition of the second frequency has 
resulted in a much noisier energy curve.  We postulate here 
that the usefulness of the second frequency comes in its 
decreasing the possibility of multiple in-phase resonances 
from occurring as can happen with one frequency.  Gener-
ally, second frequencies are used at much lower power and 
we conjecture that the second, lower, frequency may be 
able to reach to the center of the plasma more effectively 
than the fundamental frequency, as its resonance zone is 

smaller (if not non-existent).  This will need to be tested 
experimentally. 

 
Figure 10: Resonant heating with two frequencies in  
VENUS (18 and 28 GHz).  The resonance curve for the 
second, lower frequency is the lower oval-like shape in the 
upper plot. (see Fig. 3 for full description) 

FUTURE STEPS 
This analysis indicates that raising the minimum mag-

netic field in an ECRIS could leave the plasma more sus-
ceptible to kinetic instabilities as fast-heating modes be-
come more easily accessible at lower energies.  More sta-
tistics are needed for the simulations and if there are hopes 
of being accurate in our results we will need to have a bet-
ter idea of injected microwaves’ distribution, both in terms 
of position and magnitude.  As we improve on these fronts, 
we will use this model to compare with other experimen-
tally seen phenomena such as the seemingly periodic 
changes in source performance as axial magnetic fields are 
changed and the resonance zone’s length and endpoints 
change which may indicate more effective heating modes. 
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ANGULAR DISTRIBUTION MEASUREMENT OF ATOMS EVAPORATED
FROM A RESISTIVE OVEN APPLIED TO ION BEAM PRODUCTION

A. Leduc1,2, T. Thuillier1, L. Maunoury2, and O. Bajeat2
1Univ. Grenoble Alpes, CNRS, Grenoble INP∗, LPSC-IN2P3, 38000 Grenoble, France

∗ Institute of Engineering Univ. Grenoble Alpes
2GANIL, bd Henri Becquerel, BP 55027,F-14076 Caen, France

Abstract
A low temperature oven has been developed to pro-

duce calcium beam with Electron Cyclotron Resonance Ion 
Source (ECRIS). The atom flux from the oven has been stud-
ied experimentally as a function of the temperature and the 
angle of emission by means of a quartz microbalance. The 
absolute flux measurement permitted to derive Antoine’s 
coefficient for the calcium sample used : 𝐴 = 8.98 ± 0.07 
and 𝐵 = 7787 ± 110 in standard unit. The angular FWHM 
of the atom flux distribution is found to be 53.7 ± 7 .3 °at 
848K, temperature at which the gas behaviour is non colli-
sional. The atom flux hysteresis observed experimentally 
in several laboratories is explained as follows: at first cal-
cium heating, the evaporation comes from the sample only 
resulting in a small evaporation rate. once a full calcium 
layer has formed on the crucible refractory wall, the calcium 
evaporation surface includes the crucible’s enhancing dra-
matically the evaporation rate for a given temperature. A 
Monte-Carlo code, developed to reproduce and investigate 
the oven behaviour as a function of temperature is presented. 
A discussion on the gas regime in the oven is proposed as 
a function of its temperature. A fair agreement between 
experiment and simulation is found.

INTRODUCTION

This work is dedicated to the study of a low temperature 
metallic oven dedicated to calcium beam production at the 
SPIRAL2 facility at GANIL, France [1, 2]. The motivation 
of the study is to better understand the physics and chemistry 
of such an oven with the ultimate goal to improve the global 
conversion efficiency of  rare and expensive isotope atom 
(like 48Ca) to an ion beam in Electron Cyclotron Resonance 
Ion Source (ECRIS). The long term goal being to build 
an end-to-end simulation able to optimize and predict the 
atom to ion conversion yield of oven to produce beams in 
ECRIS. Here, the differential atom flux from the oven is 
measured and compared to simulation. Indeed, the angle 
of atom emission is an important geometrical factor of the 
whole atom to ion conversion in an ECRIS. In a first part, the 
calcium oven used is presented in detail. In a second part, the 
experimental setup used to study the differential atom flux 
from the oven is described. Next, the Monte Carlo model 
used to simulate the oven behaviour is presented and the 
simulation results discussed. In the last section, simulation 
and experimental results are compared and discussed.

Figure 1: (A) Calcium oven cut away view . (B) Detailed view of
the crucible in light purple.

CALCIUM OVEN

Figure 2: Cutaway view of the vacuum chamber, the rotatable 
quartz measurement system (blue) and the oven tested (red).

The oven design is derived from an existing technology
developed at Lawrence Berkeley National Laboratory [3].
A cutaway view of the oven is presented on Fig.1 with infor-
mation on its mechanical composition. The oven crucible
is made of molybdenum to prevent chemical reaction with
the metallic sample. The crucible cavity has a symmetry
of revolution and is composed of two parts (see view B of
Fig.1): (a) a 5mm diameter and 11 mm long cylindrical
container ending on the last millimeter by a 30° cone (shape
imposed by the drilling tool geometry), (b) an 1 mm diame-
ter and 2 mm long extraction channel (also referenced later
as a nozzle). The oven is heatable up to 875K when a Joule
power of 200W is applied. A thermal simulation done with
Ansys software has shown that the crucible temperature is
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very homogeneous with a maximum temperature gradient
of the order of a few degrees Kelvin only. When the electric
oven power supply is switched off, the maximum oven tem-
perature at the full microwave power is 500 K, well below
the operating range of calcium evaporation in the ECRIS
(being 650 to 700 K). Therefore, the design is safe for any
experimental operation since, whatever the ion source tuning
is, the oven temperature is controlled by adding extra power
to the oven cartridge resistor.

Figure 3: Sketch showing the positions of the quartz balance
during the experiments. (1) The quartz describes a circle of radius
60 mm around the oven exit. The quartz and the oven axis form
an angle with −𝜋/2 ≤ 𝜃 ≤ 𝜋/2. (2) The quartz is set 10 mm away
from of the oven hole.

EXPERIMENTAL MEASUREMENTS
Setup

The oven metallic atom emission has been measured in a
dedicated vacuum chamber (see Fig. 2) with a residual pres-
sure 𝑃0 = 10−7 mbar. The oven temperature is monitored
by the thermocouple included in the oven heater cartridge.
The atom flux is measured with a quartz AUDA6 Neyco
micro balance. The quartz is inserted into a mechanical
support resulting in an active measurement disc diameter
of 8.1 mm. The quartz temperature is fixed thanks to a wa-
ter cooling system. The vertical support is mechanically
connected to a rotatable vacuum flange by means of a tube
bringing water cooling to the balance. the tube is bent to
form two 90° bends so that during a rotation, the quartz de-
scribes a circle with a 60 mm radius. The crystal frequency
of vibration is 3 MHz when a static electric field is applied.
When evaporated metallic atoms are deposited on the quartz
surface, its mass increases and thus changes its mechanical
resonance frequency. The quartz frequency measurement is
done with a dedicated Inficon controller which displays the
instantaneous frequency and calculates the mass per cm2 ac-
cumulated during a programmable integration time. During
the experiments, the mass flux is calculated after an integra-
tion time from 60 to 180 s. In our experimental conditions,
The mass limit accuracy of the system has been estimated to
be ≈ 0.5𝑛𝑔/𝑐𝑚2/𝑠. The oven axis is horizontal and set per-
pendicular to the balance axis of rotation. The oven position
can be translated along the direction of its axis of revolution.
The two experimental configurations reported are displayed

on Fig.3. In the configuration (1), the oven exit is placed
on the balance axis of rotation. During the quartz rotation,
the distance between the oven and the quartz is constant
and equals to 60 mm. The angle between the quartz surface
and the oven surface is noted 𝜃. In the configuration (2), the
quartz is set 10 mm away from the oven exit. The solid angle
covered by the quartz is then ≈0.459 sr, with a maximum
angle of detection 𝜃1 = 22, 0°.

Table 1: Mass Flow and FWHM Measurements from Protoc
ol(2) (see Fig.3)

element T (K) ¤𝑀 (𝑛𝑔/𝑠) FWHM (deg.)
Ca 848 148.9±67 53.7 ±7.3
Ca 873 352.1±67 55.5 ±7.2
Ca 898 649.3±67 62.3 ±4.2

Measurements
The oven run presented used a calcium 40 sample weight-

ing 0.0909 g with a surface 𝑠𝐶𝑎 = 0.8±0.2𝑐𝑚2. The overall
crucible internal surface is 𝑠𝑐 = 2.8 𝑐𝑚2. The differential
metallic mass flow

𝑓 (𝜃) = 1
𝑟2
𝑑 ¤𝑚
𝑑𝜔

(1)

emitted by the oven was measured as a function of 𝜃 at
T=848, 873 and 898 K (see protocol (1) in Fig.3). Here
𝑟 is the radial distance between the oven and the balance
and 𝑑𝜔 stands for the differential solid angle taken at 𝜃.
Results are displayed in fig.4. The errorbar on 𝜃 is due to
the extended surface of detection (𝜎𝜃 = 0.9°), the error on
angle measurement (𝜎𝜃 ≈ 2°) and the error on alignment
(𝜎𝜃 ≈ 1.°), leading to a global error 𝜎𝜃 ≈ 2.4°. The mass
flux measurement precision is limited by the resolution of
the balance for the chosen time of integration of 180 s. The
mass flux error is thus estimated to be 𝜎 ¤𝑚 ≈ 0.5𝑛𝑔/𝑐𝑚2/𝑠.
The full width half maximum (FWHM) of the distributions
are reported in Table 5, along with the reconstructed total
mass flux ¤𝑀 integrated over 2𝜋 sr (and opportunely averaged
on the overabundant range of measurement from −𝜋/2 to
𝜋/2) :

¤𝑀 = 2𝜋𝑟2
(
1
2

∫ 𝜋/2

0
𝑓 (𝜃)𝑠𝑖𝑛𝜃𝑑𝜃 + 1

2

∫ −𝜋/2

0
𝑓 (𝜃)𝑠𝑖𝑛𝜃𝑑𝜃

)
(2)

The angular FWHM values are consistent for all data
(FWHM 53-63°). Further analysis of the angular mass flow
distribution is proposed later in the text helped with a Monte
Carlo code. Next, the calcium evaporation rate was mea-
sured as a function of the oven temperature in the experi-
mental condition (2) (see Fig.3). The total calcium flux is
reconstructed as a function of the temperature using the ex-
perimental measurement of 𝑓 (𝜃), by applying the following
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Figure 4: Experimental flux emitted from the oven as a
function of the angle 𝜃 for calcium. The black, red and blue
plots are respectively measured at the temperatures 850, 875,
900°K.

correcting factor:

∫ 𝜃1
0 𝑓 (𝜃)𝑠𝑖𝑛𝜃𝑑𝜃∫ 𝜋/2

0 𝑓 (𝜃)𝑠𝑖𝑛𝜃𝑑𝜃
= 5.565 (3)

where 𝑓 is taken for T=898K, when the precision of exper-
iment (1) is the highest. The experimental data is plotted
with blue errorbars on fig. 5. The other solid color plots on
fig. 5 are discussed later in the text.

Figure 5: Total calcium flux from the oven as a function of the
temperature. Blue symbols: experimental data. Red: theoretical
data with 𝑆 = 𝑠 + 𝑠𝑐 and Ca data from [4]. Orange: least mean
square fit of experimental data using 𝑆 = 𝑠 + 𝑠𝑐 and Antoine’s
law (see. Eq. 4) coefficients 𝐴 and 𝐵 as fit parameters

Table 2: Calcium Antoine’s Equation Coefficient Accordi
ngto [4] and Calculated in this Study, Expressed in Stan
dardunits.

A B C
Ca from [4] 10.34 8.94 × 103 0
Ca this work 8.98 ± 0.07 7.79 ± 0.11 × 103 0

OVEN THERMODYNAMICS AND
ANALYSIS

The aperture hole surface of the crucible (0.78𝑚𝑚2) is
small compared to its internal total surface (𝑠𝑐 = 2.2𝑐𝑚 2).
See fig.3, view B to visualise the difference. The cavity
is thus sufficiently closed to consider it as a Knudsen cell
[5, 6]. Consequently, when the metal sample is heated, the
local pressure in the crucible raises rapidly to reach the
saturating vapor pressure, well above the residual pressure
of the vacuum chamber ( 𝑃0 = 10−5 Pa). The calcium
saturation vapor pressures 𝑃(Pa) follow the Antoine’s law
as a function of the temperature :

𝑙𝑜𝑔10𝑃 = 𝐴 − 𝐵

𝐶 + 𝑇 (4)

where 𝑇 (𝐾) is the metal temperature and 𝐴, 𝐵, 𝐶 are ther-
modynamics parameters, unique for each chemical element.
The evaporated mass rate ¤𝑀 emitted from the solid metal
in the crucible can be expressed using the Hertz-Knudsen
equation [7, 8] :

¤𝑀 = 𝑃

√
𝑚

2𝜋𝑘𝑇
𝑆 (5)

where 𝑚 is the atom mass, 𝑃 is the metal saturating vapor
pressure and 𝑆 is the surface of evaporation. Another impor-
tant oven parameter is the sticking time of atoms on the hot
crucible surfaces defined by the Frenkel equation [9]:

𝜏 = 𝜏0𝑒
𝐻
𝑘𝑇 (6)

where 𝜏0 ≈ 10−13𝑠 is the atom vibration period on the sur-
face [10], 𝐻 is the enthalpy of the adsorbed atom, 𝑘 the
Boltzmann constant and 𝑇 the surface temperature. For the
calcium case, two sticking times must be considered. the
first is 𝜏𝐶𝑎−𝐶𝑎, the sticking time of calcium atom on the
metallic Ca surface sample. the other is 𝜏𝐶𝑎−𝑀𝑜, the stick-
ing time of Ca on Mo. The adsorbed Ca enthalpy on Ca is
well documented : 𝐻𝐶𝑎 = 1.6𝑒𝑉 , giving a sticking time of
1 − 1000𝑚𝑠 for 𝑇 600 − 900𝐾 . On the other hand, the ad-
sorbed Ca on Mo enthalpy value 𝐻𝐶𝑎−𝑀𝑜 was not found in
the literature. Nevertheless, 𝐻𝐶𝑎−𝑀𝑜 is expected to be much
higher than 𝐻𝐶𝑎. A rough estimate of 𝐻𝐶𝑎−𝑀𝑜 value can
be considered from 𝐻𝑆𝑐−𝑀𝑜 = 5.5𝑒𝑉 available in [11]. In
the present experimental conditions, 𝜏𝐶𝑎−𝐶𝑎 ≪ 𝜏𝐶𝑎−𝑀𝑜 on
all the temperature range covered. Hence, when the calcium
evaporation starts, a layer of calcium should first be formed
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on the Mo crucible wall and stay stuck on Mo. Once the
layer is complete, next Ca adsorption on the surface is done
on Ca, which strongly reduces the sticking time and trans-
forms the crucible surface to a fresh extra source of calcium.
Two experimental confirmations of this phenomenon have
been observed: (i) at first start, the calcium flux is very small
for a given temperature and, after a sufficiently long time
of operation (of the order of an hour), the flux amplifies to
reach a much higher stable value. (ii) Immediately after vent-
ing the oven used and inspecting its crucible, the presence
of a Ca layer is visible on the crucible surface which very
rapidly get oxidised to form a white CaO powder. This hy-
pothesis is further investigated helped with the experimental
data from experiment (1) (see Fig.3). The theoretical mass
flow expected from Eq.4 and Eq.5 using Ca data from [4]
is calculated for the temperatures 848, 873 and 898 K, con-
sidering the two evaporating surfaces 𝑆 = 𝑠 and 𝑆 = 𝑠𝑐 + 𝑠
and reported in Tab. 3 along with the experimental mass
flow from Tab. 1. Clearly, one can see that the sole metal
sample evaporating surface (column with 𝑆 = 𝑠) is insuffi-
cient to reproduce the total mass rate from the oven. But
when the crucible surface is added (column with 𝑆 = 𝑠𝑐 + 𝑠),
the matching between theory and experiment becomes very
close. The measurement confirms the hypothesis of the tran-
sient formation of a Ca layer on the crucible surface which,
once completed enhances the evaporation proportionally to
the crucible surface.

Table 3: Theoretical Integrated Mass Flow from the Oven 
in(ng/s) Derived from Eq.4 and 5, Compared with the 
Experimental Flux for T=848, 873 and 898 K

T P ¤𝑀 (𝑠) ¤𝑀 (𝑠 + 𝑠𝑐) ¤𝑀 Exp.
(°K) (Pa) ng/s ng/s ng/s
848 0.627 47.7 179 148.9 ± 67
873 1.26 94.5 354 352.1 ± 67
898 2.42 179 671 649.3 ± 67

Result of experiment in condition (2) (see Fig.3) is next
compared with the prediction of eq.5 in the fig.5. The sensi-
tivity to temperature comes here through the pressure and
the Antoine’s eq.4. The experimental data is the blue error-
bar, the mass flow prediction according to the eq.4 using
the known tabulated coefficients for calcium, (see Tab.2), is
plotted in solid red line. One can see a fairly good fit with
experimental data up to 600°C (873K). Above this value, ex-
perimental flux is lower than the semi-empirical prediction.
Because the total flux has been reconstructed with a suffi-
ciently high precision, alternative Antoine’s coefficients are
proposed for calcium to fit the data resulting in the orange
solid line. The fit value found for the whole temperature
range are 𝐴 = 8.978± 0.07, 𝐵 = 7787.5± 110 and 𝐶 = 0 in
standard units.

MONTE CARLO SIMULATION
The atom angular distribution from the oven has been

investigated by means of a Monte Carlo simulation and com-
pared with the experimental data. The exact 3 dimensions
crucible geometry is considered. The oven temperature 𝑇 is
a free parameter and is assumed to be uniform over all the
crucible. The metallic sample geometry is not modelled and
the initial atom emission position is done randomly along a
line following the bottom part of the crucible part (a). The
atom emission from the wall follows the Lambert’s cosine
law:

𝑃(𝜃) = 𝑐𝑜𝑠𝜃 (7)

where 𝑃(𝜃) is the probability of emission at an angle 𝜃 with
respect to the local normal to the wall. A special care must
be taken to inverse this probability distribution function
appropriately to use it safely in the Monte-Carlo code [12].
Because the atom emission from the wall is done in a cavity
with convex walls, a test is added in the code to check if a
fresh reemission occurs toward the cavity and not to the wall.
The atom velocity is taken as the mean thermal velocity:

𝑣 =

√
3𝑘𝑇
𝑚

(8)

where 𝑚 is the considered atom mass. No accomodation
from the wall is considered as particles are assumed to be
isothermal. Each new adsorption at the wall is counted and
re-emission is immediate using the cosine law. The pressure
in the part (a) of the crucible is considered constant at the
saturating vapor pressure 𝑃 of eq.4. The pressure in the
extraction channel (b) is assumed to decrease linearly from
𝑃 down to the vacuum chamber pressure 𝑃0 = 10−5 Pa. The
atom collisions are modelled in the crucible using the atom
mean free path 𝜆:

𝜆 =
𝑘𝑇

√
2𝜋𝑙2𝑃

(9)

where 𝑙 is the atom diameter (𝑙 ≈ 360𝑝𝑚 for calcium). At
each time step, the local pressure is considered and a random
number is generated to check whether the atom collides or
not. In case of collision, a new atom velocity direction
is randomly generated on a uniform sphere. The metallic
gas regime in the oven can be assessed with the Knudsen
number:

𝐾 =
𝜆

𝑑
(10)

where 𝑑 is a characteristic length of the system studied.
When 𝐾 > 0.5, the gas is collisionless and atoms exiting the
oven are directly those emitted from the walls. An intermedi-
ate regime occurs when 0.01 < 𝐾 < 0.5 where the volume
collisions start to play a role and finally, when 𝐾 < 0.01, the
gas becomes fully collisional and the effect from the wall
is secondary. In our case, the crucible has 2 characteristic
lengths and hence two Knudsen numbers: 𝐾𝑖 = 𝜆

𝑑1
with

𝑑1=5 mm for the main cylinder and 𝐾𝑖𝑖 = 𝜆
𝑑2

with 𝑑2=1
mm for the crucible exiting channel. In this latter case, we
considered the mean pressure in the exit channel 1

2 (𝑃 + 𝑃0)
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Figure 6: Normalized differential distribution of atoms at
the exit of the oven per unit of solid angle as a function of 𝜃
for different temperatures: 600K (black), 900K (red), 1000K
(orange), 1100K (blue), 1200K (purple).

to calculate 𝜆. The evolutions of 𝜆, 𝐾𝑖 and 𝐾𝑖𝑖 are proposed
as a function of 𝑇 and 𝑃 in the table 4. For the measure-
ments performed on calcium up to 900K, one can deduce
that the calcium gas behaviour is mainly non-collisional.
Nevertheless, for T=900K, 𝐾𝑖 = 0.63 is at the threshold and
collision effect, thought not dominant should start to play
a role. At 1000K, the calcium gas is collisional in the bulk
area (a) while it remains above the transition in the exiting
channel. a fully developed collision regime is reached at
1100K with 𝐾𝑖𝑖 = 0.12. The differential angular distribution
of exiting atom per unit of solid angle is displayed in Fig.6
as a function of the temperature. The number of particles
generated to produce the curves is 1 million. One can clearly
see the transition from the non collisional regime at 600K
(see black curve) to the intermediate regime at 1000K where
the bulk crucible is collisional while the exit channel is not
(see orange curve) and finally above 1100K where the whole
oven volume is collisional and the extraction emittance is
finally defined by the sole exiting channel geometry (see
blue and purple curves).

Table 4: Evolution of the Atom Mean Free Path 𝜆 and the 
two Knudsen number 𝐾𝑖  𝐾𝑖 fo th Calciu Oven  as  a 
Function of the  Temperature  𝑇  and  the  Saturating 
Vapor  Pressure 𝑃

T P 𝜆 𝐾𝑖 𝐾𝑖𝑖

(K) (Pa) (m)
600 2.75 × 10−5 194.4 38895 285348
700 3.70 × 10−3 1.68 337 3365
800 0.146 0.0488 9.76 97
850 0.66 0.011 2.2846 22.8
900 2.55 0.0031 0.63 6.3
1000 25.19 3.55 × 10−4 0.071 0.71
1100 163.2 6.01 × 10−5 0.012 0.12

Figure 7 shows the evolution of the mean numbers of
bounce and collision versus the temperature. The temper-
ature at which the volume collision becomes dominant is

Figure 7: (Black) Mean number of atom adsoption on the
crucible wall before atom extraction. (Dashed Black) Num-
ber of volume collision in the oven before extraction.

900K. It is worth noting that the mean number of bounce in-
creases much more slowly with temperature than the number
of volume collision.

Figure 8: Comparison between the experimental differential 
mass flux measured in the micro-scale and the Monte-Carlo 
simulation at T=898K.

Table 5: Comparison between  FWHM (in degree) of 
Angular  Differential Mass Flux Measurements and 
Simulation for Calcium

T (K) exp. (°) simulation (°)
848 53.7 ±7 48.6±0.6
873 55.5 ±7 51.4±0.6
898 62.3 ±7 54.45±0.6
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COMPARISON OF SIMULATION AND
EXPERIMENT

The oven Monte Carlo code is used to simulate the theo-
retical atom flux expected on the micro scale as a function
of the angle 𝜃 (see fig.3). An example of the comparison
between simulation and measurement is proposed on Fig.8.
The simulation reproduces well the general shape of the dif-
ferential flux as a function of the angle 𝜃. A discrepancy
is nevertheless visible for angle larger than 45° where the
measurements are higher than the simulation. the difference
is nevertheless included in the error bar. The differential flux
FWHM is calculated for the simulation and compared with
the experimental measurements. The results of the simula-
tion are consistent with the measurements. the experimental
FWHM is always higher than the simulation. This system-
atic difference is likely due to a non simulated physical effect.
One could suggest for instance that the actual oven extraction
geometry is not exactly as simulated, or that the atom flux
continues to collide at the exit of the oven on the first mm.
As a conclusion, The Monte Carlo code developed provides
satisfactory results compard to experimental measurements
and will next be used to study the metallic atom capture in
ECR ion source plasma.
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Abstract
The resonant interaction of electrons with the microwave

radiation in Electron Cyclotron Resonance Ion Sources
(ECRIS) plasma leads to a strongly anisotropic electron
energy distribution function (EEDF), given as a convolution
of two to three electron populations, with the anisotropy
that might trigger kinetic instabilities. At the INFN, fur-
ther efforts have been paid to improve and update the self-
consistent 3D numerical codes for plasma electrons kinet-
ics. Progresses have opened several perspectives. It is now
possible to derive a space-resolved EEDF, providing local
information on the electron properties in the plasma. Also,
the code has been updated to provide reaction rates of elec-
tromagnetic emissions, including X-ray fluorescence. Es-
timate of local ion charge state distribution is potentially
possible, and first evaluations are ongoing. Dealing with
fast-transient mechanisms, such as electromagnetic emission
via the electron-cyclotron MASER instability, the code is
now updated for locally evaluating EEDF anisotropy. We
will present the collected results, which we believe to have a
relevant impact both on the ECRIS plasma physics and on
the INFN’s PANDORA project that plans to use ECR plas-
mas for fundamental studies in Nuclear and AstroNuclear
Physics.

INTRODUCTION AND MOTIVATION
Electron cyclotron resonance ion sources (ECRIS) are

able to produce intense and stable beams of highly charged
ions, required by accelerators for nuclear and applied physics.
Progress and improvements in understanding ECRIS have
been made in the past years. However, they mostly consisted
in increasing the power of the RF heating-wave, as well as
the intensity of magnetic fields, accordingly to the "scaling
laws" [1], with constraint represented by present technolog-
ical limits. In view of this, a deeper knowledge of plasma
confinement dynamics and parameters - electron density,
temperature, and ion charge state distribution (CSD) - is
highly desirable, since the properties of the extracted ion
beam (in terms of intensity, average charge state and quality)
strictly depend on plasma structure and properties.

ECRIS with a minimum-B magnetic field structure are
conventionally employed as source of multicharged ion
beams. This magnetic structure consists in a superposition
of solenoid and sextupole fields, which topology leads to
closed ECR surface, where wave-to-particle resonant cou-
pling and energy transfer take place, and a sufficient plasma
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confinement for a step-wise ionization to high charge states
is realized. However, the resulting electron energy distri-
bution is strongly anisotropic, made at least of two to three
main populations: cold (1-100 eV), warm (0.1-10 keV), and
hot (10 keV - 1 MeV) electrons. Because of such anisotropic
distribution, the system becomes prone to kinetic instabili-
ties, limiting ECRIS performances. These phenomena are
mainly driven by warm and hot electrons whose transverse
velocity 𝑣⊥ (with respect to the magnetic field) dominates
over the longitudinal one 𝑣 ∥ [2]. These kinetics instabili-
ties can also leave electromagnetic signatures, consisting in
powerful bursts of microwave and x-ray radiation, due to a
resonant enhancement of plasma waves as an effect of non-
linear interactions with hot electrons. This phenomenon
is known as electron cyclotron MASER instability [3–5].
Even though many studies have been conducted, the exact
mechanism of turbulent regimes of plasmas is still unknown
and a deeper investigation is necessary.

The present work shows some preliminary advancements
in numerical modeling and studying the aforementioned
plasmas, providing space-resolved information both on typi-
cal electron energy distribution functions (EEDFs) and on a
space-resolved velocity distribution of electron in unstable
plasma. These numerical tools will possibly allow exploring
space-dependent mechanisms, and to have a better predict-
ing power for both space- and time-dependent phenomena
in ECRIS plasma.

3D MODELING OF ECRIS PLASMA
In the case of ECR plasmas, a self-consistent approach is

desirable to solve the collisional Vlasov-Boltzmann equa-
tions [6]. In this context, the INFN-LNS jointly with the
INFN-LNL group, have developed an iterative routine to
produce a self-consistent description of ECR stationary plas-
mas. The overall code results from a strict interplay between
a kinetic code, or ’particle mover’, developed in MATLAB©,
and a FEM electromagnetic solver ( we used COMSOL -
Multiphysics©), for evaluating the electromagnetic (EM)
fields once given local charge densities. A self-consistent
approach is necessary since the propagating EM field affects
electron motion and energy via a resonant interaction. On
the other hand, the plasma - being an anisotropic and disper-
sive medium - presents a 3D dielectric tensor which must
be in turn considered in the calculation of the EM field [7].
The ’particle mover’ code solves the equations of motion
of a given number of particles followed for their entire life
(i.e. until they impinge on the chamber walls, meaning they
have been de-confined). In this sense, our approach can be
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defined as a ’stationary’ particle-in-cell code, describing the
stationary structure of the plasma in the phase space: the
local charges densities are evaluated through the ’trick’ of
density accumulation in a 3D grid. Particles trajectories
evolve in parallel (simultaneously) and the local density ac-
cumulation is made as single particles move throughout the
single cells in the volume contained inside the plasma cham-
ber. During each 𝑖-th step of kinetic simulation, the EM
field is taken as stationary and coming from the (𝑖 − 1)-th
step. The self-consistent loop is run until convergence is
achieved between the (𝑖 − 1)-th and 𝑖-th step, looking at
both 3D density and EM field maps. Further details on the
numerical machinery can be found in Ref. [6].

The established numerical code has many times proven
its robustness and validity, for instance investigating the
so-called frequency tuning effect [8], and reproducing exper-
imental results for light- and heavy-ion dynamics in ECR-
based charge breeding devices [9, 10].

SPACE-RESOLVED ELECTRON
ANISOTROPY IN THE VELOCITY SPACE

In order to explore the degree of anisotropy of electrons
inside a minimum-B trapped ECR-based plasma, we made
use of the numerical code described above, to simulate an
argon plasma, sustained by microwaves at 12.84 GHz, and
400 W of power. The plasma confinement is supported by a
specific magnetostatic minimum-B field profile, having at
this frequency a ratio of Bmin/BECR = 0.87. Only electrons
(100 000 particles) have been followed in the numerical
simulations, and 3D density and energy density maps were
produced. After a simulation time of 250 𝜇s, and one self-
consistent simulation loop, the electrons still present in the
chamber are around 15 000. Figure 1 shows the distribution

Figure 1: Distribution of electrons in chamber, close
to isomagnetic isosurfaces at: B < 0.96 BECR (green
dots), B > 1.2 BECR (black dots - yellow isosurface), and
0.96 BECR < B < 1.04 BECR (red dots - red isosurface).

of bunch of these particles located around three nested and
closed isomagnetic surfaces: among the three, the densest
one refers to the volume around the isosurface at B = BECR
(red). Here, it is expected the best wave-to-particle coupling
and resonant electron’s heating. At higher (lower) B-field
isosurfaces, particles distribute in the so-called rarefied halo
(denser plasmoid) volume. For each spatial region, the trans-

verse 𝑣⊥, and longitudinal 𝑣 ∥ , component of particles’ ve-
locity with respect to the magnetic field, has been calculated.
Each particle then can be located in the velocity space by a
set of coordinates (𝑣 ∥ ,𝑣⊥).

Figure 2 (top-panels) shows a contour plot of the local
distribution of particles in the velocity space (𝑣⊥ vs. 𝑣 ∥) in
the three selected regions. The color refers to the amount
of particles with a given (𝑣 ∥ ,𝑣⊥). Figure 2 (bottom-panels)
shows the same information, but plotted in terms of 𝑣⊥

|𝑣 | and
𝑣∥
|𝑣 | space, with |𝑣 | =

√︃
𝑣2
⊥ + 𝑣2

∥ . The figures provide a set of
relevant information: first, there is a different spread of ve-
locity anisotropy in the velocity space which has an evident
spatial dependency, and shows a tendency of particles dis-
tributing at 𝑣⊥ > 𝑣 ∥ . Second, particles close to the plasmoid
show a trend towards a mean isotropic distribution, whereas
particles close especially to the ECR surface show a general
anisotropic behavior. The halo region has only some partic-
ular spot away from the isotropic line. Finally, a quantitative
idea of the most anisotropic velocity distribution can be ap-
preciated from Figs. 2(d-f), where the ratio 𝑣⊥/𝑣 ∥ in the
plasmoid (d) does not go beyond 2÷4. Conversely, the same
ratio in the ECR region (f) reaches values even larger than 10.
The results promisingly fulfill the experimental/theoretical
expectations concerning highly anisotropic electrons, usu-
ally located at the ECR surface. On the other side, less
anisotropic electrons which are expected lying inside the
inner regions of the plasmoid, are evidenced as well by the
numerical simulations. Moreover, the simulation parameters
(RF Power 𝑃 = 400 W, and Bmin/BECR = 0.87), character-
ize a plasma which in the literature is usually referred to
as unstable, and to be prone to kinetic instabilities [11].
These kind of plasma features are mostly related to strongly
anisotropic electrons with a ratio of 𝑣⊥/𝑣 ∥ ≫ 1 [12], and
this aspect has been highlighted by all the spatial regions
explored, where generally 𝑣⊥ ≥ 𝑣 ∥ .

SPACE-DEPENDENT ELECTRON
ENERGY DISTRIBUTION FUNCTION

FOR ECR-BASED PLASMA
A study of ECR-based plasma’s EEDF has been based on

the need to make progress in the space-dependent plasma
electron properties characterization, on which several mech-
anisms and phenomena interesting for ECRIS devices and
ECRIS-based technologies depend. It is of fundamental
importance to obtain a space-resolved information on the
electron energy distribution especially because of the already
mentioned ECR plasma features, i.e., high inhomogeneity
and strong anisotropy.

Here we present a step-by-step determination of suit-
able analytic EEDFs that can effectively describe space-
dependent properties of minimum-B ECRIS plasma electron
populations. The study is based on two main steps. First,
we have simulated the same argon ECRIS plasma with same
magnetostatic structure, with pumping microwave field fre-
quency at 12.84 GHz, and 30 W of power. The numerical
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Figure 2: (Top-panels) Local distribution of particles in the velocity space (𝑣 ∥ ,𝑣⊥) for both particles at the (a) plasmoid,
(b) halo, and (c) ECR isomagnetic surfaces. The isotropic line (𝑣 ∥ = 𝑣⊥) is shown (dashed line). (Bottom-panels) Same as
in the top panels: (d) plasmoid, (e) halo, and (f) ECR region, but in terms of ( 𝑣⊥

|𝑣 | ,
𝑣∥
|𝑣 | ).

simulations were settled up to provide 3D density, 𝜌𝑖 , and
energy density, 𝐸𝑖 , maps, sliced into seven electron energy
intervals, i.e., [0-2] keV, [2-4] keV, . . . , [12-∞] keV. Sec-
ond, based on this first slicing, an average electron energy-
based ⟨𝐸⟩ =

∑7
𝑖=1 𝜌𝑖𝐸𝑖/

∑7
𝑖=1 𝜌𝑖 selection of region of in-

terest (ROI) in the simulation domain has been performed.
This consists in grouping cells of the simulation domain
whose ⟨𝐸⟩ content belongs to the same defined range. Fig-
ure 3 shows some isosurfaces of few of these ROIs inside the
plasma chamber, where higher ⟨𝐸⟩-based ROIs distribute
deeper inside the plasmoid region, in a shell-structure shape.
Therefore, we have evaluated ROI-averaged electron density

Figure 3: Structure and position in the space of ⟨𝐸⟩-based
ROIs: ⟨𝐸⟩ ∈ [0− 0.1] keV (ROI1, cyan), ⟨𝐸⟩ ∈ [0.2− 0.3]
keV (ROI3, yellow), ⟨𝐸⟩ ∈ [0.3 − 0.4] keV (ROI4, red).

and energy density for all the seven energy intervals, with the
idea to generate collective data for each ROI, starting from
the energy density and density maps produced by the nu-
merical simulation. Next, we have compared the calculated

data for each ROI to estimated density and energy density by
using 2- and 3-components EEDFs. The nature of plasma
properties has suggested a peculiar non-Maxwellian energy
distribution, as well as electrons which distribute in two to
three populations depending on their energy content. The
EEDFs considered in our survey have been constructed as an
adequate combination of low- and mid-energy Maxwellian
function 𝑓𝑀

𝑓𝑀 (𝐸 ; 𝑘𝐵𝑇𝑒) =
2
√
𝜋

√
𝐸

(
√
𝑘𝐵𝑇𝑒)3

𝑒
− 𝐸

𝑘𝐵𝑇𝑒 , (1)

where 𝑇𝑒 is the electron temperature, and 𝑘𝐵 is the Boltz-
mann constant, and functions capturing the high-energy pop-
ulation. The high-energy tails have been described both
using Maxwellian or a Druyvesteyn function 𝑓𝐷

𝑓𝐷 (𝐸 ; 𝑘𝐵𝑇𝑒) = 1.04
2
√
𝜋

√
𝐸

(
√
𝑘𝐵𝑇𝑒)3

𝑒
−0.55 𝐸2

(𝑘𝐵𝑇𝑒 )2 . (2)

This latter has been considered in the literature as a more
accurate function describing high-energy electrons which
for some reasons do not thermalize. With this in mind, we
have performed this qualitative comparison, where estimates
of density (𝜌𝑖 𝑗 )𝑒𝑠𝑡 , and energy density (𝐸𝑖 𝑗 )𝑒𝑠𝑡 are obtained
through the several test EEDFs, according to Eqs. (3)

(𝜌𝑖 𝑗 )𝑒𝑠𝑡 =(
7∑︁
𝑖=1

𝜌𝑖 𝑗 )
∫ 𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

𝑓 (𝐸 ; (𝑘𝐵𝑇𝑙) 𝑗 ; . . . ; (𝑘𝐵𝑇ℎ) 𝑗 )d𝐸

(3)

(𝐸𝑖 𝑗 )𝑒𝑠𝑡 =

∫ 𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛
𝑓 (𝐸 ; (𝑘𝐵𝑇𝑙) 𝑗 ; . . . ; (𝑘𝐵𝑇ℎ) 𝑗 )𝐸d𝐸∫ 𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛
𝑓 (𝐸 ; (𝑘𝐵𝑇𝑙) 𝑗 ; . . . ; (𝑘𝐵𝑇ℎ) 𝑗 )d𝐸

,
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where 𝑖 and 𝑗 are the energy intervals and ROI indices, re-
spectively. Also a quantitative analysis has been 
performed cell-by-cell about the goodness of fit 
parameters, and then of the EEDF, in each of the ROIs, 
by computing the mean squared error (MSE) and the 
correlation 𝑟2-score coefficient for each EEDF. The 
function minimizing the MSE value, and maximizing 𝑟2, 
in all the ROIs has been considered as the most suitable in 
describing this kind of plasma. Figure 4 shows results for 
the MSE and 𝑟2 for the EEDFs consid-ered. The best 
fitting function in all the ROIs is EEDF2, i.e., that one 
composed by a low-energy Maxwellian and a high-
energy Druyvesteyn function. Figure 4 also shows that 
simulated data are appreciably well approximated by the 
EEDF2, numerically validating the local information on 
the electron energy distribution.

Figure 4: (Top). MSE (left) and 𝑟2 (right) score for 4 differ-
ent EEDFs used to fit data in each of the ROIs. (Mid). ROI1
density (left) and energy density (right) simulated data con-
trasted to the EEDF2 estimated counterparts, according to
Eqs. (3). (Bottom). ROI3 density (left) and energy density
(right) simulated data contrasted to the EEDF2 estimated
counterparts.

VALIDATION OF THE CONTINUOUS
EEDF

In order to validate the analytic EEDF obtained, we have
used it for numerical estimates to be compared with ex-
perimental observations and theoretical predictions. One
first test bench was provided by the intention to provide a
theoretical support to a space-resolved X-ray spectroscopy
experiment using quasi-optical methods looking to the fluo-

rescence X-ray emission from K-shells of Ar plasma, con-
ducted jointly by the ATOMKI, Debrecen and the INFN-
LNS teams, as a plasma diagnostics tool [13]. The EEDF
and simulated density for each individual plasma cell were
used to calculate a 3D space-resolved K𝛼 emission rate map.
By simulating also the geometrical efficiency of the detector,
and other quantities of interest like the quantum efficiency
of the CCD camera, as well as the plasma exposure time,
the final emission map was obtained. This was compared
with the experimental results. Figure 5 shows the results.
While the photon counts are not perfectly matching, aspect
requiring further analyses, the estimates can be considered
close enough in describing the physical experimental imag-
ing. A second test bench for the EEDF validation regarded

Figure 5: (Left) Longitudinally-integrated estimated K-𝛼
map at the CCD camera, considering total emission, local
geometrical and quantum efficiency. (Right) Experimental
photon counted images, from Ref. [13].

a first evaluation of the ion CSD for a specific ROI, starting
from ROI-averaged plasma density and EEDF inputs. The
ion CSD was calculated using the code-suite FLYCHK [14]
which required the above mentioned input data as control
parameters. Since the code is essentially 0D, each ROI was
treated as a single cell, and the collective data generated
for the ROI was taken as the spatially-aggregated electron
data for that cell. The CSD calculations were performed
for Ar ions. Figure 6 displays ROI 1 and 4, together with
the extracted collective CSD of Ar ions. It can be seen that
the higher the energy of the electrons,the higher the charge
states of the ion CSD peak, which is perfectly consistent
with expectations.

CONCLUSION
In the present work, we have presented preliminary re-

sults obtained from numerical tools developed to explore
space-dependent electron properties and structure. Special
attention has been devoted to the study of the ECRIS-based
plasma electron anisotropy in the velocity space, which is
of fundamental relevance in the study of plasma kinetic in-
stabilities, and related transient electromagnetic emissions.
A numerical routine has been developed to spatially resolve
the electrons velocity distribution, and first promising re-
sults have been shown. Experimental evidence of much
anisotropic behavior close to the ECR surface, as well as
from its inner region, where x-ray burst have been observed
[15, 16], have been also captured by the numerical results.
Furthermore, a detailed study of a space-resolved EEDF has
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Figure 6: Ion CSD for collective electron data in ROI1 (left)
and ROI4 (right) resulting as from FLYCHK code.

been carried out, with preliminary evaluation of analytic
EEDF describing the electron properties in a minimum-B
ECRIS plasma. The resulting function has been used to
contrast experimental results from x-ray spectroscopy and
imaging of K-𝛼 emission [13], with numerical estimates
of the same. The comparison has shown sufficiently good
approximation of the experimental results, which require
further improvements. The same EEDF has been used for a
first evaluation of Ar ion CSD in different regions of interest
of the plasma, where the electron density and energy content
vary. The resulting CSD shows such spatial dependency,
with expected shift of the CSD to higher charge states upon
increasing the energy of electrons. This latter result opens
to future perspectives, among which, a possible introduction
of the space-resolved 0D information on the CSD into the
3D self-consistent machinery, to introduce ion-electron col-
lisional effects with a spatial dependency, and explore this
influence on the ECRIS performances. Finally, the same
becomes of great relevance - beyond ECRIS purposes - in
the Nuclear and AstroNuclear Physics, for studying stellar
enhanced nuclear phenomena in plasma, where a certain
ion CSD and atomic level population impact on the nuclei’s
decay mechanisms. The INFN’s PANDORA [17] project
plans to use these data on ECRIS plasmas for its survey on
such phenomena.
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A GUIDING CENTRE APPROXIMATION APPROACH FOR SIMULATION 
ELECTRON TRAJECTORIES IN ECR AND MICROWAVE ION SOURCES* 

J. A. Mendez†, T. Thuillier, Université Grenoble-Alpes, CNRS-IN2P3, Grenoble Institute of Engi-
neering (INP), LPSC, Grenoble, France  

T. Minea, Université Paris-Saclay, CNRS, LPGP, Orsay, France 

Abstract 
The present work presents a study on the feasibility of the 
implementation of the guiding centre (GC) approach in 
electron cyclotron resonance (ECR) ion sources, with the 
goal of speeding up the electron’s orbit integration in cer-
tain regimes. The GC algorithm is compared with the Boris 
method which is commonly used in plasma simulations. It 
is shown that the GC approximation reproduces accurately 
the trajectory drifts and periodic behaviour of electrons in 
a minimum-B field with magnetic field gradients as high 
as 40 T/m. A typical confined electron orbit far enough 
from the source’s axis is well reproduced for 1 µs of prop-
agation time, with the GC time-step constrained below 
100 ps, providing one order of magnitude gain in compu-
tation time with respect to the Boris method. For a confined 
electron orbit close to the axis a coming out of phase of the 
electron’s trajectory is observed, but the spatial envelope is 
conserved. A comparative study analyses non-confined 
electron trajectories in a flatter B-field, that in a microwave 
discharge ion source, where this method’s drawbacks may 
be avoided given a smaller magnetic field gradient and a 
shorter electron lifetime in the plasma chamber. In this re-
gime electron trajectories were very well reproduced by the 
GC approximation. The time-step was constrained below 
10 ns, providing up to 30 times faster integration compared 
to Boris. 

INTRODUCTION 
The numerical simulation of charged particle trajectories 

is of interest to model the plasma features of ion sources. 
The explicit Boris algorithm has become the standard for 
particle trajectory integration in a magnetic field. The high 
frequency electron cyclotron motion, in the GHz range, 
common in ion sources, constrains the time-step below 
10 ps, which yields to a longer computation time when 
such small steps in time are required. 

A guiding centre approach neglects the detailed parti-
cle’s cyclotron motion, describing its trajectory through 
free motion of the centre of mass along the magnetic field 
lines and corresponding drifts. This approach is more com-
putationally expensive per step than direct trajectory inte-
gration (Boris), a shorter overall computation time may be 
expected by using a larger time-step (~100 ps). 

In this study we investigate the feasibility of using the 
guiding centre approximation for propagating electrons in 
ion sources. This was done by developing two otherwise 

identical algorithms in order to compare the resulting elec-
tron mean paths given by the guiding centre approximation 
and the Boris algorithm. 

TRAJECTORY INTEGRATION 
Two methods for trajectory integration are investigated, 

namely the Boris algorithm, as a control, and a guiding 
centre approximation, whose applicability is the focus of 
this study. 

The Boris Algorithm 
The Boris method [1] for particle push is an explicit sec-

ond order scheme and is the standard used for magnetised 
plasma simulation. That makes it very stable for long term 
simulations, property usually associated with symplectic 
algorithms which is the preservation of the phase space 
volume. This results on an upper bound to the error in the 
energy and other dynamic properties of the system. An-
other reason why the Boris algorithm is so widely used is 
that it conserves the energy indefinitely in the absence of 
an electric field or collisions.  

The Guiding Centre Approximation 
One can divide the motion of the charged particle into 

the cyclotron motion around the magnetic field lines and 
the motion of the centre of gyration, the guiding centre 
(GC). [2] The motion can be described by a guiding centre 
approximation under the condition that the magnetic field 
gradient varies in a much larger length-scale compared to 
the Larmor radius, ρ ≪ 𝐵/|∇𝐵|, or written differently: 



ఘ|∇|
 ≫ 1     (1) 

This rends the magnetic moment (𝜇) an adiabatic invar-
iant. [3] From the covariant equation of motion for the GC, 
neglecting higher order terms and temporal derivatives, un-
der the assumption that the fields vary slowly with time 
when compared to the variation due to the particle's move-
ment, one can write the following equations for the GC dy-
namics: [4] 
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An asterisk (*) as upper index in the above equations de-
notes the quantities in the reference frame moving at the 
cross fields drift velocity (𝑢), eq. (5).  

Equations 2 and 3 were integrated using a fixed time-
step (dt) RK4 method. [5] All numerical derivatives were 
computed at fourth order. The magnetic field gradient was 
mapped beforehand, in order to avoid having to compute it 
at each step, thus speeding up the simulation. 

ION SOURCES 
Two different kinds of ion sources were studied, an ECR 

ion source, such as PHOENIX V2, and a microwave dis-
charge model, exemplified by the SILHI@GANIL ion 
source. These ion source designs vary considerably in 
terms of magnetic field topology and typical electron en-
ergy distributions of their corresponding plasmas. 

The PHOENIX V2 Ion Source 
This compact ECRIS was developed at LPSC and com-

missioned for the SPIRAL 2 accelerator at GANIL. It op-
erates at 18 GHz microwave frequency and has a cylindri-
cal plasma chamber with a volume of 0.6 L (204 mm long, 
63 mm diameter). [6]  

Figure 1: Magnetic field (top) and its gradient (bottom) in 
a longitudinal cut of PHOENIX V2’s plasma chamber. The 
18 GHz ECR zone is indicated with a dashed red line. 

The magnetic field of PHOENIX V2 (Fig. 1) has 2.1 T 
at the injection wall, 1.3 T at extraction and a radially con-
fining field strength of 1.35 T. The associated magnetic 
field gradient is as high as 40 T/m. We also see that for this 
field geometry the relationship between the field and its 

gradient is mostly direct, relevant for the validity condition 
for the GC approximation. 

The SILHI@GANIL Ion Source 
This Microwave Discharge Ion Source was developed at 

CEA-Saclay and designed to output a constant high inten-
sity beam of protons or deuteron. As it’s typical of this kind 
of ion sources, it operates with a 2.45 GHz microwave fre-
quency. Its plasma chamber volume is of 0.64 L (100 mm 
long, 90 mm diameter). [7] 

SILHI’s magnetic field is produced by three permanent 
magnet rings located around the plasma chamber (Fig. 2). 
The maximum field strength is ~0.1 T, which can provide 
a magnetic mirror for electrons moving towards the ex-
traction wall from the resonance surface. In the absence 
of other interactions, which are not considered in the pre-
sent study, electrons undergo at maximum one bounce. 

Figure 2: Magnetic field (top) and its gradient (bottom) in 
a longitudinal cut of SILHI’s plasma chamber. 

Comparing the magnitude of the field’s gradient (Figs. 1 
and 2), the one of SILHI is considerably smaller, (0.5 T/m 
with respect to 40 T/m for PHOENIX V2), pointing to a 
greater validity of the GC approximation. With this geom-
etry the gradient and field magnitude are inversely related. 

Table 1 further suggests that the assumptions made for 
the GC approximation (see eq. 1) are fulfilled better in the 
regime given by a microwave resonance ion source, with a 
typical energy of the order of a few eV and a flatter mag-
netic field. It also suggests that we would expect the GC 
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approximation to be useful for electron energies smaller 
than 10 keV for either source. The Appendix shows the typ-
ical evolutions of the validity ratio (eq.1) vs time. 

Table 1: GC Approximation Validity Ratio, ሺ𝐵/|∇𝐵|ሻ/𝜌, 
for PHOENIX V2 (near ECR region) and SILHI (near 
plasma chamber centre) Ion Sources by Electron Kinetic 
Energy 

Ekinetic PHOENIX 
V2 

SILHI@GANIL 

1 eV 7792 17813

10 eV 2464 5633

100 eV 779 1781

1 keV 246 563

10 keV 78 177

100 keV 24 54

1 MeV 6 13

RESULTS 

ECRIS – PHOENIX V2 
One kind of typical orbit in an ECRIS is that of confined 

electrons reasonably Far From the plasma chamber Axis 
(FFA). This kind of trajectories present bouncing along the 
longitudinal direction and a precession around the axis. 

The electron’s energy is physically conserved as no heat-
ing is considered in this study. Using a time-step (dt) of 1, 
10 and 100 ps for the GC algorithm we see that for 1 µs of 
propagation, this is roughly the case, the overall energy 
variation is less than 0.1% from the initial value (Fig. 3). 

Figure 3: Electron energy (top) and computation time vs 
propagation time for a typical FFA orbit with varied dt. 

In terms of computation time, GC was found to be 
around 20 times more expensive as for Boris’ method. A 
time gain can then be achieved by using a dt two orders of 

magnitude larger (Fig. 3). This gain comes without a no-
ticeable loss of accuracy for this propagation time (Figs. 4 
and 5). The simulated GC trajectories agree with Boris’ for 
the valid dt. At a dt of 1000 ps the GC approximation 
breaks, shown by diverging residuals (Fig. 5). 

Figure 4: Typical FFA trajectory coordinates. Transversal 
coordinates x and y and longitudinal coordinate z. 

Figure 5: FFA, absolute difference (residual) between sim-
ultaneous points during propagation of Boris’ and GC. 
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Another case to consider is that of confined electron 
Close To the chamber’s Axis (CTA). Here we see that the 
GC and Boris’ orbits fall out of phase, but the spatial enve-
lopes remain consistent (Figs. 4 and 6). The residuals (Fig. 
7) confirm this observation, but show that the confined tra-
jectories periodically come to agreement, ~1 mm distance. 
The electron’s energy remains practically constant during 
propagation (Fig. 8). Given that the proposed use case for 
this algorithm involves a large number of test particles, for 
very few collisions (very low pressure), this inaccuracy 
could be averaged out.  

Figure 6: Typical CTA coordinates, for 0.2 µs. 

Figure 7: CTA, absolute difference between simultaneous 
points during propagation of Boris and GC electrons. 

Figure 8: Electron energy vs propagation time for a typical 
CTA orbit with varied dt. 

Microwave Discharge Ion Source – SILHI 
A selected orbit with one bounce in the SILHI ion source 

shows great coincidence between Boris and GC propa-
gated electrons (Fig. 9). This kind of trajectory was chosen 
as it represents the most challenging case, excluding higher 
energy (~100 eV) electrons. A dt value of up to 1000 times 
that of Boris’ method still provides good agreement be-
tween Boris’ and GC orbits. 
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Figure 9: Typical SILHI one bounce electron trajectory co-
ordinates as function of time. 

In this case the energy is conserved in the relevant scale 
for all propagation algorithms, which indicates that the GC 
approximation’s assumption is completely valid in this re-
gime (Fig. 10). With this source’s characteristics the GC 
algorithm was also found to be around 25 times as expen-
sive as Boris, with a time gain obtained from 100 times the 
dt used for Boris: 10 ps (Fig. 11). Using a 10 ns dt for the 
GC provides an almost instantaneous computation, ~30 
times faster compared to Boris, and good orbit agreement; 
however, using such a large dt would limit time resolution, 
therefore its viability depends on the use case. 

Figure 10: Electron energy vs propagation time for a one 
bounce orbit with varied dt. 

Figure 11: Computation time vs propagation time for a 100 
sequentially integrated trajectories with varied dt. 

Figure 12: SILHI, absolute difference between simultane-
ous points during propagation of Boris and GC electrons. 

The residuals show that in this regime (~1eV, SILHI) the 
GC algorithm breaks at a dt = 100 ns, providing an upper 
usability limit. Good agreement obtained for all smaller dt 
considered (Fig.12).  

CONCLUSIONS 
The GC algorithm can accurately reproduce electron tra-

jectories in the domain of both studied ion sources and re-
gimes: (i) for the PHOENIX V2 ECRIS being a ~1 T mag-

netic field and around ~1 keV of electron kinetic energy, 
and (ii) for the SILHI ion source a lower 0.1 T magnetic 
field and ~1 eV electron kinetic energy.  

The GC algorithm can provide an advantage in terms of 
computation time for particle plasma simulations. This ad-
vantage is greater for the conditions tested for SILHI, a 
flatter B-field relative to that of PHOENIX V2. In this re-
gime the time step can be increased by a factor of 103 with 
a computation time ~30 times smaller with respect to Bo-
ris’ using a 10ps time-step, without considerable loss in ac-
curacy, the time-resolution being the principal limitation. 

For the PHOENIX V2 ECRIS the gains are more mod-
est, allowing for a time-step increase of factor of 102 
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providing around one order of magnitude gain in required 
computation time. In certain cases, a disphasement be-
tween Boris’ and GC orbits is evident for 1 µs propagation 
time, however this seems to preserve the spatial orbit en-
velope. This effect could be neglected in use cases involv-
ing many simulated particles and furthermore, the intro-
duction of plasma interactions allows to re-initialize the 
electron, thus reducing the impact of this effect. 

In terms of prospects to follow this study, a smart 
switcher for orbit integration could be implemented, where 
the GC approximation is used with a large time-step when 
valid and a high time resolution isn’t required.  

APPENDIX 
To support the observed greater validity of the GC ap-

proximation in SILHI’s regime, below its validity ratio is 
plotted along representative PHOENIX V2 and SILHI tra-
jectories (Fig. 13). 

Figure 13: GC approximation validity test ratio along a typ-
ical SILHI (top) and PHOENIX V2 (bottom) trajectories. 
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Abstract
The plasma chamber and injection system design play

a fundamental role in ECRISs with the aim to obtain
an optimized electromagnetic field configuration able to
generate and sustain a plasma with a high energy content. In
this work we present the numerical study and the design of
an unconventionally-shaped cavity resonator that possesses
some key advantages with respect to the standard cylindrical
cavities, usually adopted in ion sources setups. The cavity
geometry has been inspired by the typical star-shaped
ECR plasma, determined by the magnetic field structure.
The chamber has been designed by using the commercial
softwares CST and COMSOL, with the aim to maximize
the on-axis electric field. Moreover, a radically innovative
microwaves injection system, consisting in side-coupled
slotted waveguides, has been implemented, allowing a better
power coupling and a more symmetric power distribution
inside the cavity with respect to the standard rectangular
waveguides. This new “plasma-shaped oriented” design
could relevantly improve the performances of the ECRISs
while making more compact the overall setup.

INTRODUCTION AND MOTIVATION
Microwave-to-plasma coupling in ECR Ion Sources is

based on the matching of the injection waveguide to the
plasma-filled cavity. The variation in the performances
in terms of extracted current and charge states has been
explained by taking into account the different patterns that
the electromagnetic field assumes on the resonance surface
[1, 2]. In the past years, various approaches to enhance ion
source performances through an optimization of the plasma
chamber shape [3] or through the use of improved microwave
injection systems, have been studied and presented [4–7].
This paper describes the numerical modeling of a novel
microwave cavity for plasma confinement whose geometry
has been determined by the electron trajectories as they move
under the influence of a B-minimum magnetic field. The
new cavity shape promotes the excitations of electromagnetic
modes that show a field maximum at its center; this could
result in an increase of the power absorbed by the plasma
and prevent the formation of the typical hollow plasma
observed experimentally and demonstrated by numerical
simulation [8]. Furthermore, due to the less occupied
∗ mauro@lns.infn.it

radial volume, the employment of the presented cavity
allows more space for the mid coils and thus a finer tuning
of the confining magnetic field could be possible. The
second part of the work describes an innovative microwave
launching scheme that employs a slotted waveguide placed
on the chamber outer wall. This radically new solution
greatly improves the number of modes that can be efficiently
coupled into the cavity, together with an improved electric
field symmetry along the cavity axis. Moreover, the new
microwave launch system allows more space on the end
flanges of the plasma chamber that can be employed by
other ancillary equipment, while offering a distributed and
more homogeneous power transfer to the plasma compared
to the classical axial injection scheme through rectangular
waveguide.

PLASMA SHAPED CAVITY AND AXIAL
MICROWAVE INJECTION

The presented “plasma-shaped” cavity is visible in Fig. 1,
along with its dimensions. For the future experimental
test on the CAESAR ECRIS setup [9], we set the cavity
diameter 𝑑 and length 𝐿 equal to 48.5 mm and 150 mm
respectively. The cavity geometry has been inspired by the
typical star-shaped ECR plasma and is determined by the
twisted B-minimum magnetic field structure [10] and also
takes into account the electrons trajectories as they move
under the influence of the magnetic field.

Figure 1: 3D model of the presented “plasma-shaped” cavity
with its fundamental dimensions.

In order to study the new cavity driven behaviour, it has
been connected to an axial feeding waveguide. Using the
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commercial simulator CST Studio Suite, its S-parameters
have been calculated and compared to those of a cylindrical
cavity with diameter 𝑑 = 63.5 mm and length 𝐿 = 150 mm
(CAESAR cavity dimensions), fed by the same feeding
configuration. The two geometries are visible in Fig. 2. In
particular, both structures: a) consists of a vacuum solid with
lossy metal boundary conditions, b) have been fed through a
standard WR62 waveguide and c) have been simulated using
the same mesh quality (curvature tolerance, number of mesh
refinement steps, etc).

(a)

(b)

Figure 2: (a) standard cylindrical cavity and (b)
“plasma-shaped” cavity models. Applied mesh and axial
feeding waveguides are visible.

The performances of both structures have been observed
in terms of S-parameters in the frequency range 14-14.5 GHz.
Figure 3 shows the |𝑆11 | curve for the considered geometries.
From the plots it can be seen that in the case of cylindrical
cavity the modes inside the considered frequency range are
not well adapted (i. e. not optimal power transfer from the
feeding waveguide to the cavity). However, in the case of
the “plasma-shaped” cavity, more modes are present inside
the considered bandwidth and in particular the mode at the
frequency of 14.304 GHz has the best coupling (≃ −15 dB).
Moreover, the electric field is much more intense than the
cylindrical case’ one, as can be seen in Fig. 4.

SLOTTED WAVEGUIDE ANTENNA
DESIGN

In order to improve the microwave-to-cavity coupling
and at the same time have a more uniform and symmetric
axial electric field distribution, a slotted waveguide

14 14.05 14.1 14.15 14.2 14.25 14.3 14.35 14.4 14.45 14.5
Frequency (GHz)

-15

-10

-5

0

|S
11

| (
dB

)

Cylindrical cavity
Plasma-shaped cavity

Figure 3: |𝑆11 | curve, inside the operational bandwidth of
14-14.5 GHz, for the standard cylindrical cavity and the
“plasma-shaped” one.

Figure 4: Electric field module plot on cavities slice:
cylindrical cavity ( 𝑓0 = 14.457 GHz) vs. plasma-shaped
cavity ( 𝑓0 = 14.304 GHz). The field has been normalized
to the maximum value of 10 kV/m.

has been employed as the microwave injection system
and its behaviour has been numerically characterized.
Slotted waveguides find many applications in radar and
communication systems due to their low-profile design
requirements, mechanical robustness, good efficiency,
relative ease of realization and wide operational frequency
bandwidth [11–13]. The first step has been the design
of a slotted waveguide antenna operating in free space.
Defining the guided wavelength for the TE10 mode of the
rectangular waveguide as 𝜆𝑔 = 𝑐

𝑓
1√

1−𝑐/(2𝑎 𝑓 )
, where 𝑓 is the

operational frequency and 𝑎 is the waveguide large side, the

24th Int. Workshop on ECR Ion Sources ECRIS2020, East Lansing, MI, USA JACoW Publishing
ISBN: 978-3-95450-226-4 ISSN: 2222-5692 doi:10.18429/JACoW-ECRIS2020-TUYZO03

06: Codes and Simulations

TUYZO03

91

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
19

).
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



guidelines for the design of a slotted waveguide antenna can
be found [14, 15]. In the numerical optimization of a slotted
waveguide antenna, particular attention must be paid to its
critical parameters, and in particular: the distance between
the center of the last slot from the closing metallic wall or
𝑑𝑠ℎ𝑜𝑟𝑡 , the width and length of the slots, 𝑤𝑠𝑙𝑜𝑡 and 𝑙𝑠𝑙𝑜𝑡
respectively. In general, the impedance bandwidth results
inversely proportional to the slot number [16]. However,
using a low number of slots has a negative impact on
the efficiency, so a trade-off for this parameters needs to
be chosen depending on the required performances. The
antenna shown in Fig. 5 has been optimized through the use
of CST. The operational bandwidth is 14.2-15.25 GHz with
central frequency 14.7 GHz. We chose to employ eight slots
with the scope to maximize the |𝑆11 | impedance bandwidth
and to obtain an uniform radiation pattern. This value has
also been chosen considering the available space along the
cavity outer wall, equal to 150 mm. A tuning of the slot width
or 𝑤𝑠𝑙𝑜𝑡 , a critical parameter that can affect the impedance
bandwidth [16], has been performed: the calculated |𝑆11 |
is shown in Fig. 6 for different slot width values. A good
compromise between impedance bandwidth and efficiency
has been found when 𝑤𝑠𝑙𝑜𝑡 = 2 mm.

Figure 5: Slotted waveguide antenna model and fundamental
parameters: slot length 𝑙𝑠𝑙𝑜𝑡 , width 𝑤𝑠𝑙𝑜𝑡 and distance from
the short circuit 𝑑𝑠ℎ𝑜𝑟𝑡 . The structure consists of an air
volume enclosed into a copper block (orange object). The
antenna is fed through a waveguide port, not visible in the
figure.

13.5 14 14.5 15 15.5 16
Frequency (GHz)

-40

-30
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wslot = 1 mm

wslot = 1.5 mm

wslot = 2 mm

Figure 6: |𝑆11 | vs. slot width 𝑤𝑠𝑙𝑜𝑡 : it can be seen that this
parameter affects the impedance bandwidth.

SLOTTED WAVEGUIDE INJECTION
SIMULATIONS

The final step has been the coupling of the slotted
waveguide to the cavities, as visible in Fig. 7. In the case
of the “plasma-shaped” cavity, the slotted waveguide has
also been twisted in order to follow the outer wall shape.
Figure 8 shows the |𝑆11 | curves for both cavities with the

(a)

(b)

Figure 7: (a) standard cylindrical and (b) “plasma-shaped”
cavities together with the adopted slotted waveguide
microwave injection system. In (b) the slotted waveguide
has also been twisted in order to follow the cavity profile.

slotted waveguide microwave injection system. From the
plot it is immediately evident that the use of the new injection
system results in a higher number of modes that are coupled
inside the cavities with respect to the standard launch with
an axial waveguide; this result could potentially improve ion
source performances when applying the frequency tuning
technique [17]. Figure 9 shows the electric field plot, at the
frequency of 14.466 GHz, for the “plasma-shaped” cavity
with the slotted waveguide injection. It can be observed
that the field has a maximum at the cavity center and that
the field profile has been symmetrized along the cavity axis
with respect to the one of Fig. 4, evaluated inside the cavity
with the axial waveguide injection. It has to be pointed out
that, for the same slotted waveguide injection configuration,
the cylindrical cavity presents a predominance of modes
with off-axis electric field maximum. The symmetric field
leads to a homogeneous power distribution from the multiple
radiating waveguide slots to the cavity, with a potential
advantage relative to the power absorption from the plasma.
Moreover, the use of the slotted waveguide could in principle
lead to an increase of the total employable power by creating
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Figure 8: |𝑆11 | curve, inside the operational bandwidth of
14-14.5 GHz and with the slotted waveguide microwave
injection system, for the standard cylindrical cavity and the
“plasma-shaped” one.

Figure 9: Electric field module plot at the frequency of
14.466 GHz for the “plasma-shaped” cavity with the slotted
waveguide injection.

a splitted-injection system composed of multiple slotted
waveguides placed radially with respect to the cavity [18].

CONCLUSION AND PERSPECTIVES
In this work, the numerical study of an innovative plasma

cavity geometry, inspired by the typical star-shaped ECR
plasma, has been presented. The new geometry presents
some key advantages with respect to the classical cylindrical
cavity; in particular, it is able to excite electromagnetic
modes with electric field maximum located near the cavity
axis, where the maximum of the resonant absorption takes
place. In order to obtain a more symmetric field profile
and an homogeneous power transfer to the plasma, a novel
microwave injection setup based on a slotted waveguide has
been introduced instead of the standard axial waveguide
setup. Numerical results show that the new injection system
greatly improves the excited modes inside the frequency
band of interest, which could be useful in ion source
frequency tuning operations. Moreover, the use of the
“plasma-shaped” cavity in conjunction with the slotted
waveguide results in the symmetrization of the excited
modes: this could allow a more uniform power transfer to the
plasma when a mode with electric field maximum along the

cavity axis is excites, as in the case of the presented geometry.
The innovative cavity geometry plus the new microwave
injection system solution also releases space from the main
injection flange exploitable for other ancillaries.
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CHARACTERIZATION OF 2.45 GHz ECR ION SOURCE BENCH FOR
ACCELERATOR-BASED 14-MeV NEUTRON GENERATOR 
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Abstract 
   The 2.45 GHz Electron Cyclotron Resonance Ion 
Source (ECRIS) has been indigenously developed. This 
development of ECRIS aims to provide high brightness, 
stable, and reliable D+ ion beam of 20 mA beam current 
in a continuous (CW) mode operation for an accelerator-
based D-T neutron generator. The ECR ion source setup 
consists of a microwave system, a magnet system, a dou-
ble wall water-cooled plasma chamber, a high voltage 
platform, a three-electrode ion extraction system, and a 
vacuum system. The ECR ion source test setup is in-
stalled, and deuterium plasma is generated. A three-elec-
trode extraction system is designed and fabricated for the 
ion beam extraction. A ~10 mA deuterium ion beam is 
extracted from the ECR ion source. The paper covers the 
detailed experimental setup of ion beam characterization 
and diagnostics used for measurement of beam profile, 
beam current, and beam emittance measurements. It also 
covers the latest results of beam emittance measurements. 

INTRODUCTION 
The 2.45 GHz ECR ion source is one of the main com-

ponents of the 14-MeV neutron source. It plays an im-
portant role in the operation of the neutron source, particu-
larly in the stability, reliability, and performance of the en-
tire system. Therefore, it gives us the motivation to us for 
developing the 2.45 GHz ECR ion source for the upcoming 
neutron source facility at IPR. In the last three decades, 
many international laboratories had worked on the devel-
opment of a 2.45 GHz ion source and achieved good per-
formance. The list of some of the high current 2.45 GHz 
ECRIS is shown in Table 1. The designs of the referred 
(Table 1) 2.45 GHz ECR ion sources have been studied for 
the development of 2.45GHz ECRIS for a 14-MeV neutron 
generator. The 2.45 GHz ECRIS has been designed and de-
veloped based on three Coaxial NdFeB permanent magnet 
Ring type of magnetic system and three-electrode extrac-
tion system to produce the 20 mA deuterium ion beam. The 
results of the deuterium ion beam extraction and emittance 
measurements were published in this paper. 

Table 1: Parameter of the 2.45 GHz ECR Ion Sources 
Parameter 
of 2.45 
GHz 
Source 

SILHI  
(SPIRAL -
2) 
FRANCE 

CEA/Saclay 
(IFMIF) 
FRANCE 

PKUNIFTY 
CHINA 

LBNL 
USA 

Power 1200 2000 W 800 W 700 W 

Magnet 
System 

Three 
Coaxial 
NdFeB 

Two sole-
noid con-
figuration 

Three Co-
axial 
NdFeB 

Two sole-
noid con-
figuration 

Beam Op-
tics/ ex-
traction 
system 

5 elec-
trode 50 
kV max, 

5 electrode 
55 kV max, 

3 electrode 
50 kV max, 

3 electrode 
60 kV max, 

Extraction 
aperture 

3 mm 9mm 5mm 3mm 

Emit-

tance( 
mm mrad) 

< 0.1 0.25 0.2 0.04 

Max Beam 
Current 

10 (D) 140(D) 100(D) 44(D) 

the tritium target and produces the neutrons in order of 1012 
per second [1].The facility consists of a 2.45 GHz ECR ion 
source, low energy beam transport system, 300 kV electro-
static acceleration system, medium energy beam transport 
system, rotating tritium target, vacuum system, and tritium 
handling & recovery system. The footprint layout of the 
facility is shown in Fig-1. The entire 14-MeV neutron gen-
erator facility will be installed in the 15m x 15m x 9m neu-
tron generator hall, which has 1.8 m thick concrete wall 
and 0.5 m roof for biological shielding [2]  

 ___________________________________________  

† sudhir@ipr.res.in  

The 14-MeV neutron generator and deuterium ion irra-
diation facility is being developed at the Institute for 
Plasma Research. It will be used for the fusion neutronics 
activities to support the Indian as well as international fu-
sion program. The neutron is generated by a D-T fusion 
reaction in which the accelerated deuterium ion beam hits 

The deuterium beam is generated by the 2.45 GHz 
ECR ion source bench. It further transports to the low 
energy beam transport system, where other ion spices 
(D2+, D3+) of the deuterium beam will be separated from 
D+ ion beam by using the dipole magnet and diag-
nosed through the Beam Diagnostic System (BDS). 
The only D+ ion beam will transport for further accele-
ration. The ion beam properties will be measured by an 
integrated BDS which con-sists of a beam profile moni-
tor, a X-Y slit, and a Faraday cup. To achieve the quality 
of the deuterium beam for ac-celeration, it will again 
focus through the quadrupole triplet and further accelera-
ted up to 300 keV through an electro-static accelerator 
system. The properties of the accelerated deuterium beam 
are measured for the second time by a sim-ilar integrated 
BDS and the focused by quadrupole triplet to the swit-
ching magnet. Inside the switching magnet, the deute-
rium beam is splitted into three separate beamlines  (-45o, 
0o, +45o). The zero-degree beamline will be used for 
14MeV neutron production by bombarding the deuterium 
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beam on a rotating water-cooled Tritium target (TiT). The 
other two numbers of ± 45o beamline used for the 
deuterium ion beam irradiation experiments. The Tritium 
Handling and Recovery System (THRS) will be 
integrated with the exhaust of the beamline system to 
recover the sputtered tritium from the tritium target 
during the bom-bardment [3]. 

EXPERIMENTAL SETUP 

Figure 2 shows the photograph of the experimental setup 
for the beam characterization experiments. It consists of 
the 2.45 GHz magnetron based microwave source followed 
by three stub tuner, 50kV DC high voltage break, 3-step 
ridge waveguide, plasma chamber with three coaxial 
NdFeB permanent magnet ring type of magnetic system, 
three electrodes extraction system, magnetic lens, vacuum 
chamber, dual Allison emittance scanner, and Faraday cup. 
A Pfeiffer make (EVR 116) mass-flow controller is used to 
feed deuterium gas into the plasma chamber to create deu-
terium plasma.  

The three-electrode extraction system consists of a 
plasma electrode, accel electrode, and decel electrode to 
extract the deuterium ion beam, which has a 6 mm, 8mm, 
and 8 mm aperture diameter, respectively. The plasma elec-
trode is kept at positive potential up to 30 kV, accel elec-
trode, and decel electrode at negative potential up to 3 kV 
and ground potential, respectively. The extracted deuter-
ium ion beam is focused by the magnetic lens, which had a 
0.350 T magnetic field with a length of 255mm and 40 
mm half aperture. Earlier, we were using an Einzel lens 
for the focusing of the ion beam, which is now replaced 
with a magnetic lens for better focusing on the high 

current ion beam [4]. The emittance and current are 
measured using a dual Allison emittance scanner system 
and a Faraday cup, respectively.  

Before the D ion beam generation, the system was evac-
uated to a base pressure ~ 10-6 mbar. The deuterium plasma 
was produce using 100 to 400 watt of microwave power 
with a gas flow rate of 1 to 5 x 10-4 mbar l/sec. The ion 
beam current is measured as a function of the extraction 
voltage for different MW power. The X-Y emittance is 
measured at various solenoid current in the magnetic lens 
system for beam focusing. 

Figure 1. Layout of the 14-MeV neutron generator. 

Figure 2: Photo graphic view of experimental setup. 

RESULTS & DISCUSSIONS 

Figure 3 Measurement of deuterium ion beam current as a 
function of extraction voltage & microwave power. 

The ECR ion source has been tuned for the extraction of 
the deuterium ion beam. The beam current as a function of 
the extraction voltage for different microwave power is 
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shown in Fig. 3. The preliminary emittance measurement 
has been done in both X and Y plans. The extraction 
voltage and acceleration voltage are fixed at 15 kV and -
0.8 kV, respectively during the emittance measurement. 
The results of the emittance measurements are shown in 

Fig. 4 at various solenoid current. It is observed that there 
is a variation between the X-plan and Y-plan emittance 
measurements. The value of normalizing emittance for 
90% beam envelop is between 0.093 to 0.308 π.mm.mrad 
and 0.129 to 0.471π.mm.mrad for X-plan and Y- plan, 
respectively. The analysis of the results of the emittance 
measurement is going on.   

SUMMARY 
For the better focusing of the ion beam into the LEBT, 

the Einzel lens has been replaced with the magnetic lens 
(Solenoid).To measure the beam emittance dual Allison 
emittance scanner has been integrated into the test bench. 
The beam characterization experiments have been per-
formed. The beam emittance, as well as beam profile, have 
been measured as a function of solenoid current. The nor-
malized emittance is between 0.093 to 0.308 π.mm.mrad 
and 0.129 to 0.471π.mm.mrad for X-plan and Y- plan, 
respectively. The beam diameter is < 20 mm.   
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Figure 3. Beam emittance with various solenoid current 
with fix extraction voltage of 15 kV. 

24th Int. Workshop on ECR Ion Sources ECRIS2020, East Lansing, MI, USA JACoW Publishing
ISBN: 978-3-95450-226-4 ISSN: 2222-5692 doi:10.18429/JACoW-ECRIS2020-TUZZO01

07: Beam Extraction and Transport

TUZZO01

97

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
19

).
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



ELECTRON CYCLOTRON RESONANCE ION SOURCE RELATED
RESEARCH AND DEVELOPMENT WORK AT THE DEPARTMENT OF

PHYSICS, UNIVERSITY OF JYVÄSKYLÄ (JYFL)∗

M.S.P. Marttinen†, B.S. Bhaskar1, A. Ikonen, T. Kalvas, H. A. Koivisto, S.T. Kosonen,
R.J. Kronholm, O.A. Tarvainen2, O.P.I. Timonen, V. Toivanen

Department of Physics, University of Jyväskylä, 40500 Jyväskylä, Finland
I. Izotov, V. Skalyga

Institute of Applied Physics of Russian Academy of Sciences, 603950 Nizhny Novgorod, Russia
J. Angot, T. Thuillier, Université Grenoble Alpes, 38000 Grenoble, France

L. Maunoury, Grand Accélérateur National d’Ions Lourds, 14076 Caen, France
1also at Université Grenoble Alpes, 38000 Grenoble, France

2also at STFC ISIS Pulsed Spallation Neutron and Muon Facility, Rutherford Appleton Laboratory,
OX11 0QX Harwell, UK

Abstract
Recent research work of the JYFL ion source team covers

a wide variety of ion source related projects. The instability
measurements have been expanded from the pulse-periodic
kinetic instabilities to the cw maser regime, characterized by
continuous microwave emissions at high 𝐵min/𝐵ECR ratio. It
has been observed that with appropriate settings, this regime
can offer islands of stability with improved performance.

The ion beam transient studies have focused on develop-
ing diagnostics methods for studying the confinement times
of highly-charged ions in ECR plasmas utilizing the 1+ in-
jection method with a charge breeder and the sputtering
method with a conventional ECRIS. These studies imply
that long enough confinement times can exist in the plasma
offering a potential explanation for the high ion temperatures
measured with the high-resolution plasma optical emission
spectrometer setup (POSSU), developed at JYFL. POSSU
itself is currently being upgraded to enable time-resolved
measurements of the emission line profiles.

The commissioning status of the unconventional CUBE-
ECRIS with a minimum-B quadrupole magnetic field topol-
ogy is also presented. The topology, realized with all-
permanent magnet structure, is based on the ARC-ECRIS [1]
and is optimized for 10 GHz frequency. The status and op-
erational experience with HIISI is reported as well.

PLASMA INVESTIGATIONS
The plasma instability studies with the 14 GHz ECRIS at

JYFL have recently concentrated on exploring the plasma
maser regime achieved at high 𝐵min/𝐵ECR ratio. This regime,
characterized by continuous microwave emission, and the
mechanism of the plasma maser formation in the ECRIS
plasma was first discussed by Shalashov et al. [2, 3]. It was
recently confirmed that the transition from the pulse-periodic
instability regime to the cw maser regime is sometimes (with

∗ Work supported by the Academy of Finland (Project funding No. 315855)
† email address: miha.s.p.marttinen@jyu.fi

appropriate tuning and plasma heating frequency) accom-
panied by increased output of high charge state ions [4]
exceeding the beam currents achieved below the instability
threshold at 𝐵min/𝐵ECR of 0.8–0.85. The maser regime cor-
responds to the "islands of stability" at 𝐵min/𝐵ECR of 0.9
or higher. It is argued that the maser regime improves the
extracted beam currents by enhancing the hot electron losses
through the continuous particle-wave interaction, which in
turn increases the ion flux by acting on the electrostatic
ion confinement. The experiments in the maser regime
have been carried out with plasma heating frequencies of
10.8–12.4 GHz because of the excessively high solenoid coil
currents required to reach 𝐵min/𝐵ECR > 0.9 with 14 GHz
operation.

The JYFL-LPSC collaboration has been developing a
code that describes the real 3D magnetic field topology of
ECRIS by expanding the on-axis field to 𝑟 > 0 with a 6th

order polynomial and superimposing it with an ideal sex-
tupole field [5]. The main objective of the work is to extract
all relevant field parameters and compare them to the experi-
mentally found plasma instability threshold. The work aims
to define the most influential parameter concerning the onset
of plasma instabilities. Figure 1 shows, as an example, the
distribution of the magnetic field gradient on the ECR sur-
face of the JYFL 14 GHz ECRIS with nominal coil currents.
The code has already been used to correlate the magnetic
field properties, especially magnetic gradient distribution,
and occurrence of plasma instabilities for SECRAL-II [6]
and JYFL 14 GHz ECRIS [7].

The JYFL-GANIL-LPSC collaboration has been devel-
oping diagnostic methods for measuring and studying cu-
mulative and population confinement times of ions in the
ECRIS plasmas. The temporal evolution of the ion popula-
tions is defined by ionization and charge exchange processes,
and ion confinement time as per the balance equation [8].
The confinement time must be long enough to allow highly
charged ion formation via the stepwise ionization process,
but also as short as possible to produce high extraction cur-
rents. It is a critical parameter especially in the production
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Figure 1: An example of the magnetic field gradient distri-
bution on the (cold electron) ECR surface of JYFL 14 GHz
ECRIS with nominal solenoid currents.

Figure 2: An example of extracted K9+ (black line) with
pulsed injection of K+ (dashed line) into a helium buffer
(a) and a comparison of obtained 𝜏

𝑞
c using 1+ injection in

a CB-ECRIS and sputtering in a conventional ECRIS (b).
The exponential fit defining 𝜏𝑐 as well as the conventional
charge breeding time 𝜏CB are also plotted.

of Radioactive Ion Beams (RIBs) for nuclear physics studies
due to the decay of the injected isotopes.

The confinement time has been studied via transient meth-
ods using 1+ injection into a charge breeder and sputtering
in a conventional ECRIS. The basic principle of the transient
method is to inject material in pulses into a support plasma,
and observe the time structure of the extracted ion currents.

Figure 2 (a) shows a current transient resulting from injection
of potassium into a Charge Breeder ECRIS (CB-ECRIS).
The cumulative confinement time 𝜏𝑐 is determined by means
of an exponential fit to the decaying current transient as in-
dicated in Fig. 2 (a). It has been argued to represent the total
ion lifetime in plasma, as the decaying current is fed by ion-
ization from lower states and charge exchange from higher
states and conversely diminished by ionization to higher and
charge exchange to lower states [10]. The conventional mea-
sure for the charge breeding time 𝜏CB (the 90 % rise time
of the current) is also indicated in the figure. Alternative
methods for determining the charge breeding time based on
short pulse injection have been presented in Ref. [9].

Mutually corroborative results have been obtained from
CB and conventional ECRIS as shown in Fig. 2 (b) [10]. The
𝜏𝑐 values obtained from the measurements have been shown
to be long enough to allow ion heating via electron drag
to temperatures on the order of 10 eV, offering a potential
explanation for the observed ion temperatures ranging from
5 eV to 28 eV [11].

A high-resolution spectrometer POSSU, developed at
JYFL, has proven to be a very powerful tool for ECRIS
plasma diagnostics. It has been used to probe densities of
ions and neutral atoms [12], temperature of the cold electron
population [13] and ion temperature [11]. POSSU has a
Fastie-Ebert type monochromator with two slits (entrance
and exit) and rotating diffraction grating. The scanning time
of an emission line profile with this configuration is approx-
imately 10 minutes. The ongoing technical development
to improve the spectrometer beyond its present capabili-
ties aims to enable time-resolved measurement of the line
profiles of relatively strong emission lines such as 488 nm
of Ar+ and 553 nm of Ar9+ with ms-level temporal resolu-
tion [14]. The modifications required to achieve this include
the minimization of the astigmatism with circular entrance
slit, optimization of the throughput of the monochromator
and replacing the photomultiplier detection system with a
high-sensitivity, high-speed, peltier cooled sCMOS detector.
The experiments that become available after the ongoing
upgrade include time-resolved measurements of the ion tem-
peratures.

SOURCE DEVELOPMENT
The HIISI ECR ion source [15–17] was designed and con-

structed during 2015-2017. The testing, which was started in
Fall 2017, demonstrated the feasibility of an innovative per-
manent magnet cooling scheme and a capability of HIISI to
produce very high charge states, like Xe44+, required by the
user community of the JYFL Accelerator Laboratory. The
commissioning experiments were started with 24-segment
hexapole (𝐵rad ≈ 1.32 T). As a result of an unexpected over-
heating problem the tuning range and operational time of
HIISI were strongly limited. The problem was resolved for
the stronger 36-segment hexapole structure (𝐵rad ≈ 1.42 T)
construction of which was started in the beginning of 2018.
Together with the stronger radial confinement and increased
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microwave power (up to 3 kW) available for the plasma heat-
ing the intensity of e.g. Ar16+ ion beam has increased from
54 µA to 130 µA.

After a short commissioning period, HIISI has been used
for the nuclear physics program always when high beam
intensity, high charge states or high beam stability is required.
Figure 3 shows the injection structure of HIISI: the center
of the bias disk is made of magnetic iron (AISI 1006) to
maximize the injection magnetic field value (2.8 T). The
figure also shows V and Au samples mounted in the plasma
flux area on the surface of the non-magnetic part of the
bias disk (SAE316). As a result of the arrangement, the
ion flux of 1 · 105 particles/s/cm2 on the experimental target
was easily exceeded in the case of 51V18+ and 197Au54+ ion
beams.

Figure 3: Injection geometry of HIISI including samples for
V and Au ion beam production.

Another ion source currently under development at JYFL
is the CUBE-ECRIS. It has a minimum-B quadrupole field
topology which conforms to the conventional ECRIS scaling
laws for 10 GHz microwave operation. A detailed descrip-
tion of the design is presented in Ref. [18]. The magnetic
field structure is based on the ARC-ECRIS concept [1], but
realized with an all permanent magnet assembly. The aim
of the CUBE-ECRIS project is to study the production of
highly charged ion beams with a quadrupole field topology
and demonstrate beam formation and transport with a slit
extraction system, comparing the performance to a conven-
tional ECRIS. Being successful, this alternative topology
could have high potential for future ECRIS development, as
it has been shown to be scalable to reach appropriate mirror
ratios for 100 GHz operation using the existing supercon-
ductor technology [19].

The construction of the CUBE-ECRIS was commenced
in Spring 2020 and the permanent magnet assembly was
completed in September 2020. The assembly is presented
in Fig. 4. The resulting magnetic field was verified by mea-
suring the 𝐵𝑦 and 𝐵𝑥 components of the field along the 𝑦

direction through the magnetic structure, crossing 𝐵min at

𝑦 = 0. The measured and simulated fields are presented in
Fig. 5. The first plasma is expected in the first quarter of
2021.

Figure 4: The CUBE-ECRIS permanent magnet assembly
inside the Al support structure.

Figure 5: Comparison of simulated and measured magnetic
field of the CUBE-ECRIS. Plasma chamber walls are indi-
cated with dashed vertical lines.
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Abstract

SEISM (Sixty gigahErtz Ion Source using Megawatt mag-
nets) is a compact ECR ion source operating at 60 GHz. The
prototype uses a magnetic CUSP to confine the plasma. This
simple magnetic geometry was chosen to allow the use of
polyhelix coils (developed at LNCMI, Grenoble) to gener-
ate a strong magnetic confinement featuring a closed ECR
surface at 2.14 T. The plasma is sustained by a 300 kW mi-
crowave pulse of 1 ms duration and with a 2 Hz repetition
rate. Previous experiments at LNCMI have successfully
demonstrated the establishment of the nominal magnetic
field and the extraction of ion beams with a current den-
sity up to ∼1 A cm−2. The presence of "afterglow" peaks
was also observed, proving the existence of ion confinement
in a CUSP ECR ion source. The last run was prematurely
stopped due to an incident but the project restarted in 2018
and new experiments are planned in 2021. A new transport
beam line has been designed to improve ion beam transport
towards the beam detectors. Short and long-term research
plans are presented, including numerical simulations of the
beam transport line and future upgrades of the ion source
with the main goal to transform the high current density
measured into a useable high intensity ion beam.

MOTIVATION

In 2014, the experimental 60 GHz ECR ion source,
SEISM, produced ion beams with a current density up to
J ≈1 A cm−2 [1] using a CUSP magnetic configuration [2]
with a closed ECR surface. These results were obtained with
a 1 mm diameter plasma electrode to manage the beam in
a low acceptance beam line. Such a high current density
in a CUSP configuration is so far unique in the field of the
ECR ion source and it opens new potential applications for
next generation particle accelerators. The experiment was
incidentally stopped in 2014 by the presence of a stainless
steel wire in the water cooling system which created a short
cut between two of the four ion source coils and destroy
them. At the restart of the project in 2018, an analysis was
launched to improve the implantation and the performances
of the experiment installed in one of the LNCMI experimen-
tal hall.

∗ thomas.andre@lpsc.in2p3.fr

SHORT TERMS PLANS
Experiment upgrade

First, the two coils that were damaged during the previous
experimental campaign have to be reconstructed. Second,
the analysis beam line originally solely composed of a bend-
ing magnet has beam revised in order to improve the trans-
mission of the beam line. To do so, numerical simulations
were performed with the Tracewin code [3], and a new design
using existing available equipements was decided. Figure1
shows the new implantation of the experiment. In this con-
figuration, the transport line is composed of a quadrupole
triplet with 150 mm gap to ensure focusing of the ion beam
and the original dipole with a 60 mm gap was replaced by an
existing dipole with a larger gap of 90 mm and a horizontal
aperture of 300 mm. Transport simulations indicate that the
theoretical transmission could reach 90 % for a 1 mm plasma
electrode diameter.

Figure 1: 3D view of the new implantation of the SEISM
ion source at LNCMI laboratory.

Another upgrade concerns the range of pressure available
in the source. Indeed the existing plasma chamber had a
vacuum leak limitating its base pressure to 10−5 mbar. A
new plasma chamber design was done to solve the issue
and reach 10−7 mbar. This improvement will also allow to
increase the voltage applied on the extraction of the source
from 25 up to 40 kV to improve the beam line transport.

Objectives of future experimental sessions
A new experimental campaign is scheduled in 2021 on

the SEISM source. Thanks to the upgrade of the beam line,
one should be able to reliably reproduce the data obtained
in 2014. One experimental goal is to characterize the high
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density plasma as a function of the source parameters such
as, magnetic field, gas pressure, HF power and the radial
biased ring voltage, located between the the two CUSP coils
(see Fig. 2).

Figure 2: 3D cut view of the SEISM source. Polyhelix
(pink), plasma chamber (light grey and blue).

A concomitant monitoring of the plasma stability will be
done during the experiments using the technique described
in reference [4] . Another point of interest for measurements
will be to measure lost electron energy distribution (LEED)
which is unknown from a CUSP. Finally, a complete char-
acterisation of the ion beam will be performed. The beam
current will be measured in different location, giving in-
formation on the transport of very intense beam, and the
emittance will be measured by a pepperpot device [5].

LONG TERM PLANS
PACIFICS is a joint project carried by IN2P3 and CEA

dedicated to perform high level research and development
in the field of particle accelerators. The collaboration an-
swered in 2020 to the EQUIPEX call by the French Agence
Nationale de la Recherche. The answer to the call is pending
at the time of writting of this document. PACIFICS includes
a work package dedicated to the enhancement of high inten-
sity beams for the next generation accelerators. It includes a
significant budget for equipements and the priority is first
to relocate the SEISM source from LNCMI to LPSC. This
action requires to replace the existing resistive coils by a
set of superconducting ones [6] . Indeed, experiments at
LNCMI are limited to roughly two weeks per year which
slows down the research (magnetic field time at LNCMI is
shared among several users and must be approved by the Eu-
ropean European Magnetic Field Laboratory through calls
for experiment). A second priority is to upgrade the 60 GHz
gyrotron high voltage power supply from pulsed to 20 kW
continuous working (CW) operation. Next, the main goal is
to enlarge the plasma electrode extraction hole of SEISM to
investigate the production of high intensity beams of medium
charge state ions in pulsed and CW operation. It is planned
to install an extraction system identical to the SILHI ion
source and study the beam emittance and beam neutralisa-

tion in a simple LEBT equiped with a diagnostic box and a 
beam dump. A study was done to investigate the possible 
geometry of the superconductive coils of the ion source, the 
goal being to produce a closed 2.14 T ECR surface with two 
coils arranged in a single cryostat. The parameter varied in 
the study is the diameter of the plasma chamber taken as 
150 mm, 200 mm and 250 mm. The cable used for these sim-
ulations has a rectangular section of 1.08 × 0.68 mm with a 
Cu:NbTi ratio of 1.35:1 from Oxford Instruments [7]. For 
each configuration, one considers two coils of rectangular 
section with opposite current applied to reproduce the CUSP 
configuration. Dimensions of the coils were adjusted to ob-
tain the closed ECR surface at 2.14 T with an added criteria 
to have a 10 mm minimum distance between the ECR zone 
and the plasma chamber wall . Table 1 summarizes the coils 
main parameters for the 250 mm case.

Table 1: Coils Parameters for a 250 mm Plasma 
Chamber Diameter

Solenoid 1 Solenoid 2

Axial position [mm] -60 +60
Inner Diameter [mm] 165 165
Depth [ mm] 40 40
Width [mm] 200 200
Turn/layer 185 185
Number of layer 59 59
Turn /coil 10915 10915
Design current [A] 272 272
Length of cable [km] 9.6 9.6
Bmax at coil (at design current) [T] 5.9 5.9

Figure 3 shows the fieldmap in the case of the 250 mm 
diameter for the plasma chamber. In this figure, the white 
rectangle represents the coils, and the blue line represents 
the plasma chamber wall. In this example, one can see that a 
closed surface at 2.14 T, corresponding to the magnetic field 
needed to achieved resonance at 60 GHz, is present. The 
closed surface is here located 1.6 cm (see Fig. 5) away from 
the plasma chamber wall, value well above the minimum 
target design value of 1 cm.
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Figure 3: Field map for 250 mm diameter plasma chamber .
Plasma chamber (blue). Surface of 2.14 T

To verify the feasibility of the magnetic configuration,
one of the important criteria is to verify if the coil loadline

24th Int. Workshop on ECR Ion Sources ECRIS2020, East Lansing, MI, USA JACoW Publishing
ISBN: 978-3-95450-226-4 ISSN: 2222-5692 doi:10.18429/JACoW-ECRIS2020-TUZZO04

03: Production of High-intensity Ion Beams

TUZZO04

103

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
19

).
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



is not too close of the critical curve of the superconducting
cable at 4.2 K. Figure 4 shows the loadlines for the three
cases studied . For every case, the coil loadline are always
under 85 % of the critical current.
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Figure 4: Load lines for the different plasma chamber diam-
eter.

Figure 5 presents the evolution of the distance between the
ECR zone and the chamber wall as a function of the diame-
ter of the plasma chamber. One can see that, for all cases,
the distance is always above 1 cm, the minimum distance
wanted.
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Figure 5: Evolution of the distance between the plasma 
chamber and the ECR surface for different plasma chamber 
diameter.

The stored energy in the system is display in Fig. 6 as a 
function of the chamber diameter.

Figures 7 and 8 respectively present the axial (r = 0) and 
radial (z = 0) magnetic field f or t he t hree configurations 
corresponding to the three diameter of the plasma chamber. 
Table 2 summarizes the magnetic fields properties for each 
configuration.

Table 2: Magnetic Field Properties

Plasma chamber diameter [mm] 150 200 250

Bz−max [T] 4.07 4.08 4.02
Br−max[T] 2.45 2.54 2.47
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Figure 6: Magnetic energy stored in the system for different
plasma chamber diameter .
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Figure 7: Axial magnetic field on axis (r=0) for the different
configuration corresponding to the different plasma chamber
diameter.
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Figure 8: Radial magnetic field at the center of the chamber
different configuration corresponding to the different plasma
chamber diameter.

CONCLUSION
SEISM ion source R&D will resume in 2021 when a new

experimental campaign will happen. Long term plan aims
to relocate the ECRIS at LPSC to ease the research and
demonstrate the production of very intense CW beam of
medium charge state ions.
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MULTI-SPECIES CHILD-LANGMUIR LAW
WITH APPLICATION TO ECR ION SOURCES ∗ †

Chun Yan Jonathan Wong‡, Oak Ridge National Laboratory, Oak Ridge, USA
Steven Mocko Lund, Facility for Rare Isotope Beams, East Lansing, USA

Abstract
We generalize the classical single-species Child-

Langmuir Law to analyze multi-species beams from ECR
ion sources. The formulation assumes the relative weight of
each species in the extracted beam is known. We apply the
results to charge state distribution data from Artemis- and
Venus-type sources at the NSCL and LBNL respectively.
The total measured beam current is close to the maximum
current predicted by the multi-species Child Langmuir law
in each case, which indicates that beam extraction occurs
close to space-charge-limited flow conditions. Prospects for
application of the results and further studies on the topic are
outlined.

INTRODUCTION
The classical Child-Langmuir law [1, 2] describes the

maximum steady state current that can be transported within
a diode given the following assumptions: 1) the diodes are
infinite planes with uniform emission which renders the
problem one-dimensional; 2) the charged particles are emit-
ted with zero initial velocity (i.e. cold); 3) there is only one
species of charged particles; and 4) the particles are non-
relativistic. In such a system, space charge forces limit the
current that can be transmitted and the maximum current
density is given by:

𝐽 =
4
√

2
9

𝜖0

√︂
𝑞

𝑚

𝑉
3/2
0
𝑑2 (1)

where 𝑞 and 𝑚 are the charge and mass of the charged par-
ticle, 𝑉0 and 𝑑 are the potential difference and distance be-
tween the cathode and anode, and 𝜖0 is the permittivity of
free space. Only ions are considered in this study so we take
𝑞 to be always positive. If the current density exceeds the
limit in Eq. (1), the E-field at the emitting surface would
reverse its polarity and “choke” the flow. This space-charge-
limited current, also called the Child-Langmuir (CL) current,
scales as 𝑉0 to the power 3/2.
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In this paper, we discuss how the classical Child-Langmuir
law can be generalized to a multi-species case, i.e. when
the beam consists of charged particles with multiple distinct
charge-to-mass ratios. The generalized solution is applied
to Electron Cyclotron Resonance (ECR) ion sources which
typically extract ions with many different charge states.

MULTI-SPECIES CHILD-LANGMUIR LAW
To generalize the single-species Child-Langmuir law to

multi-species, we first observe that the single-species solu-
tion is derived from a set of three equations:

Poisson equation:
𝑑2

𝑑𝑧2Φ =
1
𝜖0

𝜌 (2)

continuity equation: 𝐽 = 𝜌𝑣 = const (3)

energy conservation: Φ =
1
2
𝑚

𝑞
𝑣2 (4)

where 𝑧 is the axial coordinate and Φ = 𝑉0 − 𝜙 with 𝜙 being
the electric potential and 𝑉0 being the potential difference
between the two electrodes. Φ so defined givesΦ(𝑧 = 0) = 0
at the cathode and Φ(𝑧 = 𝑑) = 𝑉0 at the anode, which
simplify the equations when 𝑞 is positive. 𝜌 is the charge
density, 𝑣 is the beam velocity and the other quantities have
the same definition as in Eq. (1). Note that Φ, 𝜌 and 𝑣 are
all functions of 𝑧.

For the same diode system with 𝑛 distinct species:

Poisson equation:
𝑑2

𝑑𝑧2Φ =
1
𝜖0

𝑛∑︁
𝑖=1

𝜌𝑖 (5)

continuity equations: 𝐽𝑖 = 𝜌𝑖𝑣𝑖 = const (6)

energy conservation: Φ =
1
2
𝑚𝑖

𝑞𝑖
𝑣2
𝑖 (7)

where all symbols with subscript 𝑖 denote the respective
variables of the 𝑖-th species. The Poisson equation couples
all species, whereas each species has its own continuity
equation and energy conservation equation. Hence the multi-
species system is described by a total of (2𝑛 + 1) equations.

Inspired by the two-species solution in the problem set of
[3], one way to solve for the maximum current density in the
multi-species case is to recast the (2𝑛 + 1) equations into 3
equations that resemble the form of Eq. (2) - (4) as follows:

Poisson equation:
𝑑2

𝑑𝑧2Φ =
1
𝜖0

𝜌 (8)

continuity equation: 𝐽 = 𝜌𝑣eff = const (9)

energy conservation: Φ =
1
2

[
𝑚

𝑞

]
eff
𝑣2

eff (10)
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where 𝑣eff is an effective velocity and [𝑚/𝑞]eff is an effective
mass-to-charge ratio. The total charge and current densities
𝜌 and 𝐽 are given by:

𝜌 =

𝑛∑︁
𝑖=1

𝜌𝑖 (11)

𝐽 =

𝑛∑︁
𝑖=1

𝐽𝑖 (12)

If such a transformation exists, the multi-species problem is
reduced to single-species and the classical Child-Langmuir
solution immediately follows:

𝐽 =
4
√

2
9

𝜖0

√︂[ 𝑞
𝑚

]
eff

𝑉
3/2
0
𝑑2 (13)

where [ 𝑞
𝑚

]
eff

≡
( [
𝑚

𝑞

]
eff

)−1
(14)

The effective velocity 𝑣eff in Eq. (10) is fixed by Eq. (9)
and is just the proportionality constant between 𝐽 and
𝜌. Therefore, the key to solving the multi-species Child-
Langmuir law is finding the correct effective mass-to-charge
ratio [𝑚/𝑞]eff such that Eq. (10) holds. We prove in the
Appendix that the effective mass-to-charge ratio is:[

𝑚

𝑞

]
eff

=

(
𝑛∑︁
𝑖=1

𝑐𝑖

√︂
𝑚𝑖

𝑞𝑖

)2

(15)

where

𝑐𝑖 ≡ 𝐽𝑖/𝐽 (16)

denotes the current weight of the i-th species which we
presume to be specified.

A comparison between the multi-species solution in
Eq. (13), and the single-species solution in Eq. (1), of the
Child-Langmuir law shows that the only difference lies in
the charge-to-mass ratio. This means that all information rel-
evant to the multi-species nature of the problem is encapsu-
lated in the effective charge-to-mass ratio given by Eq. (15),
and the dependence of the maximum current density on all
other parameters remains identical. This is also precisely the
reason it was possible to reduce the multi-species problem
to single-species in the first place.

APPLICATION TO ECR ION SOURCES
Beams from ECR ion sources typically contain ≳ 10

species whose respective currents are routinely measured to
obtain the charge state distribution (CSD). With knowledge
of the current weights 𝑐𝑖 in Eq. (15) via the CSD, the multi-
species Child-Langmuir law is readily applicable to the beam
extraction system to determine the maximum transmittable
current and to analyze whether the extraction process is
consistent with space-charge-limited flow.

In terms of atomic number 𝐴 and charge state 𝑄, the
maximum current density can be expressed as:

𝐽 = 5.47 × 10−8

√︄[
𝑄

𝐴

]
eff

𝑉
3/2
0
𝑑2

[
A/m2] (17)

where [
𝑄

𝐴

]
eff

=

(
𝑛∑︁
𝑖=1

𝑐𝑖

√︄
𝐴𝑖

𝑄𝑖

)−2

(18)

For a circular emitting surface with radius 𝑅, ignoring 2D
effects, the multi-species Child-Langmuir current is:

𝐼 = 𝜋𝑅2𝐽 = 5.43
[
𝑄

𝐴

]1/2

eff

(
𝑅

𝑑

)2
(𝑉0 [kV])3/2 [mA] (19)

We applied Eq. (19) to CSD measurements of the ECRs
ARTEMIS-A [4] from the NSCL and VENUS [5] from
LBNL. The CSDs are plotted in Fig. 1 with a summary of
the results in Table 1. The total measured current is the
sum of the measured currents of all species. Due to beam
losses between the source and the Faraday cup, the total
measured current should be ≤ the drain current supplied
to the source. Ideally, the drain current is expected to be
a better estimate of the current that is extracted from the
ECR. Table 1 also lists extraction system parameters and
the associated maximum currents predicted by the single-
and multi-species Child-Langmuir law. The target species
is used in the single-species case as is conventional.

Table 1: Measurement results, extraction parameters and
predictions of single- and multi-species Child-Langmuir
(CL) law for the data sets shown in Fig. 1.

Parameter ARTEMIS-A VENUS
Number of species meas. 8 20
Target species 16O4+ 238U33+

Total measured current 0.74 mA 2.97 mA
Drain current 1 to 2 mA no data

Extraction aperture 𝑅 4 mm 4 mm
Extraction gap 𝑑 40 mm 40 mm
Extraction voltage 𝑉0 20 kV 30 kV

[𝑄/𝐴]target-species 0.250 0.139
[𝑄/𝐴]effective 0.191 0.131
Target species CL current 2.43 mA 3.32 mA
Multi-species CL current 2.12 mA 3.23 mA

In both data sets, the effective charge-to-mass ratio cal-
culated from all measured species is smaller than that of
the target species. The difference can be over 20%. The
total measured beam current or drain current is close to the
multi-species Child-Langmuir current which indicates that
the ECR extraction region may be operating at, or close to,
space-charge-limited flow.
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Figure 1: Measured charge state distribution and the corresponding effective charge-to-mass ratio (dashed line) for: a)
ARTEMIS-A producing 16O [6] ;and b) VENUS producing 238U with 16O as the support gas [7]. Each plot shows both the
species current (left scale) and its proportion in the total current (right scale).

CONCLUSION

We generalized the classical single-species Child-
Langmuir law to study the maximum transportable current
in a multi-species system. The solution is found to depend
on the charge-to-mass ratio of each component species and
its relative weight in the total current. When applied to
data sets from ARTEMIS-A and VENUS, the maximum
current predicted by the multi-species Child-Langmuir law
is close to the total extracted current. These results suggest
that the extraction region of ECR ion sources are operat-
ing near space-charge-limited flow. This phenomenon may
have interesting implications - at fixed extraction parameters,
desired increase in the current of high charge state target
species must be accompanied by a decrease in currents of
other species.

Further studies are required to investigate whether the
multi-species Child-Langmuir law can be extended to in-
clude the effects of initial ion temperature, electron neutral-
ization and finite emitting region which renders the problem
two-dimensional. In particular, escaping electrons not im-
mediately swept back into the plasma chamber may alter the
singular charge density at the emission plane associated with
CL-type solutions. Progress in extending the model should
enhance physical insight on space-charge-limited transport
and provide a more accurate limit on the maximum current
in an ECR extraction system.

While preliminary comparisons have shown that the multi-
species Child-Langmuir current is close to the total extracted
current for one extraction configuration, performing experi-
ments to check whether the extracted current varies as 𝑉3/2

0
will constitute a stronger test on whether ECR beam extrac-
tion is space charge limited. During such studies, it will
also be interesting to observe whether the effective charge-
to-mass ratio changes with extraction voltage, and, if it does,
one can explore the implications of individual species not
following the𝑉3/2

0 scaling. One can also investigate whether
ECR scaling relations can be used to constrain the current
weights 𝑐𝑖 and hence the effective charge-to-mass ratio. This
would enable the multi-species Child-Langmuir law to make

predictions in the absence of CSD measurement results and
enhance its utility in planning and design.
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APPENDIX: VERIFICATION OF EQ. (15)
To verify that Eq. (15) is the correct effective mass-to-

charge ratio that leads to a solution of the multi-species
Child-Langmuir law, we have to prove Eq. (10). Referring
to the class of energy conservation equations Eq. (7), it
suffices to prove that:

1
2

[
𝑚

𝑞

]
eff
𝑣2

eff =
1
2
𝑚𝑖

𝑞𝑖
𝑣2
𝑖 (20)

for any 𝑖. Without loss of generality, we show this is true for
the last species, i.e. for 𝑖 = 𝑛.

The class of energy conservation equations in Eq. (7)
imply:

𝑚𝑖

𝑞𝑖
𝑣2
𝑖 =

𝑚𝑛

𝑞𝑛
𝑣2
𝑛 (21)

for any 𝑖. This enables us to derive the following relation

𝑛∑︁
𝑖=1

𝑐𝑖

√︂
𝑚𝑖

𝑞𝑖
=

1
𝐽

𝑛∑︁
𝑖=1

𝐽𝑖

√︂
𝑚𝑖

𝑞𝑖

=
1
𝐽

𝑛∑︁
𝑖=1

𝜌𝑖𝑣𝑖

√︂
𝑚𝑖

𝑞𝑖

=
1
𝐽

𝑛∑︁
𝑖=1

𝜌𝑖𝑣𝑛

√︂
𝑚𝑛

𝑞𝑛
(22)

where the last equality sign results from the square root of
Eq. (21).
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Using Eq. (22) and the definition of 𝜌 and 𝐽 as the total
charge and current density, one obtains[

𝑚

𝑞

]
eff
𝑣2

eff =

[(
𝑛∑︁
𝑖=1

𝑐𝑖

√︂
𝑚𝑖

𝑞𝑖

)
𝑣eff

]2

=


(

𝑛∑︁
𝑖=1

𝑐𝑖

√︂
𝑚𝑖

𝑞𝑖

)
1
𝜌

©«
𝑛∑︁
𝑗=1

𝜌 𝑗𝑣 𝑗
ª®¬


2

=


1
𝐽

(
𝑛∑︁
𝑖=1

𝜌𝑖𝑣𝑛

√︂
𝑚𝑛

𝑞𝑛

)
1
𝜌

©«
𝑛∑︁
𝑗=1

𝜌 𝑗𝑣 𝑗
ª®¬


2

=


1
𝐽

(
𝑛∑︁
𝑖=1

𝜌𝑖

)
1
𝜌

©«
𝑛∑︁
𝑗=1

𝜌 𝑗𝑣 𝑗
ª®¬


2
𝑚𝑛

𝑞𝑛
𝑣2
𝑛

=
𝑚𝑛

𝑞𝑛
𝑣2
𝑛 (23)

which explicitly proves that Eq. (20) holds for 𝑖 = 𝑛.
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BEAMS WITH THREE-FOLD ROTATIONAL SYMMETRY: A
THEORETICAL STUDY ∗ †

Chun Yan Jonathan Wong‡, Oak Ridge National Laboratory, Oak Ridge, USA
Steven Mocko Lund, Facility for Rare Isotope Beams, East Lansing, USA

Abstract
Beams from ECR ion sources have 3-fold transverse rota-

tional symmetry induced by the ECR sextupole. The sym-
metry imposes equality constraints among transverse beam
moments, which can be derived using a theoretical frame-
work we developed. Since the constraints are solely a con-
sequence of the rotational symmetry of external fields, they
hold for a multi-species beam with arbitrary composition
and space charge intensity. These constraints provide a new
tool to analyze phase space properties of ECR beams and
their impact on low-energy transport. We prove that, regard-
less of their triangulated spatial density profile, beams with
3-fold rotational symmetry have the same RMS emittance
and Twiss parameters along any transverse direction. These
counter-intuitive results are applied to the FRIB Front End
to show how symmetry arguments challenge long-standing
assumptions and bring clarity to the beam dynamics.

INTRODUCTION
In theoretical studies, a beam is commonly assumed to

have inherited the rotational symmetry of the source or beam
line. The symmetry arises from the fact that the system is
identical under different rotated transverse coordinate sys-
tems, which is true in the idealized case when there is no
misalignment and when all elements are perfect.

Two symmetries that often occur are: 1) continuous ro-
tational symmetry in a beam line consisting of solenoids
or einzel lens; and 2) 2-fold discrete rotational symmetry
in quadrupole transport. In the subsequent discussion, we
denote a rotational symmetry by the notation of its respec-
tive symmetry group. A beam with n-fold discrete rotational
symmetry is said to have𝐶𝑛 symmetry or is called a𝐶𝑛 beam.
SO(2) refers to continuous rotational symmetry, which is
often called axisymmetry.

Beams extracted from ECR ion sources have𝐶3 symmetry
imposed by the ECR sextupole. As an example, simulation
results of an ECR beam at the extraction plane are shown
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Agreement DE-SC0000661 and the NSF under Grant No. PHY-1565546
while Chun Yan Jonathan Wong was previously at the National Super-
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federally sponsored research in accordance with the DOE Public Access
Plan (http://energy.gov/downloads/doe-public-access-plan).

‡ wongchu1@msu.edu

in Fig. 1 where a rotation by 2𝜋/3 would leave the beam
distribution unchanged. Concerning the the transverse RMS
emittances 𝜀𝑥 and 𝜀𝑦 , three questions can be asked which
are central to the quality and transport of such an ECR beam:

• Are 𝜀𝑥 and 𝜀𝑦 different due to the triangulated spatial
distribution?

• Do 𝜀𝑥 and 𝜀𝑦 depend on the orientation of the trans-
verse coordinate system (with respect to the sextupole)?

• Do 𝜀𝑥 and 𝜀𝑦 change upon x-y coupling in solenoid
transport?

We perform a theoretical analysis on 2nd order moments of
𝐶3 beams to prove that the answers to all three questions are
negative. These results are counter-intuitive and contradict
conventional assumptions. The significant role they can play
in clarifying ECR beam dynamics is demonstrated at the
Facility for Rare Isotope Beams (FRIB) Front End.

MOMENT CONSTRAINTS FROM
ROTATIONAL SYMMETRY

This section examines the consequences of rotational sym-
metry as a property of the beam’s phase space distribution.
We show that rotational symmetry imposes constraints on
transverse beam moments and briefly overview a framework
for deriving such constraints. A thorough treatment is pre-
sented in a manuscript in preparation [1].

Define transverse beam moments〈
𝑥𝑏1𝑥 ′𝑏2 𝑦𝑏3 𝑦′𝑏4

〉
≡∫ ∞

−∞

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞ 𝐹 (𝑥, 𝑥 ′, 𝑦, 𝑦′)𝑥𝑏1𝑥 ′𝑏2 𝑦𝑏3 𝑦′𝑏4𝑑𝑥𝑑𝑥 ′𝑑𝑦𝑑𝑦′∫ ∞

−∞

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞ 𝐹 (𝑥, 𝑥 ′, 𝑦, 𝑦′)𝑑𝑥𝑑𝑥 ′𝑑𝑦𝑑𝑦′

where 𝐹 (𝑥, 𝑥 ′, 𝑦, 𝑦′) is the distribution function in transverse
phase space and 𝑏1, 𝑏2, 𝑏3, 𝑏4 are non-negative integers. 𝐹
can refer to the phase space distribution of a single species
or multiple species. The moment is said to be of 𝑘-th order
with 𝑘 = 𝑏1 + 𝑏2 + 𝑏3 + 𝑏4. The definition assumes all 1st
order moments vanish - it must be true when the beam has
non-trivial rotational symmetry (see proof in [1]) which is
the subject of this study.

If a beam has rotational symmetry, there are angles 𝜃 for
which the beam moments are invariant under the phase space
transformation:

©«
𝑥

𝑥 ′

𝑦

𝑦′

ª®®®¬ ↦→
©«
�̃�

�̃� ′

�̃�

�̃�′

ª®®®¬ =
©«
cos 𝜃 0 − sin 𝜃 0

0 cos 𝜃 0 − sin 𝜃
sin 𝜃 0 cos 𝜃 0

0 sin 𝜃 0 cos 𝜃

ª®®®¬
©«
𝑥

𝑥 ′

𝑦

𝑦′

ª®®®¬ (1)
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For 𝐶𝑛 symmetry, 𝜃 = 2𝑘𝜋/𝑛, whereas for an SO(2) beam,
𝜃 is arbitrary. For every beam moment, invariance under
rotation by 𝜃 is equivalent to:〈

𝑥𝑏1𝑥 ′𝑏2 𝑦𝑏3 𝑦′𝑏4
〉
=
〈
�̃�𝑏1 �̃� ′𝑏2 �̃�𝑏3 �̃�′𝑏4

〉
(2)

which constitutes a constraint equation on beam moments
because the right hand side can be expanded using Eq. (1).
The class of Eq. (2) contains all information on how rota-
tional symmetry constrains beam moments, but the informa-
tion does not easily reduce into clean expressions since the
expanded equations contain many terms. To simplify the
analysis, we developed a method to derive the constraints
imposed by rotational symmetry using complex coordinates.

If we define two complex conjugate pairs composed of
transverse phase space coordinates:

©«
𝑤

𝑤

𝑤′

𝑤′

ª®®®¬ ≡
©«
𝑥 + 𝑖𝑦

𝑥 − 𝑖𝑦

𝑥 ′ + 𝑖𝑦′

𝑥 ′ − 𝑖𝑦′

ª®®®¬ (3)

these complex coordinates transform under rotation by 𝜃 as
follows:

©«
𝑤

𝑤

𝑤′

𝑤′

ª®®®¬ ↦→
©«
𝑒𝑖 𝜃 0 0 0
0 𝑒−𝑖 𝜃 0 0
0 0 𝑒𝑖 𝜃 0
0 0 0 𝑒−𝑖 𝜃

ª®®®¬
©«
𝑤

𝑤

𝑤′

𝑤′

ª®®®¬ (4)

We can construct a 𝑘-th order complex moment〈
𝑤𝑎1𝑤𝑎2𝑤′𝑎3𝑤′𝑎4

〉
where 𝑎1, 𝑎2, 𝑎3, 𝑎4 are non-negative in-

tegers and 𝑎1 + 𝑎2 + 𝑎3 + 𝑎4 = 𝑘 . The real and imaginary
parts of

〈
𝑤𝑎1𝑤𝑎2𝑤′𝑎3𝑤′𝑎4

〉
each comprises sums of phys-

ical 𝑘-th order beam moments. Upon a rotation by 𝜃, the
complex moment undergoes the following transformation in
accordance with Eq. (4):〈
𝑤𝑎1𝑤𝑎2𝑤′𝑎3𝑤′𝑎4

〉
↦→ 𝑒𝑖 (𝑎1−𝑎2+𝑎3−𝑎4) 𝜃

〈
𝑤𝑎1𝑤𝑎2𝑤′𝑎3𝑤′𝑎4

〉
If rotation by 𝜃 is a symmetry of the beam,〈
𝑤𝑎1𝑤𝑎2𝑤′𝑎3𝑤′𝑎4

〉
remains unchanged upon the transfor-

mation which gives:〈
𝑤𝑎1𝑤𝑎2𝑤′𝑎3𝑤′𝑎4

〉
= 𝑒𝑖 (𝑎1−𝑎2+𝑎3−𝑎4) 𝜃

〈
𝑤𝑎1𝑤𝑎2𝑤′𝑎3𝑤′𝑎4

〉
(5)

Eq. (5) is the key equation that efficiently generates equal-
ity constraints among beam moments due to symmetry. For
every 4-tuple (𝑎1, 𝑎2, 𝑎3, 𝑎4) where 𝑒𝑖 (𝑎1−𝑎2+𝑎3−𝑎4) 𝜃 ≠ 1,〈
𝑤𝑎1𝑤𝑎2𝑤′𝑎3𝑤′𝑎4

〉
= 0 which give two constraints:

Re
(〈
𝑤𝑎1𝑤𝑎2𝑤′𝑎3𝑤′𝑎4

〉)
= 0 (6)

Im
(〈
𝑤𝑎1𝑤𝑎2𝑤′𝑎3𝑤′𝑎4

〉)
= 0 (7)

Figure 1: Simulated spatial distribution of Ar9+ ions at the
extraction plane of the ARTEMIS [2] ECR ion source at
FRIB. The inner circle indicates the extraction aperture. Sim-
ulation results courtesy of the code developed by Vladirmir
Mironov and his colleagues at JINR [3, 4].

.

THREE-FOLD ROTATIONAL
SYMMETRY

We employ the theoretical framework developed in the
previous section to derive 2nd order moment constraints
imposed by 𝐶3 symmetry. For 𝜃 = 2𝜋/3, one can use Eq. (5)
to find three (actually six, but three of them are redundant,
see [1]) 2nd order complex moments that must vanish. They
generate six unique constraints:

Re (⟨𝑤𝑤⟩) = 0 ⇒ ⟨𝑥𝑥⟩ = ⟨𝑦𝑦⟩
Re (⟨𝑤𝑤′⟩) = 0 ⇒ ⟨𝑥𝑥 ′⟩ = ⟨𝑦𝑦′⟩

Re (⟨𝑤′𝑤′⟩) = 0 ⇒ ⟨𝑥 ′𝑥 ′⟩ = ⟨𝑦′𝑦′⟩
Im (⟨𝑤𝑤⟩) = 0 ⇒ ⟨𝑥𝑦⟩ = 0

Im (⟨𝑤𝑤′⟩) = 0 ⇒ ⟨𝑥𝑦′⟩ = −⟨𝑥 ′𝑦⟩
Im (⟨𝑤′𝑤′⟩) = 0 ⇒ ⟨𝑥 ′𝑦′⟩ = 0

(8)

It is known in literature [5], and we can easily derive using
the above framework, that 2nd order moments of an SO(2)
beam also obey the set of constraints in Eq. (8). This renders
a 𝐶3 beam effectively axisymmetric in the following sense:
in terms of 2nd order moments, 𝐶3 and SO(2) beams obey
the same constraints and are thus indistinguishable. Only
higher order moments can tell them apart.

The indistinguishability entails that 2nd order moments
of 𝐶3 and SO(2) beams must have the exact same proper-
ties. This argument enables us to prove a counter-intuitive
theorem regarding the 2nd order moments of 𝐶3 beams:

Theorem 1. Take 𝑢(𝜙) = 𝑥 cos 𝜙 + 𝑦 sin 𝜙 to be a rotated
coordinate. If a beam has 𝐶3 symmetry, the equalities

⟨𝑢𝑢⟩ = ⟨𝑥𝑥⟩
⟨𝑢𝑢′⟩ = ⟨𝑥𝑥 ′⟩
⟨𝑢′𝑢′⟩ = ⟨𝑥 ′𝑥 ′⟩

(9)

hold for any 𝜙.
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Figure 2: Schematic of the ARTEMIS beam line at the FRIB Front End. Ideally, the ECR ion source has 𝐶3 symmetry
while the transport line consisting of two solenoids and an electrostatic acceleration gap is axisymmetric. Image based on
original from Ref. [6].

The proof relies on the fact the three equalities in Eq. (9)
always hold for an SO(2) beam which looks identical along
any direction. Since the theorem only concerns 2nd order
moments, and 2nd order moments of SO(2) and 𝐶3 beams
have the same properties, the theorem must hold.

Figure 1 shows a beam with 𝐶3 symmetry at an ECR
extraction plane and a u-axis that makes angle 𝜙 with the
x-axis. What theorem 1 says is that, although the beam’s
projected distribution in 𝑢-𝑢′ phase space varies significantly
with 𝜙, all 2nd order phase space moments, and hence the
RMS phase space ellipse, always remain identical.

An immediate consequence of theorem 1 is:

Corollary 1.1. A 𝐶3 beam has identical RMS envelope and
emittance along any transverse direction

In particular, the Twiss parameters and emittance in x of
a 𝐶3 beam are always equal to their y counterparts.

APPLICATION TO FRIB FRONT END
Corollary 1.1 can help answer long-standing questions

about beam emittances in ECR beam extraction and trans-
port. To illustrate the arguments, we describe how theoretical
results on 𝐶3 beams were applied to analyze beam dynam-
ics at the FRIB Front End [7]. Figure 2 shows a schematic
of the ARTEMIS [2] beam line and depicts the rotational
symmetries of the respective segments. In the ideal case,
the beam should have 𝐶3 symmetry up to non-zero dipole
fields illustrated by the green curves.

Phase space diagnostics are located downstream of the
dipole and their measurements on the target species often
show 𝜀𝑥 ≠ 𝜀𝑦 . While it is possible for 𝜀𝑥 to increase due to
dispersion generated by the dipole, and for 𝜀𝑦 to couple to
𝜀𝑥 via space charge, the sign and magnitude of the difference
between 𝜀𝑥 and 𝜀𝑦 were found to depend on the solenoid
strengths. Since 𝜀𝑦 > 𝜀𝑥 also occurred, dispersion cannot
be the sole reason for 𝜀𝑥 ≠ 𝜀𝑦 downstream of the dipole,
and we conclude that 𝜀𝑥 ≠ 𝜀𝑦 upstream of the dipole as
depicted in Fig. 2.

𝜀𝑥 ≠ 𝜀𝑦 prior to the dipole in an ECR beam line is of-
ten deemed an unsurprising empirical phenomenon caused
by the beam’s triangulated spatial density profile and x-y

solenoid coupling. However, we have proved corollary 1.1
which states that 𝜀𝑥 = 𝜀𝑦 if the beam has 𝐶3 symmetry. The
statement is a consequence of symmetry alone, so it holds
even in the presence of chromatic aberrations, radial field
nonlinearities and multi-species space charge with arbitrary
intensity and charge state distribution.

Instead, the contrapositive of corollary 1.1 enables us to
deduce: there is only one fundamental cause for 𝜀𝑥 ≠ 𝜀𝑦
in an axisymmetric beam line downstream of an ECR ion
source and it is broken symmetry. At FRIB, the argument
motivated a search for the source of broken symmetry in the
transport line. The first solenoid was found via 3D magnet
simulations [8] to have strong multipole fields due to a non-
optimal design of the current leads.

CONCLUSION

We proved that 3-fold rotational symmetry guarantees
identical RMS emittances and beam envelopes along x and
y (and indeed along any transverse direction). These results
were derived using a theoretical framework that describes
how rotational symmetry imposes constraints on beam mo-
ments. The results are counter-intuitive and disprove com-
mon assumptions that triangulated distribution or ideal x-y
coupling in solenoids would render 𝜀𝑥 ≠ 𝜀𝑦 in ECR beams.
The only fundamental cause of 𝜀𝑥 ≠ 𝜀𝑦 is broken symmetry,
which may arise from misalignments, imperfect elements
or neutralization effects from back-flowing electrons. Such
arguments are readily applicable to ECR beam lines and suc-
cessfully clarified beam dynamics at the FRIB Front End.

The theoretical framework we developed also allows us
to derive constraints imposed upon 3rd or higher order mo-
ments by 𝐶3 symmetry. Their results and implications are
discussed in Ref. [1]. In addition to being analytic tools
in beam dynamics, symmetry-imposed moment constraints
may also serve as a benchmark for ECR simulation models
via consistency checks between simulation results and mo-
ment constraints. Preliminary work in this regard showed
that 2nd order moment constraints are in agreement with the
models provided by Vladimir Mironov from JINR that are
described in Ref. [3, 4].
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IRON-ENDOHEDRAL FULLERENES ON ECRIS 
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Abstract 
We have been trying to produce iron endohedral fuller-

enes in the electron cyclotron resonance ion source (EC-
RIS). They are expected to be used as quantum computing 
and contrast agents with high sensibility for MRI. We have 
conducted initial experiments on producing them only in 
the second stage of the ECRIS. We have been using iron 
vapor source by induction heating (IH) from the mirror end 
along to the geometrical axis, and C60 crucible from the 
side wall, respectively. We succeeded in realizing ECR 
plasma that fullerene and iron ions coexist on the single 
stage ECRIS, even by 1kV extraction voltage. We have 
performed a detailed identification of the ions of endohe-
dral fullerene by the typical charge state distribution (CSD) 
using different criteria. By these experimental series, it is 
suggested that there is possibility of slight formation of 
iron endohedral fullerenes. We have confirmed the repro-
ducibility of the spectrum of the ions corresponding to 
Fe@C60+ in several data sets. We will increase the amount 
of iron vapor and conduct additional experiment. 

INTRODUCTION 
We have produced the electron cyclotron resonance ion 

source (ECRIS) plasma to generate a synthetic ion beam in 
Osaka university [1,2]. The ECRIS has been applied in var-
ious fields such as heavy ion cancer therapy and space pro-
pulsion [3]. In the field of bionanomaterials, various kinds 
of atoms have been studied to be encapsulated in fuller-
enes. Fullerenes have a cage shape, and their scientific and 
physical properties are dependent on the atoms they con-
tain [4]. Iron endohedral fullerenes are expected to be used 
as quantum computing or magnetic resonance imaging 
(MRI) contrast   agents. In previous work, various synthe-
sis technologies for producing endohedral fullerene have 
been developed, e.g. laser-vaporization, arc-discharge, and 
ion irradiation technique [5-8]. We have been trying to pro-
duce endohedral fullerene by collision reaction in the vapor 
phase in the ECR plasma. We have already succeeded in 
generating a plasma in which iron and fullerene ions coex-
ist [9]. We have also improved the iron evaporation source 
for iron ion production. In this study, we have been devel-
oping an evaporation source using an induction heating 
method that allows for non-contact, high-purity material 
vapor to be extracted. The coexistence of iron and fullerene 

ions in the ECR plasma was observed in the experimental 
system. From the analysis of the mass/charge (m/q) value 
distribution and the result of detailed identification of the 
ions, the spectrum of the endohedral fullerene ion is con-
firmed around C60

+. We have confirmed the reproducibility 
of the spectrum in several data sets. We will increase the 
amount of iron vapor and conduct additional experiment. 
In this paper, we report the schematic diagram of the con-
structed system and the results of the detailed identification 
of charge state distribution (CSD). We also show the results 
of preliminary experiments conducted without using the 
iron evaporator is also presented. 

EXPERIMENTAL APPARATUS 

A. ECR Ion Source
The top view of ECRIS in Osaka Univ. is shown in Fig.

1. The magnetic configuration is formed by the two mirror
coils (Coil A, Coil B), additional coil (Coil C), and perma-
nent octupole magnets. The current in coils A, B, and C are
IA, IB, and IC, respectively. The IC is used for controlling the 
resonance region. We take the center of the vacuum vessel
as the origin of the cartesian coordinates system. The IH
iron evaporation source is located at z=-280mm and the
fullerene crucible is at z=175mm.

Figure 1: The top view of the ECRIS (Osaka Univ). 
 ____________________________________________  
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The 2.45 GHz and 2.4 GHz micro wave are usually 
launched by magnetron (5~100W, z=175mm) and wireless 
telegram (0.1~0.9W, z=-175mm), respectively. A plate 
tuner installed on the z-axis. It can be moved at 
z=-355~-215mm and the introduction of microwaves can 
be optimized by moving it. It is effective when we manip-
ulate low power micro wave. The extracted ion beam is 
separated by sector magnet for mass-charge ratio (m/q), de-
tected by a faraday cup, and the CSD of the extracted ion 
current was obtained. 

B. Induction Heating Iron Evaporator and Full-
erene Vapor Source

The diagram of inducting heating iron evaporator [10] in 
Osaka Univ. is shown in Fig. 2. A radio frequency (RF) 
power supply is used as the power source, and the input 
power is usually about 600~800W. It is located at 
z=-280mm. 

Figure 2: IH Fe evaporator. 

The diagram of Fullerene crucible in Osaka University, 
is shown in Fig. 3. A direct current (DC) power supply is 
used as the power source, and the input power is usually 
about 10 W. It is located at z=175mm. 

Figure 3: C60
+ crucible. 

C. Experimental Procedure
We mainly use argon or xenon as the support gas. It is

suitable for generating iron ions in high power micro wave 
and high extraction voltage. However, in generating fuller-
ene ions, low power microwave and low extracted voltage 
is preferred. It is difficult to coexist both iron ion and full-
erene ion. At first we preheat Fe evaporator and C60 cruci-
ble and set the extraction voltage at 10 kV to generate iron 
ions. The microwave about 10~20 W are launched from the 
magnetron. After confirming the generation of iron ions on 
the CSD, we decrease the extraction voltage to 2kV grad-
ually. Likewise, the introduction of microwaves is 

switched to the wireless telegram and the power is reduced 
to less than 1W. It is necessary to generate fullerene ions 
while maintaining the existence of iron ions. Finally, we 
optimize the magnetic field conditions for production of 
endohedral fullerenes ions. 

EXPERIMENTAL RESULTS  
AND DISCUSSIONS 

A. Typical CSD of Fe+, C60
q+, and Their Com-

pound Ions
Figure 4 (a) shows the typical CSD of fullerene ions. The 

horizontal axis represents the magnetic field and the verti-
cal axis represents the amount of beam current. We can 
confirm the coexistence of C60+ ~ C603+ ions, Fe ions and 
residual Xe ions.  Fig. 4(b), shows the right-hand side of 
the spectrum of C60+. From the identification of them, the 
spectrum to the right-hand side of the spectrum of C60+ 
are considered as Ar@C60+, Fe@C60+, Xe@C56+ and 
C70+. We used magnetron microwaves with 10W power, 
IH iron evaporation source was performed at 700 W input 
power. The extraction voltage is 2 kV. The support gas is 
argon with xenon remaining in it. 

Figure 4 (a): CSD of extracted ion beams with iron and 
fullerene ions v.s.ඥ𝑚/𝑞  (b): Spectrum near C60

+. 
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B. Error Evaluation 
We performed relative error evaluation with different 

combinations of identification criteria. The relative error 
[%] is defined by the following Eq. (1).  

relative errorሾ%ሿ ൌ ฬ
𝛼ଵ െ 𝛼ଶ
𝛼ଵ

ฬ ൈ 100 ሺ1ሻ 

𝛼ଵ : theoretical mass/charge (m/q) value 
𝛼ଶ : mass/charge (m/q) value measured by CSD 

 
The results of the evaluation are shown in Table 1. We 

conduct using a combination of various ions, including 
fullerene. We were able to identify the spectrum corre-
sponding to the endohedral fullerene with an average rela-
tive error of 0.36%~1.35%. The spectrum corresponding to 
the iron endohedral fullerene were identified with an aver-
age relative error of 0.68%.  

 

C. Typical CSD without Iron Ions 
The results of the fullerene ion beam generation without 

the iron ions are shown in Fig. 5.  
 

Table 1: Relative Error Evaluation in Each of the Identifi-
cation Criteria. [%] 

 
 

 
Figure 5: CSD of no iron ion introduction. 

It is showed that Fig. 5(a) is the typical CSD of without 
iron ions and Fig. 5(b) focus on the right side of C60+. Fig. 
5(c) is in the case of introducing the iron ions and focusing 
on the right side of C60+. The results of the similar identi-
fication with different criteria, we find the spectrum corre-
sponding to ArC60+, XeC56+, and C70+, but no spectrum 
corresponding to FeC60+. This shows the reliability of the 
spectrum corresponding to Fe@C60+ when iron ions are 
introduced. 

D. Conclusions and Future Planning 
We have conducted experiments on the formation of iron 

endohedral fullerene using the inductively heated iron 
evaporation source. The spectrum corresponding to the 
iron endohedral fullerene were identified with an average 
error of 0.68% by using different combinations of the ref-
erence ions.  We have confirmed the reproducibility of the 
spectrum of the ions corresponding to Fe@C60+ in several 
data sets. Additional experiments performed without the 
introduction of iron ions confirmed that the spectrum cor-
responding to Fe@C60

+ were not seen in the CSD. 
We will conduct time-of-flight and chemical analyses of 

actual products. We are also planning to improve the iron 
evaporater to produce high-purity iron ions and conduct 
additional experiment in a situation of increased iron vapor.  
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HIGH-INTENSITY VANADIUM-BEAM PRODUCTION TO SEARCH  
FOR A NEW SUPER-HEAVY ELEMENT WITH Z = 119 

T. Nagatomo†, Y. Higurashi, J. Ohnishi, H. Nakagawa, O. Kamigaito, 
RIKEN Nishina Center, Wako, Japan

Abstract 
We have begun synthesizing a new super-heavy element 

(SHE) with an atomic number, Z, of 119 using a very pow-
erful vanadium-beam (V-beam) to overcome the very small 
production cross section. We investigated the correlation of 
the V-beam intensity, the total power of 18- and 28-GHz 
microwaves, and the consumption rate of metallic V pow-
der that was proportional to the amount of the vapor in the 
plasma chamber. Consequently, we obtained approxi-
mately 600 eµA at a microwave power of 2.9 kW and a 
consumption rate of 24 mg/h. In addition, we found that the 
position of the crucible used as an evaporator of the V sam-
ple and the strength of the mirror field at the extraction side 
Bext from 1.34 to 1.51 T did not have a significant effect on 
the beam intensity. 

INTRODUCTION 
A new project for the synthesis of new super-heavy ele-

ments (n-SHEs) with an atomic number greater than 118 
has been conducted at RIKEN heavy-ion linear accelerator 
RILAC [1] since 2016. As the first step of this project, we 
attempt to produce an SHE with Z = 119, through the nu-
clear reaction between a vanadium-beam (V-beam) and a 
curium target. In order to achieve a higher acceleration en-
ergy than previously possible, we have installed ten super-
conducting acceleration cavities that were newly devel-
oped to generate a gap voltage of more than 2 MV [2,3] 
despite the spatial constraints in the existing facility. The 
cryosorption of the cavity surface, which is cooled by liq-
uid helium, cannot be ignored, because the particulate mat-
ter adsorbed on the surface increases the surface resistance, 
which in turn reduces the acceleration voltage. In order to 
minimize the generation of the particulate matter due to the 
ion beam sputtering on the beam duct, we efficiently con-
trolled the transverse emittance of the beam by the “slit tri-
plet” in the LEBT [4]. After the first beam acceleration test 
this year [5], we successfully accelerated argon- and vana-
dium-ion (V-ion) beams with a 4 rms emittance of approx-
imately 80 π mm*mrad (β = v/c ~ 0.3%). However, the 
emittance limitation using the slit triplet reduces the beam 
intensity by approximately 1/3 compared to that of the 
beam separated by the analyzing the magnet, and it is de-
sirable to obtain the highest intensity beam possible. Fur-
thermore, it is not easy to increase the “brightness” of the 
beam extracted from the electron cyclotron resonance ion 
source (ECRIS). In addition, the synthesis of SHE requires 
a long experimental period that lasts approximately one 
month without interruption. Therefore, we focused on the 
effects of V vapor and microwave power on the beam in-
tensity and investigated the optimal parameters that would 

allow long-term experiments with the highest possible 
beam intensity.  

EXPERIMENTAL 
Experiments were performed using the two supercon-

ducting ECRISs at RIKEN Nihina center, both of which 
have essentially the same ion-source structure [6,7]. One 
superconducting ECRIS is used as the ion source for RI-
LAC, renamed as RIKEN 28-GHz SCECRIS “KURENAI” 
(R28G-K) [4], and the other for  the RIKEN Radioac-
tive Isotope Beam Factory (RIBF) [8], renamed as RIKEN 
28-GHz SCECRIS “SUI” (R28G-S) [6,7]. The main fea-
ture of both of the ion sources is their ability to generate 
the mirror field with “classical” or “flat” Bmin [9] using six 
superconducting solenoids and a superconducting hexa-
pole magnet. The 18- and 28-GHz microwaves, which 
were used for the ECR plasma heating, were generated by 
a 1.5-kW klystron power amplifier and a 10-kW gyrotron 
system, respectively. The microwave power was estimated 
from the temperature rise and flow rate of the cooling water 
flowing through three channels in the plasma chamber 
wall.  

The V vapor was produced by a high-temperature oven 
HTO heated by Joule heating using high-power direct cur-
rents [10]. The amount of vapor was proportional to the 
consumption rate of the solid V sample, which was meas-
ured as a function of the heating power of the HTO. The 
HTO crucible can be operated up to ~2,000 K using a high 
current DC power supply. The crucible had a double struc-
ture, namely, a thin tungsten crucible containing a second 
crucible made of yttrium oxide. The yttrium-oxide crucible 
contained 2.2 g of granular metallic V sample and suspends 
the chemical reaction between the sample and the crucible. 
In the present study, we modified the injection flange in 
order to use two HTO crucibles (three crucibles at maxi-
mum) at the same time, as shown in Fig. 1. Both of the 
crucibles were placed at positions where the plasma could 
not reach in order to avoid the additional heat inflow from 
the plasma. This straightforward modification doubled the 
amount of the stable V vapor supply. In order to observe 
the dependence of the beam intensity on the position of the 
HTO crucible, we compared the optimized 51V13+-beam in-
tensities obtained using HTO 1 and 2 crucibles individu-
ally. 

The intensity of the 51V13+-ion beam was measured by a 
Faraday cup located near the focal point of the analyzing 
magnet as a function of the total microwave power and 
consumption rate. The extraction voltage was also fixed to 
12.6 kV, which accelerated the V13+ ion to an adequate 
speed for the following accelerator in RIBF. For each of the 
experimental conditions, the maximized beam intensity 
was recorded by adjusting the support gas pressure and the 
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position and voltage of the biased disk. In order to avoid 
the admixture of the 16O4+-ion beam, which is close to the 
mass-to-charge ratio of 51V13+, we chose 14N2 gas as a sup-
port gas, which stabilized the ECR plasma. 

In addition, the mirror field at the beam extraction region 
Bext was changed from 1.31 to 1.51 T in order to observe 
the effect on the beam intensity. 

 

Figure 1: Two HTO crucibles, HTO1 and HTO2, stuck into 
the plasma chamber. The biased disk was located at the 
center of the flange and was movable along the axis of the 
ion source. The rectangular and circular outlets were the 
ends of the 18- and 28-GHz microwave guides, respec-
tively. 

RESULTS AND DISCUSSIONS 
Figure 2 shows obtained contour plots of the optimized 

V13+-beam intensity as a function of the consumption rate 
and the total microwave power by individually using dif-
ferently positioned HTO 1 and 2 in Fig. 1 using R28G-K. 
The mirror fields Binj, Bmin, Bext, and Br were fixed as 2.3, 
0.48, 1.4, and 1.47 T, respectively. As shown in Fig. 2, the 
beam intensity increases with increasing consumption rate 
and microwave power. For example, the beam intensity of 
260 eμA was obtained at a consumption rate of 6.6 mg/h 
and a microwave power of 1.5 kW for HTO 1. For HTO 2, 
we obtained almost the same beam intensity of 262 eμA 
under the same conditions. Comparing the contour lines in 
the panels of Fig. 2, the beam intensity appears to be inde-
pendent of the oven position. 

Using the two crucibles of HTO 1 and 2 simultaneously, 
we could extend the contour plot to a higher consumption 
rate region, as shown in Fig. 3 using R28G-S. The mirror 
fields Binj, Bmin, Bext, and Br were 2.3, 0.48, 1.4, and 1.47 T, 
respectively, and were almost the same as those for the case 
of Fig. 2. Due to the double ovens, the total amount of the 
V sample increased to 4.4 g. Thus, for a month of uninter-
rupted beam supply, the consumption rate should be lim-
ited to approximately 6 mg/h. According to Fig. 3, an ap-
proximately 400-eμA (30-particle-μA) V13+ beam is avail-
able for the long-term experiment with microwaves of ap-
proximately 2.5 kW.  

 

Figure 2: Obtained contour plots of the 51V13+-beam inten-
sity as a function of the total power of the 18- and 28-GHz 
microwaves and consumption rate of the V sample using 
HTO 1(top) and HTO 2 (bottom). 

 
Figure 3: Expanded contour plot of the 51V13+-beam in-
tensity using both HTO 1 and 2 crucibles. 
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Furthermore, from Fig. 3, the intensity appears not to be 
saturated yet and increases as the microwave power and the 
consumption rate increase. By increasing the microwave 
power and consumption rate to 2.9 kW and 24 mg/h, re-
spectively, we obtained a V13+ beam with a very high in-
tensity of 600 eμA, as shown in a mass-to-charge-ratio 
spectrum in Fig. 4. Such a high-intensity beam, which lasts 
approximately one week, is also essential for the develop-
ment of the production targets that require high-intensity 
exposure. 

 

Figure 4: A mass-to-charge-ratio spectrum was obtained 
with a total microwave power of 2.9 kW and a consump-
tion rate of 24 μg/h 

Figure 5 shows the beam intensity of V13+ as a function 
of microwave power for different magnetic field strengths 
using R28G-K. The consumption rate was fixed to be 6.5 
mg/h for all cases. The beam intensity increases linearly 
with increasing microwave power and is independent of 
the magnetic field strength for three cases of Bext of 1.34, 
1.41, and 1.51 T. Comparing these results, no significant 
 

 

Figure 5: Beam intensity of V13+ as a function of micro-
wave power for mirror fields for extraction regions Bext of 
1.51 T (open circles), 1.41 T (closed circles), and 1.34 T 
(open squares).  

effect of Bext on the V13+-beam intensity was observed in 
the experimental condition. However, it is possible that 
some beam quantities, such as the density distribution of 
the beam in the phase space, which was not observed in 
this measurement, may have changed by changing the Bext 

and/or position of the crucible mentioned above. Thus, we 
plan to measure the ion beam distribution in the transverse 
phase space {x, x’, y, y’} using a pepper-pot-type emittance 
meter while changing Bext and the position of the crucible. 

CONCLUSIONS 
We measured the beam intensity of V13+ as a function of 

both the consumption rate of the vanadium sample and the 
microwave power. The optimized beam intensity was 
found to clearly depend on these two parameters. In the 
two-dimensional space of these parameters, the beam in-
tensity is plotted as contour lines. As a consequence of the 
dependencies, it was found that a V13+-beam with an inten-
sity of 400 eμA can be produced at a consumption rate of 
approximately 6 mg/h and a microwave power of 2.5 kW. 
Simultaneously using both HTO crucibles allows us to ex-
ecute SHE synthesis, which lasts approximately one month 
without interruption. Furthermore, we also obtained a V13+ 
beam with an intensity of 600 eμA at a consumption rate of 
24 mg/h and a microwave power of 2.9 kW. The extra-
high-intensity beam lasts for one week, and is suitable for 
experiments such as the essential development of the pro-
duction target.  

On the other hand, significant effects by changing the 
oven position and varying Bext between 1.34 and 1.51 T on 
the beam intensity were not observed within the scope of 
the simple measurement using only a Faraday cup. 
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PRODUCING MULTICHARGED IONS BY PULSE MODULATED  
MICROWAVES AT MIXING LOW Z GASES ON ECRIS 

S. Harisaki†, W. Kubo, I. Owada, K. Sato, K. Tsuda, and Y. Kato
Division of Electrical, Electronic and Infocommunications Engineering,  

Graduate School of Engineering, Osaka Univ., 2-1 Yamada-oka, Suita-shi, Osaka 565-0871, Japan

Abstract 
The multicharged ion source on the basis of electron cy-

clotron resonance (ECR) plasma has been constructed for 
producing various ion beams in Osaka Univ. We are aiming 
at producing and extracting multicharged, molecular, and 
synthesized ion beams ranged over wide mass/charge num-
bers (m/q) in the single device. Among them, we are now 
trying to increase the yield of multicharged ion beams. We 
try to enhance production efficiency of multicharged ions 
by enhancing loss channel of low Z ions and then cooling 
them with gas mixing and pulse modulated microwaves. 
Through these experiments, we explore the feasibility of 
selectively heating specific ions with pulse modulated mi-
crowaves. These experiments are conducted by keeping the 
total operating pressure constant and changing the mixing 
ratio of low Z gases. These effects are investigated by 
measuring charge state distributions (CSD’s) of the ex-
tracted ion beams. Also, we can measure the plasma pa-
rameters using Langmuir probes. In this paper, we mainly 
describe the results of these active experiments at the 
ECRIS.  

INTRODUCTION 
We are aiming at increasing the yield of multicharged 

ions by advanced wave-heating mechanisms other than 
fundamental ECR. As a previous study, for example, we 
obtained the result that the multicharged ion yield of Xenon 
(Xe) increased in the upper hybrid resonance (UHR) heat-
ing experiment using 4-6 GHz X-mode microwaves [1]. 
Now we are focusing on heating in the frequency band 
much lower than conventional ECR, and trying to generate 
another resonance heating, e.g. ion cyclotron resonance 
(ICR), and lower hybrid resonance (LHR). Our ultimate 
goal is to increase the multicharged ion beam currents by 
using these resonances to selectively heat low Z ions dur-
ing gas mixing to enhance loss channels of low Z ions, and 
then cooling multicharged ions. As a preliminary step, we 
conducted experiments to generate ECR plasma with pulse 
modulated microwaves under gas mixing. 

Gas mixing is a well-known and effective method for 
producing multicharged ion beams [2]. In order to increase 
the yield of multicharged ions of Xe, we perform the gas 
mixing experiments using Argon (Ar) for low Z gas. These 
experiments are conducted by keeping the total operating 
pressure constant and changing the mixing ratio of Xe and 
Ar. After optimizing the Ar mixing ratio for producing mul-
ticharged Xe ions, pulse modulated microwaves are intro-
duced to it. We survey and optimize the pulse frequency for 
producing multicharged ion beams. The optimum time 

scale of pulse modulated microwave is several tens of mi-
croseconds. We succeeded in further increasing the yield 
multicharged Xe ion beams by pulsing the microwaves. 
Also, the pulse frequency at that time is nearly equal to the 
ion cyclotron frequency of Ar+. We plan to conduct emit-
tance measurements in near future to further ensure that se-
lective heating of ions is possible. In addition, we also plan 
to conduct experiments to actively launch RF waves to the 
ECR plasma under gas mixing. 

EXPERIMENTAL APPARATUS 
Figure 1 shows the top view of the ECRIS in Osaka Univ. 

[3]. Vacuum chamber is 160mm in diameter and 1074mm 
in length. Magnetic field is formed by mirror coils (Coils 
A and B), a supplemental coil (Coil C), and four permanent 
magnets (octupole magnets). We use the cartesian coordi-
nates system (x,y,z) with the origin located at the center of 
the vacuum chamber. Xe and Ar gases are introduced to the 
vacuum chamber by mass flow controllers, and pressures 
are monitored directly by Bayard-Alpert (B-A) gauges. 
2.45 GHz microwave is generated by a magnetron and 
launched from a rod antenna which installed on the top of 
the vacuum chamber (z=175mm). Microwave oscillation 
can be switched between continuous wave (CW) mode and 
external input mode, it can be modulated into waveforms 
according to the external pulses. The operating range of 
pulse modulation is usually 1-100 kHz in frequency and 
20-80% in duty ratio. The incident power of microwaves is
defined by Pin. Magnetic flux density B is controlled by
currents fed to each coil (defined as IA, IB, and IC). In these
experiments, IA=IB=150A, and Pin=100W. Plasma parame-
ters, namely the electron density ne and the electron tem-
perature Te are measured by the Langmuir probe 1 (LP1,

z=−175mm) and the Langmuir probe 2 (LP2, z=300mm) 
which have cylindrical Mo electrode (0.25mm in diameter) 

and can be moved vertically within x=0mm and ±50mm. 

Figure 1: The top view of the ECRIS (Osaka Univ.). 
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Ion beam is extracted to the beam line, which is com-
posed of extractor and einzel lens 1 (EL1). The extractor 
assembly is constituted by a plasma electrode PE (15mm 
in single hole diameter, 10kV applied voltage), mid-elec-
trode E1 (13mm in single hole diameter), and E2 (13mm 
in single hole diameter, usually grounded voltage). Volt-
ages applied to the PE, the E1, the E2 electrodes, and the 
EL1 are defined as VPE, VE1, VE2, and Vel1, respectively. 
They are used in optimizing extraction of each ion species. 
Ion beam is bent by the sector magnet. Ion beam currents 
are measured by several Faraday cups, and we obtain 
charge state distributions (CSD’s) of them.  

In addition, Ion Beam Irradiation System (IBIS) is con-
nected to the rear end of the beam line [4]. The ECRIS and 
the IBIS are separated by gate valve 1 (GV1), and the IBIS 
itself is also divided into two parts by gate valve 2 (GV2). 
We call GV1 to GV2 the measurement part, and GV2 and 
later the irradiation part. It is described in detail in Ref. [4]. 

EXPERIMENTAL RESULTS 
AND DISCUSSION 

Typical CSD’s with and without Gas Mixing  
Application 

Figure 2 shows typical CSD’s of extracted Xe ion beams. 

Operating pressure is 7.0×10-4Pa. The IA and the IB are 
150A. Pin is 100W. The VPE is 10kV. The IC, the VE1 and the 
Vel are optimized for extracting Xe7+ ion beam. The black 
line is the CSD of Xe ion beams without Ar gas mixing. 
We can confirm Xe of q=1~7, and the beam current of Xe7+ 

is 1.1×10-8A. Where q is charge state. The blue line is the 
CSD of Xe ion beams with Ar gas mixing. The current of 
Xe7+ is further increased than that of no gas mixing, and 

the beam current is 1.8×10-8A. 

The Dependence of Xe Ion Beams on Ar Mixing 
Ratio 

Figure 3 shows the dependence of each Xe ion beam cur-
rent on Ar mixing ratio. The horizontal axis is the Ar mix-
ing ratio, which is determined by the partial pressures of 
Xe and Ar under the operation. The experiment is con-
ducted at a constant total operating pressure, which is 7.0

×10-4Pa. The VPE is 10kV. The IC, the VE1 and the Vel1 are 
optimized for extracting Xe7+ ion beam. As the Ar mixing 
ratio is increased, the extracted Ar+ beam current increases, 
and the Xe7+ ion beam reaches the maximum value at 
Xe:Ar=50:50. 

Typical CSD’s with and without Pulse Modu-
lated Microwaves Application 

Figure 4 shows typical CSD’s of extracted Xe ion beams. 

Operating pressure is 7.0×10-4Pa. The IA and the IB are 
150A. Pin is 100W. The VPE is 10kV. The IC, the VE1 and the 
Vel are optimized for extracting Xe7+ ion beam. The blue 
line is the CSD of Xe ion beams under simple gas mixing. 

Figure 2: Comparison of typical CSD’s of Xe ion beams 
with and without gas mixing. 

Figure 3: The dependence of each Xe ion beam current on 
Ar mixing ratio. 

Figure 4: Comparison of typical CSD’s of Xe ion beams in 
CW and Pulse mode. 
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We can confirm Xe of q=1~7, and the beam current of Xe7+ 

is 1.1×10-8A. The red line is the CSD when pulse wave is 
applied under gas mixing. The yield of Xe7+ is further in-
creased than that of simple gas mixing, and the beam cur-

rent is 3.5×10-8A. 

Microwave Pulse Period Dependence of Mul-
ticharged Xe Ion Beam 

Figure 5 shows the dependence of Xe7+ ion beam current 
on microwave pulse period. The horizontal axis is the pulse 
period, and the vertical axis is the beam current of Xe7+. 
The experimental conditions except for microwaves oper-
ation are the same as in Fig. 3. Pulsed microwaves are 
launched against the mixed gas of Xe:Ar=50:50. When the 
pulse period is changed in the range of 10-100 microsec-
onds, the yield of Xe7+ changed and peaked at a period of 
25 microseconds. The time-averaged incident and reflected 
microwave powers are almost the same in CW and pulse 
mode. This period corresponds to the ion cyclotron fre-
quency of Ar+ in the magnetic field of our ECRIS. The cur-
rent of Xe7+ when microwaves are incident in CW mode is 

shown by the dotted red line, and the value is 1.8×10-8A. 
On the other hand, the maximum current of Xe7+ in pulse 

mode is 3.5×10-8A. 

Comparison of the Plasma Parameters between 
CW and Pulse Mode 

Figure 6 shows the distribution of the ne and the Te in 
CW mode and pulse mode. The period in pulse mode is 
25 microseconds. The measurement is performed three 
times at each x position by using the LP1, and the figure 
shows the average value and standard error. When pulse 
mode is introduced, the ne is slightly higher than that of 
CW mode at x=0~40mm. The Te is lower than that of CW 
mode at all x positions. Therefore, the increase in mul-
ticharged ion beam yield is not considered to be the effect 
of plasma parameters. We expect that the cause of the in-
crease in the multicharged ion beam yield is the enhance-
ment of the gas mixing effect by pulse waves. 

 

Figure 5: The dependence of Xe7+ ion beam current on mi-
crowave pulse period. 

 
Figure 6: The distribution of the ne and the Te in CW mode 
and pulse mode. 

Summary and Future Planning 
We launched pulse modulated microwaves under simple 

gas mixing to increase the yield of multicharged Xe ion 
beams. The yield of Xe7+ was increased by 3.2 times com-
pared with pure Xe ion beams. Furthermore, the probe 
measurements were conducted to confirm that these results 
were not due to the effects of the plasma parameters. Ex-
cept for the enhancement of the gas mixing effect, the af-
terglow effect may affect the production of multicharged 
ions. 

To obtain more confirmation about selective heating of 
low Z ions, we plan to perform emittance measurements to 
estimate the ion temperature Ti before and after the intro-
duction of pulsed microwaves. In addition, we also plan to 
conduct the experiments that cause ICR and LHR by in-
jecting RF waves into the ECR plasma under gas mixing. 
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BEAM PROFILE MEASUREMENTS OF DECELERATED 
MULTICHARGED Xe IONS FROM ECRIS FOR ESTIMATING LOW 

ENERGY DAMAGE ON SATELLITES COMPONENTS 

K. Sato†, K.Okumura, S. Harisaki, W. Kubo, I. Owada, K. Tsuda, and Y. Kato, 
Division of Electrical, Electronic and Inforcommunications Engineering, Graduate School of  

Engineering, Osaka University, 2-1 Yamada-oka, Suita-shi, Osaka 565-0871, Japan

Abstract 
Electron cyclotron resonance ion source (ECRIS) has 

been constructed for producing synthesized ion beams in 
Osaka Univ. Xe is used as fuel for ion propulsion engines 
on artificial satellites. There are problems of accumulated 
damages at irradiation and sputtering by low energy Xe ion 
from the engine. It is required to construct experimentally 
sputtering yield databases of ion beams in the low energy 
region, since there are not enough data of satellite compo-
nent materials. Therefore, we are trying to investigate ex-
perimentally sputtering yield on materials by irradiating 
the low energy single species Xeq+ ion beams. However, 
there is a problem that if the low extraction voltage, the 
amount of beam currents is not enough to obtain ion beam 
flux for precise evaluation of sputtering yield data. Thus, 
we conduct to decelerate Xeq+ ion beams required low en-
ergy region after extracting at high voltage, e.g., 10kV. We 
measured the decelerated beam profile with x-y direction 
wire probes. Then we were able to estimate precise dose of 
ion fluxes. We are going to conduct irradiation experiments 
to estimate spattering yield damage on various satellite 
component materials. 

INTRODUCTION 
An electron cyclotron resonance ion source (ECRIS) are 

widely applied for plasma processing and ion beam appli-
cations [1]. In our ECRIS, we aim at producing and extract-
ing various ion beams in the single device. It plays an im-
portant role in medical field of carbon cancer therapy and 
aerospace engineering field of satellite engine [2, 3]. The 
satellite engine uses an ion engine, and Xe is widely used 
as fuel. Recently, life time of satellites is typically required 
over 10 years. There are problems of accumulation dam-
ages at irradiation and sputtering by low energy Xe ion 
from the engine. It is necessary to predict lifetime of satel-
lite materials for the design of artificial satellites. It is re-
quired to construct sputtering yield experimentally since 
there are not enough data of satellite component materials 
by ion beams in the low energy region from several hun-
dred eV to 1keV. In recent years, research on the sputtering 
yield of satellite materials has been conducted. There is a 
few data the sputtering data of single species Xeq+ ion 
beams. Therefore, we are trying to investigate experimen-
tally sputtering yield on their materials by irradiating the 
low energy single species Xeq+ ion beams. However, there 
is a problem that if the extraction voltage is 1kV and Xeq+

is extracted, the amount of beam currents is not enough for 

irradiation.  Then the ion beams are usually extracted from 
high voltage about 10 kV and transported. And we decel-
erate and irradiate ion beams to the materials in the ion 
beam irradiation system (IBIS) where we have constructed. 
In low energy irradiation experiments, there is a problem 
with uniformity of beam profile on the sample about 
1cm2(10mm×10mm). We first conduct deceleration exper-
iment to measure the current value of the decelerated low-
energy ion beam. We confirmed that the enough amount of 
current in the low energy region (100~200eV). We measure 
the two-dimensional profiles of the decelerated beam and 
the beam position. When we determine that the beam posi-
tion cannot irradiate the center of the target, we correct the 
beam position by changing the parameters of the laboratory 
equipment. The full width at half maximum (FWHM) can 
be measured from the profile. We can calculate the beam 
area and the current density from FWHM. We estimated 
irradiation time and the sputtering yield of the material 
from the current density. We evaluated the dose amount 
with high accuracy in the low energy region. 

EXPERIMENTAL APPARATUS 
Figure 1 shows the top view of our ECRIS and the beam 

line. The magnetic field of the ECRIS consists of octupole 
magnet and mirror field by two coils (Coil A, B) and addi-
tional coil (Coil C). The currents of Coil A and B are usu-
ally fixed 150A and that of coil C is adjusted to optimizing 
the ion beam current. We use the Xe and Ar gas. The Xe 
and Ar gases are introduced to the vacuum chamber by 
mass flow controllers. Then the pressures are monitored by 
a B-A gauge. The typical operation pressure of Xe and Ar 
gases are from 3×10-4~1×10-3Pa. The z axis shows the dis-
tance from center of the ECRIS along to the geometrical 
axis. 2.45GHz frequency microwaves are launched by the 
rod antenna through a coaxial window. The microwave 
powers are usually 10~50W.  

The ion beam is extracted with three-electrodes from 
ECR plasma. The extractor consists of the PE, the E1 and 
the E2 electrodes. The voltages are VPE, VE1 and VE2, re-
spectively. The VPE is usually 10kV and the VE2 is grounded. 
The VE1 can change from 0kV to -6kV. We optimize the VE1

to extracted multicharged ion beam within wide range of 
mass/charge numbers and to reduce the loss of the beam 
current [4]. Einzel lens 1 (EL1) is set between the E2 and 
sector magnet. The voltage of EL1 is Vel1. Vel1 is used to 
control transport of the ion beams. Ion beams are trans-
ported into the beam line consisting of sector magnet for 
analysing and acquiring charge state distribution (CSD) of 

 ___________________________________________  
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the ion beam currents. Beam currents are measured by the 
faraday cups (FC1, FC).  

 
Figure 1: The top view of the ECRIS (Osaka Univ.). 

The diameter of the FC is 51mm. The diameter of the 
FC1 is 50mm. We set the movable slit in front of the FC. It 
can control absolute value of currents and resolution of the 
CSD by changing the width with 0~40mm.  

Figure 2 shows the side view of the IBIS. The IBIS and 
the ECRIS are separated by gate valve (GV1). The IBIS is 
divided by the gate valve (GV2). We call as the beam meas-
urement part from GV1 to GV2, and the beam irradiation 
part from GV2 or the later. Even during the irradiation ex-
periment, we can exchange irradiation sample easily and 
quickly by loadlock system of the beam irradiation part. 
Einzel lens 2 (EL2) is set between the GV1 and GV2. The 
voltage of the EL2 is Vel2. And we use einzel lens 3 (EL3) 
in the irradiation part. The voltage of the EL3 is Vel3. 

Figure 3 shows the detail of the beam irradiation part. 
We measure beam current at FCi in deceleration experi-
ment. The diameter of the FCi is 50mm. X-Y wire probe is 
used for measuring the two-dimensional profiles of the de-
celerated beam. Wire probe is made of molybdenum. The 
diameter of wire probe is 0.5mm. We rotate wire probe 
when we measure X-direction profile. We move up and 
down wire probe when we measure Y-direction profile. 
Casing covers FCi and wire probe. Casing reduces the ef-
fects of secondary electrons emitted from FCi and wire 
probe.  

 
Figure 2: The side view of ion beam irradiation system. 

 
Figure 3: Detail of beam irradiation part. 

When we conduct low energy irradiation to the sample, 
it is necessary to reduce influence of space charge effect of 
Xeq+ ion beams caused by deceleration. Therefore, we con-
struct deceleration electrode (D). We set irradiation target 
which is rotatable and can apply deceleration voltage. In 
the irradiation experiment, the target can be irradiated with 
a decelerated ion beam current by setting the voltage of 
VD and the target to the same voltage. We apply voltages 
VD to electrodes. In the deceleration experiment and beam 
profile measurement, the decelerated ion beam current can 
be applied to each of the VD voltage and the Faraday cup, 
Casing and X-Y wire probe at the same voltage. 

EXPERIMENTAL RESULTS  
AND DISCUSSIONS 

A. Typical Xe CSD 
Figure 4 is typical Xe CSD before deceleration. The x-

axis represents the magnetic field of the sector magnet, and 
the y-axis represents beam current [µA]. The extraction 
voltage of ion beam (VPE) is 10kV. Slit width is 40mm. Ion 
beam is optimized with Xe+. Operating pressure is 1.3×10-

4Pa. Incident microwave power is 30W. Reflected micro-
wave power is 10W. Beam currents of Xe+ is 66.2µA, Xe2+ 

is 35.6µA, Xe3+ is 3.1µA. 

 
Figure 4: CSD before beam transport. 
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Figure 5: Xe deceleration experiment. 

B. Xe Deceleration Experiment
Figure 5(a) and (b) show results of deceleration experi-

ments of Xe+,2+. The x-axis represents the energy of the ion 
beam. VPE is beam extraction voltage and VD is the beam 
deceleration voltage. The y-axis is beam current [µA] 
measured by the FCi. Figure 5(b) shows detail behavior 
from -20eV to 220eV. The experimental result of Xe+ is 
shown in black, and the result of Xe2+ is shown in red. We 
fixed VPE at 10kV and changed VD from 0kV to 10kV. 
When we slowed down the beam to reduce the beam energy, 
the current decreased. We confirmed that beam current is 
decreased when we decelerated the beam. But we found 
that there was sufficient current to conduct irradiation ex-
periments in the low energy region. 

Figure 6: X direction beam profile. 

Figure 7: Y direction beam profile. 

C. Measurements of Decelerated
Xe+ Ion Beam Profiles

Figure 6 and 7 show profiles of decelerated Xe
+
 ion 

beam. Figure 6 is the x direction profile. Figure 7 is the y 
direction profile. Black, blue, and red data are 10kV (not 
deceleration), 200eV (deceleration), 100eV (deceleration). 
FWHM is descripted under each beam energy. We adjust 
the beam position by operating currents of steering coil 1 
(IS1) and steering Coil 2 (IS2). The current values IS1 and IS2 
are -1.5A and 0.8A. The maximum value of the beam cur-
rent in the x direction is almost concentrated at x=0. The 
maximum value of the beam current in the y direction is 
concentrated at y=0.5~1.0. We need to adjust the beam po-
sition so that the maximum value is measured at the center 
in the future. 

SUMMARY AND FUTURE PLAN 
We measured the current value of the Xe ion beam in the 

low energy region by deceleration experiments, and con-
firmed that sufficient amount of currents for conducting ir-
radiation experiments. We succeeded in acquiring the pro-
file of decelerated Xe+ ion beam. We evaluate the dose 
amount with high accuracy from beam profile. In the future, 
we plan to improve the equipment to obtain a larger dose 
and conduct irradiation experiments for various materials. 
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Abstract 
Aimed at improving the ATTA’s (Atom Trap Trace Anal-

ysis) dating efficiency with 39Ar radioactive isotope, an 
isotope enrichment system has been developed at IMP (In-
stitute of Modern Physics) to increase the abundance of 
39Ar in the incident sample gas. In this enrichment system, 
a 2.45 GHz ECR ion source was designed to ionize sample 
gas and produce isotopes beams with several mA, and the 
isotopes beam is transported and separated in the separa-
tion beam line, which is consisted of two quadrupoles and 
an analysis magnet. The separated isotopes are collected by 
a rotated aluminium foil target. According to the recent 
cross-checked results with ATTA, high enrichment factor 
of 39Ar isotope has been successfully reached. This paper 
will give a general introduction to the platform setup. The 
isotope enrichment efficiency is the critical issue for such 
a platform and will be specially discussed. 

INTRODUCTION 
39Ar (half-life is 269 yr) is an ideal isotope for water or 

ice dating on the time scale of 50 ~ 1,000 years [1]. 39Ar is 
produced in the atmosphere through cosmic ray induced 
nuclear reactions and equilibrates at an isotopic abundance 
of 8×10−16, which makes it extremely challenging for all 
analytical methods [2]. Up to now, only three effective 
methods have been successfully applied to environmental 
sample analysis, i.e. low-level decay counting (LLC) [3], 
accelerator mass spectrometry (AMS) [4], and the recently 
developed 39Ar-ATTA [5].  

In term of research convenience and feasibility for small 
samples, 39Ar-ATTA has demonstrated itself the most 
promising method for 39Ar dating research with signifi-
cantly higher selectivity [6]. However, typical applications 
of ATTA such as ocean ventilation would expect Ar sample 
of only 2 mL STP (standard temperature and pressure) of 
argon, which can be extracted from 5 L of water [7]. To 
improve the counting efficiency and counting rate of Ar-
ATTA, a variety of improvements such as gas recirculation 
has been realized. But to improve the counting rate of 39Ar 
by a factor of 10~100 to lower the analytical uncertainties 
for practical analyses, 39Ar enrichment might be a more 
straightforward technical solution.  

Noble gas enrichment with an electromagnetic separa-
tion system has been previously validated as a successful 
approach [8]. As 39Ar has a very low abundance in sample 
Ar gas, to have efficient enrichment within hours, a high 
intensity beam mass separator system is needed. At IMP, 
we developed an electromagnetic separation system inte-
grated with a high current 2.45 GHz ECR ion source capa-
ble of producing 1~10 mA Ar+. 

SYSTEM DEVELOPMENT 
To enrich 39Ar and increase its concentration with high 

efficiency, crucial factors are intense Ar+ beam production 
and effective separation of the Ar isotopes on the target 
plane. A high-resolution spectrometer system can separate 
Ar isotopic ion beam well on the target plane. A 2.45 GHz 
ECR ion source can produce mono-charged ion beams up 
to 100 mA. Besides, an ECR ion source can realize a very 
high ionization efficiency of the incident sample gas com-
pared to other types of high current ion sources, which is 
very advantageous for limited Ar sample gas. Therefore, a 
2.45 GHz ECR ion source [9, 10] is utilized as the Ar ion 
beam production ion source. High beam current can obvi-
ously shorten the needed enrichment time, but the beam 
transport efficiency in the spectrometer system will be-
come lower as a result of beam lose, which is mainly 
caused by space charge effect of the intense ion beam. In-
creasing ion beam extraction high voltage can mitigate the 
influence of space charge effect and therefore improve the 
transport efficiency. However, higher ion source extraction 
voltage means higher beam energy and that will imply 
higher rigidity of the magnetic separator system, and con-
sequently a bulkier system, more power consumption, 
higher project budget and so on. Additionally, higher beam 
energy will cause trouble in unwanted beam and en rich-
ment target design. The final design of this enrichment sys-
tem is a compromise of all the afore crucial factors. 

The layout and picture of the IMP 39Ar enrichment sys-
tem is given in Fig. 1. In addition to a 2.45 GHz ECR ion 
source and a high-resolution spectrometer system consist-
ing of a 95-degree dipole and two quadrupoles, a target 
chamber and a gas circulating system are also shown in the 
picture. The total length of the system is about 6 meters. 
All elements of this system have been meticulously de-
signed to satisfy the projects goals. 
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Figure 1: Layout (a) and picture (b) of 39Ar enrichment platform.

Ion Source 
The typical parameters of the ion source are given in Ta-

ble 1. A 2.45 GHz ECR ions source has been developed for 
this system. This ion source features a permanent magnet 
structure and ϕ 200 mm×100 mm dimension for compact-
ness and easy-operation. Although maximum 5 mA Ar+ is 
required for the routine operation, more than 10 mA Ar+ 
beam extraction has been tested to demonstrate the ion 
source capacity. 

Table 1: Typical Parameters of the Ion Source 

Ion Species Ar+ 

Maximum Current > 10 mA 

Operation Model DC 

Ion Energy 40 keV 

Beam Stability ≤ 1% 

When treating real samples, only limited gas (typically < 
5 ml STP) is available, and thus a high ionization efficiency 
is desired to improve the enrichment efficiency (as only the 
ionized Ar atoms can reach the target). Figure 2 shows the 
ionization efficiency and beam current at different gas con-
sumption rates with microwave power of 300 W, which in-
dicates that this ECR ion source could reach an ionization 
efficiency of >40% with Ar gas. 

 
Figure 2: Sketch map of gas circulation. 

As presented in Fig. 3, to have a reasonable ionization 
efficiency, the ion source needs to be operated with an ex-
traction beam current of 1 mA to 3 mA. 

Gas Circulation 
As the typical Ar ionization efficiency is 50% ~ 60%, to 

maximize the enrichment efficiency up to 80%, Ar recircul 

ation is necessary. The sketch map of gas circulation is 
shown in Fig. 3. The working gas that is suctioned from 
vacuum chamber and target chamber will be injected into 
ECR ion source to ionize again. In addition, the assistant 
molecular pump and ECR ion source are set on a high volt-
age platform. 

 
Figure 3: Ionization rate of ion source at different Ar gas 
consumption and beam current. 

Moreover, Non-Evaporable Getter (NEG) pumps have 
been utilized in the 39Ar enrichment platform vacuum sys-
tem. Once the enrichment system starts to enrich 39Ar, the 
vacuum evacuation system will be switch to recirculation 
operation mode, and the vacuum condition will be main-
tained via the NEG pumps. More information about this 
system has been indicated in former report [11]. 

EXPERIMENTS 
According to the project schedule, some experiments 

have been finished to check this system’s properties. Test 
experiment was finished to check Ar isotopic positions and 
some enrichment experiments to check project indicators. 
All these samples were enriched with Al foil, which had 
been heated in vacuum enrichment to remove gas on the 
surface of Al foil. 
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Test Experiment 
In order to cross-check the positions of the 39Ar isotopic 

positions and indicate them directly, a temporary target was 
made to do this. A piece of heat-sensitive paper fixed on Al 
foil has been used to detect the Ar isotopic ion beams at the 
target plane. Ion beams of 36Ar, 38Ar and 39Ar will bombard 
the heat-sensitive paper, while the high power 40Ar beam 
will be indicated by the Al foil. As shown in Fig. 4, the 
resultant burning marks by bombarded ion beams are con-
sistent with simulation results. 

 
Figure 4: Analysis of the Ar isotopic positions: simulation 
results (left) and burning marks test (right). 

Enrichment Experiments 
Based on previous work, serval experiments have been 

finished to check system enrichment effect. And all enrich-
ment results were validated by ATTA test. The enrichment 
system was operated for 6-hours and the Al foil containing 
the enriched samples were sent to USTC for ATTA analysis. 
Figure 5 shows count rate of natural abundance Ar and af-
ter enrichment Ar. Compared with natural Ar’s count rate, 
enrichment samples’ have been improved larger than 
100 times. 

 
Figure 5: 39Ar detection counts rate of natural abundance 
Ar gas and enriched samples. 

Recently, two experiments with constant sample gas (nat-
ural Ar, 5 mL STP) were finished. As shown in Fig. 6, 
within the error of ATTA, the 39Ar/38Ar ratio of enriched 
samples are consistent with natural Ar’s, which means 
these enrichment process can preserve sample’s dating in-
formation completely. 

 
Figure 6: 39Ar/38Ar ratio detection with ATTA of En-

riched samples and modern Ar. 

CONCLUSION 
This 39Ar enrichment has been developed successfully. 

Moreover, recent experiments show that the 39Ar abun-
dance could be improve more than 100 and this system can 
preserve dating information well in enrichment process. 
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CONCEPTUAL DESIGN OF AN ELECTROSTATIC TRAP 
FOR HIGH INTENSITY PULSED BEAM* 

W. Huang†, L. T. Sun, Y. G. Liu and H. W. Zhao  
University of Chinese Academy of Sciences/IMP/CAS, Lanzhou, China 

D. Z. Xie, LBNL, USA 

Abstract 
Highly charged ion sources play an important role in the 

advancement of heavy-ion accelerators worldwide. De-
mands of highly-charged heavy ions for new and existing 
accelerators have driven the performance of ion sources to 
their limits and beyond. In parallel to developing new tech-
nologies to enhance the performance of ECR ion source, 
this paper presents a conceptual design of an ion trap aim-
ing to convert a CW ion beam into a short beam pulse with 
high compression ratios. With an electron gun, a solenoid 
and a set of drift tubes, the injected ions will be trapped 
radially and axially. By manipulating the potential of the 
drift tubes, ions can be accumulated with multiple injec-
tions and extracted at a fast or a slow manner. This paper 
presents the simulations and design features of the envi-
sioned ion trap. 

INTRODUCTION 
The ion kinetic energy produced with accelerators is ei-

ther proportional to the square of the ion charge state Q 
(Cyclotrons) or linear to Q (Linac). Therefore, if the beam 
intensity can meet the requirement, future and existing 
heavy-ion accelerators can benefit from injecting ion 
beams of higher charge state Q which could not only 
achieve the required accelerator performance but also pos-
sibly lead to substantial cost savings. After more than 40 
years’ continued development, the state of the art Electron 
Cyclotron Resonance Ion Source (ECRIS) has advanced to 
a 3rd generation with full-superconducting magnets operat-
ing at 24 to 28 GHz microwaves, such as VENUS at 
LBNL, SECRAL & SECRAL 2 at IMP, SC-ECR at 
RIKEN and SUSI at MSU, etc. [1-5] To advance science 
research and enhance its capabilities, future and existing 
heavy-ion accelerators worldwide demand intense highly-
charged ion beams. For example, FRIB at MSU needs 13 
pμA of CW (continuous wave) 238U34+/U33+ [6], FAIR at 
GSI needs 15 emA of pulsed 238U28+ beam [7], High Inten-
sity heavy ion Accelerator Facility (HIAF) at IMP needs 
U34+ ion beams with an intensity of 1.7 emA in pulsed 
mode [8], which is far beyond the record what SECRAL 2 
can achieve, 390 eμA of U34+ [9]. 

Presently the 4th generation of ECR ion source is under 
development to meet the heavy ion beam intensity de-
mands with as high charge state as possible. The develop-
ment of the next generation of ECR ion source requires 
great efforts/resources and is a time consuming process as 
it has to overcome many technical challenges, such as how 

to fabricate the magnet system to mitigate the much higher 
em interaction forces, more demanding quench protection, 
sufficient cooling the plasma chamber under high micro-
wave power operation, etc. [10] While benefitting from the 
4th generation ECR ion sources, those heavy-ion accelera-
tors requiring intense pulsed ion beams can also benefit 
from a relatively low-cost device that can convert a CW 
ion beam of lower intensity but with higher charge state 
into an intense beam pulse. This is the reason we plan to 
develop a CW ion beam compressor that could trap and ac-
cumulate the highly-charged ions from an ECR ion source 
to convert those ions into a much higher peak intensity 
pulsed beam. The simulation details of this conceptual Ion 
TRap for high Intensity Pulsed beams (ITRIP) are pre-
sented and discussed below. 

PRINCIPLE OF THE ION TRAP 
The structure of the ion trap is very similar to an Electron 

Beam Ion Source (EBIS), as schematically shown in Fig. 
1. Highly charged ions produced with an ECR ion source
are injected into the ion trap where the ions get slowed 
down for accumulation and extraction. A cathode of high 
emissivity produces an electron beam to provide a negative 
potential well to radially confine the ions. The axial con-
finement of the ions is achieved by 1. a high gate potential 
at the left end (as shown in Fig. 1) to keep the ions from 
escaping the Trapping Section; 2. a set of drift tubes at the 
injection side (Bunching Section) to generate a repeating 
traveling electric potential wave (Vbunch) to accept and 
move the ions into the Trapping Section and at the same 
time minimize the ion axial escaping. The Trapping Sec-
tion accumulates the ions until the ions are extracted out, 
through manipulating the electric potential at the left hand 
and other electrodes, to form an intense beam pulse. 

Figure 1. Schematic layout of the ion trap. 

The most important key factor of the ion trap is the ion 
trapping efficiency. Some of the ions will get lost during 
the accumulation and extraction periods. The ion trap 
should preserve the ion charge state, in addition to confin-
ing the ions. The charge state of ions can be lower due to 
charge exchange with the background gas, radiative re-
combination (RR) with the electrons, etc. An ultrahigh vac-
uum should be provided to reduce the charge exchange. 
Some of the electrons will also get trapped moving back 
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and forth which leads to an increased electron density re-
sulting in higher space charge potential for better ion con-
finement. 

The repetition rate requirement for HIAF is 1 Hz with an 
injection time of about 400 μs and the CW beam intensity 
of U34+ or higher charge state uranium ions is typically 0.2 
to 10’s pμA produced with SECRAL 2 ion source. So if the 
ion trap can catch 50% of an injected 1 pμA of U34+ ions in 
the Bunching Section and with a 25% accumulation effi-
ciency in the Trapping Section, the number of U34+ ions in 
the Trapping Section would be ~ 7×1011 assuming the ca-
pacity of Trapping Section is high enough. If the extraction 
efficiency of the ion trap can reach 50% which would lead 
to ~ 3.5×1011 ions/pulse. 

DESIGN OF THE ELECTRON GUN 
A magnetic field is needed for confinement of the elec-

trons. To minimize the simulation time for the conceptual 
design, the length of the ITRIP is chosen to be ~ 0.5 m. The 
magnetic field is produced by a solenoid located inside an 
iron yoke, as shown in Fig. 2 (a). The current density of 
solenoid is 9 A/mm2. The inner and outer radius of solenoid 
are 10 cm and 15 cm, respectively. The length of solenoid 
is 0.5 m. The thickness of the iron yoke is 2 cm. The com-
puted magnetic field distribution with Vector Field TOSCA 
[11] is shown in Fig. 2 (b). The maximal magnetic field in 
the trap is ~ 5570 G which can be produced by room tem-
perature solenoid with water cooling. 

 
Figure 2. (a) Magnet structure. (b) Magnetic field profile. 

Ions are to be injected from one side and extracted from 
the other side of the ion trap. An electron hollow cathode 
of a convex surface located at the extraction end is de-
signed with an adequate aperture for ion extraction. A por-
tion of the electron beam, with energy loss due to collision, 
is trapped between the cathode and reflecting electrode in 
the confining magnetic field. The corresponding thermi-
onic current density on the cathode is described by Rich-
ardson-Dushman as follows [12]: 

2 exp( )G
B

j A T
k T


    (1) 

Where AG is generalized Richardson constant, T is the cath-
ode temperature in K, φ is the work function in eV and kB 
is Boltzmann constant. 

The radius of drift tube along axis should meet the fol-
lowing equation to maintain a uniform potential distribu-
tion in the trap with the same potential on all drift tubes 
[13]: 

 0
,0( )

( )t t

B
R z R

B z
    (2) 

Where Rt(z) is the inner radius of drift tubes at a location 
of axial coordinate z and magnetic field B(z) and Rt,0 is in 
the point with the maximum value of B(z), notated as B0. 

LaB6 is widely used in fabricating thermionic electron 
cathode. Its operating temperature is over 1500 K with gen-
eralized Richardson constant of 29 A·cm-2·K-2 [14]. The 
anode consists of two rings to let electron go through be-
tween them. The electron gun is simulated with Vector 
Field SCALA [11]. The hollow electron beam oscillates 
between the cathode and reflecting electrode, i.e., back and 
forth through the Trapping Section and the Bunching Sec-
tion. To get a convergent result, the 9th drift tube and the 
reflecting electrode after that are omitted in the simulation, 
as shown in Fig. 3. The temperature of cathode in simula-
tion is 1600 K, the relative potential of all the electrodes 
including cathode from left to right are 0, 2.5 kV, 4 kV, 1.1 
kV, 1.1 kV, 1.1 kV, 1.1 kV, 2.5 kV, 1.1 kV, 1.1 kV. The po-
tential of gate electrode is 2.5 kV when it’s closed. 

 
Figure 3. Simulation result of the electron gun. 

The electron beam current is ~ 430 mA according to the 
simulation, with inner r1 of ~ 0.3 cm and outer radius r2 of 
~ 0.46 cm, as shown in Fig. 4 (a). The trap potential of an 
electron beam with uniform distribution of radius re has the 
shape [15] 

 

2

2

( )

(2 ln 1)

e
e

e
e

e e
e

U r
for r r

r
V r

r
U for r r
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 (3) 

Where Ue = Ie/(4πε0ve). The hollow electron beam shown 
in Fig. 4 (a) can be regarded as a combination of a positive 
electron beam with radius of r1 and a negative electron 
beam with radius of r2. Assume the relative potential on the 
drift tube with radius Rt is 0, the space charge potential of 
the hollow electron beam of 430 mA and 1.1 keV can be 
calculated with equation (3), as shown in Fig. 4 (b). The 
depth of the space charge potential of electrons is ~ 0.29 
kV. Increase the beam current can increase the potential 
depth which can lead to better ion confinement. 

  
Figure 4. Space charge potential distribution according to 
the current distribution of electrons. (a) Current distribu-
tion. (b) Space charge potential of electron beam. 
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SIMULATION OF THE ION TRAP 
Assume the energy of U34+ ions at the exit of an ECRIS 

are the same which is 21.13·q keV where q is the charge 
state. The energy of U34+ ions will be decreased to 0.03·q 
keV if the 8th drift tube is on 21.1 kV. Assume a parallel 
beam of U34+ of radius of 5 mm prior to its injection into 
the ion trap with magnetic field, Fig. 5 shows the simula-
tion of the injected U34+ beam profile with code IBSIMU 
[16]. The electron beam in the trap is omitted to simplify 
the simulation. The potential of these 4 electrodes from left 
to right are 17 kV, 20.7 kV, 21.1 kV, 21.1 kV. The potential 
of the left boundary is 0 V. The left boundary, reflecting 
electrode and the 9th drift tube can be regarded as an einzel 
lens that focus ion beam at injection. 

 

Figure 5. Simulated profile of U34+ ions injection. 

A PIC simulation software VSim [17] is used to simulate 
the accumulation of ions in the trap with electrons and the 
process is extremely time consuming. To get a feel of the 
trapping, the collisions including charge exchanges and RR 
(Radiative Recombination) processes among the particles 
are neglected but take into account the effects of the em 
field and space charge force on the U34+ ions. The electro-
static potential varies depending on the space charge po-
tential of electron beam. The energy of U34+ ions can vary 
from (10 ~ 100)·q eV in the Bunching Section. 

Potential on the 9th drift tube will be raised to trap the 
ions when the Bunching Section is full. Potential on the 8th

 

drift tube will be raised when compressing the ions. Poten-
tial on the 6th drift tube will be lower (the gate is open) to 
dump the U34+ ions into the Trapping Section when com-
pression of ions is completed. Potential on the 7th potential 
will be raised to push the remaining ions into the Trapping 
Section, and potential on the 6th potential will be raised (the 
gate is closed) after that. Repeat these processes several 
times until the Trapping Section is full. The trajectory of 
one bunch of U34+ at 9.6 μs when dumping of ions is com-
pleted is shown in Fig. 6 (a). The green points are electrons 
and the red points are U34+ ions in which a good portion of 
the ions is trapped. The velocity distribution of ions along 
axis is shown in Fig. 6 (b). Some of the ions with larger 
energy are reflected by the 1st drift tube while the lower 
energy ions remain in the Bunching Section. 

Due to the time consuming computation and the capabil-
ity limit of a desktop computer, only 5 bunches of U34+ ions 
are conducted in the simulations. The time for each bunch 
in injection is ~ 10 μs which consists of ~ 3 μs of injection 
time, ~ 4 μs of compression time and ~ 3 μs of dumping 
time. The accumulation results of electrons and U34+ ions 
in the trap are shown in Fig. 7. The accumulation of elec-
trons is essentially saturated after 40 μs with electrons of ~ 
5×1012 in the trap, which means the theoretical capacity of 

the trap for U34+ is ~ 1.4×1011 that should be increased fur-
ther. The calculated number of trapped U34+ ion at 50 μs is 
~ 1.8×108 in the simulation. A fitting plot of quadratic func-
tion predicts the number of trapped U34+ ions to reach 
3.4×1010 after 1 s, which is only a quarter of the theoretical 
capacity of the trap. Assume the extraction efficiency is ~ 
50%, the intensity of U34+ after extraction without consid-
ering charge exchange and RR processes will be 1.7×1010 
ions/pulse. 

Figure 6. Simulation of one bunch of injection. (a) Parti-
cle distributions. (b) Ion velocity distribution. 

Figure 7. Simulation of the accumulation of electrons (a) 
and U34+ ions (b). 

The ions will be extracted from the ion trap at 1 s to ac-
commodate HIAF injection frequency. To simulate the ex-
traction of a high intensity ion beam, assume the extracted 
instantaneous peak current of U34+ is 1 A with 150·q eV, the 
simulated result is shown in Fig. 8. The outer ring of anode 
is omitted for simplicity. An einzel lens is used to focus the 
U34+ ions to mitigate the strong space charge force. During 
the extraction, the voltage of anode decreases to 21.1 kV 
while the voltage of cathode remains on 20 kV. The volt-
ages of einzel lens from left to right are 19.1 kV, 11.1 kV, 
10.1 kV. 
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Figure 8. Simulated profile of U34+ ions extraction. 

DISCUSSION 
The capacity of the discussed trap for both electrons and 

ions is proportional to the trap length to certain extend that 
means a higher trapping capacity feasible with a longer 
trap. A larger line density of electrons will lead to a better 
confinement for ions, which means the current of electron 
gun can be higher. Increasing the voltage of the anode is a 
direct way to get a higher current electron beam. However, 
a too high electron energy can lead to ion ionization re-
sulted in ion loss. 

The balance equation of ions considering ionization, RR, 
charge exchange and the loss of heated ions by Coulomb 
collisions can be found in reference [18]. Consider the evo-
lution of charge state of uranium ions in 3 cases: (a) 0.15A 
of electrons with 500 eV in the trap; (b) 0.5 A of electrons 
with 1100 eV in the trap; (c) 4.7 A of electrons with 5000 
eV in the trap. Assume the initial U34+ ions in the trap is 
3.4×1010, namely ~ 6×108 cm-3 in the trap for a confining 
column of cross section of ~ 1 cm2. At a background vac-
uum of 1×10-10 Torr, the calculated charge state evolution 
of uranium ions for the 3 cases mentioned above are shown 
in Fig. 9. In the 1st case (Fig. 9 (a), (d)), the loss of U34+ 

ions due to charge exchange and RR processes makes up 
only 3% of the total loss, which means U34+ ions are lost 
mainly due to poor confinement caused by the low current 
of electrons. In the 3rd case (Fig. 9 (c), (f)), The loss of U34+ 

ions due to charge exchange and RR processes makes up 
almost the total loss, which means the confinement for ions 
is good enough. Some U34+ ions are ionized, as the ioniza-
tion potential of U34+ is only 1.4 keV, by the high energy of 
electrons resulted in more loss of U34+ in comparison to the 
2nd case (Fig. 9 (b), (e)) after 10 ms. The loss of U34+ ions 
due to charge exchange and RR processes makes up 40% 
of the total loss in case 2 and goes up as increase the current 
of electron beam. Increasing the energy of electrons to get 
a higher electron beam current is feasible but the electron 
energy should depend on the tolerable loss of ions to be 
trapped. 

Figure 9. Evolution of charge state of ions for different 
cases considering all the loss processes (a), (b), (c) and 
only charge exchange, RR processes (d), (e), (f). 

Assume the U34+ ions accumulate as the fitting curve in 
Fig. 7 (b), the evolution of charge state of ions considering 
only charge exchange and RR processes is shown in Fig. 
10 with an electron beam current of 0.4 A and 1100 eV 
when the vacuum is 1×10-10 Torr. The trapped U ions will 
be 1.24×1010 after 1 s. As a result, the intensity of U34+ for 
ITRIP after extraction will be 6.2×109 ions/pulse with an 
extraction efficiency of 50% and that means more efforts 
needed to increase output.

Figure 10. Evolution of charge state of ions in 1 s. 

Experimental proof of principle is needed to verify the 
validity of the design. The structure design of the ITRIP is 

almost completed, the machining and experiments will be 
taken place in the near future. 
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PRODUCTION OF METAL ION BEAMS FROM ECR ION SOURCE 
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M. Abdigaliyev, Astana branch of Institute of Nuclear Physics, Nur-Sultan, Kazakhstan 

Abstract 
The paper describes the production of metal ion beams 

from ECR ion sources by the MIVOC (Metal Ions from 
Volatile Compounds) method. The method is based on the 
use of volatile metal compounds having high vapor pres-
sure at room temperature: for example, Cr(C5H5)2, 
(CH3)5C5Ti(CH3)3 and several others. Using this method, 
intense beams of chromium, titanium, iron, and other ions 
were obtained at the U-400 FLNR JINR and DC-60 cyclo-
trons (Astana branch of the INP, Alma-Ata, Kazakhstan 
Republic). 

PRODUCTION OF METAL IONS  
FROM ECR ION SOURCE USING  

THE MIVOC METHOD 
This method is based on the use of organometallic com-

pounds having a relatively high vapor pressure (10-3 Torr) 
at room temperature. Such a vapor pressure is sufficient for 
the operation of the ECR ion source with corresponding 
conductivity of the feed line [1].  

The necessary preparation of the substance is performed 
depending on the chemical properties of each compound. 
For example, titanium and nickel compounds are prepared 
in an argon box under a red light, both substances are afraid 
of air, humidity and light. Whereas, the iron compound can 
be placed into container in air. After preparation all con-
tainers with compounds are pumped to the forevacuum, 
and connected to the ECR ion source through a mechanical 
or automatic valve for supplying substances [2]. 

THE CYCLOTRON U-400 OF FLEROV 
LABORATORY NUCLEAR REACTION 

(JINR, RUSSIA) 
The cyclotron U-400 is designed for production of ac-

celerated ion beams of atomic mass in the range A=4 ÷ 209 
and energy 3 ÷ 29 MeV/nuclon. U-400 isochronous cyclo-
tron has been in operation since 1978 [1]. Cyclotron is 4 m 
in diameter, D=4 m, with K=650 energy factor. Charge ex-
change technique is used for beam extraction. Axial injec-
tion channel with external ion source has been in operation 
at U-400 since 1996. An ECR ion source ECR-4M is in-
stalled at the U-400 cyclotron [3]. Ion source ECR-4M was 
modernized to improve its performance: higher magnetic 
field in the injection region; new hexapole; the increase of 
the discharge chamber from 64 to 74 mm; direct UHF in-
jection. 

BEAMS OF METAL IONS FROM  
ECR-4M ION SOURCE AT THE  

CYCLOTRON U-400 
At the U-400 cyclotron, stable beams of metal ions were 

produced by the MIVOC method for various research ar-
eas: 
 52Cr, 56Fe – study of fusion-fission processes, quasi-

fission and multi-nucleon transfer reactions 
 54Cr, 50Ti – alpha, beta and gamma spectroscopy of 

isotopes of heavy and super heavy elements 
 56Fe – study of reactions with beams of stable and ra-

dioactive nuclides leading to the formation of exotic 
nuclei 

Figures 1-4 show the spectra of chromium, titanium and 
iron ions at the U-400 cyclotron. 

 
Figure 1: The spectrum of 52Cr ions, the source settings are 
optimized for 52Cr6+ – 74 μA. UHF power – 49 W.  

 
Figure 2: The spectrum of 54Cr ions, the source settings are 
optimized for 54Cr6+ – 95 μA. UHF power – 58 W.  

 ___________________________________________  

† bondarchenko@jinr.ru  

24th Int. Workshop on ECR Ion Sources ECRIS2020, East Lansing, MI, USA JACoW Publishing
ISBN: 978-3-95450-226-4 ISSN: 2222-5692 doi:10.18429/JACoW-ECRIS2020-WEXZO05

03: Production of High-intensity Ion Beams

WEXZO05

137

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
19

).
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



 
Figure 3: The spectrum of 50Ti ions, the source settings are 
optimized for 50Ti5+ – 78 μA. UHF power – 51 W.  

 
Figure 4: The spectrum of 56Fe ions, the source settings are 
optimized for 56Fe7+ – 90 μA. UHF power – 65 W.  

THE ACCELERATOR COMPLEX DC-60 
OF ASTANA BRANCH OF THE INP 

(ALMA-ATA, KAZAKHSTAN REPUBLIC) 
The cyclotron DC-60 is designed for production of ac-

celerated ion beams of atomic mass in the range A=4 ÷ 132 
and energy 0,35 ÷ 1,7 MeV/nuclon [4]. Main objectives: 
scientific research; education; production of track mem-
branes with special properties; creation of micro and nano 
structures; surface modification of standard materials, cre-
ation of new materials with required properties. The cyclo-
tron is equipped with the ECR ion source DECRIS-3 [5]. 

Beams of ions of titanium ((CH3)5C5Ti(CH3)3), chro-
mium (Cr(C5H5)2), cobalt (Co(C5H5)2), nickel (Ni(C5H5)2), 
iron (Fe(C5H5)2), germanium (Ge(CH3)4) and hafnium 
((C-5H5)2Hf(CH3)2) after preliminary preparation were 
produced by the MIVOC method of the DECRIS-3 ion 
source at the DC-60 cyclotron shown in Figs. 5-11. 

 
Figure 5: The spectrum of Ti ions, the source settings are 
optimized for 48Ti9+ - 18 μA. UHF power – 156 W. 

 
Figure 6: The spectrum of Cr ions, the source settings are 
optimized for 52Cr10+ - 9 μA. UHF power – 72 W. 

 

 
Figure 7: The spectrum of Ni ions, the source settings are 
optimized for 58Ni11+ - 43 μA. UHF power – 260 W. 

 
Figure 8: The spectrum of Co ions, the source settings are 
optimized for 59Co12+ - 12 μA. 
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Figure 9: The spectrum of Fe ions, the source settings are 
optimized for 56Fe10+ – 44 µA. UHF power – 120 W. 

 
Figure 10: The spectrum of Hf ions, the source settings are 
optimized for 180Hf17+ - 19 μA. UHF power – 230 W. 

 
Figure 11: The spectrum of Ge ions, the source settings are 
optimized for 72Ge10+ - 46 μA. UHF power – 270 W. 

CONCLUSION 
The main goal of this work was to employ the MIVOC 

method for production of ions of solid and extend the spec-
trum of accelerated ions at the FLNR cyclotrons and at the 
DC-60 cyclotron. With the expansion of the spectrum of 
accelerated elements, it becomes possible to set up new ex-
periments in the field of experimental nuclear physics, ra-
diation solid state physics, and various applied problems, 
which makes the research objective particularly relevant. 
As a result of the work done, for the first time at the DC-60 
cyclotron, the modes of obtaining ion beams 48Ti9+, 58Ni11+, 
59Co12+ and 52Cr10+ were worked out for the first time. 
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PRESENT STATUS OF HIMAC ECR ION SOURCES 
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Abstract 
High-energy carbon-ion radiotherapy is being carried 

out at Heavy Ion Medical Accelerator in Chiba (HIMAC). 
Over 12000 cancer patients have been treated with carbon 
beams having energies of between 56-430 MeV/u since 
1994. There are two injectors in the HIMAC for medical 
and experimental use. First injector consists of two ECR 
ion sources and one PIG ion source, the RFQ linac and the 
DTL. Usually, this injector suppling the carbon ion for can-
cer therapy and various ion such as H, He, Fe, Xe are ac-
celerated for biological and physical experiment. The 
10 GHz NIRS-ECR ion source produce the carbon ion for 
cancer therapy. The 18 GHz NIRS-HEC ion source pro-
duce He to Xe ions for experimental use. Second injector 
consists of the compact ECR ion source with all permanent 
magnet, the RFQ linac and the APF IH-DTL. This injector 
supplies the carbon ion for experimental use. Additionally, 
we tried production of the Indium and the Tin ions by using 
the In(C5H5) and the Sn(i-C3H7)4 at the NIRS-HEC. Beam 
current of the 115In20+ and 120Sn18+ were 90 and 15 A, re-
spectively. 

INTRODUCTION 
The National Institute of Radiological Sciences (NIRS) 

was founded by the Japanese Government in 1957 as a core 
research institute concerning the interactions between radi-
ation and human beings. The National Institutes for Quan-
tum and Radiological Science and Technology (QST) was 
established in April 2016 to combine NIRS and several in-
stitutes that were previously under the Japan Atomic En-
ergy Agency (JAEA). The main aims of QST-NIRS are 
comprehensive research and development on: (1) the ef-
fects of radiation on the human body; (2) protection from 
radiation, including diagnosis and treatment of radiation 
injuries; and (3) medical applications of radiation. 

Four ion sources produce various ions for medical use, 
biological and physical experiment in the Heavy Ion Med-
ical Accelerator in Chiba (HIMAC) [1] at the NIRS. The 
multi-ion irradiation with dose distribution and Liner En-
ergy Transfer (LET) optimization is being studied at NIRS 
[2, 3]. Helium, carbon, oxygen and neon ions are consid-
ered as ion species for multi-ion irradiation. When we use 
more than one ion sources, it is possible to switch different 
ion species easily. However, we considered the switching 
method with only one ion source. Ionization gases were he-
lium, CO2 and neon to produce He2+, C2+, O3+ and Ne4+ 
ions. Present status of ion sources in 2019 and development 
of gas switching system for multi-ion irradiation and pro-
duction of Indium and Tin ion production at the 18 GHz 
NIRS-HEC ion source [4] are described in this paper.  

OPERATION OF THE HIMAC ION 
SOURCES IN 2019 

The project to develop the world’s first medical dedi-
cated heavy-ion synchrotron was started in 1984 as the HI-
MAC. Since HIMAC was fully developed by NIRS as an 
accelerator complex. HIMAC has four different types of 
ion sources, a penning ion source, named NIRS-PIG [5] a 
10 GHz electron cyclotron resonance ion source, named 
NIRS-ECR, an 18 GHz electron cyclotron resonance ion 
source, named NIRS-HEC, and a 10 GHz permanent mag-
net electron cyclotron resonance ion source, named Kei2 
[6]. The HIMAC ion sources were produced various ion 
beam for medical and experimental use. Figure 1 shows ra-
tio of operation time and ion species in 2019. Carbon ion 
is the most utilized the various ion species. The carbon 
bean from NIRS-ECR was used for medical use. Beam 
from Kei2 was used for biological experiments. Total num-
ber of the patient in 2019 was 876.  

 
Figure 1: Ratio of operation time and ion species in 2019. 
ECR: 10 GHz NIRS-ECR, HEC: 18 GHz NIRS-HEC,  
PIG: NIRS-PIG, KIS: Kei2-source 

Figure 2 shows the operation time of various ion species 
in 2019. Total operation time of ion sources were 
9787.16 hours in fiscal year 2019. Operation time of the 
carbon was higher than other ion species. Operation times 
of NIRS-ECR and Kei2 sources for carbon ion production 
were 4865.3 and 969.5 h. Boron and silicon ions were pro-
duced by NIRS-PIG with spattering method. We can oper-
ate the PIG source during 1 week without maintenance. 
Iron, krypton and xenon were produce by HEC. Operation 
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time of Fe, Kr and Xe were 533, 228 and 158 h, respec-
tively. Ions of isotope such as 13C, 15N, 18O and 58Fe 
were also produced at 18 GHz NIRS-HEC ion source. 

 
Figure 2: Operation time of various ion species in 2019. 
ECR: 10 GHz NIRS-ECR, HEC: 18 GHz NIRS-HEC,  
PIG: NIRS-PIG, KIS: Kei2-source 

DEVELOPMENT OF NIRS-HEC 

Gas Switching System for Multi-Ion Irradiation 
In previous tests, switching time of the ion species using 

existing gas system could be shortened by using a solenoid 
valve [7]. Helium, CO2 and neon gases were used for pro-
duction of He2+, C2+, O3+ and Ne4+ ions. A new gas switch-
ing system for multi-ion irradiation was manufactured and 
an ion species switching test was conducted in this time. 
Figure 3 shows photograph of gas switching system at 
NIRS-HEC. The high speed solenoid valve (Parker, Series 
9) and controller (Parker, Iota One) were used for CO2, He-
lium and Neon gases line.  

 
Figure 3: Photograph of gas switching system.  

First, the gas was pulsed and the gas exhaust time was 
measured. Figure 4 shows exhaust time of CO2. It took 
11 seconds for the degree of vacuum in the upstream vac-
uum box to drop below 1E-5Pa after the gas supply was 
stopped. In the case of helium and neon, it took 5 and 7 sec-
onds, respectively. Table 1 shows condition of solenoid 
valve.   

 
Figure 4: Exhaust time of CO2. Blue line is vacuum pres-
sure in upstream chamber. Red line is vacuum pressure in 
downstream chamber.  

Table 1: Condition of Solenoid Valve 

Gas  Pulse 
width 
[msec] 

Repeti-
tion fre-
quency  

[Hz] 

Pres-
sure 

[MPa] 

Time to 
1E-5Pa 

[sec] 

He 0.12 1.2 0.00 5 
CO2 0.3 1.2 -0.05 11 
Ne 0.25 1.2 0.00 7 

 

Next, an ion beam switching test was performed. As in 
the previous experiment, we try to produce He2+, C2+, O3+ 
and Ne4+ ions by using helium, CO2 and neon gases with 
new gas switching system.  

Figure 5 shows beam switching time from He2+ to Ne4+. 
In the previous gas system, it took 20 seconds for the beam 
to stabilize, but in the new system it took 7 seconds. When 
switching from CO2, where gas exhaust was slow, the 
beam is stabilized at 35 seconds at the time of switching to 
Ne4+. (Fig. 6) 

 

Figure 5: Beam switching time from He2+ to Ne4+.  
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Figure 6: Beam switching time from C2+ to Ne4+. 

Indium and Tin Ion Production 
Production of Indium and Tin ion were tested using 

In(C5H5) and Sn(i-C3H7)4 at NIRS-HEC. A beam test was 
performed by cooling the container using a Peltier device, 
because, the vapor pressure at room temperature is high 
[8]. Figure 7 shows charge state distributions of Indium (a) 
and Tin (b). The operating parameters of the ion source 
have been optimized for In20+ and Sn18+. The temperatures 
of the Indium and Tin containers were 6.2 and 9.2 degrees, 
respectively. The beam currents for In20+ and Sn18+ were 90 
and 15A, respectively. The extraction voltages at this time 
were 31 and 32 kV, respectively. In the case of tin, 120Sn18+ 
could not be separated due to the presence of isotopes. 

 
(a) 

 
(b) 

Figure 7: Charge state distributions of Indium (a) and Tin 
(b) ions.  

CONCLUSION 
Total operation time of ion sources were 9787.16 hours 

without big problem in fiscal year 2019. Operation time of 
the carbon was higher than other ion species. We made new 
gas switching system for the multi-ion irradiation at 18 
GHz NIRS-HEC. We obtain result of switching time of less 
than 35 sec using solenoid valve. Indium and Tin ions were 
produced by using In(C5H5) and Sn(i-C3H7)4at NIRS-HEC. 
The beam currents for In20+ and Sn18+ were 90 and 15A, 
respectively. 
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DESIGN OF A 2.45 GHz SURFACE WAVE PLASMA SOURCE FOR 
PLASMA FLOOD GUN* 
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versity of Science and Technology of China, Hefei 230026, China 

Abstract 
Microwave ion sources have the characteristics of high 

stability, high plasma density, no metallic contamination, 
long life, and low gas consumption, which make them ex-
cellent candidates for plasma flood gun (PFG) with supe-
rior charge neutralization performance for ion implanters. 
Attempt to develop a large scale PFG based on 2.45 GHz 
microwave driven sources was launched at Peking Univer-
sity (PKU). A prototype one is a miniaturized 2.45 GHz 
permanent magnet electron cyclotron resonance (ECR) 
source to produce point-like electron beam. In previous ex-
periments, more than 8 mA electron beam has been ex-
tracted through an Ø6 mm extraction hole at an input mi-
crowave power of 22 W with argon gas. Recently, studies 
are focused on the possibility of producing of ribbon elec-
tron beams as PFG with 2.45GHz microwave driven sur-
face wave plasma (SWP) source. A cylindrical chamber 
surface wave plasma generator with a cylindrical dielectric 
waveguide and a 70 mm×3 mm extraction slit was de-
signed and fabricated. More details of this PFGs will be 
discussed in this work. 

INTRODUCTION 
PFGs are widely used to neutralize wafer charge during 

the doping process in modern ion implanters. Compared 
with traditional dc arc discharge with filament and RF dis-
charge, the microwave driven source that has long lifetime 
and no metallic contamination is regarded as a potential 
choice of PFG. For an example, Axcelis has developed a 
microwave electron cyclotron resonance (ECR) PFG for 
low pressure wafer charge neutralization, a ribbon electron 
beam with current as high as 20 mA has been obtained with 
microwave power less than 70 W with xenon gas [1]. Be-
sides, a miniaturized ECR plasma flood gun was developed 
at PKU, more than 8 mA point-like electron beam has been 
extracted from this ion source at an input microwave power 
of 22 W with argon gas [2]. 

However, there are still some challenges for ECR ion 
sources to generate large-scale uniform plasmas due to the 
existence of magnetic field [3], which limit their applica-
tions as PFGs in large-area wafers. Fortunately, it has been 
widely reported that large-area planar surface wave plas-

mas (SWPs) can be excited with 2.45 GHz microwave en-
ergy [4, 5]. In addition, there are some other advantages for 
the SWP sources compared with the ECR ones. On the one 
hand, large-area uniform plasmas can be easily obtained by 
the systematic design of the antenna. On the other hand, 
there are no external magnetic fields for the SWP sources, 
which make it simpler and more economic than the ECR 
sources. Therefore, the 2.45 GHz microwave driven SWP 
sources are expected to be the potential PFGs for charge 
neutralization of large-area wafers. 

At PKU, a 2.45 GHz ECR ion source was designed for 
the production of high intensity singly charged ion beams. 
In this work, this source is updated to a SWP source for the 
generation of ribbon electron beam. More details of the mi-
crowave driven PFG will be discussed in this paper. In ad-
dition, some physical analysis including the microwave 
coupling and thermal analysis will be presented. 

MICROWAVE DRIVEN PFG 
A schematic diagram of the 2.45 GHz ECR ion source is 

presented in Fig. 1. It can be briefly divided into micro-
wave matching parts, plasma chamber and permanent mag-
net rings. A dielectric microwave window is used for mi-
crowave coupling and vacuum sealing, which is composed 
of three pieces of alumina ceramic blocks (Ø32 mm×10 
mm) and a piece of thick boron nitride (Ø32 mm×2 mm). 
The plasma chamber is made of stainless steel (SS) (Ø85 
mm × L51 mm). In addition, two NdFeB permanent mag-
net rings are installed outside of the plasma chamber to 
provide a resonance magnetic field of 875 Gs. The plasma 
electrode is made by SS with an Ø6 mm hole. 

Figure 1. A schematic diagram of the 2.45 GHz ECR ion 
source at PKU. 

 ___________________________________________  
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In this work, the ECR ion source shown in Fig. 1 is up-
dated to a SWP source for large-area electron beam gener-
ation. To realize this function, as presented in Fig. 2, sev-
eral important improvements are made in this microwave 
driven PFG.  
 The boron nitride is replaced by a ceramic cylinder

that stick into the plasma chamber with a length of 40 
mm. 

 The NdFeB permanent magnet rings are removed.
 A plasma electrode with a 70 mm×3 mm extraction

slit is installed.

Figure 2. A schematic diagram of the 2.45 GHz the mi-
crowave driven PFG. 

PHYSICAL ANALYSIS 
Although the modification scheme of the microwave 

driven PFG is proposed, further analysis is necessary for 
the comprehension of this source. On the one hand, we 
want to know if the new microwave window is beneficial 
to the generation of SWP. On the other hand, we should 
make sure that the water-cooling is enough since the SWP 
sources usually work under continuous wave (CW) mode 
with higher microwave power. Therefore, the results of mi-
crowave coupling and thermal analysis will be performed 
in this section. 

Microwave Coupling 
According to the SWP theory, the surface wave can 

transmit along the interface between plasma column and 
dielectric without extra waveguide. The radius of the die-
lectric cylindrical ceramic rod is assumed as a, and electro-
magnetic wave propagating along the cylindrical rod can 
be expressed as [6] 

1 1 d   ( ) cos ,zik z
z m mR a E E J k R m e    (1) 

1 1 d( ) sin ,zik z
z m mH H J k R m e   (2) 

2 2 p   ( ) cos ,zik z
z m mR a E E K k R m e    (3) 

2 2 p( )sin .zik z
z m mH H K k R m e   (4) 

Here m is the number of standing wave of field in the 
circumferential direction, kz is the wave number in the axial 

direction of dielectric rod, kd and kp are the wave number 
along the radial direction in rod and in plasma, respec-
tively. In addition, the dispersion relations of cylindrical 
surface wave can be written as 

2 2 2
d 0 0 d ,zk k     (5)

2 2 2
p 0 0 p ,zk k      (6)

'' 2 '
pd 0 0 d d

d d p p d d

2 ' 2 2
0 0 p p

2 2 2
p p d p

( )( ) ( )

( ) ( ) ( )

( ) 1 1
.

( )

mm m

m m m

m z

m

K k aJ k a J k a

k J k a k K k a k J k a

K k a m k

k K k a a k k

   

   

  
  

   
  

       

 (7) 

Here εd is the relative permittivity of rod, which equals 
to 9 for the ceramic, and εp is the relative permittivity of 
plasma and can be written as: 

2
p

p 2
1 ,





  (8)

Where ω is microwave angular frequency and ωp is 
plasma angular frequency that is proportional to square 
root of electron density and can be given by 

2

p
0

.e

e

e n

m



 (9)

When the plasma density is low, kp is an imaginary num-
ber which means the electromagnetic wave can propagate 
in both the axial and the radial directions. The electromag-
netic energy can transmit into the plasma chamber and then 
ignite the plasma. When the plasma density increase to 
greater than the critical value, kp becomes a real number. 
This state is called propagating mode, indicating that the 
electromagnetic wave will evanesce in the radial direction 
and propagate only in the axial direction. To verify if the 
microwave coupling scheme of our PFG is reasonable, the 
electric field distribution inside the plasma chamber is sim-
ulated for the εp =1. As presented in Figs. 3 and 4, the elec-
tromagnetic wave can transmit along the ceramic and then 
emitted into the chamber, and the highest electric field 
norm is about 800V/m. 

Figure 3. Simulated electric field (V/m) in the plasma 
chamber (X-Z plane). 
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Figure 4. Simulated electric field (V/m) in the plasma 
chamber (X-Y plane). 

Thermal Analysis 
Due to the high CW microwave energy deposition dur-

ing discharge, special design of the water cooling structure 
of this source is carried out. As presented in Fig. 5, the 
groove around the microwave window is used for the cir-
culation of cooling water, which has a depth of 4 mm and 
a width of 5 mm. And a simulation with Ansys Workbench 
was performed to evaluate the effect of water cooling struc-
ture.  

 

Figure 5. The water cooling structure of the microwave 
window flange. 

 

Figure 6. The temperature distribution of the microwave 
window flange. 

The temperature distribution of the microwave window 
flange is presented in Fig. 6. Since the heat on the ceramic 
rod is mainly derived from the energy of the input micro-
wave, we assume that the thermal power deposited on the 
ceramic rod is 100 W and the temperature of the cooling 
water is set to 22 °C. For the ceramic rod, the highest tem-
perature is 169 °C at the end of the antenna and the lowest 
temperature is about 50 °C at the starting position of the 
antenna. The simulated results indicate that the water cool-
ing design of the microwave window is reasonable. 

DISCUSSION AND OUTLOOK 
In this paper, to generate ribbon electron beams for 

charge neutralization of large-area wafers, a cylindrical 
chamber surface wave plasma generator with a cylindrical 
dielectric waveguide and a 70 mm×3 mm extraction slit 
was fabricated based on a 2.45 GHz ECR ion source at 
PKU. The details of this PFG are presented in this paper. 
In addition, the microwave coupling and thermal analysis 
are also discussed. 

In the future, this microwave driven PFG will be in-
stalled and tested. The influence of gas pressure, micro-
wave power, and antenna length on the electron current 
will be studied systematically. Also, the plasma physics in-
side this PFG will be followed with interest. All of these 
work are in process and will be presented later. 
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ROLE OF THE 1+ BEAM OPTICS UPSTREAM THE  
SPIRAL1 CHARGE BREEDER 

L. Maunoury†, O. Kamalou, S. Damoy, M. Dubois, R. Frigot, S. Hormigos and B. Jacquot,  
Grand Accélérateur National d’Ions Lourds, Caen, France 

Abstract 
The SPIRAL1 charge breeder (SP1CB) is under opera-

tion. Radioactive ion beam (RIB) has already been deliv-
ered [1] to Physicist for experiments. Charge breeding ef-
ficiencies demonstrated high performances for stable ion 
beams than RIB’s. The beam optics, prior to the injection 
of the 1+ ions into the SP1CB, is of prime importance [2] 
for obtaining such high efficiencies. Moreover, the intensi-
ties of the RIB’s are so low, and indeed difficult to tune the 
SP1CB. A stable beam having a close Brho is required to 
find out the set of optic parameters preceding the tuning of 
the RIB. Hence, it has been decided to focus our effort on 
the control of 1+ beam optics leading to high charge breed-
ing efficiencies whatever the 1+ mass, energy and Target 
Ion Source System (TISS) used. This contribution will 
show the strategy undertaken to overcome that problem 
and the results obtained. 

INTRODUCTION 
Now, the SPIRAL1 facility has been upgraded and is un-

der operation. Obviously, more time is needed to get a full 
control over the entire facility as it got more complicated 
to operate: new Target ion Source System (TISS) [3]; a 
charge breeder (SP1CB) [4] and reshuffled beam lines. 
Mainly there are two operational modes for running the fa-
cility providing Radioactive Ion Beams (RIB’s) to physi-
cist: Shooting Through mode (ST) and 1+/N+ mode [5]. 
The ST mode carries out the NanoganIII TISS [6] provid-
ing RIB’s of gas element type transported to the post-ac-
celerator CIME cyclotron [7] through the 6 mm plasma 
electrode of the SP1CB. The 1+/N+ mode combines the 
FEBIAD TISS with the SP1CB and has successfully pro-
vided a 38mK@9MeV/u beam [8] to physicists in 2019. But 
challenges ought to be overcome for having a daily routine 
facility. Indeed, the preparing phase prior to the RIB deliv-
ery is too long and a unique set of beam optics parameters 
must be found for each mode. Concerning the R&D, it is 
important to understand what are key parameters of the ion 
beam (Twiss parameters and energy spread) upstream the 
SP1CB in order to achieve the highest charge breeding ef-
ficiency  

THE 1+ BEAM LINE 

1+ Beam Line Layout 
Figure 1 displays the layout of the 1+ beam line. It starts 

with a combination of two einzel lenses: Einz1 and Einzl2. 
It is followed by a triplet of magnetic quadrupoles and a 
magnetic sextupole prior to a magnetic mass analyzing di-
pole. Next, a triplet of electrostatic quadrupoles is settled 
just before the 1+ ion injection into the SP1CB. For the 

diagnostics, there are two beam profilers (upstream PR11 
and downstream PR13 the mass analyzing dipole), sets of 
slits (vertical - horizontal) and one faraday cup CF13 
shielded regarding the ion beam extracted backwards from 
the SP1CB. After the second mass analyzing dipole D3P 
sorting out the multi-charged ions extracted from the 
SP1CB, a Faraday cup with a beam profiler is used to 
check the selected multi charged ion beam intensity and its 
profile. 

 
Figure 1: Layout of the 1+ beam line. 

Shooting Through Mode (ST) 
In this mode, the TISS NanoganIII is operated. The spec-

ificity is the large emittance of that Electron Cyclotron 
Resonance (ECR) ion source type. Moreover, the ion beam 
must be transported across the SP1CB plasma electrode of 
6 mm diameter coercing it to be really focused at that loca-
tion. The experimental data (beam profilers and efficiency 
of transport) of a stable ion beam of 14N3+@19.751kV have 
been considered. As the twiss parameters for the transverse 
emittances are not known for the NanoganIII ECR ion 
source, they were let as free parameters. Using the Trace-
Win code [9], the ion beam envelopes as well as the initial 
beam twiss parameters are obtained, see Fig. 2. The ion 
beam is focused, thanks to the coils of the charge breeder, 
and transported as much as possible across the SP1CB 
plasma electrode. The calculated transverse emittances of 
the initial beam is around 106 .mm.mrad (4 RMS, X and 
Y planes) and it is a diverging ion beam. The beam profiler 
values are also replicated. But, to find those results, the 
TraceWin code applied a factor of 0.6 on the complete 
magnetic field intensity of the SP1CB. It implies that the 
simulation doesn’t reproduce quite well the measurements. 
Moreover, in the N+ line (the beam line transporting the 
multi-charged ion beam from the SP1CB plasma electrode 
up to the CIME injection), there is a burst of the ion beam 
envelope in X plane which cannot be really explained. To 
find out the issue and fix the problem, a pepper-pot emit-
tance meter (Pantechnik type) will be installed in the 
N+ beam line to constrain the TraceWin simulation. New 
data will be recorded and compared to the simulations. 

 ___________________________________________  
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Figure 2: Transverse beam envelopes for the case ST mode 
and the beam 14N3+@19.751kV. 

Beam Optics for 1+/N+ Mode 
For many years, the TISS NanoganIII has been used in 

combination with a unique set of beam optics suitable for 
elements up to Brho of 0.136 T.m. Following the upgrade 
of the SPIRAL1 facility, it is possible nowadays to get 
RIB’s characterized with a Bmax of 0.22 T.m. The enlarge-
ment of Brho involves some restrictions regarding beam 
optics element in the 1+ beam line. Indeed, the magnetic 
quadrupoles Q11 Q12 and Q13 cannot be scaled up using 
the previous beam optics parameters. Henceforth, the idea 
is to find out a single set of beam optics parameters match-
ing the injection of the SP1CB maintaining as much as pos-
sible the SP1CB efficiency over the whole range of B. 

Concerning the data, 85Rb1+ ion has been our probe at 
different B's defining the 1+ ion beam energy. The two 
beams were: 85Rb1+@10kV – Brho = 0.133 T.m (previous 
beam optics parameters) and 85Rb1+@27.5kV – Brho = 
0.221 T.m. (new beam optics parameters). The 85Rb1+ ion 
beam is generated thanks to an ion gun developed at 
GANIL [2] using a HeatWave pellet [10], up to several 
hundreds of nA. Fig. 3 shows the SP1CB efficiencies for 
those two cases. 

 

Figure 3: SPIRAL1 charge breeding efficiencies for the 
mode 1+/N+ and the two cases: 85Rb+@10kV (black curve) 
and 85Rb+@27.5kV (red curve). 

Both charge state distributions are close with FWHM 
(5 - 6 charge states). They are both peaked on the 85Rb17+ 
with charge breeding efficiencies of 13.8% (10kV) and 
9.3% (27.5kV) associated with global efficiencies of 
70.3% (10kV) and 49.8% (27.5kV) respectively. At the 
same time, beam profiler values have been recorded to co-
erce the simulations. 

Simulations and Ion Beam Injection into the 
Charge Breeder 

Simulations have been undertaken to find out the new 
beam optics as well as to learn how the 1+ particles are 
injected into the SP1CB. For that purposes, two software’s 
have been operated: SIMION [11] and TraceWin [9] to do 
a complete simulation of the total SPIRAL1 beam line. To 
note here, simulations are achieved with no plasma model 
implemented in the SP1CB. 

SIMION is employed to generate the ion beam from the 
ion gun up to exit of the second einzel lens Einz2. One ex-
ample is displayed on Fig. 4. The geometry included in the 
simulation is as close as possible to the real one and the 
voltages applied are exactly those used during experiment. 

The twiss parameters are deduced and they will become 
the input for the TraceWin code. Inside TraceWin, there is 
a tool box with the different types of optic elements. Beam 
line has been built to reproduce the 1+ and N+ beam line 
of the SPIRAL1 facility. For the magnetic as well as for the 
electrostatic quadrupoles, mass analyzing dipole and einzel 
lenses, in-house boxes are set in the simulation; gradient 
(T.m) or voltages are applied to the quadrupoles and the ion 
beam Brho is used to define the ion beam trajectory inside 
the mass analyzing dipoles. Finally, evolution of the trans-
verse beam envelopes (in both planes X and Y) can be cal-
culated as well as the beam profiler values. On Fig. 5, in 
italics and blue are the beam profiler values of experiment 
and in red are the calculated ones. As it can be seen, values 
are very close except for the PR13 X one. In that case, ex-
perimental beam profile was polluted by a huge back-
ground. 

 

Figure 4: SIMION simulation of 85Rb+@10kV. 

 

Figure 5: Transverse beam envelopes for the case 1+/N+ 
mode and the beam 85Rb+@10kV. 

Again, twiss parameters are deduced just at the exit of 
the EQ3 and inserted as input parameters for the last step 
of the simulation: evolution of the 1+ beam injected into 
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the charge breeder and slowed down. The real 3D magnetic 
field (coils and hexapole), also containing the fringe field, 
is included into the SIMION simulation. 

On Figure 5: the ion beam is firstly divergent and is fo-
cused in both transverse planes to the object plane of the 
mass analyzing dipole (D1P). After the mass analyzing di-
pole, ion beam is relatively large in vertical plane but again 
well focused in horizontal plane to get a good resolution. 
The electrostatic quadrupole focuses in both planes the ion 
beam to be transported along the deceleration tube of 
28 mm of inner diameter. Figure 6 shows the axial mag-
netic field and the positions where the 2D transverse 
1+ beam profile has been calculated. Figure 7 exhibits how 
the ion beam propagates inside the SP1CB. From the 
TraceWin calculation, twiss parameters are obtained just 
after the EQ3. These parameters are the inputs to the next 
SIMION simulation for SP1CB injection. The ion beam is 
smoothly convergent to rush through the deceleration tube 
into the SP1CB. Till the magnetic field is null, ion beam 
squeezes (X = 170, 300, 358). As soon as the ions feel 
SP1CB magnetic field, it explodes (X = 410) and therefore 
it pinches (X = 500, 541) to turn out to be very small. En-
tering the plasma core zone (X = 675.6, 700), the mono-
charged particles of the ion beam are magnetically con-
trolled due to their low energy (star shape owing to the 
combination of magnetic field produced by hexapole and 
coils). In reality, this is not the truth because, they collide 
with charge particles (Xq+) of the plasma to be slowed 
down and captured. Figure 8 shows the same evolution de-
pending on the electromagnetic field in use. The “E+B” 
case is identical to the one of Fig. 7 c). The “E” case corre-
sponds to the exclusion of the magnetic field and the “B” 
case represents the withdrawal of the deceleration electric 
field. From the cases “E” and “B”, it is demonstrated that 
only the combination of both electromagnetic fields leads 
to the formation of a tiny ion beam transporting the 1+ ions 
at the right energy (few eV) up to the core of the SP1CB 
plasma to be efficiently captured and charge bred. 

 
Figure 6: Axial magnetic field profile (Bz in Gauss) with 
the longitudinal positions corresponding to the Figs. 7, 8 
and 10. 

 
Figure 7: Evolution of the 85Rb+@10kV injected and 
slowed down into the SP1CB. a) and b) are the pile-up of 
1+ trajectories in both transverse planes. c) images repre-
senting the evolution of the 2D transverse 1+ beam profile 
along the SP1CB. 

 
Figure 8: Evolution of the 85Rb+@10kV injected into the 
SP1CB for three cases: E+B (both electric field and mag-
netic field); B (electric field is removed); E (magnetic field 
is removed). 

Same method can be applied to the case of 
85Rb+@27.5kV. But a new beam optics has been found to 
overcome the magnetic quadrupole (Q11 – Q12 – Q13) re-
striction. Indeed, to determine the new values of magnetic 
optic elements, it is scaled regarding B’s. As the 
85Rb+@10kV and 85Rb+@27.5kV are characterized by 
Brho of 0.133 T.m and 0.221 T.m respectively, the currents 
applied to the magnetic elements must be multiplied by a 
factor 1.66 (ratio of square root of the acceleration voltages 

.
). So a new beam optics has been calculated and tested 

experimentally. Figure 3 displays the charge state distribu-
tion (CSD) of charge bred ions (red curve) at this new en-
ergy. Figure 9 is totally similar to Fig. 5. Some discrepan-
cies can be noticed:  
 for X beam envelope, global shape is quite compara-

ble except at the end where the beam explodes into 
the SP1CB 

 for Y beam envelope, it blows up after the first mag-
netic triplet, similarly it is huge passing through the 
EQ2 before being pinched while entering in the 
SP1CB 
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Figure 9: Transverse beam envelopes for the case 1+/N+ 
mode and the beam 85Rb+@27.5kV. 

But the value of the beam profiler on PR13 are quite 
similar for both cases prior to the injection inside the 
SP1CB: X plane 10 mm (10kV) – 8 mm (27.5kV) and 
Y plane 12 mm (10kV) – 12 mm (27.5kV). Figure 10 dis-
plays equivalent behavior regarding Fig. 7. The 2D trans-
verse profiles have comparable shapes at the same loca-
tions. But, as it is larger in Y plane (cf. above), it looks 
likewise in Fig. 9. As the beam in Y plane is a bit larger 
than the deceleration tube inner diameter, there is some 
losses which can explain the decrease of the global effi-
ciency in that case (Fig. 3 red curve). 

 
Figure 10: Evolution of the 85Rb+@27.5kV injected and 
slowed down into the SP1CB. a) and b) are the pile-up of 
1+ trajectories in both transverse planes. c) images repre-
senting the evolution of the 2D transverse 1+ beam profile 
along the SP1CB. 

Blind Tuning Test 
What is it important to know for this type of facility is 

the fact that the RIB’s are orders of magnitude lower in 
terms of intensity than stable beams. So, it is not possible 
to tune the beam optic elements likewise the SP1CB using 
a classical faraday cup. So the typical method to adjust 
such a beam, is to use a stable one with an intensity in the 
range of hundred nA or more. The process is to sweep from 
the stable ion beam to the RIB by scaling the magnetic op-
tic elements with the Brho and the electrostatic optic ele-
ments with the energy corresponding for the 1+ ion beam 
to the acceleration voltage. 

Such test has accomplished successfully using the two 
isotopes of the rubidium: 85Rb (stable) and 87Rb (stable like 
because its half-life is 4,92×1010 years). The abundances of 
85Rb and 87Rb are ~72.2% and 27.8% respectively. The ion 
gun delivered ion beam intensities of 300 nA of 85Rb and 
120 nA of 87Rb well mass resolved. The test has been done 

at acceleration voltage of 10 kV and using He as buffer gas 
for the SP1CB. The full SPIRAL1 was tuned for getting a 
charge bred beam of 85Rb19+ (Brho = 0.0305 T.m) from 
85Rb1+ (Brho = 0.1332 T.m). At same acceleration voltage, 
the B's of the 87Rb1+ and 87Rb19+ ion beam become 0.1347 
T.m and 0.0309 T.m (ratio of square root of the masses 

) meaning a factor of 1.0117. Figure 11 shows the CSD 

of charge bred ions. They are both peaked on the 85Rb17+, 

18+, 19+ ions with a maximum charge breeding efficiency of 
12.2% (85Rb17+) and 10.2% (87Rb18+) associated with global 
efficiency of 70.6% (85Rb) and 53.6% (87Rb) respectively. 
The SP1CB as well as 1+ and N+ beam lines were tuned 
exactly in the same manner. Only the magnetic optic ele-
ments were scaled regarding the B’s ratio above. The V 
value remained constant to 5.4V (V is the additional volt-
age applied on the ion gun to get energy enough for the 
Rb1+ beam to be efficiently captured by the SP1CB 
plasma). 

That result goes to prove that bling tuning is possible as 
long as the relative Brho difference is of the order of 
few  %. 

 
Figure 11: Charge state distribution of 85Rb (black) and 
87Rb (red) charge bred ions at 10keV of total energy. 

CONCLUSION 
That paper focuses on the beam optics. Concerning the 

ST mode, more work and diagnostic is requested to better 
understand why TraceWin code must decrease the mag-
netic field of the SP1CB by a factor 0.6 to reproduce the 
experimental beam profiler values. A pepper-pot emittance 
meter type will be mounted in the N+ beam line to con-
strain the TraceWin simulation. One additional work to be 
achieved is to seek if there is a possible optimization be-
tween the three electrostatic quadrupoles and the magnetic 
field created by the SP1CB coils such that the transmission 
across the SP1CB plasma electrode can be increased. 

About the 1+/N+ mode, a new beam optics has been 
found to overcome the limitation of the magnetic quadru-
poles (Q11 Q12 Q13) designed previously to go up to Brho 
of 0.136 T.m instead of the current maximum Brho of 
0.22 T.m. That new beam optics leading to close perfor-
mances of the SP1CB shows a similar propagation of the 
ion beam inside the SP1CB. It has been established that 
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both deceleration electric field and magnetic field are re-
quested to transport 1+ incoming ions to the core of the 
SP1CB plasma. Next work will be the validation of that 
new beam optics over several ion beams of Na and K at 
few different energies covering the full range of B’s avail-
able at the SPIRAL1 facility. Finally, the final validation 
will be achieved using the TISS FEBIAD in the 
1+/N+ mode. 
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Abstract
Contaminants reduction in Electron Cyclotron Resonance

Charge Breeders (ECRCB) is a key point for the future ex-
periments foreseen at LNL and GANIL Isotope Separation
On Line (ISOL) facilities. According to the mass separator
resolution set downstream the ECRCB, the radioactive ion
beam study can be challenged in case of low production
rate. An ongoing collaboration between LNL, LPSC and
GANIL laboratories aims to improve the beam purity, acting
on all the pollutant causes. Comparative experiments will
be done at LPSC using different techniques, like covering
the plasma chamber wall with liners of different materials.
Different configurations of the ECRCB will also be tested,
with the enhancement of the efficiency and charge breeding
time parameters as additional objectives. A presentation of
this program is proposed together with the recent upgrade
of the LPSC 1+N+ test bench, with the aim to improve the
vacuum quality.

INTRODUCTION
The PHOENIX type charge breeder (CB) has been devel-

oped at LPSC since 2000 [1]. It is a minimum-B Electron
Cyclotron Resonance (ECR) ion source working at 14.5 GHz
which is tested on the 1+N+ test bench. Its latest improve-
ments led to progress in terms of efficiency and charge
breeding time [2]. Another important parameter to qual-
ify the ECRCB is the contamination yield. In the present
European context, with the SPES and SPIRAL1 upgrade
projects respectively under construction and already into
operation [3, 4], the contaminants reduction is a key point
with regard to the foreseen Radioactive Ion Beam (RIB)
production yield and resolving power of downstream separa-
tors. These facilities are equipped with PHOENIX Charge
Breeders in configurations close to the LPSC one. Thus,
LNL, LPSC and GANIL decided to collaborate on the con-
taminants reduction acting on all the polluting sources, on
the basis of a previous agreement signed between LNL and
LPSC in 2018. A development plan was defined for the
LPSC CB to continue improving its performances and to
test the solutions retained by the collaboration. The first
step, aiming to improve the 1+N+ test bench vacuum and
verify the experimental technique to measure the contami-
nants level was completed in January 2020. The next two
steps will consist in modifying the source magnetic structure
and the plasma volume.

∗ julien.angot@lpsc.in2p3.fr

CONTAMINANTS PROBLEM
The ECRCB principle is based on the use of an ECR

plasma to multi-ionise an injected 1+ beam. In addition to
the injected ion species and the support gas species, con-
taminants ion beams are extracted from the CB. The origin
of these contaminants has already been studied [5–8]. Tak-
ing into account the PHOENIX CB configuration and the
measurements previously done, the contaminants and their
estimated fluxes are indicated below as a function of their
origin.

The first cause is the species in the residual vacuum, in-
cluding the potential leaks with ambient atmosphere, wall
outgasing, o-rings permeation and vacuum parts cleaning.
Analysing A/q spectrum from the CB running in the 1+N+
configuration, these fluxes are estimated between 1012 and
1013 pps.

The second one comes from the impurities and unwanted
isotopes present in the support gas. 99.999% purity gas
are typically used in the CB, and impurities like H2O, O2,
N2, CO or hydrocarbons are present with proportions of
20 ppm or less for the gas species usually used (H2, He, O2).
Taking into account the support gas fluxes deduced from the
measured spectrum, the contaminants flux originating from
the support gas is estimated at 109 pps.

Finally, the plasma confinement being imperfect, the
plasma ions intercept the chamber wall. Depending on their
charge state and the plasma potential, their energy can reach
several hundreds of eV, leading to sputtering of the wall
material. Thus, the plasma parameters influence the contam-
ination. It was also demonstrated that an unstable plasma
regime could lead to a higher production of contaminants [9].
From this last data, the contaminants fluxes caused by sput-
tering can be estimated at 1012 to 1013 pps.

On the other hand, RIB fluxes in the 102 to 1010 pps range
are expected to be injected into the SPES and SPIRAL1
upgrade charge breeders [10]. Taking into account the CB
efficiency and the resolving power of the downstream sepa-
rators, these contaminant yields must be minimised not to
compromise physics experiments [8, 11].

SOLUTIONS TO
CONTAMINATION PROBLEM

To reduce efficiently the contamination yield, all the
sources must be reduced [8].

First, particular attention must be paid to the vacuum
chambers and vacuum parts cleaning. Several techniques
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have shown their efficiency. The vacuum level must be as
low as possible using Ultra High Vacuum (UHV) standards,
suppressing o-rings and baking-out sections and parts [12].
The use of the same material is mandatory for the parts sur-
rounding the plasma and for the electrodes. The material has
to be as pure as possible, being preferably mono-isotopic. A
possible choice could be the deposition of a specific mate-
rial, the disadvantage being that depending on the thickness
and the CB operation conditions, the layer can have a short
lifetime. Concerning the support gas, in the case of H2 or
He, one solution proposed by ANL [13], consists in adding
a cryogenic system on the gas circuit in order to condensate
the contaminants. A baking system could also be added to
outgas the circuit before operation.

PRESENT CONFIGURATION OF THE
LPSC 1+N+ TEST BENCH AND CHARGE

BREEDER
1+N+ Test Bench

The 1+N+ test bench was assembled in 2002 to test
the charge breeding method with a PHOENIX type ion
source [14]. The "1+" beam line is used to generate the
1+ beam and inject it into the CB. It is composed of the 1+
source, a 90° dipole magnet, two emittance scanners, one
Faraday cup (FC) and the injection optics. The analysis
of the beams extracted from the CB is done in the "N+"
beam line. It consists of the CB extraction and optics, a 120°
dipole magnet, two emittance scanners and one FC.

Along the years, the 1+N+ test bench was gradually mod-
ified for example to increase the high voltage insulation and
adapt new diagnostics. Most of the sealing was done using o-
rings. The vacuum system was composed of 16 turbo pumps
with pumping speed between 240 and 360 l · s−1. Oil sealed
rotary primary pumps were used in the past and after years
of operation, dust accumulated on some surfaces, notably
because of pumping oil vapors backstreaming. The vac-
uum level in the beam line was between 2 × 10−7 mbar and
5 × 10−7 mbar, the typical vacuum level at the CB injection
during operation being 7 × 10−7 mbar.

Charge Breeder
Like the other PHOENIX type ion sources, the LPSC

charge breeder structure is modular, see Fig. 1. The external
part aims to generate the axial magnetic field. It is composed
of three pairs of coils (orange) stack assembled with soft
iron rings (blue). Inside, the central core is made up of
the stainless steel plasma chamber (black) surrounded by
the hexapole (green). The plasma chamber has an internal
diameter of 72 mm and the hexapole generates a 0.8 T radial
magnetic field strength in front of the poles, at the plasma
chamber wall surface. The injection plug, extraction plug,
surrounding hexapole rings and additional injection plug
(blue) set under vacuum into the plasma chamber, parts of
the central core, complete the axial magnetic field system.

Two wave guides are machined directly into the additional
plug for the microwave coupling; in addition a piece of wave

guide made of brass is fixed at the plug extremity. In this
configuration, the plasma chamber wall is cylindrical with-
out port. A 40 µm Nickel plating was done on the extraction
plug and on the additional injection one to reduce the out-
gassing under vacuum. A 5 µm Silver plating was added
on the additional injection plug to increase the electrical
conductivity. A vented plasma electrode with a 8 mm hole,
made of 2017A aluminum alloy, closes the plasma cham-
ber at extraction. In this configuration, a great number of
material is present in front of the plasma.

Figure 1: Cut view of the CB configuration.

In order to improve the CB performances, LPSC defined
a 3 steps development plan, in collaboration with LNL and
GANIL to address contaminants reduction. The first step,
completed in January 2020, aimed to improve the vacuum
and devices alignment of the 1+N+ beam line. The next step
goal will be to modify the axial magnetic system to opti-
mize the field profile while reducing the cross talk between
the coils. In this configuration, contaminants reduction ex-
periments will be tested. Comparative measurements will
be done to check the efficiency of the different solutions
adopted, measuring A/q spectra. A resolving power as high
as possible will be necessary to separate the peaks. The mea-
surement method will be verified and the limits evaluated.
Finally, the last step will consist in increasing the plasma vol-
ume to increase the production of higher charge states [15]
and pursuing studies on the contaminants reduction.

CONTAMINANTS MEASUREMENT
METHOD

Considering that the contaminant ions originate from the
CB plasma, the experiments will be carried out with the CB
in "source mode" that is without 1+ beam injection. First,
spectra will be acquired with the N+ FC to obtain the ab-
solute value of the more intense species. Then emittance
measurements will be done in the horizontal N+ emittance
scanner FC. In this case, the 0.2 mm slits will produce a
higher resolution, at the expense of cutting a large fraction
part of the beam. In order to measure the spectrum, the po-
tential applied to the deviating plate of the emittance scanner
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will have first to be optimised on a peak. The comparison of
the spectra measured in the FC and in the emittance scan-
ner will allow defining a rough correction factor that will
be used to obtain an estimate of the absolute value of the
contaminant peaks.

CB DEVELOPMENT PLAN
1+N+ Beam Line Upgrade

The 1+N+ beam line upgrade was realized between
September 2018 and January 2020. To minimize the du-
ration of the shutdown, all beam line sections were disas-
sembled at the same time and many modifications were done
simultaneously.

Modifications Different solutions were used to upgrade
the seven vacuum chambers to UHV standards. The conflat
(CF) standard was chosen for all flanges. Three vacuum
chambers were replaced by new ones whereas the others
were modified. The vacuum valves mounted on the chambers
were either cleaned or replaced by new ones.

For alignment, an optical level was set on the beam axis
and beam line elements, equipped with removable centered
targets, were positioned. This method requires to place
targets on the room walls and to have a clear view through the
beam line. For this last reason, two view ports were added on
the 1+ and N+ dipole magnet chambers and corresponding
grooves were machined on their yoke.

All the beam optics elements under vacuum were replaced
to be UHV compatible, using alumina as insulating material
and 304L stainless steel for metallic parts. The electrical
feedthroughs were also replaced, using only brazed alumina
sealing. A new 1+ beam electrostatic deviating system was
manufactured. To reduce aberrations, the injection double
lens assembly was redesigned: the new electrodes have an
internal diameter of 80 mm (previously 60 mm).

At extraction, a new assembly composed of the puller and
the Einzel lens was designed and manufactured. The new
puller has a conical shape to improve the beam extraction and
32 holes were machined to enhance the vacuum pumping.
The extraction lens, earlier realized by a simple cylinder set
into the extraction chamber [16], was replaced by a three
cylindrical electrodes Einzel lens, having a 80 mm inner
diameter.

Concerning the diagnostics, the three FC were replaced
by new electrostatic ones, based on the same design and with
a fully shielded cup. Two new emittance scanners will be
adapted and installed on the 1+ section. The N+ emittance
scanners were modified to allow pumping, replace the insu-
lation parts by alumina ones and replace the cables under
vacuum by UHV models. Their support flange was also
upgraded to CF standard.

The vacuum system was completely revised. For the UHV
pumping, a new Agilent Twistor 304 FS (250 l · s−1 pumping
speed) was installed on the 1+ source section. Six Oerlikon
turbovac 361 pumps were modified to CF160 flange standard
and cleaned by the manufacturer. In this configuration, their

pumping speed is 400 l · s−1. One was installed on the 1+
diagnostic section, two on the injection section, two on the
extraction section and one on the N+ diagnostics section.
All UHV gauges were replaced by Pfeiffer IKR 251 model
on CF flanges. The whole vacuum circuit was disassembled
and cleaned. A maintenance and a cleaning of the primary
dry pump, model Agilent triscroll 300, was also realized.

The largest parts, including the vacuum chambers and
most of the flanges, were degreased, etched, rinsed with
high pressure water, rinsed with demineralized water and
dried. The other parts were degreased, ultrasonic cleaned
and dried. All the parts were re-assembled, aligned and
set under vacuum. In this configuration, twelve sealings
with o-rings remain on the beam line, notably two for the 1+
source, six at the CB injection and three at the CB extraction.
In the next CB configuration, the number of o-rings will
be reduced, using new alumina CB insulators with brazed
metallic flanges. Section by section, a methodical vacuum
leak detection was applied to all the welds and connections.
In this configuration, without baking the chambers, the pres-
sure in the beam line sections is in the range 3 × 10−8 mbar
to 6 × 10−8 mbar, the pressure at the CB injection being
4 × 10−8 mbar. Therefore the residual pressure was reduced
by an order of magnitude thanks to the performed modifica-
tions while reducing the number of pumps.

Qualification experiments To qualify the test bench,
it was decided to compare the charge breeding spectra of
K with respect to the one obtained before the upgrade, the
tuning being optimised for the K10+ charge breeding with
He as support gas, see Fig. 2. The new performances being
in good agreement with the previous ones, the 1+N+ test
bench operation was validated.

2017 He

2020 He

2020 H2

1 2 3 4 5 6 7 8 9 10 11 12
0

5

10

15

Charge state

E
ff
ic
ie
n
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(%

)

Figure 2: Measured K charge breeding spectra blue) in the
previous configuration with He as support gas, green) after
the 1+N+ test bench upgrade with He as support gas and
red) after the 1+N+ test bench upgrade with H2 as support
gas.

The K10+ efficiency is measured at 11.2% and found
slightly lower than the previous best measured efficiency
at 11.7% [2]. A slight shift toward lower charge states is
also noticed together with a lower 1+ beam capture. The
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Figure 3: High resolution spectra with H2 and O2 as support gas and 600 W of microwave power.

difference is attributed to an incomplete conditioning of the
CB before the experiments. Using H2 as support gas, the
best efficiency was found at 17.9% for K9+.

Contaminants Reduction Preliminary Experiments
To estimate the resolving power of the contaminants mea-
surement method, the CB was operated with natural Xenon
as support gas and a spectrum was measured with the hor-
izontal emittance scanner. By analysing the separation of
the 131Xe19+ and 132Xe19+ peaks, which have a A/q ratio
near 7 and similar peak amplitudes, the resolving power was
estimated at 1:150.

After this experiment, the contaminants measurement
method was tested by studying the influence of the support
gas species and of the microwave power on the contaminant
beams. As a similar operating regime cannot be reached
for different support gas, we decided for each support gas
species, to tune the CB (support gas dosing, coils...) optimiz-
ing the K10+ charge breeding efficiency with the same mi-
crowave power 600 W. Contaminant spectra were recorded in
this configuration, without 1+ beam injection, together with
100, 300 and 450 W microwave power values, as illustrated
in Fig. 3.

The measurements analysis shows several limitations.
First, the signal over noise ratio is low, the minimum mea-
surable peak amplitude being on the order of 100 epA. This
level corresponds roughly to an absolute level of contam-
inants of 1010 pps in the FC. As a comparison, a 108 pps
flux at the CB entrance would give a 107 pps flux in the N+
FC, considering a 10% efficiency. Moreover the minimum
step in A/q is too large which leads to imprecise peak value
measurement. This limitation comes from the poor reso-
lution of the data acquisition system which generates the
analog signal driving the dipole power supply. Finally, dips
with negative intensity values are also visible in the spectra,
probably due to secondary emission electrons, induced by a
neighbour intense beam touching the wall, coupling to the
emittance scanner FC through the device pumping holes.

The measurement method will be implemented to solve
these problems. The resolution of the data acquisition system
will be improved to allow smaller steps in A/q. Instead
using the emittance scanner, a slit will be set in the N+
diagnostics section and the measurements will be done in
the N+ FC. In this way, at ANL, 1 epA contaminants peaks

was measured [8]. Other type of detectors could also be
tested with a principle based on the use of a channeltron or a
plastic scintillator coupled with a photodiode, the goal being
to increase the sensitivity.

For each high resolution spectra, the A/q value of all the
peaks was listed. After analysis, the most probable species
found for these distributions is in good agreement with the
elements cited in the "Charge Breeder" section as possible
contaminants with notably Fe, Ni, Mo, Sn, Zn, Cu coming
from the wall sputtering and gaseous elements like H, N, O,
Xe, Kr or Ar originating from the residual vacuum.

The resolving power is insufficient to separate all the
species, most of the peaks being due to the superposition
of several possible species. Some peaks are also found to
correspond to a single species. For some isotopes, the evo-
lution of the peak amplitude is represented as a function of
the microwave power and support gas species, see Fig. 4.

The contaminants production is favoured when using H2
as support gas, this is also true for most of other peaks, see
Fig. 4. 96Mo15+ and 12C5+ clearly increase with microwave
power whatever the support gas which shows a dependency
to the microwave power and so to the plasma density. For
40Ar7+ the yield is almost constant when increasing the mi-
crowave power.

Five Coil CB Configuration
The next step of the development plan consists in opti-

mizing the CB magnetic configuration. The new design was
simulated to enhance the magnetic field profile by rearrang-
ing the yoke and coils structure and changing the shape of
the soft iron plugs (see Fig. 5). One coil of the central pair
will be removed and the distance between the coils will be
increased to reduce the cross talk. The length of the CB will
decrease from 640 mm to 560 mm. The injection and extrac-
tion plugs will be shortened, improving the beam injection
and extraction. This new configuration is called "Five coil
configuration".

The modification of the LPSC CB assembly is planned
before the end of 2020, the last parts are being manufactured.
Contaminants reduction experiments will be done by intro-
ducing liners to cover the plasma chamber wall, the injection
plug and the plasma electrode. These measurements will
be compared to results previously obtained without liners.
Three different liner materials will be tested: Nb, Ta and alu-
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Figure 4: Evolution of a) 40Ar7+, b) 96Mo15+ and c) 12C5+

peak amplitude as a function of microwave power and CB
support gas plasma species.

mina. For this last case, the Metal Dielectric liner technique
developed at NIPNE [17] is foreseen. A few micron alumina
layer is created by special electrochemical deposition on a
99.999% purity aluminum foil. In this five coil configura-
tion, liner parts will be installed through the CB injection
port only, without dismounting the extraction. A gas circuit,
still to be designed, will also be implemented for the support
gas contaminants reduction.

Large Diameter Configuration
The last step of the development plan is called "Large

diameter CB configuration". The goal in this case will be
to favour the production of highly charged ions by increas-
ing the plasma volume and consequently the ions lifetime
within the plasma. This solution, successfully tested on the

Figure 5: Cut view of the CB five coils configuration.

PHOENIX V3 ion source [15], will be applied to the CB:
the plasma chamber diameter will be increased to 100 mm.
This configuration should also reduce contamination thanks
to a more favorable volume over surface ratio for the plasma
cavity [11]. The hexapole was designed to obtain a 1.0 T
radial magnetic field at the new plasma chamber wall, in
front of the pole. Preliminary magnetic simulations were
performed to conceive the axial field system, but the defini-
tive design remains to be done. The material tested for the
liners experiments in the five coil CB configuration could
be used to manufacture some central core parts of the large
diameter CB.

CONCLUSION
A collaboration between LNL, LPSC and GANIL, was

inititated on the contaminants reduction and a R&D program
was defined and integrated into the LPSC CB development
plan. The 1+N+ test bench upgrade reduced the residual
pressure throughout the beam line by a decade. Preliminary
experiments have shown a high level of contaminants, no-
tably originating from sputtering of the walls surrounding
the plasma. The pollutant level was found to be higher with
H2 as support gas and some species tend to increase with
the plasma density. Limitations in the detection method
were observed and solutions were identified to enhance the
sensitivity and precision of the measurements. The LPSC
CB will be assembled in the new five coil configuration be-
fore the end of 2020 and the solutions defined to reduce the
contaminants, like the use of liners, will be tested.
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ECR3 COMMISSIONING AND PLANNING FOR C-14 ION BEAMS 
AT THE ARGONNE TANDEM LINAC ACCELERATOR SYSTEM* 

R.H. Scott†, R.C. Vondrasek, 
Argonne National Laboratory, Lemont, IL, USA 

Abstract 
The Electron Cyclotron Resonance Ion Source ECR3 

has recently been commissioned at the Argonne Tandem 
Linac Accelerator System (ATLAS) at Argonne National 
Laboratory. While ECR3 can provide many of the stable 
ATLAS beams, its other intended purpose is the production 
of C-14 ion beams which were previously produced by a 
now-retired negative ion source. This paper will discuss 
the final installation and commissioning of the ion source 
as well as the preparations for running C-14. A stable C-13 
ethylene gas was used as a surrogate to determine the ex-
pected level of N-14 contamination when running C-14 
since they are inseparable at ATLAS. We were also able to 
confirm consumption rates and charge state efficiencies 
under different C-13 running conditions in order to opti-
mize the upcoming C-14 beam production. 

INTRODUCTION 
The BIE100 [1] Electron Cyclotron Resonance Ion 

Source (ECRIS), configured with permanent magnets for 
both axial and radial plasma confinement, was originally 
conceived by Berkeley Ion Equipment [2]. After use by the 
Argonne National Laboratory (ANL) Physics Division for 
off-line research, the ECRIS and a new low energy beam 
transport (LEBT) section have been incorporated into the 
Argonne Tandem Linac Accelerator System (ATLAS) [3]. 
The BIE100, named chronologically as ECR3 within AT-
LAS, is intended to provide carbon-14 (C-14) ion beams 
thereby limiting radioactive contamination at ECR2. ECR3 
will also lessen the burden of ECR2 which has essentially 
been the sole provider of stable ion beams at ATLAS since 
2015.  

INSTALLATION AT ATLAS 
 The planning, installation and commissioning schedule 

of ECR3, concurrent with ATLAS operation, was stretched 
over several years to accommodate personnel and equip-
ment conflicts. In mid-2017 construction began. Electrical 
service for the area was installed. Relay racks were popu-
lated, beamline stands and a high voltage (HV) platform 
were placed as well (see Fig. 1). Milestones in 2018 in-
cluded installation of vacuum components, safety systems, 
air, cooling water and electrical service to the HV platform. 
Early 2019 was dedicated to installation of the ECRIS onto 
the HV platform, interlock verifications on the vacuum, 
high voltage and x-ray protection systems, and the incor-
poration of all devices into the ATLAS control system.

 
Figure 1: ECR3 ion source on platform inside fenced en-
closure (left) and LEBT with m/q selecting dipole (right). 

ECR3 Commissioning 
Approval for ECR3 operation at ATLAS was obtained in 

June 2019. At this time RF conditioning was started, and 
beam identification and transport studies soon followed. 
Helium, oxygen, neon, argon and krypton production were 
verified. In October, the first ECR3 beam for the ATLAS 
experimental program, 14N6+ using background gas was de-
livered to target. This was followed by 12C4+ using methane 
in December. Ion beam transmission for these experiments 
ranged from 21% to 38% from the first faraday cup of m/q 
analysis to the last faraday cup before target, with room for 
improvement mostly in the ECR3 LEBT. For comparison, 
transmission from ECR2 is typically near 55% and has 
been as high as 64% in the last two years.  

C-14 PREPARATIONS 
C-14 production paused at ATLAS upon retirement of 

the ATLAS Tandem Van de Graaff in 2013, and the ECR3 
ion source was envisioned as the subsequent producer. To 
eliminate radiocarbon transmission into the facility, the 
source and beamline pump exhaust is channeled to the 
CARIBU exhaust stack. Procedures have been written for 
use of C-14 at ECR3, and a Dual Alpha and Beta Radioac-
tive Assay System has been moved to the adjacent work 
area to assist radiation protection technicians in field meas-
urements during ion source and beamline entry.  

The most stringent requirements of two currently ap-
proved ATLAS experiments are an energy of 210 MeV, tar-
get intensity of 100 pnA, and ratio of C-14 to N-14 con-
taminant ≥ 4:1. We have set out to verify that these require-
ments can be met in a way that minimizes consumption of 
C-14. It is planned to deliver ethylene gas (C2H4) saturated 
in C-14 supplied by ViTrax, Inc. [4] using a Varian Model 
951 variable leak valve. Preliminary tests were performed 
with ethylene gas enriched with 99% C-13 as a substitute, 
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C-12 was not used due to large m/q contaminants in 12C3+ 
and 12C6+. 

Energy Verification 
Achievable energy was predicted using in-house soft-

ware that takes into account active accelerating compo-
nents and their maximum energy gain. ATLAS is divided 
into three accelerating sections with stripping available af-
ter the first and second section. It was determined 
≥ 210 MeV can be achieved with various accelerator con-
figurations. The first is with ECR3 producing 14C6+ and ac-
celerating to target. The other option would be to start with 
charge state (C.S.) 3+ (or 4+) and strip to 6+ using a 
50 µg/cm2 carbon foil after the first accelerating section 
with a calculated stripping fraction of 40%. Resultant pre-
dicted energies are shown in Table 1 for the different con-
figurations available. 

Table 1: C-14 Beam Energy Calculations 

Source   Stripping Maximum 

 Energy  Fraction Energy 

q [MeV] q  [MeV] 

3+ 25.7 3+ - 122.2 

3+ 25.7 6+ 0.4 210.8 

4+ 27.9 4+ - 156.3 

4+ 27.9 6+ 0.4 212.3 

5+  5+ - 186.4 

6+ 30.6 6+ - 214.3 

Intensity Verification 
In Table 2, we determine source intensity requirements 

for 100 pnA at target assuming a minimum 20% transmis-
sion of unstripped beam from source to target and 8% 
transmission accounting for the additional stripping frac-
tion. Tests were performed with C-13 ethylene gas to de-
termine if a target intensity of 100 pnA is achievable. Max-
imum stable beam current for 13C6+ was found to be 13 pnA 
with 100 W of RF input at 11.49 GHz. 13C6+ output was 
limited by a combination of gas and RF input levels caus-
ing discharges in a downstream focusing lens. For 13C3+, 
stable beam of greater than 7000 pnA was easily produced 
with 50W RF input power at the same frequency. 

Table 2: C-14 Beam Intensity Calculations 

Source        Transmission Target 

q I [pnA] [%] q I [pnA] 

3+ 1250 8 6+ 100 

4+ 1250 8 6+ 100 

6+ 500 20 6+ 100 

From an intensity perspective, the 14C3+ or 14C4+stripped 
to 14C6+ options are immediately viable. If at all possible, 
shifting the charge state distribution higher so that 14C6+ out 

of the source could be used would make set-up and tuning 
of the accelerator simpler. 

Nitrogen Contamination Levels 
Given the concentration of nitrogen in air, it is not sur-

prising an ECRIS produces some level of N-14 ion beams. 
These beams are inseparable from C-14 of the same charge 
state at ATLAS. For the upcoming ATLAS experiment a 
ratio of C-14:N-14 ≥ 4:1 is requested. We were able to look 
at C-13 and background N-14 beam intensities to deter-
mine what the expected ratio might be during a C-14 run 
under various conditions. The C:N ratio measured for 13C6+ 
at 13pnA was 1:1. The ratio improved at lower RF input, 
with a cost to beam current.  Increased RF power resulted 
in unstable beam dropouts, however overall 6+ output in-
creased, while C:N ratio worsened. Helium gas mixing also 
improved 13C6+ current, but did not favor carbon over ni-
trogen.  

Figure 2 shows the relationship of C:N ratio to beam in-
tensity. C:N ratios ≥4:1 were seen at beam intensities 
>1000 pnA for 13C3+ and 500 pnA for 13C4+ at the ion 
source. Measurements were taken for best intensity with 
RF input ranging from 13 to 50 W. This information con-
firms the argument for stripping downstream of ECR3.    

Figure 2: Ratio of C:N intensities vs. 13C intensity at two 
different charge states (3+,4+).   

One further consideration for C:N ratio is that less favor-
able stripping for carbon occurs than for nitrogen into the 
6+ charge state. We calculate the fraction for carbon at 
42.6% and nitrogen at 52.9%. This reduces C:N measured 
at the source by ~20% after stripping. Ratio data shown in 
Fig. 2 is corrected for this reduction 

Ethylene gas pressure upstream of the leak valve had an 
effect on the C:N ratio as well. This should be noted as we 
intend to use a small amount of gas (25 ml at STP) that will 
slowly drop in pressure throughout an experiment.  
Figure 3 shows the beam current relationship to C:N ratio 
(corrected for C and N stripping efficiency differences) of 
13C4+ for line pressures of 0.3 atm and 2.2 atm as an exam-
ple. Since the ECR charge distribution favors 3+ in the 
range of tested operation, we infer source intensity and C:N 
are also maintained for 13C3+ even at low backing pressure. 
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Figure 3: C:N ratio vs. 13C4+ intensity with ethylene gas 
feed line before leak valve at 2.2 atm and 0.3 atm. 

Carbon Consumption Rates 
It is important to consider the consumption of C-14 on 

two bases. First is to limit the amount of radioactive con-
tamination in the source, downstream beamline and ex-
haust. We also prefer to conserve the material as a cost sav-
ings to facility operation. A measured volume of 8.25 ml 
was filled with C-13 ethylene during the intensity and con-
tamination tests. Pressure of the volume was measured be-
fore and after a test run using an Omega model DPG2001B 
digital pressure gauge. Ideal gas law was used to calculate 
number of moles at the start and end of a test run, which 
was then converted to mg of C-13. From there a consump-
tion rate in mg/hour was derived.  

Beam current improvements were obtained by adding 
ethylene gas, thereby increasing consumption rate and the 
C:N ratio making the three parameters interrelated. The 
minimum carbon consumption rate in which required 13C3+ 
intensity and C:N ratio (corrected for stripping differences) 
are met is ~.04 mg/hr (see Fig. 4). This rate would yield 
~30 days of continued experiment time for 25 ml of C-14 
ethylene gas at STP. 

 

Figure 4: Consumption rate vs. intensity for C-13 3+ and 
4+ with ethylene gas feed. 

Ion Source Efficiency 
Efficiency into a single charge state at the ion source was 

also examined during these test runs by dividing number of 
ions intercepting the m/q analysis faraday cup by the num-
ber of atoms introduced to the ECRIS over the same time 
period. For simplicity Table 3 shows the range of efficien-
cies seen over a variety of gas feed, RF power and fre-
quency conditions used. Under any single condition, 3+ ef-
ficiency exceeded that of 4+. 

Table 3: C-13 Charge State Efficiencies 

q Source Efficiency 

3+ 1.0% - 2.1% 
4+ 0.5% - 1.5% 
5+ 0.05% - 0.17% 

CONCLUSION 
An ECR ion source has been installed at the ANL AT-

LAS facility and will fulfill two needs: the returned pro-
duction of C-14 after seven year hiatus, and added flexibil-
ity as a second ion source for the delivery of stable beams 
for the experimental program. The source has completed 
its commissioning phase and is in use at ATLAS. We plan 
to address the limitations involving the discharging lens 
with further investigation into root cause and by increasing 
the gap between electrode and ground. If the discharges are 
resolved, we can further examine production of 13C6+ at the 
source. We are also looking at beam optics in the LEBT to 
see if transmission can be improved. Even with limitations 
to overall performance noted above, ECR3 has demon-
strated the ability to produce stable C-14 ion beams at the 
energy, intensity and ratio of carbon to nitrogen required 
for approved experiments at ATLAS with 3+ out of the 
source stripped to 6+ downstream.  
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IMPROVEMENT OF THE EFFICIENCY OF THE TRIUMF 
CHARGE STATE BOOSTER (CSB) 
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1TRIUMF, Vancouver BC, Canada, 2University of Victoria, Victoria, BC, Canada

Abstract 
The Electron Cyclotron Resonance Ion Source  

(ECRIS) is a versatile and reliable ion source to charge-
breed rare isotopes at the TRIUMF's Isotopes Separation 
and Acceleration (ISAC) facility. Significant research 
work has been done by different groups worldwide to im-
prove the efficiency and performance of the ECRIS. The 
most recent result of these activities is the implementation 
of the two-frequency plasma heating. At the ISAC facility 
of TRIUMF, a 14.5 GHz PHOENIX booster which has 
been in operation since 2010 was recently upgraded to ac-
commodate the two-frequency heating system using a sin-
gle waveguide to improve its charge breeding efficiency. 
Besides, a program has been launched to improve and op-
timize the extraction of charge bred isotopes in terms of 
beam emittance. A detailed investigation of the effect of the 
two-frequency heating technique on the intensity, emit-
tance, and the efficiency of the extracted beam is presently 
being conducted and the status will be presented.  

INTRODUCTION 
Different techniques and methods have been explored 

and employed to improve the performance and efficiency 
of the Electron Cyclotron Resonance Ion Source (ECRIS) 
since it was first developed. Examples are plasma-wall 
coating, biased disks, the increase of the magnetic field 
strength which allows increasing the RF-frequency, and 
operation of the ECRIS in two frequencies mode. The op-
eration of the ECRIS with these techniques listed above has 
demonstrated increased performance of the ECRIS in view 
of the application as a charge state booster [1-4]. Investi-
gations of the 1+ to n+ conversion processes in the com-
munity demonstrated that the efficiency of the process and 
quality of the highly charged ion beam produced by a 
Charge State Booster (CSB) can be significantly enhanced 
by optimizing the plasma conditions and the beam for-
mation in the extraction region [5]. However, the 1+ to n+ 
conversion rate depends on the flexibility of the injection 
optics, the plasma conditions, and the beam formation 
upon ion extraction. TRIUMF embarks on further investi-
gations of ECRIS performance as an ECRIS is used at  
TRIUMF to boost the charge state of rare isotopes before 
injection into the linear accelerator (LINAC) of ISAC for 
post-acceleration. 

THE TRIUMF ECRIS CSB 
The 14.5 GHz PHOENIX booster of TRIUMF from 

PANTECHNIK was originally designed as a conventional 
single-frequency-plasma-heating source. The booster is 

equipped with a three-electrode extraction system with an 
aperture radius of 3 mm and an extraction gap of 25 mm. 
This source has been installed and commissioned in 2010 
[6]. The typical operating parameter of the source is listed 
in Table 1. To optimize the charge breeding results, the 
plasma chamber wall, the injection, and the extraction elec-
trodes were coated/replaced in 2012 with aluminum/alumi-
num electrodes to reduce the intensity of the background 
ions that are introduced into the bulk plasma through 
plasma-wall interaction. As reported in [7], the intensity of 
some of the background ions was reduced by about 2 or-
ders of magnitude with aluminum wall coating. 
 

Table 1: Typical Operating Parameters of the TRIUMF 
CSB 

Parameters Values 
Beam energy  11.27*Q keV 
Binj 1.15 T 
Bmin 0.35 T 
Bext 0.87 T 
Becr 0.52 T 
Br 1.2 T 
ECR frequency 14.5 GHz 

 

The preliminary result obtained after the implementation 
of a two-frequency RF-system is a topic that will be ad-
dressed in this paper. A program to improve the beam qual-
ity of the CSB has been started. It comprises simulations of 
the injection and the extraction systems using the code 
IGUN©. Besides, the result of the magnetic field distribu-
tion of the booster that was modelled and simulated in 
OPERA in preparation for the extraction system simulation 
in IGUN© will be presented as well.  

TWO FREQUENCY OPERATION 
The TRIUMF charge state booster (CSB) was recently 

upgraded to implement the two-frequency heating tech-
nique using a single waveguide because the booster was 
not originally designed to accommodate the conventional 
two-waveguide approach. The layout of the new rf system 
upgrade is shown in Fig. 1. The output signals of the two 
rf signal generators (from BNC with model numbers 845 
and 845-20) both with a frequency range of 9 kHz – 20 
GHz and output power between -30 – 20 dBm are com-
bined using a high-frequency microwave power combiner 
(from Mini-circuits with model number ZX10-2-183-S+) 
with a frequency range of 1.5 – 18 GHz. The combined 
microwave is fed to a newly installed travelling wave tube 
amplifier (TWTA) (from CPI with model number 
VZM6993J4) with a maximum output power of 400 W and 
a frequency range of 8 – 18 GHz. The amplified microwave 
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is fed into the booster through WR-65 waveguide with a 
frequency range of 12 – 18 GHz. 

Before the two-frequency heating technique was imple-
mented on the CSB, a bench test was conducted to ensure 
the two frequencies launched from the signal generators 
are fed into the plasma of the ECRIS. The frequencies of 
13.65 GHz and 14.5 GHz were set on the signal generators, 
the launched microwaves were added using the power 
combiner, the output of the combiner was fed into the 
TWTA, and an attenuated sample from the TWTA was rec-
orded on a low-power-high-frequency spectrum analyzer.  

Figure 2 shows a picture of the spectrum analyzer screen 
showing the two distinct frequencies launched from the 
signal generators. 

 

 
Figure 1: Layout of the TRIUMF two-frequency heating 
technique. 
 

 
Figure 2: An image of a spectrum analyzer showing the 
combined microwaves of two frequencies 13.65 GHz and 
14.5 GHz launched from the signal generators. 

The effect of feeding microwaves with two frequencies 
into the plasma chamber was investigated by the influence 
on the extracted charge bred ion current. 

INITIAL CHARGE BREEDING RESULT 
A Cesium (Cs) test ion source (CTIS), located upstream 

of the booster for injection and extraction optics tuning, 
was used to inject a 1+ beam of Cs of about 11 𝑛𝐴 into the 
booster. The booster and the extraction system were opti-
mized for the extraction of Cs29+. One of the rf signal gen-
erator’s frequency was set to 13.65 GHz while the other 
signal generator was set to a frequency of 14.5 GHz. The 
TWTA output power was set to 150 W, the operating pa-
rameters listed in Table 1 were used and the Cs charge state 
distribution (CSD) was measured. The measured charge 
state distribution was compared with the charge state dis-
tribution recorded for the single frequency heating of the 
replaced rf system. 

The replaced rf system comprises a signal generator and 
a CPI travelling wave tube amplifier (TWTA). The TWTA 
has a narrow frequency bandwidth between 13.75 – 
14.5 GHz. However, because of the upper band of the 
TWTA’s frequency coincides with the designed frequency 
of the booster, the TWTA was routinely operated at an rf 
frequency of 14.46 GHz to preserve the life of the TWTA. 
With the replaced rf system, a 1+ beam of Cs of about 9 𝑛𝐴 
was injected into the booster, the rf frequency was set to 
14.46 GHz and rf power was set to 200 W, while the beam 
optics and the booster were tuned for the extraction of 
Cs27+. The two distinct measurements were compared 
solely to test the newly installed two-frequency heating 
system as the booster was not well optimized for the oper-
ation of the two-frequency heating.  The optimization of 
the booster for two-frequency heating is ongoing. Mean-
while, the Cs charge states could be detected up to 29+ with 
the two-frequency heating compared to the single fre-
quency heating with Cs charge state up to 27+. More sys-
tematic measurements will follow soon. 

MAGNETIC FIELD SIMULATIONS 
The extraction system of the TRIUMF CSB is cur-

rently being investigated by the simulation to further im-
prove the performance of the booster. The correct magnetic 
field at the extraction region of the booster is an integral 
part of the extraction system simulation of the ECRIS. It 
has been reported in [8] that the decreasing axial magnetic 
field at the extraction region is the dominant cause of an 
increased emittance of the extracted beam from the ECRIS.  

The magnetic field of the TRIUMF CSB has been mod-
elled and simulated in OPERA and benchmarked against 
the measured field of the GANIL SPIRAL1 booster [9] that 
is similar to TRIUMF ECRIS CSB. The magnetic field 
configuration of the booster is composed of three solenoid 
coils (injection, middle and extraction coils) and a hexa-
pole permanent magnet. The booster is typically operated 
with the solenoid coil current of 1050 A, 250 A, and 750 A 
defined on the injection, middle, and extraction coils, re-
spectively. The solenoid coils and the hexapole permanent 
magnet are encapsulated in an ARMCO soft iron case. 
There are also ARMCO soft iron plugs at the injection and 
the extraction regions of the booster to shield stray fields. 
Besides, two ARMCO soft iron rings are installed around 
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the hexapole magnet at the center of the booster to properly 
define the ECR zone in the plasma chamber. 

Figure 3 shows the OPERA 3D model of the CSB and 
Fig. 4 shows the axial magnetic field distributions for dif-
ferent relative permeability values. Figure 5 shows the ax-
ial magnetic field distribution of TRIUMF CSB compared 
with the GANIL SPIRAL1 CSB measured field. The sim-
ulated field matched the measured field. The simulated 
magnetic field of the TRIUMF CSB will be benchmarked 
against Hall probe measurement in the future. 
 

 
Figure 3: OPERA 3D model of the TRIUMF CSB. 

 
Figure 4: Axial magnetic field distribution of the 
TRIUMF CSB for different relative permeability values 
(the blue plot is the magnetic field with linear relative per-
meability, the black plot is the magnetic field with nonlin-
ear relative permeability, and the red plot is the solenoid 
coils field only). Coil current (1050/250/750 A). 

 
Figure 5: Axial magnetic field distribution of the 
TRIUMF CSB simulated in OPERA compared with the 
measured field of GANIL SPIRAL1 CSB. Coil current 
(1200/250/700 A). 

EXTRACTION SYSTEM SIMULATIONS 
The extraction system of the TRIUMF ECRIS CSB is 

being simulated with the code IGUN© to systematically in-
vestigate the effect of extraction parameters such as mag-
netic field, extraction voltage, extraction aperture, and ex-
traction gap on the emittance of the extracted ions to fur-
ther improve the performance of the booster.  

The first simulations used the intrinsic routine of IGUN© 
to calculate solenoid fields, meanwhile, the calculation 
does not include the iron yoke or the permanent magnets. 
Besides, a magnetic field distribution on-axis can be calcu-
lated by a different code like OPERA and then import in to 
the IGUN© code for extraction system simulation. To com-
pare the effect of the magnetic field in the extraction region 
of the CSB, simulations have been performed with the 
IGUN-calculated magnetic field and the OPERA-calcu-
lated magnetic field. The field distribution for both cases is 
shown in Fig. 6. It can be seen that with the OPERA-cal-
culated field, the peak of the magnetic field at the injection, 
middle and extraction is narrow and well-defined while 
magnetic field distribution calculated with IGUN is broad. 
This is because the magnetic materials around the solenoid 
coils are defined and included in the OPERA simulation 
but not in the IGUN simulation. 

 
Figure 6: The IGUN-calculated field compared with the 
OPERA-simulated field. Coil current (1050/250/750 A). 

The parameters of the simulated beam in IGUN© code 
are 16O5+ with a beam energy of 11.27*Q keV, electron 
plasma temperature, Te=5 eV, and ion temperature,  
Ti=0.2 eV. The currents of the solenoid coils are as defined 
above. The results of the simulation show that the trajecto-
ries of the ions simulated with the only solenoid field cal-
culated by the IGUN have less divergent angle compared 
with the trajectories of the ions simulated with the OPERA-
calculated field as shown in Fig. 7. The ions simulated with 
the OPERA-calculated field have high divergence because 
of the reduced magnetic field at the end of the extraction 
system compared with the case of the IGUN-calculated 
field. The reduced field strength imposes a weaker focus-
ing on the extracted beam resulting in larger beam size. 
This reduced field strength is caused by the ARMCO soft 
iron case around the solenoid coils that shield the stray 
fields. 

As the effect of the magnetic field on the beam quality is 
understood and we have a realistic magnetic field distribu-
tion available from OPERA, a systematic parameter scan 
of voltages using IGUN© can be performed. 
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Figure 7: The extraction system of the TRIUMF CSB. The 
green dash line is the magnetic field. (Top picture is the 
extraction system simulation with IGUN-calculated field 
while the bottom picture is the extraction system simula-
tion with OPERA-calculated field). 

CONCLUSION AND OUTLOOK 
The two-frequency heating system has been imple-

mented at the TRIUMF CSB and the first beam test with 
two-frequency heating could be performed. The initial re-
sult obtained from the source with this operation suggests 
that the two-frequency heating has a significant effect on 
the plasma heating and therewith on the charge breeding 
performance of the booster. Also, a systematic investiga-
tion of extraction property using simulations has been 
started. Therefore, the magnetic field distribution of the 
CSB has been modelled and simulated in OPERA in prep-
aration for the systematic parameter scans with the extrac-
tion system simulation to further improve the beam emit-
tance of the TRIUMF CSB. The magnetic field distribution 
simulated has been benchmarked against the measured 
field of the GANIL SPIRAL1 charge state booster, and the 
simulated field matched the measured field very well. 
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ELECTRON CYCLOTRON EMISSION IMAGING OF
ELECTRON CYCLOTRON RESONANCE ION SOURCE PLASMAS∗

L.E. Henderson†, H.L. Clark, C.A. Gagliardi, D.P. May
Texas A&M University, Cyclotron Institute, College Station, TX, USA

Abstract
A new imaging system for electron cyclotron resonance

ion sources (ECRIS) has been designed and is being built.
This K- and Ka-band camera will extract localized mea-
surements of absolute energy and relative number density
for ECRIS plasma electrons by imaging their electron cy-
clotron emission (ECE) spectra, as the frequency, shape,
and strength of the ECE harmonics correlate directly with
the local magnetic field, electron energy, and plasma den-
sity. The design of the overall quasi-optical system will be
presented, including novel ceramic optics for the radial view-
ports of the Cyclotron Institute’s ECRIS and metamaterial
mirrors with electronically controllable reflectivity. Spatial
resolution sufficient to distinguish important plasma regions
and temporal resolution sufficient to study dynamic plasma
processes is expected.

INTRODUCTION AND MOTIVATION
A non-disruptive, high spatial resolution, general-purpose

diagnostic tool that can measure the energy distribution of
the magnetically confined plasma electrons in electron cy-
clotron resonance ion sources (ECRIS) would be highly
useful for investigating and monitoring ECR plasmas. Many
plasma diagnostics exist, but extracting electron population
parameters from current diagnostics generally relies upon
making assumptions about certain correlations between dif-
ferent plasma regions or certain interactions in the electron
and ion populations. Direct diagnostics such as Langmuir
probes are also not necessarily practical for use in an ECRIS
while generating beams for particle accelerators. It would
greatly assist routine particle accelerator operations and
ECRIS modeling efforts if the ECRIS electron energy distri-
bution was known during routine use, especially given that
the myriad of parameters contributing to practical ECRIS
plasmas are generally not known to sufficient accuracy a
priori.

As some ECRIS plasma electrons are known to be both
in cyclotron motion and mildly relativistic, we can expect
those plasma electrons to exhibit electron cyclotron emission
(ECE). Furthermore, if we assume the electrons in a particu-
lar region of the plasma interact sufficiently to produce local
Maxwellian populations, the shape of the ECE spectrum
from that region will correlate directly and distinctly to an
electron temperature in that region [1]. Measuring such a
spectra in an ECRIS is complicated, however, by the wide

∗ Work supported in part by the Cyclotron Institute and by the U.S. Depart-
ment of Energy, Office of Nuclear Science, under Grant No. DE-FG02-
93ER40773.

† ethan.henderson@tamu.edu

spread of cyclotron frequencies in the min-B magnetic field
configuration. ECE spectra observed from ECRIS by simple
line-of-sight measurements overlap into a nearly continuous
spectrum [2].

The split hexapole design of the conventional 6.4 GHz
ECRIS at the Cyclotron Institute allows for radial access
ports, which in turn have enabled a novel solution to the
problem of studying the ECE of ECRIS plasmas. This paper
will discuss an imaging system design capable of simultane-
ously capturing the ECE spectra from various regions of the
plasma.

CAMERA DESIGN

The ECE harmonics expected for the 6.4 GHz ECRIS pri-
marily fall into the K/Ka-band. In order to spatially resolve
the origin of ECE signals in the plasma, a novel K/Ka-band
microwave imaging system has been designed that consists
of ceramic optics, metamaterial quasi-optical elements, and
superheterodyne receiver electronics.

The primary optics will be placed under vacuum inside an
access pipe for the radial plasma chamber port. These optics
will transport the ECE signal from the plasma chamber to
an exit vacuum window, where the signal can be routed
by secondary optics through air to the data capture tower
located beyond the ECRIS x-ray shielding and safety fence
(Fig. 1).

Figure 1: Camera layout (not to scale).
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Figure 2: Dielectric structure of the primary optic inside the
radial port.

Primary Optics
The main optic (Fig. 2) is a cemented stack of alumina

and PTFE lenses that protrudes from the radial plasma cham-
ber port approximately 1/2". The space occupied by this
cemented lens is well removed from the plasma flutes and
the ECR heating shell, and care has been taken to minimize
RF heating. The cemented lens focuses ECE from the cen-
tral plane of the plasma into the entrance of a 5x5 array of
alumina-filled, 0.125" square waveguides. The exit face of
the waveguide array will be bonded to an exit lens sitting
below the vacuum window which allows for the ECE image
to be transmitted into air outside the ECRIS.

Alumina and PTFE were chosen as optical materials due
to their flat dispersion curves and low loss tangents across
the K/Ka-bands. Alumina’s high index of refraction (n =
3.1) also allows for a particularly important trick: diffraction
in the 3/4" radial ports would normally destroy any usable
image at our frequencies of interest, but once the port is filled
with alumina diffraction can be made negligible. PTFE in-
creases the performance of the primary optic by suppressing
total internal reflections (increasing the numerical aperture)
and diminishing Fresnel reflection. A microwave-absorbing
lining is also employed to reduce unwanted stray reflections
and cavity modes inside the radial port.

The initial design of the primary optical stack was im-
proved iteratively through ray-tracing with the BEAM4
open-source software package [3] and finite-difference-time-
domain (FDTD) simulations of Maxwell’s equations with
the MEEP open-source software package [4]. The finalized
design simulations show good separation of ECE signals
from different plasma regions into corresponding waveg-
uides (Fig. 3). The resolution of the optics is Rayleigh-
limited at the low end of their operating frequency range
(approx. 17 GHz).

Signal Preparation
The ECE signal beam will be passed through a quasi-

optical beamsplitter arrangement (Fig. 4) of electronically
variable reflective surfaces (EVRS), which are metamaterial
mirrors designed for this project and formed by an array of
resonators interconnected with resistive silver ink traces and
PIN diodes (Fig. 5). The purpose of the PIN diodes is to pro-

Figure 3: Simulated transmittance of an electromagnetic
point source at the center of the plasma chamber into the
waveguide array.

Figure 4: Quasi-optical signal bandpassing scheme.

Figure 5: EVRS cell conceptual diagram.

vide a resonance-clamping AC impedance to the EVRS cell
when the array is biased by the proper DC current. Simula-
tions of EVRS supercells in MEEP have shown this clamping
behavior for electromagnetic waves at oblique incidences
(Fig. 6) and have also shown the EVRS are largely trans-
parent across all other frequencies in the K/Ka-band. A set
of EVRS with different resonant frequencies can therefore
be stacked to create a broadband mirror with electronically
selectable frequency transmission notches.
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The EVRS beamsplitter stack greatly simplifies bandpass-
ing the signal, and back-illumination of the beamsplitter
stack (Fig. 4) also allows for a known local oscillator (LO)
frequency to be overlaid onto the passband signal beam. As
soon as the combined beam of passband signal and LO is re-
ceived by a broadband antenna, it can be immediately passed
into a mixer diode for frequency down-conversion.

Figure 6: Simulated response to oblique electromagnetic
waves by EVRS with lattice parameter a=5.5 mm.

Receiver Electronics
A 5x5 array of broadband antennas will immediately shunt

the optically-processed signal into mixer diodes. This will
convert the K/Ka-band 17-45 GHz signal into a 0-8 GHz
signal that can be easily handled by conventional microstrip
electronics. In order to eliminate the rolling shutter effect,
the mixers will feed into 25 independent superheterodyne
receiver circuits that step down the signal frequency fur-
ther until it can be digitized by integrated 12-bit, 250 MS/s
analog-to-digital (ADC) converters. Finally, in order to max-
imize the frame rate, the ADC samples will be transmitted to
the data capture computers (DAQ) by 25 independent USB
3.1 connections. The maximum data rate for the imaging
system is expected to be 100 Gbit/s.

The imaging system will have several operating modes
for arbitrary frame rates and partial spectral coverages. The
EVRS power supply switching, voltage monitors, and super-

heterodyne receiver controls will all be tied to a handful of
microcontrollers so that the operation of the entire system
can be monitored and reconfigured by the DAQ over USB.

COMPONENT DEVELOPMENT
An anechoic chamber with turntables is being assembled

for testing the frequency response of each optical component
at various angles of incidence. The device-under-test (DUT)
and receiver microwave horn will have independent angular
positioning, and a 12.4 GHz network analyzer equipped with
step-up and step-down mixers will sweep through the entire
design band of 17-45 GHz to log the 𝑆21 scattering param-
eter for the DUT. This will generate a frequency response
curve for every optical component and implicitly create a
calibration curve for the final system assembly.

3D-printed PLA optical mounting hardware was devel-
oped while access to the lab was limited during the Spring
of 2020. The use of entirely plastic frames for mounting
most optical elements will greatly reduce paraxial reflections
that can otherwise cause significant self-interference in the
microwave signal.

INITIAL PLANNED MEASUREMENTS
Once the full imaging system has been assembled, the first

measurement that will be attempted is a comparison of the
relative electron temperature in the ECR plasma core and in
the ECR heating shell during steady-state ECRIS operation.
If that proves successful, high frame rate observations of the
ignition and afterglow processes will be made.
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 DEVELOPMENT OF A COMPACT LINEAR  
ZAO NEG PUMPING SYSTEM* 

S. Kondrashev†, E. Beebe, B. Coe, J. Ritter, T. Rodowicz, R. Schoepfer, S. Trabocchi,  
Brookhaven National Laboratory, Upton, USA  

Abstract 
An upgrade of RHIC EBIS, the extended EBIS, is pres-

ently under development at Brookhaven National Labora-
tory to increase the intensity of the Au32+ ion beams by 
40%–50% to 2.1 ⋅ 109 Au32+ ions/pulse at the booster ring 
entrance. Generation of intense beams of polarized 
3He2+ ions with up to ∼ 5 ⋅ 1011 ions/pulse for the RHIC 
and the future electron–ion collider is a goal of the EBIS 
upgrade project as well. Ultra-high vacuum is extremely 
important for stable and reliable operation of EBIS/T de-
vices. We have developed a linear pumping module based 
on the ZAO NEG unit commercially available from SAES 
Getters. This pumping system will be used for the Ex-
tended EBIS Upgrade which is presently under develop-
ment at BNL. The new ZAO NEG material has a higher 
pumping speed and, more importantly, significantly higher 
sorption capacity for all active gasses compared to previ-
ously available types of getters. A ZAO NEG module has 
been modified to be heated up to 600 °C by passing up to 
120 A of DC current through a stainless-steel cage for re-
quired NEG activation and reactivation temperature cy-
cles. A method of pumping speed measurements using 
pulsed gas injection into the vacuum chamber has been de-
veloped and used for characterization of the ZAO NEG-
based linear pumping system. The results of tests and de-
sign of the new ZAO NEG-based linear pumping system 
are presented and discussed. 

DEVELOMENT OF A COMPACT 
LINEAR ZAO NEG MODULE 

New so-called ZAO (Zr-V-Ti-Al) NEG material became 
commercially available from SAES Getters several years 
ago. According to SAES Getters, ZAO NEG has multiple 
advantages compared to previously used getters:  
 Larger sorption capacity for all active gases  
 Higher pumping speed for all active gases  
 Ability to withstand more reactivation cycles  
 More robust and has higher embrittlement limit  
 Generates fewer micro particles.  
The larger sorption capacity of the ZAO NEG is the most 

important advantage for EBIS applications. ZAO NEG can 
pump all active gases (especially hydrogen, which is the 
dominant species in ultra-high vacuum systems) for a year 
or longer even at a vacuum level of about 10-8 Torr without 
a significant decrease in pumping speed. Commercially 
available from SAES Getters, a linear ZAO NEG pumping 
unit with 470x28x8 mm3 dimensions is shown in Fig. 1. 

 

 
Figure 1: Photo of linear ZAO NEG pumping unit. 

Fifty-four ZAO NEG discs are contained inside 316L 
stainless steel cage providing 500 l/s pumping speed for 
hydrogen. The pumping module can be activated by raising 
the temperature either to 500 ºC for 1 hour or to 450 ºC for 
more than 24 hours. In the latter case it can be done during 
high temperature bake-out of the vacuum chamber contain-
ing the ZAO NEG pumping module. From operational 
point of view and previous negative experience with high 
temperature bake-out (gate valves damage etc.) we 
strongly prefer ZAO NEG activation at 500 ºC temperature 
for 1 hour using heating of just pumping module and not 
the whole vacuum chamber for long period of time. 

Activation of Linear ZAO NEG Pumping Unit 
by DC Current 

To keep the ZAO NEG pump as compact as possible we 
decided to activate pumping module by passing DC current 
through the stainless-steel cage. The first heating test was 
done using the cage without ZAO NEG discs inside to 
prove that cage can transmit the current required to reach 
500 ºC over the entire cage length without any damage. The 
cage has been mounted on high current vacuum feed-
throughs with four thermocouples attached along the entire 
cage length in Fig. 2 (a). Dependence of electric power on 
transmitted current and dependences of temperatures along 
the cage on electric power are presented in Figs. 2 (b, c).  

One can see that 550 W (85 A/6.5 V) electric power is 
required to reach temperatures in the range of 500 - 600 ºC 
along the cage. There was no damage to the cage under 
these conditions.  

The second heating test was done using a pumping mod-
ule containing ZAO NEG discs. A photo of the pumping 
module heated to 600 ºC in the middle of the cage inside 
of the vacuum chamber is presented in Fig. 3.  

Pumping Speed Measurements 
Schematic of experimental setup for pumping speed 

measurements is shown in Fig. 4.  
A pulsed gas injection system has been assembled to al-

low injection of a small amount of gas of interest into the 
main vacuum chamber. It consists of a small buffer cham-
ber with a volume of about 0.5 l, a needle valve, an elec-
tromagnetic pulse valve, and a turbomolecular pump 
(TMP)-based pumping station. 
 

 ___________________________________________  
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Figure 2 (a, b, c): Cage heating without NEG discs inside: a – cage mounted at high current vacuum feedthroughs with 
four thermocouples attached, b – dependence of electric power on transmitted current, c – dependences of temperatures 
along cage on electric power (blue dots – cage end, red dots – ¼ cage length, grey dots – ½ cage length, yellow dots – ¾ 
cage length).

  

 

 

 
Figure 4: Schematic of experimental setup for pumping 
speed measurements. 

Figure 3: Pumping unit heated to 600 ºC in the middle of 
the cage. 

At first, all gas lines were pumped by the TMP pumping 
station to about 10-3 Torr residual gas pressure. After that, 
the buffer chamber was filled by a gas of interest up to a 
pressure of about 100 Torr. The pulse duration of the elec-
tromagnetic valve controller was adjusted to drive the pres-
sure in the main vacuum chamber up by about two orders 
of magnitude (typically from 2-5∙10-8 Torr up to 2-5∙10-6 

Torr). In such a way, a wide enough dynamic range for 
measurements has been provided and the gas load on the 
pumps has been minimized. 

The main vacuum chamber was pumped by the ZAO 
NEG pumping module and the TMP backed by a TMP 
pumping station to avoid pressure limits caused by low 
compression ratios of TMP for hydrogen and helium. An 
all-metal gate valve at the TMP input allowed to pump 
chamber either by TMP and ZAO NEG module when the 
valve was open or by only the ZAO NEG module when the 
valve was closed. The volume of the vacuum chamber was 

equal to 40 l and 32 l respectively in these cases. An SRS 
RGA200 residual gas analyser and an MKS 421 cold cath-
ode ion gauge with analog readout were attached to the 
vacuum chamber to record pressure time dynamics. 

If some amount of gas is injected into vacuum chamber, 
the pressure inside the chamber will raise and then after the 
end of injection pulse will decrease exponentially (in mo-
lecular flow regime) according to following equation:  

𝑃ሺ𝑡ሻ ൌ 𝑃ሺ𝑡 ൌ 0ሻ ∙ 𝑒ିೇ
ೄ ∙௧  (1) 

where P(t) is pressure at the detector location (RGA or cold 
cathode (CC) gauge in our case) at time t, t = 0 is time right 
after the end of the injection pulse, S is pumping speed at 
the detector location, and V is the volume of vacuum cham-
ber. 

Time dynamics of hydrogen pressure recorded by the 
RGA when the chamber was pumped by the ZAO NEG 
module only (TMP gate valve closed) is presented in  
Fig. 5 (a, b, c, d) both in linear and logarithmic scale. 
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Figure 5 (a, b, c, d): Time dynamics of hydrogen pressure recorded by RGA when chamber was pumped by ZAO NEG 
module only (a – full pulse (linear scale), b – pressure decay part of pulse (linear scale), c - full pulse (logarithmic scale), 
d - pressure decay part of pulse (logarithmic scale)). 

 

 
 

Figure 6 (a, b, c, d): Time dynamics of hydrogen pressure recorded by RGA when chamber was pumped by ZAO NEG 
module only (red dots and lines) and by ZAO NEG module together with TMP (blue dots and lines) (a – full pulse (linear 
scale), b – full pulse (logarithmic scale), c - pressure decay part of pulse (linear scale), d - pressure decay part of pulse 
(logarithmic scale)). Lines on lower plots are exponential fittings. 
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RGA has been used at highest for this model recording 
rate (8 points/s) for all measurements described in this pa-
per. Even in this case only 4 points were recorded for the 
pressure decay part of the pulse in Fig. 5 (b, d) because 
pressure decay time is quite short and just slightly exceeds 
0.5 s. The purity of hydrogen gas injection was confirmed 
by recording RGA traces of atoms and molecules with 
other masses during injection pulse. The number of other 
atoms and molecules didn’t exceed 1% compared to that of 
the injected hydrogen.  

As one can see from Fig. 5, measured pressure decay is 
exponential with very high accuracy. The pumping speed 
of ZAO NEG module for hydrogen was found to be 257 l/s 
in this measurement since the vacuum chamber volume 
was equal to 32 litters. One should mention that pumping 
speed is measured at the RGA location and it is lower than 
the pumping speed inside the vacuum chamber because of 
limited vacuum conductance from the chamber to the 
RGA.  

Comparison of pumping speed for hydrogen in case of 
pumping by both NEG module and TMP (TMP gate valve 
is opened) with pumping by NEG module only (TMP gate 
valve is closed) is illustrated in Fig. 6 (a, b, c, d). 

Measured pumping speeds with hydrogen are 410 l/s for 
both NEG module and TMP, and 258 l/s for NEG module 
only. Average measured pumping speed for hydrogen is 
259 l/s if chamber is pumped by NEG module only and 396 
l/s if pumped by both NEG module and TMP. Statistical 
fluctuations of measured pumping speed are less than 6%.  

Pumping speed has been measured for nitrogen as well. 
Average measured pumping speed for nitrogen is 87 l/s if 
the chamber is pumped by the NEG module only and 232 
l/s if pumped by both the NEG module and TMP. Statistical 
fluctuations of measured pumping speed are less than 15%. 
The ratio of measured pumping speeds of NEG module for 
hydrogen (259 l/s) and nitrogen (87l/s) is in good agree-
ment with the ratio of about factor three specified by SAES 
Getters. 

Influence of Vacuum Conductance 
The measured pumping speed for hydrogen (260 l/s) is 

significantly lower than pumping speed for hydrogen spec-
ified by SAES Getters (500 l/s). As was already mentioned 
above, pumping speed is measured at the RGA location 
which has limited vacuum conductance to the chamber 
where the NEG module is located. For this reason, pump-
ing speed inside of the vacuum chamber can be signifi-
cantly higher than measured pumping speed at a different 
location.  

Pumping speed at the RGA location can be derived from 
following expression:  

ଵ

ௌሺோீሻ
ൌ

ଵ

ௌሺሻ


ଵ


 (2) 

where S(RGA) and S(Ch) are pumping speed at the RGA 
and at the NEG module locations, and C is vacuum con-
ductance between the RGA and NEG module locations. 

 

The RGA has been mounted on a pipe with a diameter of 
31 mm and a length of 170 mm which is connected to the 
large vacuum chamber where the NEG module is located. 
Vacuum conductance of this pipe for hydrogen can be esti-
mated to be about 374 l/s. There is always some uncertainty 
in the vacuum conductance value because real geometry is 
complex and should be somehow simplified for estima-
tions. The dependence of the NEG module pumping speed 
inside the vacuum chamber on vacuum conductance be-
tween the RGA and NEG module locations is presented in 
Fig. 7 (using equation (2) and measured pumping speed of 
259 l/s for hydrogen at the RGA location). 
 

 
Figure 7: Dependence of NEG module pumping speed in-
side vacuum chamber on vacuum conductance between 
RGA and NEG module locations. 

As one can see, any error in vacuum conductance esti-
mation give significant uncertainty in re-calculated pump-
ing speed. The main conclusion from this consideration is 
that pumping speed of the NEG module for hydrogen in-
side of the vacuum chamber is higher than 260 l/s and can 
be close to 500 l/s as specified by SAES Getters.  

Can One Identify if the NEG is Saturated? 
Pumping speed of NEG-based vacuum pumps can be re-

duced over their operation lifetime due to NEG saturation. 
There is always practical question exist: what is present 
pumping speed of NEG-based vacuum pumps after some 
period of operation? Pumping speed measurements using 
pulsed gas injection allow in situ monitoring of NEG-based 
pump conditions in EBIS or any other UHV device. Such 
an opportunity is illustrated by Fig. 8 where the pumping 
speed of the NEG module has been measured before and 
after NEG re-activation. As one can see, the degree of NEG 
saturation can be easily identified using this method.  

Comparison of Pumping Speed Measurements 
by RGA and Ion Gauge 

There is a significant practical interest to compare pump-
ing speeds measured by RGA and ion gauge because RGA 
is not always part of UHV installation, but ion gauge is al-
ways there. MKS 421 cold cathode (CC) ion gauge with 
analog read-out was mounted right near RGA to cancel 
vacuum conductance issue and properly compare results of 
pumping speed measurements.  
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Figure 8: Pumping speed of ZAO NEG module for hydrogen before (blue dots and lines) and after (red dots and lines) 
re-activation. 

Time dynamics of nitrogen pressure recorded by RGA 
and CC gauge is presented in Fig. 9 in linear and logarith-
mic scales.  Vacuum chamber was pumped by TMP only 
because NEG was not activated yet. 

One can see that time dynamics of pressure recorded by 
RGA and CC gauge are in good agreement. Some discrep-
ancy at rising slope can be explained by limited time reso-
lution of RGA (only 8 points per second).  Comparison of 
pumping speed measured by RGA and CC gauge for con-
ditions mentioned above is presented in Fig. 10. One can 
see that results of pumping speed measurements by RGA 
and CC gauge are in good agreement with each other and 
with specified pumping speed corrected by vacuum con-
ductance for TMP model used. One should conclude that 
ion gauge can be used for pumping speed measurements 
although RGA would be preferable choice because it rec-
ords time dynamics for gas specie of interest only thus 
providing more transparent results.  
 

 
Figure 9: Time dynamics of nitrogen pressure recorded by 
RGA (blue dots and lines) and CC gauge (grey lines) in 
linear and logarithmic scales (right side plots are zoomed 
to show better time resolution of rising pressure slope). 

 
Figure 10: Pumping speed of nitrogen by TMP measured 
by RGA (blue dots and line, red line – approximation by 
exponential function) and CC gauge (grey line, green line 
– approximation by exponential function). 

CONCLUSION 
Recently introduced by SAES Getters ZAO NEG linear 

module is very attractive for EBIS applications due to large 
sorption capacity, high pumping speed and transverse com-
pactness. It has been shown that module can be activated 
and regenerated by DC (or AC) current passing through the 
cage which contain ZAO NEG discs. We have developed 
in-situ method of pumping measurements using injection 
of limited amount of gas into vacuum chamber. Either re-
sidual gas analyzer or ion gauge can be used to record time 
dynamics of pressure. High pumping speed of the module 
for hydrogen and nitrogen has been measured. Developed 
method of pumping speed measurements can be used to 
monitor in situ NEG saturation level in EBIS or any other 
UHV device.  
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STATUS OF THE HIGH-CURRENT EBIS CHARGE BREEDER  
FOR THE FACILITY FOR RARE ISOTOPE BEAMS* 

H.J. Son†, A. C.C. Villari, A. Henriques, C. Knowles, Facility for Rare Isotope Beam (FRIB),  
Michigan State University (MSU), East Lansing, USA 

A. Lapierre, D. Crisp, S. Nash, National Superconducting Cyclotron Laboratory (NSCL),  
Michigan State University (MSU), East Lansing, USA 

E. N. Beebe, Brookhaven National Laboratory, Upton, USA

Abstract 
The ReA post-accelerator of the National Supercon-

ducting Cyclotron Laboratory (NSCL) at Michigan State 
University includes an Electron-Beam Ion Trap (EBIT) op-
erating as a charge breeder. The Facility for Rare Isotope 
Beams (FRIB) is being implemented. After completion, 
rare-isotopes beam rates are expected to exceed in some 
case 1010 particles per second (pps). The charge capacity of 
the ReA EBIT is insufficient to handle those rates. There-
fore, parts of the TEST EBIS from the Brookhaven Na-
tional Laboratory (BNL) were transferred to the NSCL to 
build a High-Current Electron-Beam Ion Source (HCE-
BIS). The HCEBIS features an electron gun that can pro-
vide a current up to 4 A for an estimated trap charge capac-
ity of 1011 elementary charges. This paper presents the 
HCEBIS specifications, electron-beam current measure-
ments to test its cathode, and simulation results for its im-
plementation in the ReA post-accelerator. It also presents 
charge-capacity measurements conducted with the ReA 
EBIT that demonstrate that the HCEBIS will be able to 
handle beam rates of more than 1010 pps. 

INTRODUCTION 
The ReA post-accelerator [1] of the National Supercon-

ducting Cyclotron Laboratory (NSCL) at Michigan State 
University includes an Electron-Beam Ion Trap (EBIT) op-
erating as a charge breeder. At the NSCL, Rare-Isotope 
Beams (RIB) are currently produced by fast-projectile 
fragmentation and fission with the Coupled-Cyclotron Fa-
cility (CCF). After production, these beams are then sepa-
rated in-flight and thermalized in a helium gas cell before 
being transported to the ReA post-acceleration for charge 
breeding and then reacceleration with a linear accelerator 
up to several MeV/u for the nuclear physics program. The 
Facility for Rare Isotope Beams, FRIB, is being imple-
mented based on a 400-kW heavy-ion linear accelerator 
(LINAC) [2]. After the transition from CCF-to-the FRIB 
LINAC, the production yield of rare isotopes will signifi-
cantly increase. In some cases, rates are expected to exceed 
1010 particles/s (pps). In addition, the user community for 
the Separator for Capture Reactions (SECAR) recoil sepa-
rator [3] has requested stable-isotope ion beams with rates 
up to 1010 pps.  

The ReA EBIT [4] has a limited charge capacity of 1010 
elementary (1+) charges, which is insufficient to efficiently 

charge breed to high charge states RIB of high rates from 
FRIB. To increase the charge capacity of the ReA charge 
breeder, a new High-Current Electron-Beam Ion Source 
(HCEBIS) is being built. The HCEBIS uses the “back-
bones” of the TEST EBIS [5], which was transferred from 
the Brookhaven National Laboratory (BNL) in 2018. The 
HCEBIS can operate with an electron-beam current ex-
ceeding 4 A and has a trap length of 0.7m, allowing the 
device to deliver highly charged ion beams of intensities 
expected to be more than 1010 ions per second. The speci-
fications of the HCEBIS are summarized in Table 1.  

Table 1: HCEBIS Specifications 

The assembly of the HCEBIS has recently been com-
pleted from the electron gun to the collector, as shown in 
Fig. 1. The normal conducting solenoids were installed at 
the electron gun and the collector side. Preliminary vacuum 
tests for the electron gun and trap section have been com-
pleted. The control system is currently being implemented. 
 

 
Figure 1: Assembled HCEBIS from the electron gun to the 
collector.  

CATHODE TEST 
The HCBIS will use for operation a magnetically im-

mersed electron gun providing up to 4 A in current. The 
magnetic field near the cathode can suppress large radial 
beam oscillations, therefore the cathode is immersed in the 

Electron-beam current ≤ 4 A 

Electron-beam energy ≤ 20 keV 

Magnetic field (trap center) ≤ 5 T 

Electron-beam current density ≤ 200 A/cm2 

Trap length 0.7 m 

 ____________________________________________  

* Work supported by the National Science Foundation under Grant
No. PHY-1565546. 
†son@frib.msu.edu 
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magnetic field of approximately 0.15 T [6]. The dispenser 
cathode material is made of lanthanum hexaboride (LaB6), 
and the cathode diameter is 9.2 mm. The LaB6 cathode cur-
rently installed was tested without magnetic fields in a test 
configuration. 

The electron-beam is produced from the cathode by an 
applied high voltage onto the anode. The emitted electrons 
diverge due to the absence of magnetic field near the cath-
ode. They are then accelerated and intercepted by the an-
ode, as illustrated in Fig. 2. A pulsing circuit including a 
fast switch was employed to produce short electron-beam 
pulses of less than 10 μs to minimize the beam power on 
the anode and minimize the charge required to be stored in 
the pulsing circuit capacitors. In the turn-off period of the 
switch, the anode was biased to -100 V to suppress the ther-
mal electron emission from the cathode. The pulsed emit-
ted electron current was measured using a current trans-
ducer (Pearson, Current Monitor Model 110). Figure 2 pre-
sents the result of an electron-beam simulation in the test 
configuration using TRAK (see next section) and a dia-
gram of the pulsing circuit. 

 
Figure 2: a) Pulsing circuit diagram, b) a photo of the ex-
perimental set-up, and c) TRAK simulation result. 

Figure 3 shows the electron-beam current as function of 
the anode voltage with the cathode on ground potential. 
The anode voltage was varied from 0 V to 10 kV. With the 
low heater power, the emission current is limited by the 
temperature of the cathode surface. For higher heater 
power, the emitted beam current becomes only limited by 
the electron-beam space-charge. The I-V (current vs. volt-
age) curve can then be reasonably fitted with the Child-
Langmuir law. The emission current is 1.12 A at the anode 
voltage of 10 kV with 137.4 W of heater power, corre-
sponding to a perveance value of 1.1210-6 A/V3/2. With 
the heater power of 114.3 W and 137.4 W, the emission 
current values were the same. The emitted beam current 
was already limited by electron-beam space-charge with 
the heater power of 114.3 W.  The dash line in Fig. 3 shows 
a simulated I-V curve having a perveance of 1.4510-6 
A/V3/2. According to the perveance value measured at high 
heater power, the required potential difference between the 
cathode and the anode is 23.3 kV to obtain the electron-
beam current of 4 A.  

 
Figure 3: I-V curve of the cathode with different cathode 
heater powers.  

HCEBIS BEAM SIMULATIONS 
Beam simulations are a crucial step to verify the charac-

teristics of the HCEBIS system to be integrated into ReA. 
An electron gun (e-gun) produces an electron-beam with 
small energy spread (quasi-mono-energetic). The electron-
beam is then transported to the trap and compressed by a 
high magnetic field in its center. The compressed electron-
beam plays two roles in the EBIS charge breeder. The elec-
tron-beam space-charge due to the compressed electron-
beam, generates a strong radial potential well that traps 
ions radially. Trapped ions are quickly ionized to high 
charge states with the high current density of the electron-
beam which generates a narrow charge-state distribution, 
increasing the breeding efficiency. Important characteris-
tics are the electron-beam emission from the e-gun, elec-
tron-beam transport from the cathode to the collector, ion 
trap capacity, and current density distribution in the trap. 
The beam acceptance of the HCEBIS and emittance of the 
HCEBIS are also significant characteristics. Simulations 
have been conducted using Field Precision programs: ES-
TAT, PERMAG, and TRAK [7].  

Electron-Beam Simulation 
The simulation domain was two dimensional, and a sin-

gle domain was used from the cathode to the collector to 
prevent discontinuities. All components in the simulation 
were assumed to be ideally axi-symmetric. Figure 4. a) 
shows the magnetic field and electric potential distribu-
tions in the HCEBIS along the beam axis. The cathode sur-
face is positioned at z=0. The axial magnetic field near the 
cathode is approximately 0.15T and the potential differ-
ence between the cathode and the anode is near 20.6 kV. 
With this potential difference, the emitted beam current 
converged to 4 A. 

The radial mesh size near the beam axis was set 10 times 
smaller than the outside mesh size for accurate beam tra-
jectory calculations. The time step was set to 510-14 s. The 
electron-beam was transported from the cathode to the col-
lector, as shown in Fig. 4. b). The electron-beam radius var-
ied with the magnetic field along the beam axis and was 
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Figure 4: a) Axial magnetic field and electric potential dis-
tributions along the beam axis, and b) electron-beam tra-
jectories from the cathode to the collector. 

compressed by the magnetic field of 5T at the trap center. 
Figure 5 shows the radial electron-beam current density in 
the trap area. These current density values were averaged 
values of 40 axial points along the trap length. The current 
density is around 192 A/cm2. The electron-beam radius ac-
cording to the beam current density is estimated to be 
around 0.8 mm. 

 
Figure 5: Electron-beam current density in the trap center 
(5-T magnetic field). 

For an immersed electron gun of low space-charge po-
tential, the electron-beam radius at an arbitrary z position 
can be expressed as [8] 

𝑟௭ ൌ 𝑟௧ௗට
ೌ


                                            (1) 

where rcathode is the cathode radius, Bcathode is the axial mag-
netic field at the cathode surface, and Bz is the axial mag-
netic field at the z position, respectively. The beam radius 
at the trap center can be calculated with Eq. (1) as 0.796 
mm with the cathode magnetic field of 0.15T and the trap 
magnetic field of 5T. This value agrees well with the radius 
obtained from the simulations. 

The theoretical charge capacity of an EBIS is given by 
[9] 

                    𝐶௧ ൌ
ଵ.ହൈଵభయൈூൈ

ඥா
ൈ 𝑓                      ሺ2ሻ 

It follows that the charge capacity of the HCEBIS is ex-
pected to be 2.41011 elementary charges, assuming a trap 
length (L), electron-beam current (Ie), compensation ratio 
(f), and electron-beam energy (Ee) of 0.7 m, 4 A, 1, and 15 
keV, respectively. This capacity is sufficient to charge 
breed injected beam rates of 1010 pps of light ions. For in-
stance, the HCEBIS could confine 31010 particles of Ne8+. 
Even if losses are considered in the HCEBIS and during 
transport through the ReA LINAC, beam intensities of 
more than 1010 pps could be delivered to experimental fa-
cilities.  

Beam Acceptance of the HCEBIS 
The ReA EBIT in operation employs a Pierce-type gun 

in a magnetically semi-immersed configuration [10, 11]. 
The electron-beam size in the ReA EBIT trap is signifi-
cantly smaller than that of a magnetically immersed elec-
tron gun. Hence, the acceptance of the ReA EBIT is smaller 
than the HCEBIS acceptance. ReA includes a beam cooler-
buncher (BCB) [4] for pulsed injection into the ReA EBIT. 
Although for injected beams of low intensity the BCB 
beam emittance is smaller than the EBIT acceptance, its 
emittance is expected to significantly increase for high-in-
tensity beams. Evaluating the acceptance of the HCEBIS is 
needed to understand its limits in capturing high-intensity 
pulsed beams from the BCB [12].  

Figure 6 shows axial electric potential distributions. The 
dash-dot line represents the distribution without the elec-
tron-beam space-charge. When the electron-beam is on, the 
electron-beam space-charge changes the spatial electric 
potential, as shown by the solid line. This potential distri-
bution with the electron-beam space-charge was obtained 
in the previous electron-beam simulation and was used for 
the injection simulation.  

 

Figure 6: Axial electric potential distributions for the injec-
tion simulation with electron-beam current of 4 A and elec-
tron-beam energy of 14 keV. 

A Ne1+ beam is injected from the injection position lo-
cated at the end of the extractor shown in Fig. 6 and Fig. 7. 
The injected Ne1+ beam stops in the middle of the trap at z 
= 1500 mm. The initial injected ions were distributed uni-
formly in a x-x’ phase-space rectangular that covered a 
30mm150mrad domain. The number of ions was 18272. 
The initial kinetic energy was set to 12 keV, and the aver-
aged kinetic energy in the trap was around 0.9 keV. The 
accepted ion beam trajectory within the electron-beam in 
the trap is shown in Fig. 7. As shown in Fig. 8, the injected 
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ions have a different overlap factor (foverlap) with the elec-
tron-beam. Some ions are moving within the electron-
beam over the whole trap length. In this case, the overlap 
factor is 1. Other ions partially overlaps with the electron-
beam. Most, however, are not overlapping with the elec-
tron-beam or being accepted into the trap area (zero over-
lap factor). 

 

 
Figure 7: Injected ion beam trajectories with overlap factor 
of 1. 

 
Figure 8: Acceptance ellipse with different overlap factor 
with the electron-beam: foverlap=1 represents a full overlap. 

The overlap factor is depended on the initial radial posi-
tion and angle. All particle trajectories were tracked, and 
the overlap factors were obtained for each ion. The ac-
ceptance ellipse with a different overlap factor is shown in 
Fig. 8. The 4 times root-mean-square (4∙RMS) acceptance 
for ions having an overlap factor 1 is 167 mm·mrad. The 
4∙RMS acceptance for all accepted ions having different 
overlapping factor is 518 mm∙mrad. The 4∙RMS ac-
ceptance was obtained by calculating 4∙RMS emittance of 
the injected ions accepted with different overlap factors us-
ing the expression [13]:  

𝜀ସ∙ோெௌ ൌ 4 ∙ ට𝑥ଶതതത ∙ 𝑥ᇱଶതതതത െ 𝑥 ∙ 𝑥ᇱതതതതതതത ଶ
 𝑚𝑚 ∙ 𝑚𝑟𝑎𝑑       ሺ3ሻ 

Wenander et al., [9] obtained an analytical expression to 
estimate the maximum geometrical acceptance of an EBIS: 

𝛼௫ ൌ 𝑥௨௧௫𝑥ᇱ௨௧௫ 

 ൌ
𝑟
ඥ2𝑈௫௧

∙ ቌ𝐵𝑟ට
𝑞
𝑚
ඨ

𝑞𝐵ଶ𝑟
ଶ

4𝑚


𝜌
2𝜋𝜀

ቍ    ሺ4ሻ 

where rebeam, Uext, q, m and ρl represent the electron-beam ra-
dius, ion injection potential, ion charge, ion mass and elec-
tron-beam charge per meter, respectively. The equation ac-
counts for the electron-beam space-charge potential and 
was derived for ions having an overlap factor of 1 with a 

non-compensated electron-beam. From this equation, the 
HCEBIS maximum geometrical acceptance is 
217 mm∙mrad with the trap magnetic field at 5T and the 
electron-beam radius of 0.796 mm in the trap.  

An acceptance comparison with the TEST EBIS is 
shown in Table 2 [14]. The 4∙RMS acceptance of HCEBIS 
is larger than that of the TEST EBIS by a factor of 2 due to 
mainly our estimated electron-beam radius being also 
larger by a comparable amount (see Eq. (4)). For the max-
imum geometrical acceptance, the difference of the ac-
ceptance is reduced because the electron-beam space-
charge potential of the TEST EBIS is deeper than that of 
the HCEBIS. It is complementary to the smaller electron-
beam radius. 

Table 2: Acceptance Comparison 

 HCEBIS TEST EBIS 

Electron-beam radius 0.796 mm 0.55 mm 

Electron-beam current 4 A 9 A 

Ion injection potential 12 keV 22 keV 

4·RMS acceptance  

(foverlap=1) 
167 mm·mrad 81 mm∙mrad 

Maximum geometrical 
acceptance 

217 mm·mrad 165 mm·mrad 

CHARGE BREEDER FOR  
HIGH INTENSITY BEAM 

EBIT Operation for High-Intensity Ion Beams 
To predict the capability of the HCEBIS, the production 

of high-intensity beams was tested and the electron-beam 
compensation ratio of the ReA EBIT was measured. When 
the BCB [4, 15] is operated in the pulsed mode for injection 
into the EBIT, the maximum beam rate capability is be-
tween 108–109 ejected ions per pulse. For the studies pre-
sented here, the BCB was operated in the continuous-injec-
tion mode to maximize the injected beam current. After op-
timization, a maximum Ne8+ beam rate after the Q/A sepa-
rator of 1.7481010 pps was obtained with a breeding time 
of 20 ms and a repetition rate of 33 Hz. The electron-beam 
current was set to 425 mA.  

Figure 9 shows the optimized number of extracted Ne8+ 
ions as function of the number of ions ejected from the 
BCB. The number of extracted Ne8+ ions increases with the 
injected rate until it reaches a saturation limit. This could 
be explained by the electron-beam space-charge potential 
being largely neutralized and hence no longer efficiently 
confining and charge breeding injected ions.  

Figure 10 shows a mass-over-charge (A/Q) scan per-
formed during the tests. Ne8+ accounts for about 27 % of 
the total number of charge in the A/Q spectrum. Based on 
the achieved beam rate of 1.7481010 pps in Fig. 9, the total 
charges of all extracted ion can be estimated as 1.5691010 
charges. With an electron-beam current of 425 mA, energy 
of  12 keV, and trap length of 0.635 m, the total charge ca-
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pacity of the ReA EBIT is 2.5871010 charges. If we as-
sume a 10 % loss in beam transport, the compensation ratio 
is estimated as approximately 69 %. This value is compa-
rable, but more than twice higher than the compensation 
ratio reported by the REXEBIS group as 30 % with in-
jected 40Ar+ beam [16]. With a current of 4 A, the charge 
capacity of the HCEBIS is higher than that of the ReA 
EBIT by factor of 10. Therefore, the HCEBIS is expected 
to be able to charge bred and produce intense beams ex-
ceeding 1011 pps. 

 
Figure 9: Ne8+ intensity after the Q/A separator. 

 
Figure 10: Mass-over-charge spectrum of highly charged 
ions resulting from external injection of. 

CONCLUSION 
A High-Current EBIS (HCEBIS) is being implemented 

for the ReA post-accelerator for charge breeding of intense 
beams. Over the last months, the cathode was tested in a 
test configuration up to 1.12 A. The beam acceptance and 
emittance were also simulated. To confirm the capability if 
the HCEBIS to handle high beam rates, the production of 
high-intensity beams of up to 1010 pps was studied with the 
ReA EBIT. Those studies confirm that the HCEBIS will be 
able to charge breed and produce intense beams exceeding 
1011 pps. Firtst transport if an electron-beam through its su-
perconducting magnet and ion extraction is expected early 
next year.   
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Abstract
The parameter space of the TOF was explored using an-

alytic methods as well as computer simulation to improve
the design and functionality of a similar device that was
constructed as a prototype for the Electron Beam Ion Source
(EBIS) in 2019. A simulation of the beam line optics was
produced in Opera-2D CAD software to show that other
optical elements would not materially affect the operation of
the TOF. This will allow for true measurements of the charge
state ratios of helium for EBIS and extended EBIS operation
in support of the Electron Ion Collider. EBIS operators will
use the device to maximize the fraction of 3He ions in the
3He2+ state. Different geometries were explored as well to
maximize the effectiveness of the device and to meet the
performance criterion and physical constraints of the EBIS
beam line.

INTRODUCTION
The Electron Beam Ion Source (EBIS) provides highly

charged ions to the Relativistic Heavy Ion Collider (RHIC),
and the NASA Space Radiation Laboratory (NSRL). It will
also provide polarized ions for the future Electron Ion Col-
lider (EIC). The ion with the correct charge-to-mass ratio and
velocity is accelerated by the RFQ to high energy into the
accelerator complex (LINAC, Booster, AGS ring, RHIC). It
is therefore important for EBIS operators to be able to easily
determine ion beam composition, specifically charge state
ratios. Currently a magnetic, high resolution mass spectrom-
eter is available to use. However, this takes on the order of
several minutes to collect spectra, making it impractical due
the many iterations it would take to properly tune the ma-
chine. An in-line time of flight spectrometer (TOF) allows
for tuning on a pulse-to-pulse basis with lower resolution.
The TOF consists of a Bradbury-Nielsen Gate (BNG), and a
faraday cup. A BNG is a set of parallel equally spaced wires
with alternating positive and negative voltages of the same
magnitude. As an ion travels through the gate it is deflected
and misses the faraday cup down the beam line. When the
BNG wires are pulsed to 0 V the ions travel undeflected and
are focused to the faraday cup [1]. The time savings allow
EBIS operators to make many adjustments that would other-
wise take several hours or days. A position monitor can also
be affixed to the BNG about a centimeter away. It would be
highly transparent so that gas injection and ion extraction
can both be viewed. Last year, a BNG was tested at the Hol-
∗ Work supported by Brookhaven National Laboratory and the Department

of Energy
† matthewgronert@gmail.com

low Cathode Ion Source (HCIS). It was unable to deflect the
entire beam. However, if one assumes homogeneity in the
beam, it gave relative amounts of each ion by showing small
changes on a DC background. Therefore, even a partially
functioning BNG is sufficient to see desired effects. It would
be beneficial to have the entire beam deflected. Simulations
using Opera CAD 2D show that the entire beam can be de-
flected for true measurement of beam composition. These
simulations further showed that other electrostatic elements
in the beam line will not affect the functionality of the BNG
as a chopper for TOF measurements, and established robust
working conditions.

THEORETICAL REVIEW
Time of flight spectroscopy separates ions based on their

charge-to-mass ratio by establishing a characteristic time to
travel a specified distance. The characteristic time is given
by

𝑞𝑉0 =
1
2
𝑚𝑣2 =

1
2
𝑚

(
𝑑

𝑡

)2
,

𝑡 =

√︂
𝑚

𝑞

𝑑
√

2𝑉0
,

where 𝑉0 is the voltage the ion of charge 𝑞 and mass 𝑚 is
accelerated through, 𝑑 is the distance traveled, and 𝑡 is time.
In this case, a BNG is used as a chopper to select a small
sample of the beam to evaluate, so that each ion’s trajectory
along the specified distance starts at the same place and time.
The average deflection is given by,

tan𝛼 = 𝑘
𝑉𝑝

𝑉0
,

with
𝑘 =

𝜋

ln cot 𝜋𝑅
2𝐷

,

where 𝑅 is the radius of the wire and 𝐷 is the is the dis-
tance between the centers of two adjacent wires. Here each
parameter is as seen in Fig. 1.

Figure 1: Schematic diagram of a Bradbury-Nielsen Gate
[2].

24th Int. Workshop on ECR Ion Sources ECRIS2020, East Lansing, MI, USA JACoW Publishing
ISBN: 978-3-95450-226-4 ISSN: 2222-5692 doi:10.18429/JACoW-ECRIS2020-NACB03

NACB

NACB03

177

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
19

).
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 average particle experiences this deflection [2]. We
need for tan𝛼 >

𝑑cup
𝑙

where 𝑑cup is the radial distance that
must be deflected over which in this case is about 20 mm, and
l is the distance between the BNG and Faraday cup which is
1542 mm.

PRELIMINARY TEST
Last year, a prototype BNG was tested at the Hollow

Cathode Ion Source, with gold on tungsten wire of radius
0.0254 mm, wire spacing 1 mm and 𝑉𝑝 = 300 V. The BNG
wires were at 𝑉𝑝 and are pulsed to ground by positive and
negative power supplies for 50 ns, through high pass filters
(Fig. 2).

Figure 2: Box Diagram of the supporting electronics to the
BNG.

Before each signal reached its set of wires, it passed
through a resistor and capacitor in series to control rise times.
Quadrupoles are tuned to increase beam intensity on the cup.
Here a problem occurs. The rise time of the signal is not
fast enough to resolve different peaks, as seen in Fig. 3. It is

Figure 3: Voltage on the sets of BNG wires in magenta
and blue, are normally held at +𝑉𝑝 and −𝑉𝑝, respectively,
and pulsed to common during a 50ns gating pulse. The
yellow trace shows the poorly resolved Faraday Cup signal,
without the use of a pre-amp to drive the long signal cable
capacitance.

evident that the signal increases after a few microseconds,
but this does not give us any useful information about the
contents of the beam. The problem is that we are terminat-
ing the scope in 1 MΩ, and therefore the RC time is large.
Instead we put the Faraday Cup signal through a pre-amp,
and terminate it in 50Ω. After we add the pre-amp we get
the desired spectrum, as seen in Fig. 4. We can see that the
first peak is helium, then we have Nitrogen, Oxygen, and
water, followed by Copper 63 and 65. These are expected

Figure 4: Time of flight data for 4He, followed by C, N, O,
and, 63Cu and 65Cu. Note that the relative abundances of
63Cu and 65Cu are are 69.2% and 30.8% respectively.

contaminants. We can know that the TOF is working at least
partially, since the peaks have a width equal to the pulse
time, and since Copper 63 and 65 appear in their relative
abundances. Since, we do not deflect the entire beam this
signal comes over a DC background. If we assume homo-
geneity in the beam, these are the proportions of the ion
species.

Also, in this preliminary study, another set of parallel
wires was on the same frame about 6 mm. This did not ev-
idently alter the effects of the BNG, since this set of wires
was at common, and the fields from the BNG decay to ap-
proximately 0, 1 wire spacing away from the device axially.

SIMULATION STUDIES
Opera-2D CAD was used to simulate beam optics. First,

we did a study of just the BNG. Previously, we explored the
ratio of 𝑅/𝐷. It is desirable for this ratio to be such that
𝑘 > 1. We have chosen 𝑅 = 0.2 mm and 𝐷 = 1 mm so that
𝑘 = 1.40. The required voltage 𝑉𝑝 is therefore 312 V. We
start with 𝑉𝑝 = 500 V.

BNG
First, we can see the BNG isopotential lines in Fig. 5.

Figure 5: Isopotentials of the Bradbury-Nielsen Gate

An ion extracted at 25 kV can be sufficiently deflected
by the this BNG. However, we can achieve better results by
increasing 𝑉𝑝 . We increased 𝑉𝑝 to 850 V. It is likely that the
beam will be expanding as it enters the BNG. Therefore the
BNG needs to be robust in response to an expanding beam.
We calculated ion trajectories entering the BNG at a variety
of angles. As seen in Fig. 6, the BNG is robust to expanding
beams.
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We can see that as long as the magnitude of the exit angle
is greater than 1°, the ion is sufficiently deflected. When

Figure 6: Exit angle vs. Entrance angle for an ion extracted
at 25 kV.

modelling the BNG in opera by itself we use an X-Y symme-
try so that we are viewing a cross section of the wire going
into and out of the page. However, the other beam optics
are cylindrically symmetric. Because the software is only
2D we must pick one symmetry system. We pick cylindrical
symmetry. In this case the BNG is no longer modelled by a
set of parallel wires, but by concentric circles. This does not
give exactly the same deflection as the original case. How-
ever, it is nearly the same and without loss of applicability
and in the interest simplicity, during the simulation, we used
the cylindrically symmetric model.

Gridded Lens
The gridded lens was modeled as a transparent plane at

the lens voltage with rings at common near the periphery to
reduce spherical aberrations, to reflect the actual construc-
tion. We work with a gridded lens at −2 kV. A diagram of
the gridded lens can be viewed in Fig. 7.

Figure 7: Iso potentials of the gridded lens gridded lens at
−2 kV. Two rings on the right edge of the lens are at common
to reduce spherical aberrations.

Acceleration Break
For ions to be properly accelerated by the RFQ they need

to have an energy of 17 keV/nucleon. For 3He2+, each ion
needs to have 51 keV. Therefore it needs to drop through
25.5 kV, which can be achieved by using only internal EBIS
electrodes during the extraction process. For 197Au32+ each

ion requires approximately 105 kV. This is achieved by bi-
asing the entire EBIS source to HV during ion extraction,
resulting in an additional voltage of approximately 80 kV
across the acceleration break. A drawing of this element can
be see in Fig. 8.

Figure 8: The 100 kV accelerating tube can be see on the
left-hand side. We model the electrodes which are attached
to the ceramic shown here in magenta.

If there is an 80 kV drop across the acceleration break
then the total drop is divided linearly among the electrodes,
with the first two electrodes being at EBIS common. Also
note that if there is an 80 kV drop then the gridded lens is
at −2 kV relative to this drop or at −82 kV relative to EBIS
common. We only model the electrodes as thin conductors
whose size and spacing are faithful to the drawing in Fig. 6.

Modelling the Entire Beam Line
Next, we calculate ion trajectories through the entire rele-

vant beam line. Success is defined by being able to focus a
beam onto the Faraday cup when the BNG is off, and pre-
venting the beam from hitting the Faraday cup when the
BNG is on. The first case we will study is the simplest,
3He2+, because it does not require any voltage drop over the
acceleration break. With −3.75 kV on the lens we are able
to focus 3He2+ to the Faraday cup when the BNG is off and
deflect the beam from hitting the cup when the BNG is on,
as can be seen in Figs. 9 and 10.

We have now shown that we can focus or deflect a beam
of 3He2+ ions as desired. Next we will show that we can
do the same with 197Au32+. This requires us to have an
80 kV drop across the acceleration break, so that 197Au32+

will have 17 keV/nucleon entering the RFQ. In this case the
gridded lens is at −2 kV relative to the acceleration break
(i.e. −82 kV relative to EBIS common). Although this is
not the main focus of the study, it is important that the TOF
detector is functional in all modes of EBIS operation. The
TOF will not be able to discriminate individual peaks for
197Au31+ and 197Au32+. This is because the difference in
travel time is less than the time the chopper is off. However,
it will be able to see the envelope of the set of Au peaks.
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Figure 9: 3He2+ focused to the 13 mm diameter Faraday Cup
at axial position 1542 mm , with the BNG off.

Simulations show that the BNG successfully deflects Au as
well, with slight adjustments to the gridded lens, necessary
to account for focusing due to acceleration.

Other Considerations
We intend to eventually install a harp style position/profile

monitor about 1 cm axially from the BNG. Simulations have
shown that it would not significantly affect the trajectories.
The same considerations must be taken into account when
the BNG or position monitor is inserted or removed from
the beam line.

This also does not significantly affect the trajectories of
the ions. The time of flight detector makes measurements
use to the normal operational EBIS extraction optics except
for the solenoidal lens focusing into the RFQ, which will be
off during the TOF measurements.

CONCLUSION
We have now demonstrated that a Bradbury-Nielsen Gate

can successfully deflect a slightly diverging beam from hit-
ting a Faraday cup. After a suite of simulations, it is evident
that the BNG can function properly with a variety of ions.
We are now in the final design and construction process of the
BNG for installation at the to EBIS. As previously stated, the

Figure 10: 3He2+ deflected from the Faraday cup by the
BNG. The ions were extracted at 25.5 kV with 0 V over
the acceleration break, −3.75 kV on the gridded lens, and
𝑉𝑝 = 850 V. The Faraday cup is located at 𝑍 = 1542 mm
and has radius 6.5 mm

TOF offers significant time savings to EBIS operators to see
3He2+/ 3He1+ ratio for the Electron Ion Collider-and other
charge state ratios for RHIC and NSRL- with only minor
and easily pre-programmed changes to the EBIS operating
conditions.

ACKNOWLEDGMENTS
This work was supports by Brookhaven National Labora-

tory and the Department of Energy Office of Science.

REFERENCES
[1] N. E. Bradbury and R. A. Nielsen, “Absolute values of the

electron mobility in hydrogen”, Phys. Rev., vol. 49, p. 388,
1936. doi:10.1103/PhysRev.49.388

[2] Oh Kyu Yoon, I. A. Zuleta, M. D. Robbins, G. K. Barbula,
and R. N. Zare, “Simple template-based method to produce
bradbury-nielsen gates”, J. Am. Soc. Mass. Spectrom., vol. 18,
pp. 1901–1908, 2007.
doi:10.1016/j.jasms.2007.07.030

24th Int. Workshop on ECR Ion Sources ECRIS2020, East Lansing, MI, USA JACoW Publishing
ISBN: 978-3-95450-226-4 ISSN: 2222-5692 doi:10.18429/JACoW-ECRIS2020-NACB03

NACB03C
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
19

).
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

180 NACB
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Abstract
TRIUMF’s Ion Trap for Atomic and Nuclear science (TI-

TAN) facility has the only on-line mass measurement Pen-
ning trap (MPET) at a radioactive beam facility that uses
an electron beam ion trap (EBIT) to enhance mass preci-
sion and resolution. EBITs can charge breed exotic isotopes,
making them highly charged, thereby improving the preci-
sion of atomic mass measurement as the precision scales
linearly with the charge state. However, ion bunches charge
bred in the EBIT can have larger energy spread, which poses
challenges for mass measurements. A cooler Penning trap
(CPET) is currently being developed off-line at TITAN to
sympathetically cool the highly charged ions (HCI) with a
co-trapped electron plasma, prior to their transport to the
MPET. To evaluate the integration of the CPET into the
TITAN beamline and to optimize the beam transport, ion
trajectory simulations were performed. Hardware upgrades
motivated by these simulations and previous test measure-
ments were applied to the off-line CPET setup. Ions and
electrons were co-trapped for the first time with the CPET.
Progress and challenges on the path towards HCI cooling
and integration with the on-line beam facility are presented.

INTRODUCTION
Atomic mass measurements of short-lived radioactive

isotopes are useful to study nuclear structure, test existing
nuclear models, explore the nuclear astrophysics reaction
paths, and test predictions of fundamental physics beyond
the Standard model [1–4]. TRIUMF’s Ion Trap for Atomic
and Nuclear Science (TITAN) facility [5], is dedicated to
high precision mass measurements as well as in-trap decay
spectroscopy of radioactive ion beams (RIB). The TITAN
system (see Fig. 1) is comprised of the following ion traps:

• A radio-frequency quadrupole (RFQ) cooler and
buncher,

• A measurement Penning trap (MPET),
• An electron beam ion trap (EBIT),
• A cooler Penning trap (CPET), and
• A multiple-reflection time-of-flight mass spectrometer

(MR-TOF MS)

∗ roshanisilwal@gmail.com

Figure 1: The TITAN beamline shown with different traps
color-coded (the star indicates that the trap is not currently
coupled to the radioactive beamline).

The RFQ cooler and buncher [6] receives the radioactive
beam from the isotope separator and accelerator (ISAC) facil-
ity [7] at TRIUMF at a beam energy of 20 keV. It then cools
the ions via collisions with He buffer gas, and bunches the
beam. Downstream of the RFQ, a pulsed drift tube reduces
the energy of the ion bunches to roughly 2 keV to match the
acceptance of the other ion traps. The MR-TOF MS [8,9] is
used to either clean isobaric contaminants from the radioac-
tive beam or for highly sensitive mass measurements and is
advantageous for low-intensity or highly contaminated RIB
species. TITAN-MPET [10] can perform extremely precise
mass measurements using a time-of-flight ion-cyclotron-
resonance (ToF-ICR) method [11, 12] by measuring the cy-
clotron frequency (𝜈𝑐) of the ion. Since 𝜈𝑐 = qB/2𝜋m, the
mass values can be extracted from 𝜈𝑐 . For singly charged
ions, the MPET has achieved ppb precision [10], which
is sufficient for nuclear structure and astrophysics studies.
However, in order to test fundamental symmetries, an even
high precision can be required [13].
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The mass measurement precision in the MPET is limited
by the charge state of the species (q), the number of ions
observed during the measurement (𝑁ions), the RF excitation
time (𝑇rf ), and the magnetic field (B) as shown in Eq. (1).

𝛿𝑚

𝑚
=

𝑚

𝑞𝐵𝑇rf
√
𝑁ions

. (1)

Of these parameters, the superconducting magnet of 3.7 T
is fixed, 𝑁ions depends on the measurement cycle time, the
RIB production rate and the contaminants, and (𝑇rf ) is lim-
ited by the half-life of the exotic ions. The charge state of
the species can be increased to enhance the mass precision
and resolving power [14–17]. TITAN has the only on-line
Penning trap at a RIB facility, coupled to the EBIT to charge
breed ions in order to increase the charge state [4, 18–22].
The highly charged ions (HCI) can charge-exchange with
neutral atoms in the MPET, damping and/or shifting the ToF-
ICR resonances [23], hence deteriorating mass precision
and resolving power. To reduce the probability of charge-
exchange, TITAN-MPET is currently being upgraded to a
cryogenic trap which will significantly reduce the residual
gas level.

Currently, TITAN-EBIT [24, 25] can operate at 65 keV
beam energy, 500 mA electron beam current, and 6 T mag-
netic field. The existing electron gun will be upgraded to
a newly designed system that can provide up to 6 A beam
current. Singly charged ions transported to the EBIT are
ionized to high charge states by electron impact ionization.
The electron beam is compressed to roughly 100 µm radius
by the 6 T field as it passes through the trapping region that
consists of several drift tubes. These HCI are axially trapped
by an electric field applied across the drift tube electrodes
and radially confined by the combined effects of the mag-
netic field and the space-charge of the electron beam. These
charge-bred ions are then extracted by an extractor electrode
at the collector region and transported to the MPET for mass
measurements.

The transversal and longitudinal emittance of ion bunches
extracted from the EBIT can exceed the acceptance of the
MPET. The ∼20 eV/q energy spread of the highly charged
ion beam [26] extracted from the EBIT can lead to reduced
injection efficiency and smeared TOF resonances. The mass
precision is reduced as the ions probe a larger volume in the
trap and therefore more magnetic field inhomogeneities. For
maximal mass precision, it is essential to cool the HCI bunch
before extraction in order to reduce its energy spread. Most
of the available cooling techniques such as buffer cooling
[27] and optical cooling [28] do not apply to HCIs due to the
large charge exchange cross-sections and limited availability
of appropriate atomic transitions for laser cooling. In an
effort to cool HCIs, a practical solution based on electron
cooling [29,30] is being pursued at TITAN. HCIs are cooled
by Coulomb collisions between ions and electrons that self
cool in the 7 T magnetic field through emitting cyclotron
radiation [31, 32].

The CPET [33] consists of 29 cylindrical trap electrodes
where both ions and electrons are trapped simultaneously in
nested potential wells. A schematic of the CPET is shown in
Fig. 2. The gate electrodes (G1, G2) confine injected elec-
trons which then cool into the nested positive potential well.
The pulsed drift tube (DT1) is used to reduce the energy
of incoming ion bunches from ∼ 2 keV to a few 10 eV thus
making them trappable within the CPET. After the cooling
process, the energy of extracted ion bunches is elevated with
another pulsed drift tube (DT2) for transport to the MPET.
The off-line setup comprises an ion source to inject stable
singly charged ions into the trap which will be replaced by
the EBIT in the on-line system. Several efforts were made
in optimizing the trap, characterizing the electron plasma,
enhancing electron injection, and improving the beam di-
agnostics. The most important developments include the
design of an off-axis electron gun for electron injection that
provides an unobstructed extraction of cooled ions towards
the MPET [34], and a harp detector [35] built to diagnose
the electron plasma without obstructing the transport of the
ions into the trap.

Previous studies with the CPET have provided insight
into plasma instabilities and oscillation modes that may be
enhanced by asymmetries in the system [31]. This study
revealed ∼minute trapping times and suggested that even
longer trapping times without losing the plasma can be
achieved by applying a counteracting rotating wall drive [36].
Successful electron plasma creation was demonstrated using
an on-axis [34] and off-axis [37] electron gun with the first
signs of self-cooling in electrons. Characterizing the ion
trapping, however, posed a challenge due to high voltage
sparks/discharges in the system. With many electrodes, a
compact vacuum feed-through wiring section, and high volt-
age switching among multiple electrodes, the system is fairly
complex. Motivated by a need to simplify the setup and to
optimize the ion-electron dynamics, we performed ion trajec-
tory simulations followed by a few hardware changes in the
system. Here, we present the current status, recent results,
and upgrades of the off-line CPET setup. We also discuss
the challenges and upcoming plans for commissioning and
online integration into the TITAN beamline.

Figure 2: Schematic of the CPET [38] (top) and SIMION
geometry shown without the ion source (bottom).

ION TRAJECTORY SIMULATIONS
The ion trajectory simulations were performed using the

SIMION package [39], which incorporated both electric and
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magnetic fields to understand the beam properties during ion
injection and extraction.Previously, the 29 trap electrodes
were floated to 1 kV or higher during normal operation, po-
tentially leading to HV discharges. To avoid this, we de-
veloped a new scheme with the trap near ground potential.
This scheme adds a complication of having to pulse the drift
tube (DT1) to inject the ions. The first goal of the simula-
tions was to find suitable settings for ion injection with the
new scheme. To do so, a simulated 2 keV ion beam, with
∼20 eV energy spread was injected into the trap using the
SIMION geometry. DT1 was pulsed from +1 kV to −1 kV
during injection to reduce the beam energy. Strong acceler-
ating negative voltage was required to avoid magnetic field
reflection when the ion beam enters the high B regime and
to maximize the beam transmission.

Upon interaction with the self-cooled electrons, the ions
would cool in the 2 ion wells next to the end caps as seen
in Fig. 3. The cooled ions will be extracted from one of
the wells by lowering the end cap (E2). Assuming the ion
bunches cool to ∼ 1 eV, the second goal of the simulations
was to obtain an extracted beam with small energy spread
and a time focus (i.e. longitudinally compressed bunches)
in the MPET (or on the off-line detector). The ions were
initialized at the ion well position as a cylindrical beam of a
finite length (ranging from 1 to 3 trap electrodes) and a radius
of 0.5 mm. Uniform energy spread averaging to ∼1 eV/q was
used, assuming cold ions, and the extraction of the cooled
beam was optimized accordingly. It was found that applying
a voltage gradient across a few electrodes is an ideal way of
extracting the ion bunch without adding additional energy
spread. Extracted ion bunches were brought to a suitable
transport energy of 2 keV by pulsing drift tube DT2 from
−1 kV to +1 kV. The simulations showed that pulsing the
DT2 bias with appropriate timing did not affect the beam
energy spread.

Figure 3 shows the on-axis potential on the trap electrodes
optimized for trapping ions. Proper analysis of the applied
voltages was required since the trap electrodes were affected
by the field penetration of the nearby gate electrodes. In order
to account for this field penetration, three trap electrodes
on either end of the gate electrodes were set to the same
potential and used as end cap electrodes to trap the ions. Two
modes of extraction, shown in Fig. 3 (bottom), produced
good beam properties. The optimum condition was obtained
when a linear voltage gradient along four trap electrodes was
created (red). Pulsing a few electrodes to a constant negative
potential (blue) also resulted in ∼2 eV energy spread of the
extracted ion bunch.

The third goal of the simulations was to check if the TOF
signal on the off-line detector on the electron side (ES MCP0)
could be used to probe changes in beam energy of cooled
(1 eV/q) bunches versus uncooled (20 eV/q) bunches. An
energy spread of ∼1 eV and a time focus of 200 ns were
achieved for the cold beam. Figure 4 shows a Gaussian fit
for the energy spread of the extracted beam with and without
cooling.
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The positive simulation results motivated the realization
of the above operation scheme for the CPET. To this end
with the goal of increased robustness against HV discharges
in mind and to accommodate the simulation results, the
following hardware changes were applied to the system. The
three trap electrodes on either end of the gate electrodes
were biased with the same voltage. The respective segments
of several azimuthally split electrodes were shorted within
the vacuum chamber, hence reducing the number of HV
carrying cables within the magnet bore. Among them were
a pair of dipoles forming a regular trap electrode and the
adjacent electrodes in the two octupoles to form quadrupoles.
The first quadrupole was kept at the trap center to apply the
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rotating wall drive to the electrons. The second quadrupole
was moved to the ion extraction end, where the potential
minimum of the trap occurs, with a set of dipole electrodes
on either side to allow for mass selective dipole cleaning
[31]. The careful arrangement of electrode wires allowed
maximum spacing between HV-carrying wires. The ones
requiring high voltage switching were placed closer to the
outer chamber to avoid possible sparking. The ceramic tubes
surrounding the copper wires and the wire lengths were
changed according to the new trap configuration to avoid
open wire ends. As motivated by the simulation results, a
resistor chain for the creation of linear voltage gradients was
built.

CHARACTERIZING THE ELECTRON
AND ION TRAPPING

Electron Plasma Studies
First tests of trapping and detection of over 108 electrons

were reported in [40], using an on-axis electron gun. Fur-
ther tests with an upgraded off-axis electron gun [34] were
performed to quantify electron loading and trapping. Re-
cent tests were conducted with a typical emission current
of 70 µA that resulted in a DC current of ∼1 µA at the harp
detector. Loading and trapping were optimized to allow
maximum transmission and storage times inside the mag-
netic field. A scan of the number of trapped electrons at
various storage times recorded by the harp detector is shown
in Fig. 5, for a 3 s loading time. We achieved a storage time
of over 3 minutes, much longer compared to any previous
tests. The initial increase in the electron number is due to the
damping of an azimuthal asymmetry related m=1 diocotron
motion caused by a E × B drift [37, 40]. Early studies by
Chowdhury et al. [37] showed that the radial displacement
of the plasma column recorded on a phosphor screen (inside
the magnet bore) decreased on a timescale of 2 s due to this
damping. Additionally, the extraction through the diverging
magnetic field lines amplifies the initial radial displacement
of the plasma and can cause electrons to get lost against the
electrode surfaces (of DT1) before reaching the detector.

Longer electron storage times will be necessary when the
CPET is coupled with the charge bred HCI and the MPET for
mass measurements. Since faster electron cooling requires
a large ratio between the number of electrons and ions, and
high electron density in the trap [32], the trap was re-loaded
to maintain a number of 108 trapped electrons or higher
with shorter loading times (few hundred ms) for electron
related studies. As detailed in [34], we deploy a continuous
electron loading mechanism first described by [41]. Elec-
trons were successfully confined in nested potential wells of
various shapes formed with the 15 central trap electrodes,
thus confirming the self-cooling of electrons in the magnetic
field. This was achieved using a floating 16 channel digi-
tally controlled voltage (DAC) supply box developed using
a Raspberry Pi controlled Analog Devices evaluation board.

Electron plasma is known to have plasma instabilities trig-
gered by asymmetries in the setup such as misalignments
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Figure 5: More than 108 electrons were trapped for over
3 minutes with an electron loading of 3 s.

in the magnetic and optical axes, off-axis plasma injection,
residual gas in the trap, interactions with ions, and applica-
tion of dipole excitations [42]. Various plasma oscillation
modes (radial, azimuthal, and axial) related to the plasma
rotations, instabilities, and temperatures exist [43]. The dio-
cotron mode created by the interaction of electrons with their
image charge can move the plasma away from the axis lead-
ing them to diffuse radially. A counteracting force, created
by a rotating-wall drive [36, 42] is needed to ensure a cen-
tered plasma with even longer storage times. Another plasma
mode in the axial direction, termed the TrivelPiece-Gould
mode [43] can be used to diagnose the plasma temperature.
Currently, efforts are underway to extract additional infor-
mation about the electron plasma from the image currents
that these plasma oscillations induce on the trap electrodes.

Ion Trapping
A Na surface ion source was used to inject ions into the

trap. The ion source emitted a range of ion species that were
chopped and steered by a set of electrostatic Lorentz steering
elements. Ions of 2 keV energy were reduced to ∼100 eV
in the drift tube, before sending them to another Lorentz
steerer placed inside the magnetic field. These steerers were
primarily used to localize the beam in the center of the trap.
The three shorted trap electrodes on either end (E1 and E2)
were used to trap these ions. By lowering the E2 potential
after the desired trapping time, the ions were extracted and
recorded by a MCP detector at the end of the beamline. A
scan of ion counts for different storage times resulted in a
lifetime of nearly 3 s, as shown in Fig. 6. This is the first
demonstration of successful ion trapping with the CPET.
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Figure 6: Ions were trapped for several seconds in the trap.
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Co-trapping Ions and Electrons
Once the ions and electrons were successfully trapped for

reasonably long times, the next steps involved trapping both
species simultaneously and evaluating the co-trapping of
the two species. The electron/ion loading, trapping, and ex-
traction operation required a robust control to execute these
steps. As such, we upgraded the programmable pulse gen-
erator software that controls the TTL logic and updated the
controls for the power supplies to a Labview interface. It was
found that rapid switching of electrode voltages with Behlke
HV switches increased the likelihood for HV discharges.
Therefore, the rise and fall times of the switches were in-
creased from <50 ns to 300 ns – 1 µs by adding appropriate
resistance in series with the HV switches.

Following these improvements to the system, we per-
formed several tests of co-trapping electrons and ions in
the CPET. A schematic of the on-potential during the mea-
surements at different CPET electrode positions is shown in
Fig. 7. While we successfully detected the presence of both
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Figure 7: On-axis potentials during the measurements for
ions(black solid) and electrodes (red dotted) along with the
magnetic field strength (green).

trapped ions and electrons when injected simultaneously, no
clear signs of ion cooling have been observed. To observe
the signs of cooling, we monitored the TOF signal on the
MCP, where the cooled ions are expected to have a longer
ToF. We also used the DAC box to bias the trap electrode
in the ion extraction end for use as an improvised retarding
field analyzer to block ions with lower kinetic energy. A de-
crease in the energy spread of the extracted ions will provide
a clear indication of cooled ions. Challenges faced during
these tests include a broad energy profile of the injected ions
from an ion source, multiple mass species emitted from the
source, and generation of spurious ion signals in the trap
when electrons are present. The latter is either caused by
electron-impact ionization when electrons collide with the
residual gas or is an indication of plasma-induced discharge.
Unfortunately, the TOF of the spurious ion counts coincided
with the injected ion counts, hence prohibiting a clear indi-
cation of cooling. Further studies by adding a Wien filter or
a Bradbury-Nielsen gate [44, 45] to the system is needed to
identify the masses of the observed signal. Additionally, the
resistor chain will be added in the extraction electrodes to
improve the beam profile of the extracted ions. A systematic

study of the spatial overlap of the two species will also be
conducted as the overlap is needed for maximum cooling
power.

CONCLUSION AND OUTLOOK
Ion trajectory simulations and hardware modifications

were performed to optimize the beam transmission and mini-
mize high voltage discharge. Electrons and ions were trapped
simultaneously with the TITAN-CPET. Systematic studies
of charged particle transport and trapping were performed
to optimize loading and transmission efficiency. To improve
the trapping settings and gain more control when co-trapping
both species, and ultimately achieve cooling of ions, several
tests are ongoing and planned. These include improving
the ion extraction to achieve better time focus, applying
the rotating wall drive to store plasma for a longer time
and improve plasma compression, diagnosing the source of
spurious electron-induced ion signals, and confirming the
spatial overlap of the two species. Additionally, an in-situ
plasma generation scheme by applying an RF excitation to a
CPET electrode is currently being tested.
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