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Foreword 
 
 

The 19th International Workshop on Electron Cyclotron Resonance Ion Sources (ECRIS10) 
was held in the World Trade Center in Grenoble, France, from August 24th until August 26th, 2010. 
The workshop was hosted by the Laboratoire de Physique Subatomique et de Cosmologie.  

The scientific program focused on the latest developments (performance, modeling and 
applications) of ECR ion sources along with the associated physics and technologies, including 
plasma physics, beam optics, beam diagnostics, magnet technology. 

The ECRIS10 edition was clearly a success and gathered together 104 participants, 
demonstrating once again that the ECRIS community is very active. The workshop program 
featured 9 oral and 2 poster sessions. A special care was taken to allow PhD students to present 
their work during the sessions. The spirit of ECRIS workshop was still present since it provided 
opportunities for informal discussions and future collaborations in a relaxed atmosphere.  

The 2nd edition of the Geller Prize – a biennial award for promising young scientists in the 
field of ECR Ion sources - was chaired by Richard Pardo and sponsored by the PANTECHNIK 
company. The selection committee was impressed by the quality of the young nominees and the 
choice was not easy. Finally, the award was given to Olli Tarvainen (JYFL-Finland) for his 
outstanding contribution to ECRIS science.  

I hope that the participants will keep a nice souvenir of the sunny excursions, either the hike 
in the Chartreuse mountains or the train tour of La Mure and the Vizille castle gardens visit. 

I would like to thank the agencies that funded the workshop: CNRS/IN2P3, la METRO, 
Université Joseph Fourier, Mairie de Grenoble; and also the industrial sponsors and exhibitors who 
helped a lot to balance the budget. 

Since ECRIS08 edition, the workshop proceedings are published electronically on the 
JACoW web site, dedicated to Accelerator related scientific publications. I would like to thank the 
JACoW team, especially Marie Robichon, Christine Petit-Jean-Genaz and Volker Schaa, for their 
constant help and training before and after the workshop to make these proceedings possible.  
 

Finally, I would like to thank the local organizing committee and the edition board for their very 
helpful contribution to make ECRIS10 a successful edition. I am now looking forward to the next 
ECRIS12 edition which will be hosted by the ANSTO laboratory near Sydney in Australia.  

Sincerely yours, 
 

 
 

Thomas Thuillier, 
ECRIS10 Chair 
Proceeding Editor 
June 2011 
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SECRAL STATUS AND FIRST BEAM TEST AT 24GHZ 

H. W. Zhao, W. Lu1, L. T. Sun, X. H. Guo, X. Z. Zhang, Y. Cao, H. Y. Zhao,  
Y.C.Feng, J. Y. Li, D. Z. Xie2 

Institute of Modern Physics (IMP), Chinese Academy of Sciences, Lanzhou 730000 
People’s Republic of China

Abstract 
SECRAL (Superconducting ECR ion source with 

Advanced design in Lanzhou) has been in routine 
operation at 18GHz for HIRFL (Heavy Ion Research 
Facility in Lanzhou) accelerator complex since May 
2007. It has delivered a few highly charged heavy ion 
beams for the HIRFL accelerator and the total beam time 
so far has exceeded 3500 hours. To further enhance the 
SECRAL performance, a 24GHz/7kW gyrotron 
microwave amplifier has been installed and tested. Very 
exciting results were produced with quite a few new 
record highly-charged ion beam intensities. The latest 
results and reliable long-term operation for the accelerator 
have once again demonstrated that SECRAL is one of the 
best performance ECR ion source for the production of 
highly-charged heavy ion beams.  

INTRODUCTION 
SECRAL (Superconducting ECR ion source with 

Advanced design in Lanzhou) is a fully superconducting 
compact ECR ion source designed to operate at 
microwave frequency at 18-28GHz, which is dedicated 
for highly charged heavy ion beam production. SECRAL 
with an innovative superconducting magnet structure of 
solenoids-inside-sextupole [1-2], is different from all 
existing or under development high-magnetic-field 
superconducting ECR ion sources which utilize the 
conventional ECR magnetic structure of sextupole-inside-
solenoids. The commissioning of the SECRAL at 18 GHz 
in 2006 and the experiments with double-frequency 
(18+14.5 GHz) heating in 2008 had yielded many world 
record ion beam intensities [2-3]. All these results and 
reliable operation have demonstrated that SECRAL 
performance at lower frequency is comparable or even 
better than those ECR ion sources operating at higher 
frequency of 28 GHz. To further enhance the performance 
of SECRAL and produce more intense highly charged 
heavy ion beams, a 24GHz/7kW gyrotron microwave 
generator was installed and SECRAL was tested at 
24GHz. Some promising and exciting results at 24GHz 
with new record highly charged ion beam intensities were 
produced although the commissioning time was limited 
within a few weeks and RF power only 3-5kW. 
Bremstrahlung measurements at 24GHz have shown that 
X-ray is much stronger at higher RF frequency, higher RF 
power and higher minimum B field. An additional 
cryostat with five GM cryocoolers was installed at the 

SECRAL top to liquefy the boil-off helium gas to 
minimize the liquid helium consumption. The detailed 
results and the new development achieved at SECRAL in 
the past two years will be presented in this article.  

 SECRAL PRELIMINARY TEST RESULTS 
AT 24GHZ/3-5KW  

To further enhance the SECRAL performance in 
production of highly charged heavy ion beams, finally a 
24GHz gyrotron system with maximum output power 7 
kW was chosen and installed. The SECRAL excellent 
results at 18+14.5 GHz double frequency heating for 
highly charged heavy ion beam production have 
convinced us that the best performance for SECRAL 
should be achieved at 24+18 GHz double frequency 
heating. The reason to choose 24GHz instead of 28GHz is 
that it is more difficult to compromise the magnetic field 
distribution for 28+18 GHz double frequency heating 
because the frequency difference is larger than that of 
24+18 GHz. SECRAL does not need to couple very high 
RF power to reach the best performance because of its 
smaller plasma chamber, so 5-6 kW operational power is 
quite enough. The 24GHz transmission line and RF 
coupling system to SECRAL is similar to that developed 
at SERSE source [4-5]. The 24GHz transmission line 
from the gyrotron cabinet to the SECRAL source consists 
of arc detector, directional coupler, polarizer, mode 
convertor from T02 to T01, mode filter, compensator, DC-
breaker, 90-degree corrugated bend and bore-nitride 
microwave window, as shown in Fig.1. All components at 
the transmission line are water cooled and designed as 
compact as possible. The 24GHz microwave is coupled 
into the SECRAL source through the oversized 
waveguide WRC621D14. The 24GHz gyrotron system 
and all components at the transmission line were 
manufactured by Russia GYCOM.    

The first beam tests at 24GHz were conducted in 
August 2009 with a stainless steel chamber in order to 
have quite stable beam. The beam commissioning has 
focused on Argon and Xenon beam production. The 
source extraction voltage was limited to 22kV due to the 
DC-breaker problem and the output power from the 
gyrotron system was limited to 5 kW due to problem of 
the high voltage power supply for the gyrotron cathode. 
The SECRAL magnet was set at 90%-95% of the 
maximum design field during 24 GHz beam tests in terms 
of the optimized beam and charge state, typically the axial 
injection field from 3.3 Tesla to 3.5 Tesla and the radial 
sextupole field at the chamber wall from 1.65 Tesla to 
1.75 Tesla. The source conditioning at 24GHz was 

__________________________________________________

1 Also of the Graduate School of CAS. 
2 IMP visiting scientist. 
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conducted firstly with pure Oxygen. It turns out that the 
source conditioning and out-gassing at 24GHz take much 
longer time than that at 18GHz.  Beam spectra obtained 
during the source conditioning at 24 GHz indicate that 
there are so many ion species coming out from the out-
gassing and plasma sputtering to the chamber wall 
although the plasma chamber has been operated at 18GHz 
for more than one year.  It took about one week for the 
SECRAL to raise the RF power more than 3.0 kW during 
the source conditioning, and the overloading due to out-
gassing and higher power could happen sometimes. After 
one week continuously source conditioning, a stable 
plasma condition can be achieved easily at 3.0 kW and 
SECRAL can be tuned for stable beam production and 
optimization. 

 

Figure1: SECRAL with 24GHz/7kW gyrotron system. 

SECRAL commissioning for stable beam production 
was started from Ar12+ and Ar14+. After two days 
optimized tuning to those key parameters, such as the 
magnetic field distribution, the main gas Argon, the 
mixing gas Oxygen, the coupled RF power, the biased 
probe voltage, the beam focusing from the solenoid lens 
and so on, some good results were produced at the 24GHz 
power level of 3-4 kW, for instance, 650 eμA of Ar12+, 
440 eμA of Ar14+.   SECRAL was switched to Ar16+and 
Ar17+ beam tuning after Ar12+and Ar14+beam optimization. 
It seems much more difficult to achieve optimum plasma 
conditions for Ar16+and Ar17+ productions at high RF 
power. Much more mixing gas Oxygen and main gas 
Argon is required, otherwise the plasma could be out of 
igniting. After some time tuning and optimization, only 
149 eμA of Ar16+ and 14 eμA of Ar17+ were produced at 
about 4 kW RF power. The typical magnetic fields for 
Argon beam production are: Binj=3.46 Tesla, Bmin=0.68 
Tesla, Bext=1.6 Tesla and Brad=1.74 Tesla. Probably 
longer time conditioning and Aluminium chamber are 
needed for higher charge state beam production.   

SECRAL was commissioned with Xenon beam at 
24GHz after Argon beam production. The emphasis was 
put on optimization of 129Xe27+, 129Xe30+ and 129Xe35+ 
beams. Even after two weeks source conditioning, the 
out-gassing or some kind of plasma instability at high RF 
power still occurred from time to time which could result 
in beam instability and even overloading. However, stable 
plasma conditions for optimum tuning of 129Xe27+ and 
129Xe30+ can be easily obtained because of two weeks 

source conditioning. After two days test and tuning, some 
new record Xenon beam  intensities have been produced 
at 3.5 kW RF power of 24 GHz, such as  480 eμA of 
Xe26+, 455 eμA of Xe27+, 350 eμA of Xe28+ , 152 eμA of 
Xe30+ and 85 eμA of Xe31+. Fig.2 shows a typical 
spectrum to optimize 129Xe27+ at 3.5 kW RF power. The 
typical magnetic fields for Xenon beam production are: 
Binj=3.3 Tesla, Bmin=0.67 Tesla, Bext=1.54 Tesla and 
Brad=1.63 Tesla. The situation for production of highly 
charged Xenon beams such as Xe35+ and Xe42+ is similar 
to that of Ar16+ and Ar17+ beams at 24GHz. The optimum 
plasma conditions have not been found for those very 
high charge state Xenon beams. Fig.3 shows a spectrum 
to optimize 129Xe34+ at 3.5kW. Xenon beam test at 24GHz 
had to be stopped because SECRAL was requested to 
deliver Kr beam for HIRFL accelerator.  

 

Figure 2: Spectrum to optimize 129Xe27+ at 3.5 kW of 
24GHz. 

 

Figure 3: Spectrum to optimize 129Xe34+ at 3.5 kW of 
24GHz in September 2009. 

Xenon beam test at 24GHz was conducted again in 
November 2009 after one month Kr beam operation at 
18GHz.  Surprisingly, the source tuning at high power 
24GHz/3-4 kW was much better than previous test in 
terms of beam stability, beam intensity and charge state 
distributions for high charge state Xenon beams. Fig.4 
shows a spectrum to optimize 129Xe35+ at 5kW. By 
comparing with Fig.3 and Fig.4 and also taking into 
account the beam test condition, it seems that longer time 
source conditioning for higher charge state Xe beam at 
24GHz is needed. Finally, a few new record Xenon beam  
intensities for higher charge state beams have been 
produced at 3.5-5 kW RF power of 24 GHz, such as  60 
eμA of Xe34+, 45 eμA of Xe35+, 17 eμA of Xe38+ and 3 
eμA of Xe42+. Optimum test for very high charge state 
Xenon beams Q>42 needs to be done in near future. 
Unfortunately, a high voltage power supply for the 
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24GHz gyrotron system failed to work and SECRAL 
beam test at 24GHz had to be stopped.  

 

Figure 4. Spectrum to optimize 129Xe35+ at 5 kW of 
24GHz. 

Figure5: 129Xe27+ beam intensity instability at 3.5 kW rf 
power of 24GHz in September 2009 

Figure 6: 129Xe35+ beam intensity stability at 5 kW rf 
power of 24GHz in November 2009. 

Generally speaking, beam stability at 24GHz is worse 
than that at 18GHz at the RF power level 3 kW. Fig.5 
shows 129Xe27+ beam intensity variation around 440 eμA 
during 30 minutes at the coupled RF power 3.5kW at 
24GHz recorded in September 2009. Fig.6 shows 129Xe35+ 
beam intensity stability around 37 eμA during 30 minutes 
at the coupled RF power 4.5kW at 24GHz recorded in 
November 2009.The beam intensity instability and big 
jump in the Fig.5 might be caused by the out-gassing and 
ECR discharge inside the 24GHz waveguide of the 
injection part. There is an ECR zone in the 24GHz 
waveguide in terms of the axial field distribution, where 
the pumping conductance is low and the vacuum is not 
good. It is easier to result in the out-gassing and the ECR 
discharge in that region. However, any evidence to 

support ECR discharge inside the 24GHz waveguide was 
not found after the source was opened. Beam instability at 
high power of 24GHz may not be understood completely 
and further experiments and studies are needed. 

Table 1 lists the latest Xenon beam results achieved by 
SECRAL at 18GHz and 24GHz and comparison with 
recently published data from the high performance ECR 
ion source VENUS[6]. 
Table 1. Latest Xe beam results of SECRAL at 18GHz 
and 24GHz in comparison with other high performance 
ECR ion source (beam intensity: eμA). 

 
f (GHz) 
P(kw) 

 SECRAL
18(+14.5) 

<3.2 

SECRAL 

24 
3-5 

VENUS[6]

28(+18) 
5-9 

129Xe 20+ 505  320 
 27+ 306 455 270 
 30+ 101 152 116 
 31+ 68 85 67 
 35+ 16 60 28 
 38+ 6.6 17 7 
 42+ 1.5 3 0.5 
 43 1   

SECRAL OPERATION TO HIRFL 
ACCELERATOR 

SECRAL ECR ion source has been put into operation 
to deliver highly charged heavy ion beams for the HIRFL 
accelerator complex since May 2007. SECRAL has been 
operated at 18GHz in an axial injection beam line of the 
HIRFL cyclotron and only dedicated to very high charge 
state heavy ion beams, while the other light ion beams 
with low charge state are provided by the room 
temperature ECR source LECR3. Four different ion 
beams, such as 129Xe 27+, 78Kr19+, 209Bi31+and 58Ni19+, have 
been delivered to the HIRFL accelerator complex for 
various experiments. During operation the typical RF 
power of 18 GHz is 1.2-2.0 kW and extraction voltage is 
about 10-22 kV according to the cyclotron requirements. 
The operational beam intensity is typically around 100-
150  eμA for 129Xe 27+, 78Kr19+, and 50-70 eμA for 
209Bi31,+58Ni19+ (only 9.8 kV extraction voltage). The total 
operated beam time from SECRAL has been more than 
3500 hours up to July 2010. SECRAL operation with 
higher charge state and higher beam intensity has made a 
great contribution to HIRFL performance enhancement in 
terms of beam energy and intensity. 
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INTENSE BEAM PRODUCTION WITH SUSI 
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Abstract 
SuSI ion source, a 3rd generation fully superconducting 

ECR ion source is now used for ion beam injection to the 
Coupled Cyclotron Facility since September 2009. Initial 
performances during the commissioning of SuSI 
(Superconducting Source for Ions) were mainly limited 
by the microwave power available from a single 18 GHz 
microwave amplifier, especially for the production of 
heavier ion beams. The Injection of SuSI was modified to 
add a second 18 GHz amplifier, to reach a maximum of 
3.0 kW of RF power inside the plasma chamber. 
Production of heavy ion beams, such as Kr14+, Bi30+ and 
U33+ is reported, to demonstrate the performance of SuSI. 
Additional studies were made with various ion source 
parameters to optimize the beam intensity within a 
normalized emittance of 0.9pi.mm.mrad as needed for the 
FRIB project and will be reported in this paper. 

INTRODUCTION 
As one of the latest developed fully superconducting 

electron cyclotron resonance ion sources (ECRIS) in the 
world, SuSI has been used for ion beam injection to the 
Couple Cyclotron Facility (CCF) since October 2009. 
Several ECRISs have been used for NSCL cyclotron 
operation, such as the 6.4 GHz SC-ECR [1] and the 14.5 
GHz ARTEMIS [2]. The beam power available from CCF 
has steadily improved over the last few years due to an 
ongoing effort to improve both the performances of the 
ion source and the beam transport in the K500 injection 
line. But to further improve the performance of the 
coupled cyclotron facility (CCF), especially for heavy ion 
beams, a more powerful ion source that can produce more 
intense heavy ion beams with good beam quality is 
needed. In order to replace the aging 6.4 GHz ECR ion 
source, a new fully superconducting ECRIS SuSI was 
designed [3]. The source was completed and put into 
commissioning in early 2007 [4]. After some training of 
the superconducting coils, SuSI commissioning continued 
using an 18 GHz and a 14 GHz transmitter. Early results 
with gas and metallic beams showed that SuSI could 
produce high intensity of medium charge states of light to 
heavy ion beams [5]. In order to limit the beam transverse 
emittance propagating into the K500 injection line, a 
collimation scheme was developed and successfully 
tested. In the summer 2009, SuSI was successfully 
connected to the K500 cyclotron and put into operation 
since then. SuSI has now provided more than 1200 hours 
of operation to the CCF. Both gaseous and metallic ion 
beams have been produced, and good reliability and 
stability has been demonstrated. As a fully 
superconducting ECRIS with many flexibilities, SuSI has 
been used for basic ECRIS studies [6], beam 

developments and FRIB project R&D [7]. After a brief 
description of the new test setup of SuSI ion source, the 
latest results from SuSI will be presented. 

SUSI ION SOURCE UPGRADES 
Several components of SuSI have been upgraded. In 

particular a New18GHz klystron amplifier has replaced 
the 14.5GHz klystron amplifier. This configuration 
provides a maximum 18GHz microwave power of ~3.0 
kW. Also, at the outer surface of the plasma chamber, a 
2mm thickness tantalum tube has been added to shield the 
strong bremsstrahlung radiation to protect the high 
voltage insulator from degradation. The high voltage 
insulator is a PEEK material tube that has much higher 
radiation tolerance than the acrylic tube used previously.  

Figure 1: Layout plot of SuSI beam line. 
Extracted beam is focused by an EINZEL lens with 

maximum operational voltage up to -30kV (negative 
voltage is proved with SuSI to give better ion beam 
transmission than that positive voltage can do, especially 
for intense beam transmission) and then analyzed by a 
180mm gap 90° double focusing dipole magnet. Analyzed 
beam is detected by the faraday cup Q007FC with a 4-jaw 
slit in front of it. Past experience has showed that tuning 
the ion source for maximum intensity at this location may 
results in poor transmission through CCF. For example, 
large transverse emittance can lead to beam losses in the 
K500 cyclotron. Therefore, after the first analyzing 
faraday cup Q007FC, the SuSI beam line has been 
equipped with a setup to provide transverse collimation to 
the ion beam. The collimation is done by successive sets 
of apertures that cut the beam in transverse directions. A 
solenoid between every 2 apertures provides a possibility 
to do a rotation of the beam in phase space. Due to 
constraints in the space available, the collimation channel 
was designed to include four sets of slits and 3 solenoids. 
A drift space between each solenoid and each aperture is 
also included. The acceptance of the channel in the 
transverse direction is set by the size of the apertures. All 
the beam particles outside the acceptance of the 
collimation channel will be lost.  2 sets of steering 
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magnets are placed in front of Q007FC to align the beam 
through the collimation channel. The collimated beam 
current is read on a second faraday cup Q013FC situated 
just after the collimation channel. A set of Allison type 
XY emittance scanners are also installed to analyze beam 
quality. Fig. 1 shows the layout of the SuSI beam line. 

Intense beam production 
The Beam transmission with SuSI to the first analyzing 

cup Q007FC was found to change significantly with the 
total extracted drain current, 75 % to 80 % transmission 
are typically achieved with 1 to 2emA beams while less 
than 65 % was observed with drain currents exceeding 4 
to 5 emA. The flexibility of SuSI axial magnetic field 
allows the modification of the ECR zone location to 
achieve more intense medium or low charge state ion 
beam production. Two experimental configurations have 
been tested with SuSI to produce intense medium charge 
state ion beams like 0.5emA Kr14+ and 350 eμA Xe20+: 

• Keep the radial, injection and minimum magnetic 
fields fixed, and move the ECR zone to the 
extraction while the extraction field is lowered when 
the ECR zone is closer to the extraction side. The 
ECR length is unchanged during the test. This is 
similar to the tests on room temperature ECRISs by 
adjusting the plasma electrode position [8]. (Test 1) 

• Keep the radial, injection, extraction and minimum 
fields constant, and only move the ECR zone to the 
extraction side. The ECR zone length is kept 
unchanged. (Test 2) 

For the two tests presented, the experimental procedure 
consisted to adjust the magnetic field configuration by 
changing the position of the end point of the ECR 
resonance zone. The magnetic configuration used for 
reference has the end point at 362mm from the front face 
of the first injection solenoid and is labelled “Z=0mm” 
position. The other magnetic field configurations are 
normalized to it, for example “Z=50mm” means the ECR 
zone has been moved to the extraction by 50mm. Table 1 
shows the results of Test 1. The total drain current and 
Kr14+ beam intensity kept decreasing when moving the 
ECR zone end point position from 51mm to 72 mm. A 
possible explanation is that the extraction field kept 
decreasing for the different positions during the test which 
has a big impact on the plasma confinement and causes 
plasma loss. In the second test, where the maximum at 
extraction was kept the same, a different behaviour was 
observed. As shown in Fig. 2 and Fig. 3, the variation in 
the total drain current and Kr14+ beam intensity are 
characterized by successive maxima and minima along 
the change to the ECR zone position. A possible 
explanation is that the change of the ECR zone location 
impacts the coupling of the microwave with the ECR 
plasma. There is no obvious indication that the closer the 
ECR zone to the extraction aperture, the more medium 
charge state ion beam can be extracted. But the change of 
the ECR zone position modifies the beam extraction 
significantly, since at certain position more analyzed 
beam can pass through the collimation channel with the 

acceptance set at 0.9π.mm.mrad. That means the ECR 
zone position can not only regulate the ion source 
microwave cavity but also the intrinsic properties of the 
emitted ion beams. More investigation with intense beam 
production will be made in the future.  

Table 1: Comparison of the data from Test 1 

Z 
(mm) 

Drain Current 
(emA) 

Q007FC 
(eμA) 

Q013FC 
(eμA) 

51 5.20 320 203 

55 4.61 279 176 

60 4.26 287 205 

72 3.72 255 186 

Figure 2: Kr14+ beam intensity and total drain current 
changes as the ECR zone movement (Test 2). 

Figure 3: Kr14+ beam transmission efficiency through 
the collimation channel as the ECR zone movement 
(Test 2). 

Production of high charge state ion beams 
Although high charge state ion beams are not needed 

for CCF operations, high charge state ion beams of Xenon 
were produced to study the performance of SuSI. SuSI 
has many features that enable it to produce good results of 
high charge state ion beams. SuSI has a fully 
superconducting magnet to provide sufficient magnetic 
confinement for the operation at 18GHz, i.e. Brad~1.3T, 
Binj~2.6T, Bext~1.3T. And the six independent solenoids 
make it more flexible to optimize the field configuration 
for high charge state ion production. The aluminium 
plasma chamber is also a very important part to improve 
the enhancement of high charge ions production, which 
has already been proved by many labs. Compared to other 
latest built fully superconducting ECRISs like VENUS 
[9], SECRAL [10] and RIKEN SCECRIS [11], SuSI has a 
more compact plasma chamber with an effective plasma 
volume typically around  3.6 litres, which makes it easier 
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to reach higher power density with reasonable RF power 
feeding. An additional 18GHz klystron amplifier was 
connected to SuSI which increases the available RF 
power up to ~3.0 kW and increases the power density up 
to 0.85kW/l. With more power density achievable on 
SuSI, it is convenient to learn the behaviour of the ion 
source performances via plasma heating power. The very 
high vacuum achievable at the source extraction side (low 
10-8 Torr) helps the extraction and transmission of the 
high charge state ion beams like Xe42+. 

The typical test to produce high charge state ion beams 
was done with xenon. Fig. 4 gives the typical spectrum 
optimized for the production of high charge state xenon 
ion beams. With oxygen as the mixing gas, the charge 
state distribution can be easily tuned to be peaked on 
Xe31+, so that higher charge state ion beams such as Xe39+, 
Xe42+ and even Xe44+ can be easily distinguished on the 
spectrum. At lower power level, the high charge xenon 
beams such as Xe38+ can be barely seen in the spectrum, 
but when the power level is increased beyond 2.0kW, the 
beam intensity increases very fast. The maximum beam 
intensity is observed at the full microwave power of 
3.0kW, with no indication of saturation. It is very positive 
that with more power injected into the plasma chamber, 
more intense xenon high charge state ion beams and even 
higher charge states are possible.  

 
Figure 4: Typical xenon charge state distribution when 
optimizing for Xe38+. 

Production of refractory metal ion beams 
The inductive oven developed at NSCL can generate a 

high temperature up to 2200°C, and has already been used 
to produce intense refractory metal beams for CCF 
operation or ECRIS R&D studies. For example, In 2009, 
more than 200eμA Ni12+ and 180eμA Ni17+ have been 
produced with SuSI. In recent years, intense uranium 
beam has become a worldwide interest. Because of its 
wide availability and stability even at high temperature, 
Uranium Oxide (UO2) is a logical choice to try to produce 
Uranium ion beams. By design the rhenium tube works 
both as the recipient (susceptor) of eddy currents 
generated by the RF power supply and also as the 
crucible, it is possible to fill the rhenium directly with 
UO2 powder. The first test indicated that UO2 can be used 
to produce intense uranium ion beams. Although there is 
plenty of oxygen vapour produced at the same time, some 
oxygen gas is necessary to sustain the plasma. Fig.5 
shows the spectrum when optimizing the production of 

U33+ beam. Within the limit of the inductive oven, 50eμA 
U33+ has been produced. The beam intensity was observed 
to be stable. Later examination of the experimental setup 
shows that there is only 100mg UO2 that has been 
consumed and no obvious breakdown or burnt-out of the 
oven during the ~24hrs’ real test, which demonstrates that 
inductive oven is good for the production of intense 
uranium beam with UO2. Production of Uranium is 
limited at the moment by the amount of vapour available 
from the oven. More studies will be done in the near 
future to improve the performances of this technique. 

Figure 5: Spectrum obtained with UO2 to provide 
uranium vapour. 

Another typical method to produce refractory metal ion 
beams is ion beam sputtering and has also been tested 
with SuSI. A Ø10mm diameter uranium sample has been 
inserted on the axis of the ion source at the injection end. 
The large size of the sample provides a large cross section 
for the ion bombardment ions and the central-positioned 
sample enables the best acceptance of uranium by the 
plasma volume. Water cooling to the sample has also been 
considered. Since SuSI has a ~450mm mirror length and 
more than 130mm long ECR zone, the cross section to 
capture the sputtered material is much bigger than 
conventional ECR ion sources. Different support gases 
such as 16O2, 18O2, 20Ne and 40Ar have been tried during 
the test. Argon gas gives the best efficiency while 18O2 gas 
provides higher charge states. U33+ and U34+were the 
typical charge states optimized, and more than 86eμA 
U33+and 95eμA U31+ have been detected on Q013FC. A 
disadvantage of the SuSI collimation channel is the poor 
mass resolution that can be achieved. For heavier ion 
beams such as Uranium, the lack of resolution requires to 
close the slits and aperture strongly in order to separate 
charge state effectively. However the transmission then 
decreases and in the case of the Uranium measurements 
was around 50 %. More details regarding the sputtering 
setup and measurements can be found in these 
proceedings [12].  

R&D FOR FRIB 
SuSI has been used to do beam studies for FRIB. In 

particular ion beam brightness has been investigated for 
high intensity ion beams. For the FRIB project, the ion 
beam transverse emittance should not exceed 
0.9π.mm.mrad (full normalized)  For heavy elements that 
will require transport of two charge states to reach the 
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desired beam current on the production target a smaller 
emittance is needed, (0.6π.mm.mrad) per charge state. By 
using the collimation channel set at 0.9π.mm.mrad or 
0.6π.mm.mrad, it is possible by measuring the transmitted 
current through the channel to assess the proportion of 
beam within the acceptance of the FRIB linac.  For FRIB 
project, 640eμA 18O6+ and 378eμA 40Ar8+ are needed and 
the corresponding full geometric emittance is 
200π.mm.mrad and 275π.mm.mrad for 25kV/q energy 
respectively.  Fig. 6 shows the emittance achieved by 
SuSI for oxygen and argon after the collimation channel. 
On the other hand for heavier beam such as Krypton 
400eμA of 86Kr14+ was measured on Q007FC, but only 
250 eμA 86Kr14+ can pass through the 0.9π.mm.mrad 
collimation channel to Q013FC, which means a 62.5% 
transmission efficiency.  

 

 
Figure 6: Horizontal and vertical beam emittance plots for 
700eμA O6+ and 400eμA Ar8+ respectively. 

CONCLUSION 
SuSI ion source can now be operated at more than 3.0 

kW at 18GHz and has demonstrated outstanding 
performances for a wide variety of beams from medium 
to high charge states. In particular, more than 380eμA 
Xe26+, 276eμA Xe27+ and 91eμA Xe30+ have been 
produced. Good intensity of ion beams of high charge 
states have also been produced with SuSI, such as 22 eμA 
Xe34+, 3.2eμA Xe38+and 0.35eμA Xe44+. Several other 
tests on SuSI have also provided solid results. For 
instance, UO2 was used for the first time with an 
inductive oven to produce intense uranium ion beams. 
About 50eμA U33+ has been successfully produced. Also 
beam sputtering with a uranium sample has provided a 
beam intensity of 86eμA U33+. As a summary, the latest 
results from SuSI are listed in Table 2. 

A third 18GHz klystron amplifier will increase the 
value up to 1.3kW/l. SuSI is still on the way to 
challenging the limit of ECRIS performances at 18GHz. 
Following the frequency scaling laws, higher frequency 
ECR heating is also planned with SuSI. A 24GHz/10kW 
gyrotron amplifier is scheduled to be connected in 
FY2011.  
 

Table 2: Latest beam results from SuSI 
86Kr Q I (eμA) 58Ni Q I (eμA) 

 14 500  12 200 
129Xe 20 350 17 180 
 26 380 209Bi 27 180 

27 276  28 190 
30 91 29 150 
34 22 31 76 
35 14.5 33 53 
38 3.2 36 9 
39 1.8 41 6 
42 0.95 46 2.5 
44 0.35 238U* 31 95 

  32 95 
33 86 

* obtained with sputtering method 
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Abstract 
To increase the beam intensity of highly charged heavy 

ions for RIKEN RIBF project, we constructed and tested 

the RIKEN new SC-ECRIS. After producing the first 

beam in the spring of 2009, we tried to optimize the ion 

source condition for maximizing the beam intensity with 

18GHz microwave. We observed that the gentler field 

gradient and lager ECR zone size give higher beam 

intensity. Based on these studies, we produced 550 A of 

Ar11+ and 350 A of Ar12+ at the RF power of 1.8kW. In 

this summer, we will try use the 28GHz microwave to 

increase the beam intensity.  

INTRODUCTION 

Since middle of the 1990s, RIKEN has undertaken 

construction of new accelerator facility so-called Radio 

Isotope Beam Factory (RIBF) [1] and successfully 

produced 345MeV/u U beam (~0.4pnA on target) in 

2008[2]. Using it, more than 40 new isotopes were 

produced with the in-flight fission reactions for only 4 

days experiment.[3] It is clear that the intense U beam is 

strong tool to produce new isotopes in the region of 

medium mass nuclei and to study the mechanisms of the 

r-process in nuclear synthesis. For these reasons, the 

intense U beam is strongly demanded. To meet the 

requirement, we started to construct the new 

superconducting ECR ion source (SC-ECRIS) which has 

an optimum magnetic field strength for the operational 

microwave frequency of 28 GHz in the summer of 2007. 

In the end of 2008, we obtained the 102% of the designed 

value for the magnetic field strength. In the spring of 

2009, SC-ECRIS produced first beam with 18GHz 

microwaves. Till now, we made various test experiments 

to increase the beam intensity of highly charged heavy 

ions with 18 GHz microwave [4]. 

In this article, we present the structure of the new 

ion source, new experimental results and the 

future plan to meet the requirements. 

SC-ECRIS 

The detailed structure of the ion source was described 

in refs [4, 5]. Schematic drawing of the Sc-coils is shown 

in Fig.1. For operation of 28GHz microwave, the Binj, Bext 

and Br are 3.8, 2.2 and 2.2T, respectively. The main 

feature of the ion source is that it has six solenoid coils 

for producing magnetic mirror for the axial direction. 

Using this configuration, one can change the magnetic 

field gradient and ECR zone size independently. This 

magnetic system allows us to produce “conventional Bmin 

“and so-called “flat Bmin” [6] configurations. For keeping 

 

the superconductivity, the cryostat is equipped with three 

small GM refrigerators with 4 K, 20K and 70 K stages 

and operated without supplying liquid He after poured 

once. Amount of the liquid-He in the cryostat is ~500 L. 

The nine current leads made of high temperature 

superconducting material are used to minimize the heat 

load to 4 K stage. The heat load to 70 K stage is 123 W 

caused by copper current leads, supports of a cold mass 

and radiation through the multi-layer insulation. In the 

winter of 2009, we installed one GM-JT refrigerator, 

which have total cooling power of 5W at 4K, to increase 

the cooling power.  

 

 
 

Figure 1: Schematic drawing of the Sc-coils. 

 

EXPERIMENTAL RESULTS 

The one of the strong interests for increasing the beam 

intensity of highly charged heavy ions are the effect of the 

resonance surface size and field gradient at ECR zone. As 

described in the previous section, the ion source has six 

solenoid coils for creating the mirror magnetic field. 

Using these coils, the ECR surface size can be changed 

without changing the average magnetic field gradient. 

Fig. 2 shows the beam intensity of Xe20+ as a function of 

the average magnetic field gradient for several ECR zone 

sizes at the RF power of 500W. For investigating these 

effects, Binj, Bext and Br were fixed to 2.3, 1.2 and 1.3T, 

respectively. The extraction voltage was fixed to 17kV. It 

is clearly seen that the beam intensity increases with 

decreasing the field gradient. Furthermore, it seems that 

the beam intensity is higher for larger zone size at same 

field gradient. Fig. 3 a) and b) show the ratio of highly 

charged Xe beam intensity between two conditions. The 

ratio between two different field gradients increases with 

increasing the charge state (fig.2 a)) on the other hand, the 

ratio between different zone sizes are almost constant and 

independent on the charge state (Fig.3 b)). It is well-

known that the energy transfer from microwave to 

electron increases with decreasing the gradient. It means 

that the electron temperature becomes higher at the 

gentler field gradient. The production rate of the higher 

charge state Xe ions increases with increasing the electron 
 ___________________________________________  
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temperature. For this reason, we observed the phenomena 

shown in Fig.3 a). 

 

 
 

Figure 2: Beam intensity of Xe20+ as a function of average 

field gradient for several ECR zone size. 

 

Fig. 4 shows the beam intensity of Ar11+ as a function 

of average magnetic field gradient for several ECR zone 

size. We can see the same tendency as Xe20+ case except 

for the beam intensity at gentler field gradient (dB/dL < 

800G/cm). The beam intensity saturated or even 

decreased with increasing field gradient in this region.  

The estimated beam intensities (dashed line) are shown 

in this figure. Simultaneously, we measured the heat load 

of the X-rays. (see Fig. 5) It is clearly seen that the heat 

load increases with decreasing field gradient. The heat 

load of the cryostat is strongly dependent on the X-ray 

energy, i.e., higher energy X-ray gives large heat load. It 

means that the very high energetic electron generate at 

dB/dL<800G/cm. We observed same tendency for Ar12+ 

and higher RF power (>1kW). It is still unclear why we 

do not obtain higher beam intensity in this region. To 

understand this phenomenon, we need further 

investigations. 

Fig. 6 shows the beam intensity of Ar11+ as a function 

of RF power under two conditions (A and B). The 

conditions (field gradient and ECR zone size) A and B are 

shown in Fig.4. The beam intensity increases with 

increasing RF power up to 1.8kW and we obtained 500 

e A of Ar11+. 

 
 

Figure 3: Ratio of beam intensity between two conditions 

 

 
 

Figure 4: Beam intensity of Ar11+ as a function of average 

field gradient for several ECR zone size. 

 

 
 

Figure 5: Heat load of the cryostat as a function of 

average field gradient 
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Figure 6: Beam intensity of Ar11+ as a function of RF 

power. 

 
 

Figure7: magnetic field strength in the Bmin region 

 

 
 

Figure 8: Beam intensity of Ar11+ (upper), ration between 

the extracted beam and biased disc current (middle) and 

heat load (lower) as a function of RF power 

Fig. 7 shows the magnetic field distributions (I) and (II) 

in the Bmin region. Fig. 8 shows the beam intensity of 

Ar11+, ratio between biased disc current and extracted 

current, and heat load for two cases ((I) and (II)) as a 

function of RF power. 

The beam intensities in case (I) are always higher than 

those in case (II). The average field gradient and ECR 

zone size for case (I) is same as those for case (II). The 

heat load of X-ray for case (I) was almost same as those 

for case (II) (lower figure). It means that the electron 

energy distribution may be same. Main difference is the 

position of the Bmin. As shown in Fig.8, it seems that the 

ratio between the extracted beam intensity and current of 

biased disc in case (I) is always higher than those in case 

(II). It may indicate that the plasma flow to the extraction 

in case (I) is higher than that in case (II). To understand 

this mechanism, we need further investigation. 

FUTURE PLAN 

It is obvious that the higher frequency gives higher 

beam intensity of highly charged heavy ions, if we can 

make optimum magnetic field distribution for higher 

frequency. To increase the beam intensity of highly 

charged U ions, we will operate the new SC-ECRIS with 

28GHz microwave instead of 18GHz after moving the ion 

source to the ion source room for new injector system of 

the RIBF in the summer of 2010. The 28GHz gyrotorn 

was already installed and tested at RIKEN in this spring 

of 2010. In the winter of 2010, the test with uranium will 

be made to meet the requirement of the RIKEN RIB 

factory project  

CONCLUSIONS 

We investigated the effect of the magnetic field 

gradient and ECR zone size on the beam intensity of 

highly charged heavy ions, independently. In this 

experiment, we clearly observed that the gentler field 

gradient and large zone size gives higher beam intensity. 

We also observed that the beam intensity was saturated or 

even decreased at smaller zone size and very gentle field 

gradient. To understand these phenomena, we need 

further investigation. 
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Abstract 
The status and future developments of the 28-GHz 

VENUS (Versatile ECR for NUclear Science) Electron 

Cyclotron Resonance (ECR) ion source after the two 

years repair are presented. The fully superconducting 

ECR ion source VENUS serves as prototype injector for 

the Facility for Rare Isotope Beams (FRIB) project at 

Michigan State University (MSU) [1] as well as injector 

ion source for the 88-Inch Cyclotron at Lawrence 

Berkeley National Laboratory (LBNL). As such the 

source has produced many record beams of high charge 

state ions as well as high-intensity, medium charge state 

ions. As the FRIB project has now entered the 

preliminary design phase, LBNL is involved in the design 

of two new VENUS-like ECR injector ion sources for the 

FRIB facility. This paper will review the design changes 

for the FRIB injector, which will allow the installation of 

the FRIB injector source on a 100 kV platform. In support 

of the FRIB ion sources design systematic measurements 

of the heat load due to bremsstrahlung from the plasma 

for different magnetic fields have been performed and are 

presented. Finally, a possible future upgrade path for the 

FRIB injector using an advanced Nb3Sn magnet structure 

is described.  
 

A VENUS LIKE ECR ION SOURCE FOR 

THE FRIB INJECTOR 
 

Fig. 1 shows the current installation of VENUS at the 

LBNL 88-Inch Cyclotron. The VENUS cryostat operates 

in a closed loop mode without additional helium transfers 

after the initial cool down as required for an installation 

on a high voltage platform as needed for the FRIB front 

end, but uses liquid nitrogen to cool the normal con-

ducting leads. To adapt this design for the FRIB injector, 

the liquid nitrogen needs to be eliminated. In addition, the 

4K cooling power will have to be increased. Finally, the 

extraction voltage needs to be enhanced. 

HV insulation 

The VENUS source high voltage insulation will need to 

be enhanced to allow reliable extraction at 40kV extrac-

tion voltage. 

Pre-cooling of the normal conducting leads 

The VENUS ECR ion source uses liquid nitrogen to 

dissipate the up to 70 watts of heat load from the normal 

conducting copper leads under full excitation. For FRIB 

the liquid nitrogen pre-cooling will be replaced by a 

single stage cryocooler. 

4K cooling power 

The VENUS cryostat is currently using four two stage 

Gifford-McMahon (GM) cryocoolers providing a total of 

6W cooling power at 4K. But measurements of the x-ray 

heat load into the cryostat at the VENUS source, the 

SECRAL source, and the SC RIKEN indicate that more 

cooling power will be needed for the FRIB injector (see 

section3). For this purpose, three design options are 

currently being evaluated. In the first option a combi-

nation of two 2-stage and two 3-stage cryocoolers would 

provide a total cooling power of 13 W at 4K. Only 

minimal design changes are necessary for this option. 

Alternatively, we are evaluating the possibility of instal-

ling a compact external helium liquefier onto the HV 

platform, or the possibility of developing an insulated 

100kV liquid helium fill line. While technically 

challenging, the last two options would have the ad-

vantage that ample cooling power would be available for 

potential future upgrades such as double frequency 

heating with 24 GHz or installing a higher frequency 

(>40GHz) Nb3Sn based ECR ion source on the platform. 

 

 

Figure 1: Mechanical layout of the VENUS ion source 

and cryogenic systems as installed on the vault roof of the 

88-Inch Cyclotron 
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STATUS OF THE VENUS SOURCE 

In January 2008, the VENUS ECR ion source ex-

perienced a major setback when one of the sextupole 

leads evaporated following a lead quench caused by an in-

sufficient liquid helium level in the cryostat. At the 2008 

ECR workshop in Chicago [2], we analyzed the failure 

mode and reported on the repair efforts, which were 

completed this year. Table 1 summarizes the chronology 

of the complex and long VENUS repair. In June of 2010 

VENUS was finally re-installed at the 88-Inch Cyclotron 

and the magnet was tested to full excitation without quen-

ches. The first 18 GHz plasma was achieved on July 9th 

2010 and the first 28 GHz plasma was ignited on July 21st 

2010, which marked the end of this long and difficult 

repair.  

 

Table 1: Chronology of the VENUS source SC lead 

failure and its repair 

Event Date Comments 

Quench 1/24/2008 Sextupole magnet 

does not reenergize 

Cryostat opened  1/28/2008 Sextupole coil #1 lead 

identified as cause 

Service tower machined 

opened 

2/29/2008 10 cm of lead # 1 had 

vaporized 

Cable samples tested 3/2008 Lead damage extents 

into the cold mass 

Cold mass extracted 4/15/2008 Wire samples taken 

Wire tests completed 6/2008 Wire performance 

tested and leads are 

spliced and doubled 

up  

Cold mass prepared for 

magnet testing 

6-8/2010  

Magnet tested in external 

dewar at LBNL 

9/12/2008 Reaches full field 

without quenches 

Cryostat reconstruction 

complete 

11/2009 Transfer to the 88-Inch 

First cool down attempt 12/7/2009 He transfer tube weld 

fails during cool down 

Open upper cryostat 2/2010 Replace internal 

helium fill line tubes 

Cryostat repair complete 4/05/2010 Transfer to the 88-Inch 

Installation on the roof  4/15/2010 Ion Source re-

assembled 

Cool down and magnet 

test 

6/16/2010 Reaches full field 

without quenches 

18 GHz 7/9/2010 First plasma and beam 

28 GHz 7/21/2010 First 28 GHz opera-

tion, repair completed 

 

During the repair, many improvements have been 

incorporated to prevent a similar accident. In particular, 

the lead cooling was enhanced by adding copper fins to 

the sextupole current leads for better heat transfer and the 

liquid helium level indicator was interlocked. 

VENUS re-commissioning results 

The VENUS ECR ion source commissioning was 

started with 18 GHz and two weeks later the 28 GHz 

waveguide was reconnected to the source as well. After 

about 2 weeks of conditioning with oxygen, ion beam 

tests using 124Xe were conducted to assess the perfor-

mance of the source after the repair. Table 2 shows some 

performance results before the repair and a few results 

from the re-commissioning experiments.  

Table 2: A few VENUS ion source performance values 

before and after the repair. Ion beam intensity of the 

SECRAL ECR ion source are reported as reference[3]. 

 
VENUS 

28+18 GHz 

SECRAL 

(24 GHz) 

Results 

VENUS 2006-2008 
 

O
6+

 
2860 eμA 2300 eμA 

O
7+

 
850 eμA 810 eμA 

Ar
12+

 
860 eμA 510 eμA 

Ar
16+

 
270 eμA 149 eμA 

Ar
17+

 
36 eμA 14 eμA 

Xe
27+

 
270 eμA 450 eμA 

Xe
30+

 
116 eμA 152 eμA 

Re -commissioning (3 weeks) 

VENUS 8/2010 

 

Xe
26+

 
480 eμA 480 eμA 

Xe
27+

 
411 eμA 450 eμA 

Xe
30+

 
211 eμA 152 eμA 

Xe
32+

 
108 eμA 85 eμA (31+) 

Xe
35+

 
38 eμA 45 eμA 

 

Figure 2: Xenon spectrum for medium to high charge 

states after the re-commissioning. 

As an example Fig. 2 shows a high charge state 

spectrum optimized for Xe30+, for which the ion beam in-
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tensity was almost doubled compared to previous results 

from 2008 (see table 2). The re-commissioning results 

demonstrate that the VENUS source performance is far 

from being saturated and that it would benefit from fur-

ther optimization. It also shows that for the highest charge 

states (e.g. Xe35+) further conditioning is necessary. 

X-RAY LOADING INTO THE CRYOSTAT 

One of the surprising experimental observations during 

the development and early commissioning of the VENUS 

ECR ion source were the large amounts of x-ray radiation 

produced. These x-rays are a hazard for personal and also 

present a problem for the cryostat if they are absorbed 

into the coldmass [4]. In order to specify the cooling 

power for the FRIB injector source, systematic studies of 

the x-ray intensity and hot energy tail in dependence of 

various source parameters were conducted using all three 

LBNL ECR ion sources.  

These studies showed that: 

 X-rays can add several Watts of heat load to the 

cryostat and are a major challenge for present and 

future ECR ion sources (see Fig. 3) 

 The maximum observed electron energy and heat 

load to the cryostat are both strongly dependent on 

the magnetic field gradient at the resonance zone 

(see Fig. 3 and [4]) 

 The maximum observed electron energy is strongly 

dependent on the microwave frequency[4] 

 The energy spectrum shows a strong angular an-

isotropy[5]  

During commissioning tests in 2010, the heat load into 

the cryostat for 28 GHZ operation was measured for a 

wide range of Bmin/Becr ratios. Fig. 3 shows the depen-

dence of the heat load in W per kW of rf power injected 

into the plasma. Up to 1 W per kW was measured for a 

Bmin/Becr ratio of 0.8 percent. 

 

Figure 3: Added heat load into the cryostat due to 

bremsstrahlung absorbed by the coldmass per kW of 

microwave power injected into the cryostat for 28 GHz 

operation. 

The VENUS cryostat has currently a total of 6 W of 4K 

cooling power available with no He consumption. The 

cryostat has a static 4K heat load of 2.5 W. Another 700 

mW are added when the magnets are fully excited to 28 

GHz fields. That leaves about 2.8 W of additional cooling 

power for the heat load due to absorbed x-rays. The 

results presented in figure 3 clearly demonstrate that for 

the FRIB injector source the 4K cooling capacity will 

need to be substantially enhanced compared to the 

VENUS source to enable tuning of the source over its full 

magnetic range.  

FOURTH GENERATION ECR ION 

SOURCES 

The continuing demand for higher intensities and the 

complexity of SC magnet structures make their develop-

ment timely. Modern superconducting ECR ion sources 

are presently all utilizing Niobium-Titanium alloy (NbTi), 

since it is ductile and allows simple fabrication methods 

for wires and cables. However, NbTi performance is ulti-

mately limited by its upper critical field of about 10 T at 

4.2 K. The magnetic field strengths necessary for 56 GHz 

operation require a peak field in the magnet coils of 12-14 

T, which cannot be achieved using conventional NbTi 

conductor. Nb3Sn has an upper critical field limit of about 

20 T at 4.2 K, but is much more difficult to use. A 

complex structure such as an ECR magnet has never been 

built in Nb3Sn. As a first step, LBNL has proposed to 

build a prototype 56 GHz ECR ion source magnet 

structure (see Fig. 4) based on Nb3Sn. It is designed for 

magnetic peak fields of 8T at injection 5 T at extraction 

and 4.2 T at the plasma chamber wall and peak fields of 

up to 15 T on the coils [6, 7]. 

 

Figure 4: Assembly layout of the Nb3Sn cold mass. 
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Abstract 
Once operational, the Facility for Rare Isotope Beams 

(FRIB) will open the possibility to gain key 
understanding in nuclear science and in particular 
regarding the properties of nuclei far from the valley of 
stability or the nuclear processes in the universe. In 
addition it will also allow experimenters to test 
fundamental symmetries. The production of rare isotopes 
with FRIB will be achieved, using a heavy ion driver 
linac that will accelerate a stable isotope beam to 200 
Mev/u and deliver it on a fragmentation target. FRIB aims 
to reach a primary beam power of 400 kW for light to 
heavy elements up to uranium. To meet the intensity 
requirement, two high performance ECR ion sources 
operating at 28 GHz will be used to produce high 
intensity of medium to high charge states ion beams. 
Plans regarding initial beam production with the ECR ion 
sources and beam transport through the front end will be 
discussed. 

INTRODUCTION 
The Facility for Rare Isotope Beams (FRIB) (formerly 

referred to as RIA - Rare Isotope Accelerator) will 
provide intense beams of rare isotopes for a wide variety 
of studies in nuclear science. In particular it will help to 
deepen the current understanding of nuclear structure and 
help develop a comprehensive model of nuclei. In nuclear 
astrophysics, it will allow astrophysicists to model and 
understand the origin and evolution of elements in the 
cosmos and will permit sensitive tests of the fundamental 
symmetries of nature. Finally it will provide the scientific 
community with a source of rare isotopes to develop new 
applications for medicine, stockpile stewardship and 
improve applications that benefit from the use of 
radioisotopes. The FRIB facility is based on a heavy-ion 
linac with a minimum energy of 200 MeV/u for all ions at 
a beam power of 400 kW. To minimize the cost of the 
conventional facility, the layout of the accelerator follows 
a double folded geometry. The linac has been designed to 
accelerate ions with a charge to mass ratio higher than 
1/7. The first segment with superconducting λ/4 cavities 
 will accelerates the ion beam to 17 MeV/u and will be 
followed by a folded section that includes a charge 
stripper and a 180º magnetic bend. A second section with 
superconducting λ/2 cavities will accelerate ions to 108 
Mev/u and again will be followed by a 180º magnetic 
bend but without charge stripping. A final accelerating 
section will allow the ion beam to reach 200 Mev/u for all 

ions up to uranium. The facility will have a production 
target for in-flight production of rare isotopes. A three-
stage fragment separator will be used to prepare fast rare 
isotope beams with high-purity that can be used at 
velocity for fast-beam experiments. A multiconcept beam 
stopping facility will provide thermalized ion beams for 
stopped beam experiments or for reacceleration at 
energies up to 3 MeV/u for uranium. 

 
Figure1: Layout of the FRIB driver linac. 

FRIB FRONT END 
The main functions of the FRIB front end will be on 

one hand to produce the ion beam using an ECR ion 
source and on the other hand to prepare the beam for 
injection into the superconducting linac by providing an 
initial beam acceleration to 0.3 MeV/u through a Radio 
Frequency Quadrupole (RFQ) and to ensure proper beam 
matching in the longitudinal and transverse directions. 
The front end includes the following segments: First 
heavy ion beams for FRIB will be produced from  high 
performance ECR ion sources operating at 28 GHz. Two 
ion sources are necessary to ensure maximum beam 
availability through redundancy. The initial ion beam 
energy after extraction from the ion source will be 12  
keV/u. This corresponds to an accelerating voltage around 
90 kV for U33+. Such a potential difference can not be 
achieved directly in one acceleration gap at the ECR 
extraction and a high voltage platform will be used to 
reach the initial required energy. Then, following the high 
voltage platform, an achromatic charge to mass selection 
system will be used to minimize transverse emittance 
growth in particular for heavy ion beams. The low energy 
beam transport section (LEBT) will include a transverse 
collimation system to ensure that the full normalized 
transverse beam emittance does not exceed the acceptance 
of the Superconducting linac.  

An ion beam chopper is also included in this section to 
reduce the average beam intensity without impacting the 
nominal beam bunch intensity for safe tuning and  ____________________________________________ 

* Work supported by US DOE Cooperative Agreement DE-SC0000661
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operation of the machine. A multi-harmonic buncher 
operating at a fundamental frequency of 40.25 MHz will 
then change the DC beam produced by the ECR ion 
source to a pulsed beam for injection into the RFQ. 
Finally a Medium Energy Beam Transport (MEBT) 
section will match the beam coming out of the RFQ to the 
first segment of the superconducting linac and catch beam 
particles not accelerated by the RFQ. 

 
Figure 2: Front end for FRIB. Two ECR ion sources on 
high voltage platforms will provide the primary ion beam. 
Each ion source is followed by an achromatic charge 
selection system. Beam is then transported into the linac 
tunnel where the RFQ is located. A light ion source on a 
third platform is shown for future upgrade. 

REQUIREMENTS FOR FRIB ECR ION 
SOURCE 

The most stringent requirement on the ECR ion sources 
is the beam intensity needed to reach 400 kW on the 
fragmentation target for heavy ions and in particular 
uranium. From the final beam power and the beam energy 
per nucleon, the particle beam current on target can be 
easily calculated and gives 8.1 pμA for 238U. 
Conservative estimates for beam losses through the LEBT 
and the charge stripping section provide a transmission of 
64 % for uranium from the source to the target therefore 
raising the initial beam requirement from the ECR ion 
source to 12.7 pμA. The design of the superconducting 
linac imposes an initial charge state not lower than U33+ 
which leads to an electrical current of 424 eμA. This 
current exceeds by approximately a factor two, the 
highest performance demonstrated for U33+ with the ECR 
ion source VENUS [1]. Therefore, to reach the final beam 
power in the production target, the driver linac will 
accelerate concurrently two charges states for heavy ion 
beams. This approach has been selected for ions heavier 

than xenon. Table 1 summarizes intensity requirements 
and expected transmission for various elements. It is clear 
from the table that the FRIB project does not require the 
ECR ion source to produce very high charges states but 
rather medium charges state ion beams. Of course the 
possibility to produce higher charge states without 
diminishing too heavily the beam intensity could be a 
strong advantage if the accelerating gradient in the RF 
cavities are somewhat lower than projected. 
 

Table 1: Projected intensity and charge state needed from 
the FRIB ECR ion source for various elements once the 
facility operates at full power (400 kW) 

 A  Z  Q-
ECR  

Transmis
sion (%)  

I-ECR 
(eμA)  

I-ECR 
(pμA) 

Argon  40 18 8 0.8 378 47.3 

Calcium  48 20 11 0.8 468 42.5 

Nickel  58 28 12 0.8 365 30.4 

Krypton  78 36 14 0.8 331 23.6 

Tin  112 50 18 0.72 354 19.7 

Xenon  124 54 20 0.72 334 18.5 

Lead  208 82 27,28  0.64 392 14.3 

Bismuth  209 83 28,29  0.64 404 14.2 

Uranium  238 92 33,34  0.64 424 12.7 
 

In addition, to the requirement on the beam intensity 
shown in table 1, the ion beam transverse phase space 
distribution has to be within the acceptance of the RFQ 
and superconducting linac. In particular, beam dynamic 
calculations show that the full normalized emittance for 
one charge state ion beam has to be within 0.9 
pi.mm.mrad, while, for the acceleration of two charge 
states, each individual charge state should have a full 
normalized emittance smaller than 0.6 pi.mm.mrad. 
Variations in beam intensity from the ECR ion source 
beyond a few percent can lead to frequent retuning of the 
machine and should be minimized. Fast beam variations 
exceeding 10 kHz can lead to beam loading of the RF 
cavities and could increase beam losses in the linac. 
Recent measurements at MSU for low intensity uranium 
with the ECR ion source SuSI using a scope with a 
capability of Fourier analysis showed that the ion beam 
did not have oscillations of the beam intensity exceeding 
a few kHz. The amplitude of the AC variations however 
could reach between 5 to 10% of the DC value.  

CONCEPTUAL DESIGN  
The selected approach for the conceptual design of the 

FRIB ECR ion source is to use the ECR ion source 
VENUS design developed at LBNL with added 
modifications that reflect the experience gained with the 
ion source construction and operation. This approach is 
based on the following considerations. First, the primary 
operating frequency for the FRIB ECR ion source should 
be 28 GHz in order to reach the highest electron density 
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in the ECR plasma as demonstrated by the VENUS ion 
source. Choosing an operating frequency beyond 28 GHz, 
would require further development and progress of ECR 
ion source technology. Such developments are less likely 
to mature within the timeframe of the FRIB project. An 
additional microwave generator operating at a frequency 
between 18 GHz to 24 GHz should also be added. 
Operation of the ECR ion source at 18 GHz could be 
beneficial for lighter ion beams. Second, the VENUS coil 
package has demonstrated the unique capability to run 
independently the hexapole from the solenoid coil despite 
strong interaction forces between the two coil system. In 
particular, innovative techniques were developed to 
improve the clamping of the coils using expendables 
bladders. Another technical choice was to use a large 
copper to superconducting ratio for the hexapole coil wire 
to improve its stability [2]. However, experience with the 
VENUS ion source has shown that the heat load induced 
by the radiation generated by the ECR plasma can add up 
to one watt for each kilowatt of microwave power at 28 
GHz operation. Therefore, in order to inject a maximum 
of 10 to 12 kW of microwave power into the ECR ion 
source from a Gyrotron amplifier, an overall cooling 
capacity of 13 to 15 W at 4.2 K is needed even if we are 
to consider a low static load (1 W). This will require 
modifying the VENUS cryostat. Two cryocoolers with 
each a cooling capacity of 5W (single stage Gifford-
McMahon Joule-Thomson crycooler) will be needed  as 
well as additionals two stage Gifford-McMahon 
cryocoolers (1.5W) to reach the desired cooling capacity. 
An additional cryocooler will be also needed for the 
precooling of the HTc leads. Another possibility that has 
not been fully explored is to use circulating liquid helium 
to cool the ion source cryostat through a cold box 
installed on the high voltage platform. Although this 
solution offers many advantages, it also poses the 
problem as to where the compressor can be located and 
overall, requires a larger footprint.  

CHALLENGES AND DEVELOPMENT 
For medium mass ions to heavy ions the electrical 

currents shown in table 1 are close to the maximum 
performance reached by existing ECR ion sources. 
Therefore, to meet the requirement set by FRIB, most of 
the current extracted from the ECR ion source needs to be 
within the acceptance of the linac. Although several 
groups have measured beam emittance, this has often 
been at a relatively low intensity and full emittance at 
high extracted currents have seldom been reported. Two 
factors can contribute to emittance growth during beam 
formation. One is the angular momentum caused by the 
decreasing magnetic field in the extraction region. This 
contribution will in principle increase with higher 
operating magnetic field. The other is caused by space 
charge forces which can contribute significantly to 
emittance growth for drain currents exceeding several 

milliamperes. For higher charge states, the first effect 
could be mitigated by a smaller effective radius at 
extraction as evidenced by smaller measured emittance 
with higher charge states [3]. However more 
measurements are needed to fully characterize intense 
high charge states ion beams. For medium charge state 
ion beams it is unclear what fraction of the ion beam 
current can fit within the FRIB linac acceptance. Recent 
measurements at MSU with the ion source SuSI using an 
intense beam of  Kr14+ (~400 euA) indicates that at least a 
third of the beam exceeds the required FRIB emittance 
0.9 pi.mm.mrad [4]. 

It is anticipated that, during the operation of the FRIB 
facility, users will run experiments for several weeks with 
minimum interruption. The stability of the beam extracted 
from the ECR ion source will therefore be critical to 
successfully operate the facility at full power. In 
particular, for metallic beams, the techniques used to 
produce the initial vapour have to be optimized. Several 
techniques such as resistive oven [3], inductive oven [4] 
and sputtering [5] have already produced significant 
amounts of uranium beam but need to be further 
optimized. Initial estimation indicates that the material 
consumption needed to run the ion source could reach up 
to 10 mg/h assuming a 10 % efficiency. In addition, 
several new primary beams will have to be developed for 
FRIB such as 204Hg or 82Se. Some rare earth elements or 
refractory elements could also be added to the primary 
beam list.  

OUTLOOK 
As of August 2010, a Conceptual Design Report (CDR) 

for the FRIB project has been proposed and reviewed by 
the U.S Deparment of Energy. It is anticipated that during 
the fiscal year 2011, a preliminary design of the FRIB 
front end will be completed. In particular, technical 
solutions for the cryostat and coil package will be 
selected. Completion of the project is expected at the 
earliest in 2018. However, at least one high performance 
ECR ion source needs to be constructed and tested by 
early 2016. 
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PRESENT STATUS OF FLNR (JINR) ECR ION SOURCES 

S.Bogomolov, A.Efremov, V.Loginov, A.Lebedev, N.Yazvitsky, V. Bekhterev, Yu.Kostukhov, 
G.Gulbekian, B.Gikal, V. Drobin, V. Seleznev, JINR, Dubna, Russia 

 

Abstract 
Six ECR ion sources have been operated in the Flerov 

Laboratory of Nuclear Reactions (JINR). Two 14 GHz 
ECR ion sources (ECR4M and DECRIS-2) supply 
various ion species for the U400 and U400M cyclotrons 
correspondingly for experiments on the synthesis of 
heavy and exotic nuclei using ion beams of stable and 
radioactive isotopes. The 18 GHz DECRIS-SC ion source 
with superconducting magnet system produces ions from 
Ar up to W for solid state physics experiments and 
polymer membrane fabrication at the IC-100 cyclotron. 
The third 14 GHz ion source DECRIS-4 with “flat” 
minimum of the axial magnetic field is used as a stand 
alone machine for test experiments and also for 
experiments on ion modification of materials. The other 
two compact ECR ion sources with all permanent magnet 
configuration have been developed for the production of 
single charged ions and are used at the DRIBs installation  

and at the MASHA mass-spectrometer. In this paper, 
present status of the ion sources, recent developments and 
plans for modernization are reported. 

INTRODUCTION 
Main theme of FLNR JINR is super heavy elements 

research. From 2000 up to 2010 more then 40 isotopes of 
elements 112, 113, 114, 115, 116, 117, 118 were 
synthesized in the laboratory. 

At present four isochronous cyclotrons: U-400, U-
400M, U-200 and IC-100 are under operation at the JINR 
FLNR. Three of them are equipped with ECR ion sources. 
In the DRIBs project for production of accelerated exotic 
nuclides as 6He, 8He etc. the U-400M is used as 
radioactive beam generator and U-400 is used as a post-
accelerator. Layout of FLNR accelerators complex is 
presented at Figure 1 [1]. Red stars indicate the location 
of the ECR ion source. 

 

Figure 1: Layout of FLNR JINR accelerator complex. Red stars indicate the location of the ECR ion sources. 

 
DECRIS-2 ION SOURCE 

The ion source DECRIS-2 is in regular operation at the 
U400M cyclotron since 1995 [2]. Nowadays the main 
physical setups at the cyclotron U400M are the fragment-
separators ACCULINNA and COMBAS. Besides, the 

accelerator is used for the secondary beam production at 
the DRIBs facility. Intensive beams of 7Li, 11B, 13C, 15N, 
18O ions with energies of 35 -55 MeV/nucleon on the 
U400M cyclotron provide good possibilities for 
generation secondary beams of 6He, 15B, 9Li, 11Li, 12Be, 

Proceedings of ECRIS2010, Grenoble, France MOCOBK02

03 Status Report 17



14Be, 8He. The intensity of light ion beams such as 7Li or 
11B on the targets is (3÷5)1013 pps.  

Typical intensities of ion beams, produced by 
DECRIS-2 source, are listed in Table 1. 
Table 1: Typical intensities of ion beams (eμA), produced 
by DECRIS-2 source 

Ion Li B O Ar Kr Xe 
2+ 300      
3+ 70 200     
4+  80     
5+   660    
6+   450    
7+   40    
8+    600   
9+    340 100  
18+      45 
20+      40 

At present time the cyclotron ensures two acceleration 
modes:  

- acceleration of high-energy ion beams up to 100 
MeV/nucleon. 

- acceleration of low-energy ion beams (the mode 
providing the beam energy of 4.5-9 MeV/nucleon was 
implemented in 2008). This low energy ion beams (such 
as 48Ca) will be used for synthesis and study of new 
elements. 

ECR4M ION SOURCE 
The ECR4M source and the axial injection system were 

assembled and commissioned in 1996. First accelerated 
Ar beam was produced in November 1996 [3]. The main 
goal was to provide the intense beam of 48Ca ions for the 
experiments on synthesis of super heavy elements at a 
minimal consumption of this enriched and expensive 
isotope. First experiment on the synthesis of superheavy 
elements with the beam of 48Ca was performed in 
November 1997. Since that total operation time of the 
U400 amounts more than 70000 hours. About 66% of this 
time was used for acceleration of 48Ca5+,6+ ions for 
research on synthesis and investigation of properties of 
new elements. The production of the 48Ca ion beam was 
performed with the use of microoven with the maximal 
temperature of 900 °C and thin cylindrical Ta sheet 
placed inside the discharge chamber to prevent the 
condensation of metal at the chamber wall [4].  

The modernization of the U400 axial injection, which 
included sharp shortening of the injection channel 
horizontal part, was performed. These changes allow us to 
increase the 48Ca18+ ion intensity at the U400 output from 
0.9 to 1.4 pμA 

According to the plans of the reconstruction of the 
U400 cyclotron (U400R project) the project of the 
modernization of the ECR4M source was developed. This 
modernization include the increase of the plasma chamber 
diameter from 64 to 74 mm; production of the higher 
magnetic field in the injection region by insertion an iron 
plug in the injection side; waveguide UHF injection into 

plasma chamber.  The modified magnetic structure of the 
ECR4M and the axial magnetic field distribution are 
shown at Figure 2. 

 

 
Figure 2: The modified magnetic structure of the ECR4M 
source (top) and axial magnetic field distribution (bottom) 

DECRIS-4 ION SOURCE 
The DECRIS-4 ion source [5] was designed for the use 

as an injector of heavy multiply charged ions for the U-
400 cyclotron as well as a “charge breeder” for the second 
phase of the DRIBs project. The design of the magnetic 
structure of the source was based on the idea of the so-
called “magnetic plateau”. The axial magnetic field is 
formed by three independent solenoids enclosed in 
separated iron yokes. Since 2005 the source is in 
operation at the test bench and is used for the experiments 
in the solid state physics and for beam development. 

Test experiments on production of Ti ion beam were 
performed. The best results were obtained using MIVOC 
method with (CH3)5C5Ti(CH3)3 compound, first used by 
Jyvaskyla group [6]. More than 60 µA of 48Ti5+ were 
produced in stable mode, but there is a problem in 
synthesizing such a compound from a small quantity of 
enriched 50Ti. Also the titanium isopropoxide was tested 
with MIVOC method, but the results were very pure, not 
more than 1 µA of 48Ti5+ were produced. 

Also TiF4 was tested using the microoven. The 
compound was loaded into the crucible with thin 
capillary, and microoven was moved further from the 
plasma chamber. About 10÷20 µA of 48Ti5+ were obtained 
in stable mode of operation, the further increase of 
intensity leads to instability of source regime due to 
overheating of crucible by plasma. 
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DECRIS-SC ION SOURCE 
DECRIS-SC is a hybrid type electron cyclotron 

resonance ion source using permanent magnet hexapole, 
providing the radial magnetic field at the plasma chamber 
wall of 1.3 T, and a set of four superconducting solenoids 
to make min-|B| structure suitable for operation up to 28 
GHz [7]. The compact refrigerator of Gifford-McMahon 
type is used to cool the solenoid coils. At present the 
operating frequency of the source is 18 GHz. 

Since May 2004 the source is in regular operation at the 
IC-100 cyclotron for production of polymer membranes 
and solid state physics. Accelerated beam currents are 
listed in Table 2. 

Table 2: Typical intensities of ion beams (eμA), 
accelerated at the IC-100 cyclotron 

Ion A/Z Current, µA 
22Ne4+ 5.5 0.7 
40Ar7+ 5.714 2.5 
56Fe10+ 5.6 0.5 
86Kr15+ 5.733 2 
127I 22+ 5.773 0.25 

132Xe23+ 5.739 1.2 
184W31+ 5.9355 0.035 

DECRIS-SC2 ION SOURCE 
Using the experience obtained during construction and 

operation of the DECRIS-SC source the new source 
DECRIS-SC2 was developed [8].  The source is planned 
to be used at the U-400M cyclotron to replace the 
conventional ECR ion source DECRIS-2. For ECR 
plasma heating the existing microwave system (14 GHz) 
will be used. 

 
Figure 3: Axial magnetic field distribution of the 
DECRIS-SC2 source 

 The design of the superconducting magnet system of 
the new source differs essentially from the previous one. 
To decrease the weight and dimensions of the system it 
was decided to produce the vacuum vessel from 
chromium plated soft steel, so it will simultaneously 
serves also as a magnetic yoke. The superconducting 
magnet system passed the full test. The axial magnetic 
field distribution is shown at Figure 3. The source is 
completely assembled and installed at the test bench for 
beam tests. 

ECR ION SOURCES FOR RADIOACTIVE 
ION BEAMS 

The DRIBs (Dubna RIB) project has been running 
since 2002 [9]. The primary ion beams (7Li or 11B) from 
U400M are used for production nuclides as 6He, 8He at 
the target (Be or C). The produced radio-nuclides 
transported from hot catcher by diffusion into ECR ion 
source [10] where are ionized. The 2.45 GHz ion source 
is dedicated for production of singly charged radioactive 
ion beams. The magnetic configuration of the source is 
made with three radially magnetised permanent magnet 
rings. That allows to create pseudo-closed resonance 
surface. For the primary beam (7Li) intensity of 3 pµA the 
intensity of accelerated 6He beam reaches of 5 107 pps. 

The similar type of the ECR source is used at the 
MASHA (Mass Analyser of Super Heavy Atoms). The 
magnetic configuration of this source is made with two 
permanent magnet rings. The easy axis of the each 
magnet ring is directed along the axis of the magnetic 
system. 
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Abstract 
The Heavy Ion Medical Accelerator in Chiba (HIMAC) 

at the National Institute of Radiological Sciences (NIRS) 
was designed as a clinical dedicated facility. The carbon 
ions are utilized for the heavy-ion radiotherapy, so its 
production is the most important aim for ion sources at 
HIMAC. However HIMAC has a second essential task to 
operate as a facility for basic experiments. In that scope it 
accelerates many ions. In order to serve all HIMAC users 
at best, three ion sources have been installed. This report 
summarizes the status of the ion sources to produce 
carbon ions and to extend the range of ion species.  

INTRODUCTION 
The National Institute of Radiological Sciences (NIRS) 

was funded in 1957 and has been researching on the 
effects of radiation on the human body, protection from 
radiation, diagnosis and treatment of radiation injuries, 
and medical uses of radiation. The HIMAC (Heavy Ion 
Medical Accelerator in Chiba) project is one of the most 
important research subjects in NIRS [1], and it has 
successfully realized the heavy-ion radiotherapy with 
140-400 MeV/u carbon beams since 1994 [2]. HIMAC 
was designed as a clinical dedicated facility, but it has as a 
second essential task to operate as a facility for basic 
experiments in e.g. biomedical and material science, 
physics and chemistry. In order to accelerate various ion 
species, two ECR ion sources and one PIG ion source are 
installed. The carbon ions for the daily treatment are 
mainly provided with a 10GHz ECR ion source called 
'NIRS-ECR'[3]. The NIRS-ECR is sometimes utilized for 
lighter gaseous ions too. A PIG ion source, (‘NIRS-PIG’), 
supplies relatively lighter ions, especially metallic ions by 
the sputtering method [4]. An 18GHz ECR ion source 
called 'NIRS-HEC', produces relatively heavier gaseous 
ions[5,6]. Since the three ion sources are almost occupied 
with daily operations, it’s difficult to spend a time for the 
development to extend the range of ion species. The 
installation of a new local injector linac is scheduled to be 
completed in the spring of 2011. Another ECR ion source, 
called 'Kei2' had been developed as a prototype of a 
hospital specified facility[7], is now under commissioning 
for the new injector. It is expected that the other three ion 
sources will be free from the carbon production for the 
daily clinical operation. Several developments for these 
four ion sources are now in progress. The present status of 
carbon-ion production and the trial for the extension of 

the range of ion species with ECR ion sources are 
presented in this paper.  

CARBON-ION PRODUCTION 

Difficulty of carbon- ion production 
The production of highly charged carbon ions with 

good stability and reproducibility is harder effort than 
other ions. NIRS-PIG realizes a very low-duty pulsed 
operation and a feedback of the arc power. In addition, its 
carbon vapour is supplied by sputtering from graphite 
resulting decreasing amount of carbon atoms in the 
chamber. So that, the lifetime can extend about one week 
[4]. However the change of conditions of consumptive 
parts like a cathode finally requires the tuning by manual 
operation. It’s not satisfied for the medical requirement. 
Unfortunately, this difficulty is also true for the ECRIS, 
the source well known for its long lifetime and good 
performance for highly-charged ion production. Based on 
the experiences at NIRS-ECR and NIRS-Kei2, the 
performance of the ECR ion source is degraded due to 
carbon deposition on the parts, especially the chamber 
wall. In order to increase the intensity of highly charged 
carbon ions like C4+, it’s effective to feed hydro-carbonic 
CxHy gases[8]. However, the deposition is unavoidable 
under the use of such gases, and causes serious 
unfavourable effects.  

 

Figure 1: Microwave absorption on the dirty carbon 
deposited wall. 

The microwave power absorbed on the walls of the 
waveguide and the plasma chamber increases with 
increasing the deposition on the walls. The less 
microwave power can reach into the ECR zone shown in 
Figure 1, thus the plasma density and the electron energy 
distribution must be low. When the microwave power is 
increased in order to compensate for this deficit, more 
loss of the microwave power causes heat-up of the walls 
and the heat-up induced the change of the vacuum 
pressure. As a result, reproducibility is much worse. In 
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order to solve the problem, we improved the water 
cooling system for plasma chamber and the waveguide, 
however the transmission efficiency is consequently 
worse. Therefore, the maximum power of the microwave 
amplifier must be sufficiently high.  

The deposition on the wall of the plasma chamber also 
causes another unfavourable effect, i.e. a decreasing of 
the beam, especially for the higher charge-state ions due 
to the surface material of the plasma-chamber wall. 
Considering the particle loss fluxes in a ‘normal ‘ ECRIS, 
the electron flux dominates the axial losses and the ion 
flux dominates the radial diffusion; both fluxes 
compensate in the conducting surface material forming 
the so-called ‘Simon short circuit’. In the case some 
depositing material on the wall forming a dielectric 
surface, ions diffusing to the wall will charge up the 
surface of the wall and forms a repelling potential. Thus 
the loss fluxes are reduced, the short circuit is broken; this 
leads to better performance and the beam intensity 
increases [9]. This beneficial effect usually is called the 
‘wall-coating’ effect shown in Figure 2B. However, when 
operating the source with carbon, the wall will be 
completely covered by carbon material, forming a well 
conducting surface layer shown in Figure 2C; it appears 
that the beam intensity gradually decreases. This is likely 
due to the ‘adverse (or anti-) wall-coating’ effect [3]. 

Figure 2: Adverse wall-coating effect in the carbon 
production. 

Status of carbon-beam operation 
The condition of the deposition on the wall depends on 

the operation parameters and it sometimes shows 
hysteresis. For example, oxygen gas removes the 
deposited carbon atoms from the wall shown in Figure 3. 
The varying of the condition immediately gives instability 
or bad reproducibility. The exchange of ionising gasses is 
especially undesirable.  

Figure 3: Cycle of carbon deposition on the wall. 

In order to maintain enough reproducibility and 
stability under the dirty condition, the suppression of any 
change of the vacuum pressure due to the heat-up process 
is necessary. The cooling for the plasma chamber, the 
waveguide, and the extraction electrode are effective. 
Good thermal conductivity is a major consideration for 

the material of the chamber, because it does not affect the 
intensity due to carbon deposition. In this meaning, 
copper is also a good candidate. The extraction slit and 
the puller are also important heat-up parts. These are 
therefore made of molybdenum, and the puller is cooled 
by water. Pulsed operation is also effective to reach to a 
stable condition as soon as possible. Finally, we obtained 
typically 70 % decreasing of the beam after a few months 
of operation, but it’s still available to produce a 
sufficiently intense and stable beam [3]. Although the 
beam intensity varies during the first few tens of minutes, 
it becomes fairly stable within 1 hour.  

TRIAL FOR THE EXTENSION OF THE 
RANGE OF ION SPECIES 

In order to extend the range of ion species with our 
ECR ion sources, the optimization of the extraction 
configuration, the gas mixing technique, and the MIVOC 
method gave successful results. We have reported the 
scope and history of our developments in Ref. [10]. The 
points to be considered for development are as follows.  

• No ion source specialist is required for tuning.  
• Since the ion sources are almost occupied for the 

daily operation, the short development time is only 
available.  

• With the present ion sources’ structure the required 
reproducibility and stability is fulfilled. New 
developments are in a way disturbing the situation. 

• For developments one has to cope with 'dirty' 
plasmas and many contaminations in the available 
sources. 

The high priority is assigned to the two-frequency 
heating technique and the MIVOC method at present. 
They are discussed in the next points.  

Two frequency heating 
Many reports pointed at the improvement of highly 

charged ion production by feeding multiple microwaves 
with different frequencies [11]. In an early stage of the 
development of two-frequency heating with the HYPER-
ECR at the Institute for Nuclear Study, the University of 
Tokyo, we could confirm that the two different frequency 
microwaves using two klystron amplifiers (KLY) were 
absorbed at different ECR zones by observing the shapes 
of visible radiations [12].  

In order to investigate the frequency dependence 
precisely, we added an additional travelling wave tube 
amplifier (TWTA) with a wide frequency range between 
10 and 18 GHz to NIRS-HEC. We also concluded that it 
is also important to adjust one frequency to the other 
frequency[13]. Since our TWT had only a maximum 
power of 250 W at the former experiments, it was not 
enough to improve the performance.  

The recent experiments were performed with NIRS-
HEC which has an 18.0 GHz KLY with a maximum 
power of 1500W. An additional TWT system was added 
to NIRS-HEC. The frequency range and maximum power 
of TWTAs are 17.75 to 18.25GHz and 600W, respectively. 
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The detailed experimental setup had been described in 
Ref. [10]. 

 

Figure 4: Calibration of microwave power from each 
amplifier. 

The present experimental data were obtained with 132Xe 
gas (isotopic enrichment 90%). Initially, the parameters of 
KLY, i.e., microwave power, amount of gas, magnetic 
field, extraction voltage, and so on, were optimised. Then, 
the frequency of TWT was optimised. Figure 4 shows a 
dependence of the output current of 132Xe21+ on 
microwave power of KLY and TWT. The frequencies of 
microwave are 18.0 and 17.88 GHz, respectively. The 
relation of input microwave power and output beam 
current showed that 900 W by KLYA has the same effect 
as 600 W by TWTA. Both powers were measured by 
crystal detectors midway the chamber from the amplifiers. 
The two waveguides had the different loss of microwave. 
It seams that the transmission efficiency from KLY is 
likely about 2/3 of TWT. The microwave power of TWT 
was normalized by KLY power in Figure 5. The red line 
shows the output currents of 132Xe21+ by TWT only. The 
blue line shows the output currents by KLY only. The 
broken blue line indicates the region of instable plasma. 
The green line shows the output currents by mixture of 
TWT and KLY. The green line was slightly lower than red 
and blue lines. Although we suppose interference with 
each other slightly occurred, the output current mainly 
depended on the total power of two frequencies.  

Figure 5: Dependence on total microwave power. 

In the case of the total 1200W with 300W TWT and 
900W KLY, when TWT was stopped and only KLY 
supplied, the beam intensity was decreased from 60eμA 
to 40eμA. When the microwave power from KLY was 
increasing, the output current was also increasing. 
However, the beam instability was appeared over 900 W 
as shown in Figure 6. The plasma collapsed every several 
milliseconds and recovered in about 1 ms. When TWT 
turned on in this situation, the beam stability was 
improved and the large output current was obtained.  

 

Figure 6: Limitation of microwave power for 
instability. 

As a conclusion, the two frequency heating improved 
the beam intensity under the conditions of enough power 
and precise frequency tuning for the additional 
microwave. It seems it is mainly due to prevent the 
plasma instability. The effect appears to be most 
important on the higher charge states, therefore further 
study needed.  The optimised microwave power is not 
saturated in our cases. Applying a more powerful TWT 
would be promising. For higher charge state ions, it is 
more effective.  
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Abstract 
 Recent activities at the ORNL Multicharged Ion 

Research Facility (MIRF) are summarized. A brief 
summary of the MIRF high voltage (HV) platform and 
floating beam line upgrade is provided. An expansion of 
our research program to the use of molecular ion beams in 
heavy-particle and electron collisions, as well as in ion- 
surface interactions is described, and a brief description is 
provided of the most recently added Ion Cooling and 
Characterization End-station (ICCE) trap. With the 
expansion to include molecular ion beams, the acronym 
MIRF for the facility, however, remains unchanged: “M” 
can now refer to either “Multicharged” or “Molecular.”  

THE MIRF UPGRADE PROJECT AND 
RECENT FACILITY ACTIVITIES 

In order to enhance the capabilities of on-line 
experiments of the MIRF [1], a facility upgrade project 
was undertaken to add an all permanent magnet ECR 
source on a new 250 kV HV platform, and to modify the 

existing CAPRICE ECR source to inject a new floating 
beam line, from which beams could be decelerated into 
grounded end stations with final energies as low as a few 
eVxq, where q is the charge state of the analyzed beam 
[2][3][4]. An electrostatic trap end station was also added 
to the facility, for multi-second confinement of 
metastable-multicharged or hot-molecular ions to reduce 
their degree of internal excitation either for lifetime or 
subsequent cold collision studies [5]. 
 

Table 1: Performances of the MIRF ECR sources [6]

 

 

Figure 1: Results for O+8 – H electron capture [7]. 

 
The new permanent magnet ECR source was designed 

and built at CEN-Grenoble, and has been previously 
described [6]. Table  summarizes typical multicharged 
ion performances for the CAPRICE and the new 
permanent magnet ECR sources injecting the low-energy 
and high-energy MIRF beam lines, respectively. 

To illustrate the increased experimental capabilities 
made possible by the facility upgrade, Figure 1 shows 
recent results for electron capture by fully stripped 
oxygen ions from atomic hydrogen obtained with the 
upgraded ion-atom merged beams experiment. For these 
measurements, a well-collimated, small-cross section O8+ 
beam was merged with a fast ground-state atomic 
hydrogen beam produced by photodetachment, and the 
protons resulting from charge exchange collisions 
between the two fast beams monitored. 

The present MIRF layout is shown in Figure 2. The 
facility is comprised of 5 on-line experiments fed by the 
new HV platform ECR source, and 3 on-line experiments 
injected from the new low-energy floating beam line. 

Ion CAPRICE 10 GHz Platform ECR source 

Xe      +20 35 μA 52 μA 

+26 9 24 

+29 -- 3 

Ar        +8 500 510 

+11 70 90 

O         +6 400 650 

+7 50 90 
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Molecular ion beams 
In addition to their well documented capability of 

highly charged ion production, both ECR sources in the 
MIRF have recently found increasing use for production 

of molecular ion beams as well, due to the increased 
programmatic focus of our research activities on the 
atomic collision and surface interactions occurring in the 
cool edge of magnetic fusion devices, and on electronic 
driven process in systems of increasing chemical 
complexity. Figure 3 illustrates synthesis of B and F 
mono- and di-hydride molecular ion beams in the 
CAPRICE ECR source plasma using a mixture of BF3 

and D2 source gases that can be optimized by a 
combination of high source pressure and low rf power. 
These beams were required for exploration of electron 
impact dissociation of such molecular ions along iso-

electronic sequences. Figure 4 illustrates synthesis of D3
+ 

ions, again in the CAPRICE ECR source, from D2 source 
gas at very high source pressures and low rf powers. Such 
beams, decelerated to a few eV, are used in our studies of 
low-energy chemical sputtering of C materials. Intense 
beams of molecular ions have been obtained using the all-
permanent magnet HV platform ECR source as well [8]. 
However, extraction region discharges due to the poorer 
extraction region pumping of the permanent magnet 
source limit its high-source-pressure operation. The D3

+ 

beams from the platform ECR source are typically lower 

 

Figure 2: Present configuration of the ORNL Multicharged Ion Resarch Facility. A total of eight on-line experiments 
studying electron- and heavy-particle collisions, and ion-surface interactions utilize ion beams from either the new 
permanent magnet ECR ion source on the 250 kV HV platform or from the existing CAPRICE ECR ion source 
injecting the new floating beam line (see above). 

 

Figure 4: CAPRICE ECR D beams for a source pressure 
of 5x10-5 Torr and 10 W forward rf power. 

 

Figure 3: B and F mono- and di-hydride beam production 
by CAPRICE ECR gas mixing of BF3 and D2 at a total 
source pressure of 1x10-4 Torr and 4 W forward rf power. 
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in intensity than those produced with the CAPRICE, and, 
unlike Figure 4, can’t be tuned to exceed the D2

+ current.  

ICCE Trap 
The final element of the MIRF upgrade project was the 

development and installation of the Ion Cooling and 
Characterization End-station (ICCE) trap. This electro-
static trap is side-injected by a combination of 32° and 
13° pulsed parallel plate deflectors, simplifying HV 

switching and permitting DC operation of the two 
electrostatic end mirrors [5]. A neutral fragment imaging 
detector located outside one of the end mirrors is 
implemented to permit analysis of kinetic energy release 
during electron- or heavy-particle-induced dissociation of 
the trapped molecular ions. Figure 5 shows a schematic of 
the ICCE trap. Recently multi-second trapping of CO+

 

ions has been achieved. In-situ electron and gas jet targets 
are being used to study electron and heavy-particle 
collisions of molecular ions as function of trapping times, 
i.e., as function of the degree of internal cooling of the 
trapped ions.  

Plasma potential measurements 
An issue of continuing interest is the determination of 

the ECR source plasma potential and the energy spread of 
extracted ions. These parameters impact the magnitude 
and uncertainties of impact energies of decelerated beams 
used in our low energy ion surface interaction studies [9] 
and thus must be known. In addition, knowledge of these 
parameters may improve fundamental insights into the 
ECR plasma dependences on pressure, microwave power, 
confinement magnetic fields, and elucidate the basis of 
the gas mixing effect. In-situ Langmuir probe 
measurements of MIRF CAPRICE plasma potentials have 
been reported in [10]. More recently, complementary 
measurements of plasma potentials based on retardation 
analysis of extracted ion beams [11] have been carried 
out, which are generally consistent with the in-situ probe 
measurements. A typical plasma potential and ion energy 
spread result from analysis of external beam deceleration 
is shown in Figure 6. 
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Figure 6: CAPRICE ECR plasma potential (~13.8 eV) 
and ion energy spread (~4 eV) deduced from retardation 
analysis of a D+ ion beam extracted at a source pressure 
of 2x10-6 Torr and 6 W forward rf power [11]. 

 

Figure 5: Schematic diagram of the ICCE trap [5]. 
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Abstract 
The new ECR ion source PK-ISIS was recently 

commissioned at Pantechnik. Three superconducting coils 

generate the axial magnetic field configuration while the 

radial magnetic field is done with multi-layer permanent 

magnets. Special care was devoted in the design of the 

hexapolar structure, allowing a maximum magnetic field 

of 1.32 T at the wall of the 82 mm diameter plasma 

chamber. The three superconducting coils using Low 

Temperature Superconducting wires are cooled by a 

single double stage cryo-cooler (4.2 K). Cryogen-free 

technology is used, providing reliability, easy 

maintenance at low cost. The maximum installed RF 

power (18.0 GHz) is of 2 kW. Metallic beams can be 

produced with an oven (Tmax = 1400 °C) installed with 

an angle of 5° with respect to the source axis or a 

sputtering system, mounted in the axis of the source. The 

beam extraction system is constituted of three electrodes 

in accel-decel configuration.  

Pantechnik has developed and improved its family of 

ECRIS in collaboration with research laboratories like 

GANIL and LPSC in France and IUAC in India. From 

this collaboration, the first ECRIS using He-free High 

Temperature Superconducting wire technology (HTS) 

was born in 2002: PK-DELIS. 

The goals of that development were to reduce the 

power consumption of the coils from 200 kW to 15 kW, 

for avoiding liquid He in the superconducting coils and to 

demonstrate the feasibility of such hybrid HTS - 

permanent magnet (for the radial magnetic field) source. 

PK-DELIS works since then successfully at New Delhi. 

The new source of Pantechnik is conceived for reaching 

optimum performances at 18 GHz RF frequencies. 

Moving to this direction, PK-ISIS, our new source, has 

much higher axial and radial magnetic fields (2.1 T axial 

Binj and 1.32 T radial field in the wall), a larger plasma 

volume, variable Bmin via an independent coil and a large 

and opened extraction region.  Moreover, PK-ISIS 

integrates modern design concepts, like RF direct 

injection (2.5 kW availability), DC-bias moving disk, out-

of-axis oven and axial sputtering facility for metal beams.  

PK-ISIS delivers 5 to 10 times more beam intensity 

than the original PK-DELIS and/or shifting the charge 

state distribution to higher values.  

 

PK-ISIS is built with Low Temperature 

Superconducting wire technology (LTS), but keeps the 

He-free concept, extremely important for a reliable and 

easy operation. The radial field circuit is permanent 

magnet made. Finally, PK-ISIS is also conceived for 

using in a High-Voltage platform with minor power 

consumption. 

The intensities already obtained by PK-ISIS are listed 

in the Table 1 below. Please, note that these values were 

obtained during commissioning in the Pantechnik 

premises. The intensities – mainly for metallic beams – 

should be taken as lower limits. Not all intensities were 

obtained after reaching the maximum magnetic field in 

the Superconducting coils. 

The problems we faced with the superconducting coils 

during the first commissioning were recently solved. PK-

ISIS is running within the designed specifications. 

Table 1: Beam intensities measured with PK-ISIS 

Ion Intensity (µA – electrical) 

4He (2+) 2,400 

13C (4+) >500  

13C (6+) 50 

14N (5+) >1,000 

16O (6+) 1,500 

16O (7+) 230 

40Ar (12+) 200 

40Ar (14+) 100 

84Kr (17+) 100 

129Xe (26+) 100 

181Ta (26+) 20 

181Ta (30+) 13 

181Ta (32+) 6 

209Bi (29+) 35 

209Bi (31+) 25 

209Bi (33+) 15 
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Abstract 
3D simulation studies using RADIA code have been 

performed to optimise the magnetic holes in the high 

temperature superconducting electron cyclotron 

resonance (HTS-ECRIS) ion source for improving the 

extraction efficiency and intensities of highly charged 

ions. The magnetic field improvements using simple 

techniques like optimisation of iron regions is found to be 

economical. The extraction efficiency can be increased 

three-fold in the case of a hexapole magnet depending on 

the level of the uniformity of the fields in the high and 

low regions. This technique further minimises localized 

heating of the plasma chamber walls which can improve 

the vacuum conditions in an ECR ion source. For 

superconducting sources where the x-ray heat load poses 

severe problems during operation, such a reduction of 

heating load is of great significance. The typical 

triangular pattern of the plasma impact observed on the 

plasma electrode of HTS ECRIS at various tuning 

conditions are reproduced by the simulations. Details of 

the simulations and experimental results will be 

presented. 

INTRODUCTION 

Today, ECR ion sources are being utilized as high 

current injectors for various accelerator projects around 

the world due to its simplicity, robustness, wide mass 

range of ions with excellent beam intensities and long 

lifetime as compared to other ion sources [1]. The 

backbone of this kind of source is based on a minimum B 

magnetic configuration where the electrons are confined 

to increase the probability of stripping ions to higher 

charge states. The design of this kind of magnetic 

configuration is based on well known ECR scaling laws. 

This study was undertaken to improve the extraction 

efficiency and especially the intensities of the highly 

charged ions. Earlier, experiments have shown that the 

optimum plasma electrode position inside the plasma 

chamber is not the same for the extraction of low, 

medium and highly charged ions. It was observed for the 

RIKEN [2] and JYFL ECR ion sources [3] that the 

intensities of highly charged ions increased as the plasma 

electrode was moved further away from the ECR zone. 

On the other hand, the intensities of medium charged 

ions, increased as the plasma electrode was moved closer 

to the ECR zone. Normally the extraction field, Bext, 

should be slightly lower than the last closed magnetic 

surface, Blast, for the efficient production of highly 

charged ions [4]. A closer look led us to investigate 

further the magnetic configuration of the source at the 

extraction side. The magnetic field region at extraction 

(towards the exit of the hexapole) where the highly 

charged ions are extracted shows that there exist three 

weaker field regions (due to the use of a hexapole) where 

the plasma can still escape rather than being extracted. 

This is due to the radial component of the solenoid field 

which only partially cancels the radial field produced by 

the hexapole especially at the ends of the hexapole. It is 

expected that by further optimizing these weaker field 

regions, much higher intensities of highly charged ions 

can be extracted. Since no detailed work is available in 

the literature, except for a brief mention [5], it was 

important to perform 3D calculations of the combined 

magnetic field using the computer code RADIA [6]. 

Localized heating of the plasma chamber walls could be 

reduced which in turn would improve the vacuum 

conditions in the ECR ion source. For superconducting 

sources, the x-ray heat load which poses severe problems 

during operation and localised heating in the 

superconducting coils (quenches) can be further 

minimized.  

MAGNETIC STRUCTURE OF AN ECRIS 

In ECR ion source, combined magnetic field consisting 

of an axial and radial components generated by solenoid 

and a multipole magnet respectively is used. This kind of 

open magnetic field configuration is found necessary for 

good plasma confinement, stability and also for ease of 

extraction of the ions [1]. For efficient operation, the 

combined magnetic field structure should follow the well 

known ECR scaling laws ; the last closed surface should 

be at least twice that of the resonance field, Becr, within 

the plasma chamber, where Becr is the field required for 

the electron cyclotron resonance condition. In addition, 

the periphery of the plasma should be far away from the 

walls of the chamber to reduce the probability of melting 

of the plasma chamber. For a typical magnetic field 

configuration in conventional ECR ion sources, a 

triangular shape at both extremes is evident on the plasma 

electrode at extraction side and on the bias electrode if the 

electrode is in the form of a disc at injection side. The 

radial losses have a pattern on the plasma chamber wall 

which is symmetric corresponding to the orientation of 

the multipole, where the plasma impacts are oriented on 

the pole directions of the multipole. For the case of a 

multipole where order of the multipole, n =3 (sextupole) , 
 ___________________________________________  
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the plasma has a three fold symmetry, similarly, if n =4 

(octupole) , the symmetry is 4 fold. For most of the ECR 

ion sources, the multipole has been optimised for n = 3 

for optimum performance. Generally, the magnetic 

structure is chosen so that the field confines the plasma in 

all possible directions as much as possible and losses to 

the walls of the plasma chamber are minimised. 

3D SIMULATIONS OF THE MAGNETIC 

STRUCTURE OF HTS-ECR PKDELIS 

During operations with the 18 GHz HTS-ECR 

PKDELIS ion source [7], it has been observed that the 

plasma impact on the electrode shows a triangular 

structure typical of ECR sources, but the extent of the 

losses inside the triangular pattern varies with different 

sources depending on the magnetic field configurations 

and tuning conditions. This is a normal observation found 

in ECR sources where a plasma electrode is used for 

defining the beam size during the extraction of the beam. 

In addition, the six loss areas can also be found on the 

inner chamber wall of these sources. 
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Figure 1: Magnetic structure built using RADIA 

It means that most of the plasma was being lost to the 

electrode (diameter of plasma electrode 32 mm) than 

what was actually going through the extraction hole (hole 

diameter 12 mm). The plasma electrode positioned at the 

peak value of the extraction magnetic field (z = +82.5 

mm), was not the correct position for extraction of high 

intensities of highly charged ions. This position was 

suitable for extraction of high intensities of low and 

medium charged ions. As pointed out by D.Hitz,[4] the 

best position to extract high intensities of highly charged 

ions is to place the plasma electrode at the position of 

Blast. By performing a 3D magnetic field simulation, the 

triangular structure was reproduced and matched well 

with the observed pattern. A model that was built to 

simulate the structure is shown in figure 1. The magnetic 

configuration clearly showed that the leaking plasma was 

going through the weaker regions of the magnetic field 

instead of being extracted through the plasma electrode 

where the field is relatively higher at positions close to 

the edge of the hexapole. This was supported by the 

model that close to the extraction area or the edge of the 

hexapole magnet, three weakest points of the total 

magnetic field existed. This is also true in the injection 

side and could also be improved by optimising these 

regions. For example, some sources have shown more 

plasma impacts on the injection side as compared to the 

extraction side of the source.  

RESULTS AND DISCUSSION 

We investigated by moving the electrode away from the 

ECR zone [7] which resulted in extracting higher 

intensities of highly charged ions of argon (figure 2, 

without the use of mixing gas, 150 A of Ar11+). 

Figure 2: Charge state distribution optimised on Ar11+ 

In addition, the shift in the charge state distribution 

(CSD) for argon (CSD peak at Ar10+) was clearly seen at 

lower levels of RF power (400 W of absorbed power from 

18 GHz klystron) than the case at higher levels of RF 

power (500W from 14.5 GHz TWT amplifier), where the 

charge state distribution peaked at Ar8+ using oxygen 

mixing gas, ~ 25 A of Ar11+), at position z = + 82.5 mm 

[8,9]. The best position was at z = +98 mm slightly inside 

the hexapole [7]. In this case, the field of the three 

magnetic holes should be higher than the field at the 

plasma electrode so that the plasma could be more 

efficiently extracted. This can be further improved by 

field shaping using iron material. The other possible 

solution could be to increase the length of the hexapole 

which may turn out to be more expensive; Three options 

effectively were looked into to see the improvement in 

optimising the field of the magnetic holes ; all simulations 

have been performed corresponding to the beam tuning 

conditions when the source was optimised for Ar11+ 

(injection coil current 120 A, extraction coil current 80 

A); they are as follows ; 

i) effect of incorporating iron ring close to the 

edge of the hexapole 

The effect of incorporating iron rings close to the edge 

of the hexapole were simulated. The inner and outer 

diameters were chosen appropiately as 35 mm and 74.5 

mm and the closest distance from the edge of the 

hexapole was 1 mm. Four rings of thickness 5, 10,15 and 

20 mm were simulated at z = +98 mm. 
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ii) effect of incorporating iron ring further away 

from the edge of the hexapole  

The effect of incorporating iron rings further away from 

the edge of the hexapole was simulated using inner 

diameters of 41mm, 54.8 mm and 69.5 mm and keeping 

the outer diameter fixed at 86.8 mm. The closest distance 

from the edge of the hexapole was 5 mm. Rings of 

varying thickness were simulated. at z = +98 mm. Figure 

3 shows the correction after integrating all the iron rings.  

iii) effect of increasing the length of the 

hexapole at the extraction side 

The effect of increasing the length of the hexapole 

towards the extraction side in small incremental steps was 

simulated at z = +98 mm. It was found that the length of 

the hexapole should be made considerably longer (L=225 

mm) to optimize the weakest magnetic field regions 

(shown in figure 4.) and the cost implications show that it 

is more economical to tune the magnetic field using iron 

as in cases (i) and (ii) 

 

Figure 3: (left) View of three magnetic holes at z =+98 

mm, before optimization (Right) optimized at z=+98 mm 

using iron rings integrated with the hexapole 
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Figure 4: After optimization at z=+98 mm, using an 

extended hexapole of length 225 mm. 

SUMMARY AND CONCLUSION 

All the methods described to optimize the field in the 

weaker regions show definite improvements. It is 

expected that the efficiency of extracting the ions from 

the plasma should scale three-fold according to the 

uniformity in the fields. In principle, much higher 

intensities of highly charged ions can be extracted 

depending on the levels of the magnetic field. It is left to 

the designer to decide which is more advantageous and 

thereby optimize the best performance to cost ratio. In 

summary, the 3D simulations show that further 

improvements in the tuning of the magnetic field can be 

done for improvement of the extraction conditions in a 

typical ECR ion source. Besides, localized heating of the 

plasma chamber walls could be reduced which can further 

improve the vacuum conditions in an ECR ion source. 

The lifetime of synthetic high voltage insulators used 

between the plasma chamber and the cryostat can be 

increased further. For superconducting sources, the x-ray 

heat load which poses severe problems during operation 

and the localised heating in the superconducting coils can 

be further minimized. 
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Abstract 
Development of ECR ion source has demonstrated that, 

as the empirical scaling laws summarized, higher 
magnetic field with higher operation frequency will 
greatly improve the source performance. Based on the 
great success of SECRAL at IMP, a higher-magnetic-field 
SC ECRIS is planned to meet the new accelerator 
demands. However, there are many practical issues in the 
design and construction of a higher-field SC ECRIS 
which need addressed. In this paper we will present and 
discuss the design features of the higher-field SC ECR 
with a maximum axial field of 7.0 T and a radial field of 
3.5 T at the plasma chamber wall of ID 110 mm, and 
operating frequency up to 50 GHz.  

INTRODUCTION 
Performance of high-charge-state Electron Cyclotron 

Resonance Ion Source (ECRIS) has been greatly 
improving since its advent and especially in the past 
decade, thanks to the continuous increase of magnetic-
field-strength and operating frequency. Although a full 
understanding of the detailed physics process involved in 
ECR plasma is still in the horizon, higher-magnetic-field 
combined with higher-operating-frequency remains 
nowadays the relatively easy and straightforward way to 
further the development of ECRIS. Based on the 
empirical scaling laws [1], there were a few fully 
superconducting (SC) ECRISs all built with NbTi 
magnets in the past decade. At safe current loadings (up 
to about 90% of its critical current), the highest field 
strength reaches 4 T on axis and 2 T at the plasma 
chamber wall of ID 100 to 140 mm for operating 
frequency up to 28 GHz. These SC ECRISs have 
significantly improved the ECRIS performance by a great 
factor in both the ion beam intensity and charge state. To 
further enhance the ECRIS performance to meet new 
demands, higher-field ECRISs have been proposed and 
are under design. The maximum field strengths are to 
reach 8 T on axis and 4 T at the plasma chamber wall by 
using the higher-critical-current Nb3Sn wires to construct 
the SC magnets [2]. 

At the Institute of Modern Physics (IMP), the great 
success of SECRAL has demonstrated that further ECRIS 
performance is not only possible but also needed. The 
institute is planning a future facility of higher-energy and 
higher-beam-intensity for nuclear physics research. This 
new facility requires very intense ion beams, for example, 
at least 15 pμA of Bi31+ and about the same intensity of 
U33+ are to be extracted from the proposed accelerator. 

Such intense beam intensities require at least a new 
higher-field SC ECRIS that leads to this design study. 

A BRIEF REVIEW OF THE SC MAGNET 
STRUCTURES FOR ECRISs 

Presently there are two different types of magnet 
structures used in the SC ECRISs. Figure 1 shows the 
“classical” structure, the sextupole coils sit inside the 
solenoid coils, that is used so far in all ECRISs but one. 
Because of the very strong Lorenz interaction forces, 
especially the repulsing force, the sextupole coils have to 
be ended at a good distance away from the solenoid coils 
so that the interaction forces can be reduced. The lengthy 
end extension results in a bulky magnet structure and  
cryostat. Sometimes a set of liquid-metal-filled bladders 
that increases the complexity of magnet fabrication is 
used to harness the very strong forces [3]. So far the best 
embodiment of the classical magnet structure remains to 
be the LBNL VENUS, the first ECRIS that has been 
designed and reached 4 T on axis and 2 T at the plasma 
chamber wall of ID 140 mm [4]. Its magnet assembly is 
wound with NbTi wires of high Cu/Sc Ratios of 3.0 and 
4.0 for better thermal stability. Since 2002 it has been 
commissioning at 18, 28 GHz and double-frequency 
heating at 18+28 GHz with wave power up to ~10 kW 
and has produced very great performance. A few example 
beams produced with VENUS are listed in Table 1 below. 

The “non-classical” magnet structure is shown in 
Figure 2. A striking feature of this structure is that the 
sextupole coils not only sit outside the solenoid coils but 
also ended right next to the solenoid coils. A set of simple 
cold irons, no bladders, is used to clamp down the magnet 
coils and reduce the stray field right inside the cryostat. 
This non-classical magnet structure results in a smaller 
magnet assembly and simplifies somewhat the fabrication 
process. The IMP’s SECRAL is the first SC ECRIS built 
with this non-classical magnet structure. All the SECRAL 
magnet coils are wound with the NbTi wires of low Cu/Sc 
Ratio of 1.35. The field maxima are 3.6 T on axis and 
~2.0 T at the plasma chamber wall of diameter of 126 
mm. SECRAL had begun its commissioning at 18 GHz 
with maximum microwave power of about 3.5 kW in 
2005. Though operated at lower magnetic fields, lower 
frequency and wave power, SECRAL has produced very 
compatible results in comparison to VENUS at higher 
fields, higher frequency and wave power. So far SECRAL 
has reliably provided more than three-thousand hours of 
ion beams to the IMP accelerators and sometimes the 
operation lasted months without system failures. 
SECRAL has recently begun its commissioning operation 
at 24 GHz and already shown better performance than at 

 ___________________________________________  

* Visiting Scientist  
# Also of the Graduate School of CAS, Beijing 100049, P. R. China 

MOCOCK03 Proceedings of ECRIS2010, Grenoble, France

30 01 New ECRIS Development



18 GHz. Shown in Table 1 is a summary of a few 
example beams of SECRAL operating at 18 GHz and the 
preliminary results at 24 GHz [5], as well as VENUS 
performance for comparison. The great performances of 
SECRAL and VENUS have demonstrated that SC ECRIS 
is independent of the magnet structure, so long as a high-
strength Minimum-B field is provided. 

Sextupole-inside-solenoid  
Figure 1: The classical magnet structure for ECRIS. 

 

Solenoid-inside-sextupole  
Figure 2: The non-classical magnet structure. 

 
Table 1: Example Beams from SECRAL and VENUS 

  
 

Q 

SECRAL 
18 GHz 
<3.2 kW 

μA 

SECRAL 
24GHz 
3-4 kW 

μA 

VENUS 
28 GHz 
5-9kW 

μA 

16O 6+ 2300  2860
 7+ 810  850 
40Ar 12+ 510 650 860 
 16+ 73 149 270 
 17+ 8.5 14 36 
129Xe 27+ 306 455 270 
 35+ 16 45 28 
 42+ 1.5 3 0.5 
209Bi 30+ 191   240 
 41+ 22   15 
 50+ 1.5   0.5 

DESIGN OF A NEW HIGHER-FIELD 
SUPERCONDUCTING ECRIS 

The studied SC ECRIS reported here is essentially a 
scaled-up version of SECRAL using Nb3Sn wires to 
construct the magnets. The great success of SECRAL has 
demonstrated the advantages of the non-classical magnet 
structure in many ways, such as the performance, smaller 
magnet size and cost effectiveness. Therefore it is very 
natural to follow a good source as the first step to design a 

higher-field ECRIS, though it may not necessarily 
guarantee the best results. Figures 3 and 4 show the axial 
field and radial field profiles in which the peak axial field 
reaches 7 T at the injection region and the maximum 
radial field reaching 3.5 T at the plasma chamber wall of 
ID 110 mm, hoping a slightly smaller chamber could 
increase the wave power density and perform as well as a 
larger chamber. Figure 5 shows a histogram along a pole 
line at the maximum designed currents. As a norm, a 
maximum loading of about 90% of the critical current is 
assumed in this design. Table 2 lists a few key parameters 
of the new magnet assembly and of SECRAL for 
comparison. 
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Figure 3: The axial field profile of the SC ECRIS under 
study. The maximum axial fields reach 7 T at the injection 
and 3.5 T at the extraction, respectively. 
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Figure 4: The radial field profile of the SC ECRIS under 
study which reaches 3.5 T at the plasma chamber of ID 
110 mm. 

 
Figure 5: The histogram of the total field inside the 
plasma chamber that yields a maximum closed contour of 
3.6 T inside the chamber at the designed electrode orifice. 
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Table 2: A Few Key Parameters and Comparison 

 New ECRIS 
<50 GHz 

SECRAL 
24 GHz 

Superconducting 
Wire 

Nb3Sn* NbTi (F54) 

Critical Jc 400 A /14 T 197 A /9 T 
Sextupole Coil  
(Ampere-Turns) 

1,167,000 627,000 

Injection Coil  
(Ampere-Turns) 

1,540,000 689,000 

Middle Coil  
(Ampere-Turns) 

36,000 162,000 

Extraction Coil  
(Ampere-Turns) 

551,000 272,000 

Magnet Length (mm) 822 724 
Max. Torque (N/M) 
(a Racetrack Coil) 

69.7 E6 8.9 E6 

Magnetic Peak Axial 
Field (T) 

7  3.6 

Magnetic Radial 
Wall Field (T) 

3.5 1.8 

Plasma Chamber 
ID/Volume (mm/L) 

110/4 126/5 

*: BRUKER  NST 11000 A23 Ø1.0 mm Nb3Sn wire was used in the 
design and F54 Ø1.0 mm NbTi wire was used in SECRAL.  

DISCUSSIONS 
With maxima of 7 T on axis and of 3.5 T at the plasma 

chamber wall, this magnetic configuration is strong 
enough, based on the High-B mode [6], to support an 
operating frequency up to about 50 GHz and it could 
further significantly enhance the ECRIS’ performance. 
However before it can become a reality, there are a few 
important issues that must be well addressed. The first is 
the interaction force among the solenoid coils and the 
sextupole coils and its resulting torque that has been much 
more than quadrupled in comparison to the SECRAL. 
This much higher torque no doubt will pose a dilemma 
for the magnet clamping. A strong and possibly very 
deliberate clamping scheme may be required. Secondly, 
how do the strong interaction force and the huge torque 
experienced by the individual sextupole racetrack coil 
affect the Nb3Sn critical current have to be addressed. 
Though there have been successful high-field coils built 
with Nb3Sn wires for non-ECRIS magnets [7], the 
ECRIS’ magnet structure, a mixture of solenoids and a 
multipole, is more complicated than those simple 
solenoids or multipole only. Thirdly, unlike the NbTi 
wire, the Nb3Sn wire has a pretty poor ductility and it 
requires a tedious after-coil-winding heat treatment that 
typically lasts at least one to two weeks at about 700 °C in 
order to reach its superior critical current. This third issue 
could lead to a very complex Nb3Sn magnet fabrication 
process.  

On the other hand, the NbTi magnet has fully 
demonstrated its workability with exercitation current 
very close to its critical limit in the built SC ECRISs with 
either the classical or the non-classical magnet structure. 
This is why the higher-critical-current Nb3Sn wires are 

used in the design of the higher-field ECRIS magnets. 
However, using NbTi wire has a number of advantages 
over the uncertain Nb3Sn wire. Will there be any other 
NbTi magnet structures that could produce about the 
same fields discussed above? We have recently begun a 
magnet structure exploration and the preliminary result is 
very encouraging and promising. At about the same 90% 
loading, a novel NbTi magnet structure may be able to 
produce a minimum-B filed of maximum fields of 6-6.5 T 
on axis and 3.5-4 T at the plasma chamber wall of IDs 
160-180 mm. Somewhat higher radial fields could also be 
possible at the price of more deliberate structure designs. 
Furthermore, if this new magnet structure can be 
fabricated with the Nb3Sn wires, the maximum fields 
could reach at least 10 T on axis and 5.5-6 T at the plasma 
chamber wall of the same diameters, respectively. With 
maximum fields of 10 T on axis and 6 T at plasma 
chamber wall, a 70 GHz or higher frequency ECRIS 
could then be realized which would be a milestone of 
more than halfway of a 120 GHz ECRIS that Dr. Geller 
had envisioned decades ago [8]. Unfortunately, this novel 
magnet structure needs a thorough investigation and 
hopefully a sound magnetic field calculation and profile 
design can be reported soon. 

Higher magnetic field and operating frequency is the 
relatively easy way to enhance the ECRIS performance 
but it comes costly and will run up to the limit of the 
present superconducting magnet technology in the 
foreseeable future. To further ECRIS, we should also 
spend more efforts to investigate other techniques, such as 
lower frequency heating with a much higher-B mode 
configuration and microwave heating efficiency [9], etc.   
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MEGAWATT MAGNETS - SEISM MAGNETIC FIELD MAP* 
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Abstract 
LPSC has developed a 60 GHz Electron Cyclotron 

Resonance (ECR) Ion Source prototype called SEISM. 
The magnetic structure uses resistive polyhelix coils 
designed in collaboration with the French National High 
Magnetic Fields Facility (LNCMI) to produce a CUSP 
magnetic configuration. A dedicated test bench and 
appropriate electrical and water cooling environments 
were built to study the validity of the mechanics, the 
thermal behaviour and magnetic field characteristics 
obtained at various current intensities. During the last 
months, measurements were performed for several 
magnetic configurations, with up to 7000 A applied on the 
injection and extraction coils sets. The magnetic field 
achieved at 13000 A is expected to allow 28 GHz ECR 
condition, so by extrapolation 60 GHz should be possible 
at about 28000 A. However, cavitation issues that 
appeared around 7000 A are to be solved before carrying 
on with the tests. This contribution will recall some of the 
crucial steps in the prototype fabrication, and show 
preliminary results from the measurements at 7000 A. 
Possible explanations for the differences observed 
between the results and the simulation will be given. 

SCIENTIFIC CONTEXT 
LPSC Grenoble has initiated an ambitious research and 

development program for high frequency ECRIS, i.e. with 
a resonance frequency above 28 GHz. Such a program 
benefits greatly from LNCMI research on split magnets 
described in reference [1]. The use of LNCMI radially 
cooled polyhelix technology allows investigating several 
magnetic configurations with low fabrication costs and 
short delays in comparison to classical and 
superconducting ECR ion sources. 

As a first step, the SEISM prototype was designed to 
produce a CUSP magnetic structure with a closed 60 GHz 
resonance zone at 2.14 T for a 30000 A current in the 
helices. Reference [2] recalls the main steps for the design 
of the prototype, including the results from magnetic, 
mechanical, hydraulic and thermal calculations. 

Due to many uncertainties concerning hydraulic and 
thermal behaviour of such an innovative helix design, a 
dedicated test stand was built at LNCMI to study the coils 
characteristics obtained for various current intensities. 
The goal of such tests is to validate the magnetic field 
map at half-current using 2 of the 4 available power 
supplies of LNCMI, thus creating a closed 28 GHz 

resonance zone at 1 T for 15000 A in the coils.  

PROTOTYPE FABRICATION AND TESTS 

Helices 
Each helix was first machined with its final diameter, 

then rigidified by the insulators glued between its 
windings and finally adjusted to its final height. Helices 
fabrication process is shown on Fig. 1. According to 
thermal calculations, insulators had to be as narrow as 
possible (i.e. 2 mm wide) in order to limit local 
temperature rise in their centre. Thickness was calibrated 
to maintain a constant space between two windings (i.e. 
0.32 mm thick) in order to avoid constraints on the helix. 
The difference of potential between two windings was 
expected not to exceed 10 V at 30000 A. Therefore, 
composite fibres already "pre-impregnated" (hence the 
name “pre-preg”) with the resin that would bond them to 
the windings surface have been chosen. Such pre-pregs 
can hold a maximum voltage of 35 kV/mm, and are easily 
cut to their final shape with an automatic cloth cutting 
machine. As calculated, 24 pre-pregs per winding were 
glued on internal helices H1 and H2, and 32 pre-pregs on 
external helices H3 and H4, in order to avoid windings 
distortion and contact under the magnetic field forces.  

 
Figure 1: Inner injection helix H1 fabrication process 
from initial electro-erosion machining (1), through pre-
preg insulators gluing (2, 3), to final adjustments in height 
and shape (4). 
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After forty hours of run at a 7000 A applied current, 
thermal and mechanical resistances of the outer coil 
insulators were checked by inserting an endoscopic 
camera. Mechanical resistance was validated, as pre-pregs 
were not displaced and still aligned vertically. Pictures 
were compared to samples of heated pre-pregs to estimate 
the temperature reached locally, which seemed to already 
exceed the temperature expected in the pre-preg centre. 
The maximum operating temperature being of 165 °C for 
the pre-pregs, other solutions will have to be investigated 
for magnetic field tests at full current intensity, where 
higher temperatures are expected. 

 

 

Figure 2: Water flow evolution with and without porous 
disks inserted (top) and consequences on the coils 
temperature (bottom) 

Tanks 
Water circulation in the tanks was first tested up to 

18 bars and 18 l/s in each tank, with fake aluminium parts 
drilled with holes to simulate the water flux. Due to the 
inaccurate geometry of the water holes, loud cavitation 
noises could be heard and small damages could be 
observed on the aluminium. When applying 7000 A on the 

real copper helices, i.e. 10 bars and 12 l/s in each tank, 
with the water speed up to 14 m/s in the radial helices slit, 
cavitation noises could be heard too. In order to increase 
the pressure in the water outlet of SEISM without 
modifying the cooling of M5 magnet running in parallel, 
stainless steel porous discs soldered in flanges were 
installed on the water outlets of both tanks. The water 
flow through the prototype went down to half, but helices 
were still sufficiently cooled down, as can be seen on the 
graphs from Fig. 2. 

Cavitation effects were successfully suppressed, and 
measurements could go on up to 10500 A current applied. 
However, because of the pressure difference between the 
two sides of the porous discs, one of them broke at 
10500 A (19.5 bars – 7 l/s). An alternative to the porous 
discs will be needed to pursue the tests at higher current.  

Setup for magnetic measurements 
The magnetic field was measured on three horizontal 

axes along z, and on one radial axis (see Fig. 3), with two 
gaussmeters equipped with single-axis axial and radial 
Hall probes calibrated inside the M5 magnet. Two 
300 mm-course jacks with a stepper motor allowed 
moving the Hall probe inside the prototype chamber. A 
LabView interface was developed to move the jacks to a 
given position and automatically acquire data. 

 

 
Figure 3: Scheme of the magnetic field measurement 
setup (top) and of the axes of measurement (bottom). 
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MEASUREMENTS RESULTS 
As a first approximation, the magnetic structure can be 

considered as axi-symmetric. This is verified 
experimentally, as one measures a constant field at any 
angle for given x and z (see Fig. 4).  

 

 
Figure 4: Radial field x-component measured on 15 mm-
axis at different angles for 3500 A current applied. 

By summing the axial and radial components of the 
field, one obtains the total magnetic field on three axes of 
the chamber (see Fig. 5).  

 

 
Figure 5: Total magnetic field measured at 7000 A on axes 
parallel to the coils axis at various distances from the 
centre. 

One can deduce an approximate magnetic field map at 
7000 A, shown on Fig. 6. Magnetic field zones at 0.5 T 
and at 0.64 T are closed within the chamber walls, 
respectively allowing ECR at 14 GHz and 18 GHz. The 
first iso-B touching the walls is at 0.76 T. Given the field 
linear scaling with intensity, one expects to measure a 
closed 1 T resonance zone at 14000 A. 

 
Figure 6: Approximate magnetic field map at 7000 A. 

When comparing the measurements with the 
simulations, one finds a similar structure for the iso-B 
lines, with lower gradients close to the chamber walls and 
towards the extraction. 

However, the resonance zone centre is displaced of 
about 5 mm towards the extraction. By measuring the 
magnetic field produced independently by the injection 
and extraction sets of helices, one finds that injection and 
extraction maxima are closer; the summed amplitude is 
thus lower, especially on the extraction side (see Fig. 7). 

 

 
Figure 7: Comparison between measured and simulated 
(2D model) axial fields at 7000 A on the central axis.  

Possible reasons for such discrepancies are being 
investigated. A mechanical error in the tank or in the 
helices positioning pieces would induce less than 1 mm 
displacement, as dimensions were measured within 
tolerances. The helix shape itself may be wrong, due to a 
difference between the real helix split (0.37 mm) and the 
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expected one (0.32 mm), causing less than 2 mm total 
displacement. Each helix magnetic centre should be 
carefully checked after dismounting. Finally, the 
comparison with the 2D calculation model may be 
inaccurate. Simulations are being run again within the 3D 
model. Temperature gradients in the windings (due to the 
presence of insulators) and in the cooling water (due to 
heat exchanges) induce non-linear effects that will be 
introduced in the calculation. 

PERSPECTIVES 
In order to carry on with the half-magnetic field tests, 

the stainless steel porous discs are currently being 
replaced. A proposal for two extra weeks of magnetic 
field was accepted and the run is to be scheduled during 
autumn 2010. 

Given the first results presented here, one expects the 
magnetic structure to be valid for a 28 GHz resonance. 
Therefore, the design for the components of the source 
(plasma chamber, gas and microwave injection...) will be 
possible in 2011. A permanent room at LNCMI is under 
funding request for the first 28 GHz tests. 
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Abstract 
The regular ECR ion sources, allowing the production 

of multicharged ions, have openings only at their two 
ends. Based on the MONO1000 ECRIS [1] concept and 
experience, a new multicharged ECR ion source has been 
designed with a large opened space in the middle of the 
source enabling a direct contact with the ECR plasma. 
This source will combine the advantages of the 
axisymetric magnetic structures made only of permanent 
magnets with a high operating frequency.  

The magnetic structure calculations as the mechanical 
design and stress will be described in details. An 
estimation of the electronic energy distribution has been 
calculated using the TrapCad code [2] and thus the 
performances of the source have been deduced. A rough 
calculation of the beam extraction and formation has also 
been calculated taking into account of the several fields 
(magnetic and electric) surrounding the extraction system. 

The ion source presented in this paper is a prototype 
which shall validate the magnetic concept and which shall 
confirm the expected performances. The next step will be 
the design of an optimized ECRIS according to its future 
applications. 

INTRODUCTION 
In the framework of the SPIRAL1 facility upgrade, the 

design of a new ECR ion source ionizing radioactive 
metallic species in multicharged states is an alternate way 
in the actual NANOGANIII TIS system. It should contain 
open sides in order to have a close connection between 
the hot target and the plasma. Obviously the ECRIS 
should ionize the radioactive atoms with a high efficiency 
that requests to operate the ECRIS with a high value for 
the RF frequency. Based on an existing Mono1000 
magnetic system, the prototype is under construction to 
demonstrate the ability of such an ECRIS to produce 
multicharged ions with an intermediate expected average 
charge state <Q> ≥ 2. This development is realized in 
collaboration with the Pantechnik company which has 
applications for this type of ECRIS. 

MAGNETIC AND MECHANICAL DESIGN 
The magnetic structure (principle has been used in two 

other ECRIS’s [3,4]) takes back the two Mono1000 rings 
made of permanent magnets (NdFeB Vacodym 655HR) 

coupling with iron (ARMCO) which concentrates and 
transports the magnetic flux lines in the centre of the 
source. The magnetizations of the rings are similar and 
are aligned on the axis of the source. In our case, the trick 
is to shape the iron as to bring the maximum magnetic 
flux for creating a closed B iso-magnetic surface having a 
high value (here the last closed B iso-module reaches 
4800 Gauss) far from the saturation of the iron (saturation 
value is 1.8T ). 

 

Figure 1: calculated magnetic structure with QuickField 
software 

Figure 1 displays the output calculation made with the 
QuickField software: value of the total magnetic field at 
each point of the source. The magnetic field values 
decrease from the ECRIS wall down to almost 0 in the 
middle of the source. The magnetic field is lowered 
voluntarily in the extraction region in order to make a 
type of “ion funnel”. Using a RF frequency of 7 GHz, 
corresponding to a resonant magnetic field of 2500 Gauss, 
the mirror ratio is 1.92. 

After the iron design and the permanent magnet ring 
used, a mechanical design of the source has been realized. 
Figure 2 shows a sketch of the source. The ion source is 
relatively compact: length is 252 mm with a total 
diameter of 280 mm. The dimensions of the plasma 
chamber (grey) have been chosen such an RF wave with a 
frequency higher than 5.5 GHz can propagate inside the 
cavity. A movable disk is set on the back of the source, it 
has double objectives: RF tuning and plasma bias 
(negative voltage). Hence the RF is injected directly 
inside the cavity with a direct connection between the RF 
guide and the plasma chamber. 
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Mechanical calculations have been performed about the 
stress applied on different parts of the source. 
Reinforcements (blue) on the iron pieces had to be added 
due to the magnetic strengths applied on the plasma 
chamber. The maximum displacement is 0.04 mm. 
Thermal calculations have been also carried out. 

Figure 2: Mechanical design of the source 

The maximum temperature elevation is around 70°C 
using 500W RF power and a water cooling down system. 
This will be still improved to get 50°C maximum. 

TRAPCAD CALCULATIONS 
The TrapCad code, developed by the Atomki ECR 

team, is a PC simulation tool which can be used to predict 
the general behavior of a source and, in a certain way, the 
performances of an ECRIS [5, 2]. TrapCad is only used to 
study the electron population and the ability of the source 
to heat up these electrons. It is why the calculation time is 
always below 50µs. In these conditions the particle 
collisions can be neglected (in the case of Multigan 1/νee 
~ 200µs [6]). The typical fixed parameters for the 
TrapCad calculations were: 20000 initial electrons, energy 
range from 0.1 to 1 eV, electrons are randomly distributed 
on the ECR resonance surface. The variable parameters 
were the time, RF frequency and RF power. In the 
following, the electronic density in an ECR ion source, 
which varies with the square of the RF frequency, is taken 
into account.  The electronic density reference is the 
Multigan ECRIS operating at 7 GHz. 

 

Figure 3: Evolution of the non lost electron distributions 
with the RF frequency of the injected wave 

Figure 3 shows the evolution of the non lost (plasma) 
electron population with the RF frequency of the injected 
wave. The power and time were set to 500W and 1µs 
respectively. For RF frequencies below 7 GHz the non 
lost electrons are less energetic. From 7 GHz up to 11 
GHz the distributions are really close but the 8 GHz is a 
little above. Another calculation at 7 GHz and 500 W of 
RF power gives an average energy of the non lost 
electrons of 380 eV. This energy is obtained in 5 µs.  

 

Figure 4: Non lost electron population for four ECRIS’s 

Let’s consider now the case of phosphorus ions. 
Considering that the maximum single ionization cross 
section energy corresponds to energy of ~10Eionization for 
one charge state [7], it should be possible to ionize 
phosphorus atoms up to 5+ (Eionization = 67.9 eV). 
Regarding the reference [8], multicharged phosphorus 
ions have been already produced up to 2+ charge state 
with Mono1000 ECRIS at 100W of RF power. Figure 4 
shows that, in the energy range of 1 – 700 eV (charge 
state range 1+ – 5+) the ratio of the non lost electrons 
population for Multigan 7GHz and Mono1000 2.45 GHz 
varies from 2.5 up to 100. These arguments reinforce the 
potential of multicharged ion production of this ECRIS. 
The Multigan non lost electron population is located 
between that of NanoganIII and Mono1000 as expected. 
These sources having an average charge state of 2.8 and 1 
respectively [2], it is reasonable to expect for Multigan a 
value around 2. 

EXTRACTION CALCULATIONS 
A rough calculation of the extraction has been also 

carried out. Due to the high magnetic field gradient in the 
extraction region ~39 T/m, the ions extracted should be 
highly perturbated (it is roughly twice the SUPERSHyPIE 
ECRIS value). The extraction calculations are based on 
the methods described in [9]. In that paper, the space 
charge was neglected. The goal was to compute at first 
order the characteristics of the extracted beam. Figure 5 
shows the extraction geometry which gives the best 
results. Another difficulty comes from the fact that the 
shape of the iron imposes a limitation of the possible 
shape of the first electrode. The plasma electrode is 
directly designed in the plasma chamber. Its aperture 
diameter is fixed at 7 mm. An intermediate electrode 
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(Uinter), biased positively, should have been added (figure 
5) in order to get a small beam with an emittance value as 
small as possible. 
 

As it is shown in figure 5, there are two regions: one 
between the plasma electrode and the intermediate 
electrode which is located inside the higher magnetic field 
gradient and the second region separating the intermediate 
electrode and the grounded electrode. The initial ions are 
made of phosphorus ions (mass = 31 u.m.a.) distributed 
either randomly or concentrated [9] on a disk of 10 mm 
diameter. They are located a few millimeter backward the 
electrode plasma biased at the plasma potential of 10V. 
Their initial energy is 0.5 eV and both the azimuthal and 
elevation angles vary from -90° to +90°. The charge states 
were fixed from 1 to 6 with a homogeneous number of 
ions: 2000 per charge.  

The figure 6 displays the evolution of the emittances, 
ion transmission and brightness with the ratio R = Uinter / 
Uacc. The emittances present a plateau from R = 0.25 to 
0.6 then a maximum for R = 0.75 and a diminution. The 
ion transmission which corresponds to the ratio of the ion 
number at the emittance calculation over the initial ion 
number follows roughly the same behaviour. The 
brightness which is more or less the ratio of this 
transmission over the emittances product increases slowly 
up to R = 0.8 and arises suddenly for reaching a 
maximum at R ~ 0.9 before dropping down. This can 
mean for R > 0.8 that the first extraction region acts 
smoothly on the ion angles for preparing them before to 
be focused by the second region which makes the main 
acceleration (90%). 

CONCLUSION 
A development of a new ECR prototype using the 

magnetic structure of the Mono1000 ECRIS has been 
undertaken by collaboration between GANIL laboratory 
and Pantechnik company. The objective is to get an 
ECRIS with large opened space in the middle of the 
source able to ionize atoms in multiply charged states 
with <Q> ≥ 2. It has been shown this new ECRIS is 
mechanically stable and the effective cooling of the 
plasma chamber allows injecting high RF power. The 
magnetic structure and the plasma chamber dimensions 
have been designed for RF waves with frequencies from 
5.5 to 13 GHz. A movable electrode will serve for RF 
tuning and to bias negatively the plasma. The TrapCad 
code gave results for the expected performance of the 
source: the optimal RF frequency should be around 8 
GHz. The distribution of the non lost electron population 
calculated is between those of the Mono1000 and 
NanoganIII ECRIS that reinforces our confidence in the 
potential of this source to produce multicharged ions. The 
preliminary extraction geometry calculations show that, 
despite the high magnetic gradient in the extraction 
region, it is possible to get a beam with reasonable 
emittance values. Pantechnik company built up a test 
bench where this prototype will be experimentally tested 
at the beginning of 2011. Depending on the results a new 
ECRISs will be specifically developed towards the 
objectives of each partner. 
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Figure 5: Sketch of the Multigan extraction geometry 

Figure 6: Evolution of the emittances, ion transmission 
and brightness of a phosphorous beam 
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Abstract 
Carbon-ion radiotherapy is being carried out at Gunma 

University Heavy Ion Medical Centre (GHMC) since 
March 2010.  A compact electron cyclotron resonance ion 
source (ECRIS) for GHMC, so-called KeiGM, supplies 
carbon 4+ ions for treatment.  The general structure of 
KeiGM was copied from a prototype compact source, so-
called Kei2.  Based on experimental studies for 
production of carbon 4+ ions with a 10 GHz ECR source 
at the Heavy Ion Medical Accelerator in Chiba (HIMAC), 
so-called NIRS-ECR, the field distribution of the mirror 
magnet for Kei2 and KeiGM was designed.  A microwave 
source with the traveling-wave-tube (TWT) was adopted 
for KeiGM, with a frequency range and maximum power 
of 9.75 - 10.25 GHz and 750 W, respectively.  The 
KeiGM was installed in the GHMC facility in December 
2008. 

INTRODUCTION 
The Heavy Ion Medical Accelerator in Chiba (HIMAC) 

at the National Institute of Radiological Sciences (NIRS) 
was the first heavy ion medical dedicated accelerator in 
the world [1].  Its aim has been to verify effectiveness and 
safety of heavy-ion radiotherapy.  Carbon-ion 
radiotherapy (C-RT) started in 1994 and has mainly 
focused on the group of diseases in the whole body that 
are difficult to cure using conventional radiotherapy.  The 
total number of patients enrolled by August 2009 was 
over 4,800 and various types of tumors have been treated. 
These results have clearly demonstrated the advantages of 
C-RT [2].   

The Japanese government approved C-RT as a new 
treatment method in 2003, and promoted to development 
of new downsizing technologies under “the 3rd 
Comprehensive 10 year Strategy for Cancer Control 
(2004 – 2013)”.  NIRS carried out R&D studies for 
various components and designed a hospital-specified C-
RT facility [3].   The construction of the Gunma 
University Heavy Ion Medical Centre (GHMC [4]) was 
funded by the Japanese government and Gunma 
prefecture beginning in 2006, and construction started in 
2007 at the Centre site in Maebashi, Gunma.  The 

technologies concerned were transferred from NIRS to 
Gunma University.  GHMC will be a demonstration of the 
new C-RT facility.  Gunma University already started a 
clinical trial since March 2010.  A compact electron 
cyclotron resonance ion source (ECRIS) for GHMC, the 
KeiGM, is also based on the development of the ECRIS at 
NIRS [5].  This article presents the operation of KeiGM 
and the status of their daily treatment. 

CARBON ION THERAPY FACILITY AT 
GUNMA UNIVERSITY 

In the design process, the following policies are 
considered to be important: (1) only high-energy carbon 
ions will be used in the facility to reduce the size and cost 
of the apparatus, and (2) beam characteristics should 
cover the same clinical beam characteristics as the 
HIMAC.  Major specifications of the facility were 
determined on the basis of the statistics of clinical data 
from HIMAC.  The reliable and well-established wobbler 
method with the respiratory-gated irradiation system was 
adopted for the beam delivery system [6].  It was decided 
to accelerate only carbon ions, with a maximum energy 
established at 400 MeV/n. This energy ensures a 25 cm 
residual range in water and, for example, carbon ions can 
penetrate the human body and reach the prostate through 
a patient’s pelvis.  Another important requirement of the 
new facility is to have two orthogonal beam lines directed 
toward the same isocenter.  This beam line configuration 
is required in order to realize sequential beam irradiation 
from different directions with single positioning of a 
patient.  As a conclusion, GHMC consists of the 
following parts; an ECRIS, a Radio-Frequency-
Quadrupole linac (RFQ), an Interdigital-H mode Drift 
Tube Linac (IH-DTL), a synchrotron and four treatment 
rooms.  Of these the first room will have a horizontal 
beam line, the second will have a horizontal as well as a 
vertical beam line, and the third will have a vertical beam 
line.  The fourth room will be used for developmental 
studies for advanced irradiation techniques.  A fast beam 
course and energy switching are also required for the 
same purpose.  The major specifications of the facility are 
summarized in Table 1.  The main building of the facility 
is about 65 m × 45 m, and it was completed at the end of 
October 2008. 

 ___________________________________________  
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Table 1: Major specifications of the therapy facility. 

Items Contents 

Ion Species Carbon ions only 

Range 25 cm max. in water  
(400 MeV/n) 

Field Size 15 cm × 15 cm max. 

Dose Rate 5 GyE/min. (1.2×109 pps) 

Treatment Rooms 3 (H, V, H&V) 

 No rotational gantries 

Fourth Room Prepared for future 
 developments 

Irradiation Techniques Respiration Gated;  
Single & Spiral Wobbling 
 Methods; 
Layer-Stacking Method 

KEIGM 
KeiGM has been manufactured by Sumitomo Heavy 

Industries. Fig. 1 shows schematic view of the KeiGM 
with high voltage platform. The general structure 
including the magnetic field was copied from Kei2 [7].  
Based on experimental studies with a conventional 10 
GHz ECR source [8] at HIMAC, the field distribution of 
the mirror magnet for compact source was designed so 
that a charge distribution of carbon ions was optimized at 
4+.  A microwave source with the traveling-wave-tube 
(TWT) was adopted, with a frequency range and 
maximum power of 9.75 - 10.25 GHz and 750 W, 
respectively. Microwave power is fed into the plasma 
chamber through a rectangular wave guide from the axial 
direction.  A biased disk is also used for optimizing. The 
plasma chamber is made of copper for a good cooling 
efficiency, in order to avoid a decrease in the magnetic 
field due to high temperature. The plasma chamber has an 
inner diameter of 50 mm. The vacuum pressures of the 
gas injection side and beam extraction side are 1.1E-6 Pa 
and 9.0E-7 Pa, respectively. Extraction voltage is 30 kV. 

The CH4 gas was chosen for production of carbon ions. 
There are two reason for choose the CH4 gas, (1) enough 
beam intensity of C4+ is obtained for medical use under 
the CH4 operation; (2) there is experience of long 
operation of the source used the CH4 gas at HIMAC. 
From our previous experience, other carbon compound 
gas (e.g. C4H10 and C2H2) was better than the CH4 for 
increasing the beam intensity of C4+ [9].  

 

Figure 1: Schematic view of the KeiGM with high voltage 
platform. 

Operation of KeiGM 
KeiGM supplied the carbon ions from 7:30 in the 

morning to 0:00 midnight on weekdays. Fig. 2 shows 
trend graph of vacuum pressure at injection and extraction 
side, gas flow, microwave power, extraction voltage, 
current of the extraction power supply and C4+ beam 
intensity. The ion source starts in order of cooling water, 
the gas, the extraction power supply, and the microwave.  
All parameters of the ion source were fixed.  The cooling 
water system for a whole of facility is started at 7:30. In 
this time, vacuum pressure in the extraction side change 
form 9.0e-7 Pa to 1.1e-6 Pa.  The microwave power is 
applied to the ion source after 200 sec from start time. 
Beam intensity keeps changing for about 200 seconds 
after turning on the microwave power.  All of beam 
parameter, intensity, profile, and so on, is reproduced at 
1000 seconds every day.  

 

Figure 2: Trend graph of vacuum pressure at injection and extraction side, gas flow, microwave power, extraction 
voltage, current of the extraction power supply and C4+ beam intensity. 

Source 

Proceedings of ECRIS2010, Grenoble, France MOPOT001

10 Applications 41



Fig. 3 shows a long term beam reproducibility from 
February to June 2010.  The beam intensity decreased for 
20% every three months.  We thought that the operation 
parameters had not been optimized.  Therefore, operation 
parameters were tuned on May 28.  However, the beam 
intensity has increased slowly from May 28.  It seems 
that the operation parameters are not yet optimized. The 
beam intensity of C4+ was 230 eμA at 30 kV extraction in 
June 9, 2010.  The fluctuation of beam intensity was less 
than 10%.  The operation parameters are as follows; the 
microwave frequency and power were 9.953 GHz and 

300 W, respectively.  CH4 gas was fed, and the gas flow 
rate was 0.054 sccm.  The extraction voltage was 30 kV.  
The repetition frequency and pulse width were 0.36 Hz 
and 50 msec, respectively.  The voltage of the biased disk 
was -40 V.  

Since at present KeiGM is the only ion source 
installed, all beams are supplied by KeiGM.  In about 
1600 hours operation between March and August, there 
was only one failure.  It was due to breaking TWT 
amplifier after 14000 hours operation. The failure had 
been repaired by replacing of the amplifier.  

 

Figure 3: A long term beam reproducibility from February to June 2010. 

CLINICAL TRIALS AT GHMC 
Carbon ion radiotherapy started on March 16, 2010 at 

GHMC. Treatment is done in daytime from Monday to 
Friday. Gunma University has successfully treated the 
first 12 patients for the clinical trial until June 2010, thus 
the Japanese Ministry of Health and Labor Welfare 
approved GHMC as “advanced medicine”.  Since June 
2010, head and neck tumor, lung cancer and prostate 
cancer on advance medicine were started.  The total 
number of patients enrolled by August 12, 2010 was 41. 
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Abstract 
We are studying the application of the electron 

cyclotron resonance ion source (ECRIS) for the new 
materials production on nano-scale. Our main target is the 
endohedral fullerenes. There are several promising 
approaches to produce the endohedral fullerenes using an 
ECRIS. One of them is the ion-ion collision reaction of 
fullerenes and aliens ions to be encapsulated in the 
mixture plasma of them. Another way is the shooting of 
ion beam into a pre-prepared fullerene layer. In this study, 
the new device configuration of the Bio-Nano ECRIS is 
reported which allows the application of both methods. 
The basic concept and the preliminary results using Ar 
gas and fullerene plasmas are described. 

INTRODUCTION 
The Bio-Nano ECRIS was designed for new materials 

production on nano-scale [1,2]. Our main target is the 
endohedral fullerene, where endohedral means some alien 
atoms are encapsulated inside the fullerene cage. The 
endohedral fullerenes have much potential in medical 
care, biotechnology and nanotechnology. In particular, 
endohedral Fe-fullerene can be applied as a contrast 
material for magnetic resonance imaging or microwave 
heat therapy. There are several promising approaches to 
produce the endohedral fullerenes using an ECRIS. One 
of them is the ion-ion or molecule-ion collision reaction 
of fullerenes and aliens ions to be encapsulated in the 
mixture plasma of them. Here we call it the plasma 
method. Another way is the shooting of ion beam into a 
pre-prepared fullerene layer. Here we call it the ion 
implantation method. 

One of our team has been successfully synthesized the 
endohedral N-fullerene using the plasma method [3]. Also 
the endohedral N-fullerene were synthesized using ion 
implantation method by S. Abe et al. [4]. In addition, 
several kinds of atomic species, such as Li, Na, K, Rb, 
and Xe were encapsulated into the fullerenes by ion 
implantation method [5,6,7]. However, the number of the 
atomic species, which are successfully encapsulated into 
fullerene cage, is limited. Also the yield of endohedral 
fullerenes is not enough to develop them for above-
mentioned practical applications. 

In this study, the new device configuration of the Bio-
Nano ECRIS is reported which allows the application of 
both the plasma and the ion implantation methods. The 
ions of the synthesized materials can be checked by in-

situ extraction and analysis. This device configuration 
will make it possible to produce the endohedral-Fe 
fullerene and improve the yield of the endohedral 
fullerenes. 

DEVICE CONFIGURATION 
Since 2006, we have developed and studied the Bio-

Nano ECRIS with min-B configuration (see Fig. 1) 
[1,2,8]. Since 2008, the new device configuration, which 
we report in this paper, has been manufactured and tested.  

Fig. 2 shows the schematic of the new device 
configuration. In contrast to the normal min-B ECRIS 
configuration, the plasma chamber is divided into two 
chambers by installing mesh electrodes and by installing 
an optional, second chamber (Fig. 3) which is also called 
processing chamber. Therefore we call this new device 
configuration the two-chamber configuration. The 
processing chamber is installed between the normal 
plasma chamber and the extraction box, and has 8 
vacuum ports to host several connections like wave-
guide, boat heater, substrate (plasma electrode) bias, 
substrate cooling, vacuum gauge, etc. In the gas injection 
side, a 2.45 GHz microwave can be introduced into the 
1st chamber via coaxial waveguide. Also a 10 GHz 
microwave can be introduced in this chamber. There are 
several gas sources such as a resistance heating oven for 
fullerenes evaporation and an induction heating oven for 
iron evaporation, and a gas inlet for N2, Ar, He, O2, etc. 
Thus, we can make several plasmas in the 1st chamber. In 
the extraction-side 2nd chamber, a 10 GHz microwave 
can be introduced using a rectangular waveguide (WR75). 
We note that this frequency combination (2.45 GHz in the 
1st chamber and 10 GHz in the 2nd chamber) was 
decided by some technical reasons and we do not consider 
them as the final solution. Later other frequencies are 
planned to be tested in both chambers.  

An evaporation boat for fullerene is also installed in the 
processing chamber. The mesh electrode between the 
chambers and the plasma electrode can individually be 
biased to any DC voltage. The plasma electrode 
(frequently called also as collector or substrate holder) 
has a hole in its center to allow in-situ beam extraction.  

Here let us explain the experimental procedure to 
produce the endohedral fullerenes using the two-chamber 
configuration. The gas ions to be encapsulated and the 
fullerene molecules or ions are generated in the 1st and 
the 2nd chambers, respectively. The injection of 
microwave into the second chamber and its power are  ___________________________________________  
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optional. Thus C60 particles with any q charge can be 
produced in this chamber where q can be 1 (positive 
fullerenes) or 0 (neutrals) or -1 (negative ions). 
Furthermore, partly damaged positive fullerene ions can 
also be produced as C58, C56, C54, etc. ions. The ions 
produced in the 1st chamber are extracted to the 2nd 
chamber through the mesh. This mesh actually is a double 
mesh. The one facing to the 1st chamber is grounded to 
the chamber and operates as many small plasma 

electrodes. The other mesh facing to the 2nd chamber is 
biased to some negative voltage and operates as many 
small puller electrodes. In the 2nd chamber vapor-phase 
ion-ion collision reaction can occur both in the plasma 
and on the surface of the collector plasma electrode. In 
the latter case ion implantation or ion beam deposition on 
the plasma electrode can be done. Thus, we expect that 
the endohedral fullerenes can be synthesized by ion-ion 
collision reaction or by ion implantation in the 2nd 
chamber. The ions in the 2nd chamber are in-situ 
extracted and analyzed. Also the ions of the synthesized 
materials can be collected by ion beam deposition and can 
be examined off-line using different materials analysis 
tools and methods. 

RESULT 
We checked the production of plasma in each chamber. 

The presence of the plasma was confirmed by extracting 
and analyzing the ions from each chamber. We measured 
the total extracted ion beam current in the straight 
beamline using a faraday cup FC1 (IFC1), and the ion 
beam current for each ion in the analyzed beamline using 
a faraday cup FC2 (IFC2). The extraction voltage 
throughout the whole experiment was 5.0 kV. 

First, we checked the plasma production in the 1st 
chamber using Ar gas. Ar gas was supplied from the gas 
inlet at 0.3 sccm. Then the gate valve of the injection-side 
turbo molecular pump was closed in order to increase the 
chamber pressure to get the highest possible intensity of 
singly charged Ar plasma and beam. The pressure at the 
injection-side (Pinj) is 6.2 × 10-2 Pa, and that at the 
extraction-side (Pext) is 9.1 × 10-4 Pa. The ion source was 
tuned for Ar+ beam. The ions were extracted through the 
second chamber as described. The mirror coil currents for 
both injection-side (Iinj) and extraction-side coils (Iext) 
were 100 A and 340 A, respectively (see Fig 4). As will 
be shown later, we used a very unusual and asymmetrical 
magnetic field distribution in order to get resonance zones 
in both chambers. The 2.45 GHz microwave power of 40 
W was fed (the forward power is 70W, and the reflected 
one is 30 W.). Without the bias voltages to the mesh and 
the plasma electrodes (Vmesh and Vplasma, respectively), we 
observed negative current on both electrodes (electron 
flow dominant). These currents on the two electrodes 
(Imesh and Iplasma) increased toward zero with increasing the 
negative bias voltages. The Imesh and Iplasma became zero at 
certain negative bias voltages. Then, we observed positive 
values of Imesh and Iplasma at higher negative bias voltages 
(ion flow dominant). However we must always consider 
the contribution of both electrons and ions. Finally, the 
optimized Vmesh and Vplasma were -1 and -40 V, 
respectively which resulted in a near zero (-0.6 mA) Imesh 
and 0.27 mA of Iplasma, respectively. The IFC1 is 12 μA. We 
could observe the IFC2 of 3.5 μA for Ar+, IFC2 of 0.15 μA 
for Ar++, and the ion currents due to the impurities such as 
H2O+, OH+, O+. If the ECRIS is optimized for the highest 
plasma electrode current then the axial magnetic field 
distribution changed (Iinj of 160 A, Iext of 130 A) and the 

 

Figure 1: Schematic of the normal Bio-Nano ECRIS with 
min-B configuration. 

Figure 2: Schematic of the two-chamber Bio-Nano 
ECRIS with the optimized axial magnetic field 
distribution. 

 

Figure 3: The second (processing) chamber before 
installation 
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resulted Iplasma was 0.7 mA. While this value is higher 
than the one optimized for FC1, is still not enough for 
macroscopic material collection. It means we need denser 
plasma in stage 1. 

 Second, we checked the Ar plasma production in the 
2nd chamber. First most conditions (mirror coil currents, 
gas flow rate, pressure, and two bias voltages) are set to 
the same values as the 1st chamber plasma. A 2.45GHz 
microwave was not fed in the first chamber. A 50 W 10 
GHz microwave power was fed in the 2nd chamber. 
However, the plasma could not be ignited in the 2nd 
chamber. This is because the magnetic configuration is 
not B-minimum type in the 2nd chamber and there is no 
radial confinement (no hexapole here). If there is plasma 
in the 1st chamber, the plasma was ignited in the 2nd 
chamber easily, provided if the magnetic field distribution 
is suitable for the ECR condition in the 2nd chamber. The 
optimized Iinj and Iext for plasma production in the 2nd 
chamber were 100 A and 340 A, respectively. This is a 
very unusual and asymmetrical magnetic field 
distribution. The high extraction peak however is 
necessary to get a resonance surface in the 2nd 
(processing) chamber. The resonance value of 10 GHz is 
0.35 Tesla. The low injection peak was necessary to get a 
resonance zone (or at least a resonance point) in the 1st 
chamber where the resonance value of the 2.45 GHz 
frequency is only 0.09 Tesla. The magnetic field 
distribution in Fig. 4 thus is a result of several 
compromises. After setting this special magnetic field 
distribution we generated Ar plasma in the 1st chamber 
using 2.45GHz, under the above-mentioned conditions. 
Then, the 50W 10GHz microwave power was fed in the 
2nd chamber. We observed the IFC1 of 10.8 μA. After that, 
the 2.45GHz microwave power could be turned off and 
we could still observe the extracted ion beam current. The 
IFC1 was 0.45 μA. This value is much smaller than that for 
the 1st chamber plasma. In order to increase the extracted 
beam current, we checked the effect of the 10GHz 
microwave power and the extraction-side mirror coil 
current. We could observe the increase of the IFC1 from 
0.45 μA to 0.86 μA by increasing the microwave power 
from 50 W to 100 W. Also we observed the increase of 
IFC1 from 0.86 μA to 40 μA by increasing the Iext from 340 

A to 447 A. The Iplasma meanwhile was also increased 
from 0.36 mA upto 19 mA! We could confirm that the 
magnetic system is very effective to obtain high extracted 
beam current from the 2nd chamber but, of course, 
strongly prevents ions from the 1st chamber.  

Finally, we tested the production of fullerene plasma in 
the 2nd chamber. We generated the plasma in the 2nd 
chamber using Ar mixing gas. Then we increased the 
evaporation boat current gradually. We used pure C60 
powder (99.5% purity, nanom purple SU, Frontier Carbon 
Corporation) as fullerene source. We could observe the  
IFC2 of 100 pA for C60

+ and the IFC1 of 0.4 μA with the 
boat current of 37 A. The source conditions are as 
follows: Ar gas flow rate of  0.338 sccm, the Pinj of 8.7 × 
10-2 Pa, the Pext of 1.4 × 10-3 Pa, the Iinj of 139 A, the Iext 
of 340 A, 10 GHz microwave power of 22 W, the Vmesh of 
-1 V, the Vplasma of -20 V. In order to increase the IFC2 for 
C60

+, we examined the effect of the 10GHz microwave 
power and the Iext. The IFC2 for C60

+ did not change with 
increasing the microwave power up to 40 W. We could 
observed the increase of the IFC2 for C60

+ from 100 pA to 
45 nA by increasing the Iext from 340 A to 400 A. 

SUMMARY 
The conclusions of the Ar-plasma and C60-evaporation 

experiments in the two-chamber Bio-Nano ECRIS are 
summarized. The first and most important result is that 
the two-chamber configuration ECRIS works in each 
tested modes. The 1st chamber only operation mode 
works as traditional B-minimum ECRIS. In the 2nd 
chamber operation mode only a not-closed ECR-surface 
exists and both gaseous and C60 plasmas and ion beams 
can be produced. In the two chambers together mode 
however the configuration is strongly limited by the 
requirements for the 2nd chamber. A strongly 
asymmetrical magnetic field distribution is necessary 
where the extraction peak is much higher than the 
injection peak. The next technical steps in the two-
chamber configuration experiments logically are the 
testing of other frequencies in the chambers. It can be the 
application of the same 10 GHz in both chambers or 
simply the exchange of the present two frequencies. 
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Abstract 
The objective of this study is to develop a desktop-sized 

system of element mass analysis (element analysis 
system) with a compact electron cyclotron resonance 
(ECR) ion source in the ionization section. This system is 
different from other element analysis systems in terms of 
the effective use of ionization by ECR plasma. A compact 
ECR ion source is required to fit in the desktop-sized 
element analysis system. This paper reports the 
development of the compact ECR ion source. 

INTRODUCTION 
An ECR ion source has been developed to meet the 

demands of users for accelerated heavy-ion beams with 
high intensity, highly charged ions, high stability, a small 
consumption rate of rare sample, and new ionic species 
production. The development of large ECR ion sources is 
underway at large-scale heavy-ion accelerator facilities. 
The application of ECR ion sources or ECR plasma to 
various areas, for example, the use of multicharged ions 
in the field of atomic physics, the ionization of fullerene 
[1] and charge state breeding [2], has yielded positive 
results. The basic mass analysis and ion detection 
technologies for general mass analysis systems have 
already been established. The ionization section in mass 
analysis devices, however, continues to undergo intense 
development because of the development of new 
ionization techniques. 

In 2007, we developed an ECR ion source for an 
element analysis system (ECRIS-MS) used for isotope 
ratio measurement [3]. This ECR ion source is, however, 
very large as compared to the ionization section of ICP-
MS systems typically used for element analysis. In the 
case of an element analysis system, its size, the ease of 
handling, etc., are important factors determining its 
applicability. Thermal ionization mass spectrometers (TI-
MSs) and surface ionization mass spectrometers (SIMSs) 
having both merits and demerits, the improvement is still 
given to ionize of a difficult sample now. We developed a 
small-sized ECR ion source for realizing a desktop-sized 
element mass analysis system. 

FUNDAMENTAL CONSIDERATIONS IN 
FABRICATION OF COMPACT ECRIS 

ECR plasma is nonequilibrium plasma; its ion 
temperature is low, although the electron temperature is 
high. It is advantageous to use ECR plasma sources in 
element analysis because the mass resolution is high 
when the ion temperature is low. No molecular ions are 
generated by the collision of radical ions, because 
ionization takes place in high vacuum, as compared to 
ionization by inductively coupled plasma. Further, 
numerous techniques have been developed to stably 
ionize gas and solid samples. In these techniques, it is 
necessary to maintain high vacuum in the plasma 
chamber. Therefore, the direct introduction of liquid 
samples is difficult. The directionality of development of 
the ECR ion source developed for the desktop-sized 
system differs significantly from the sources used in 
accelerators. A highly charged intense ion beam is not 
required, because the high-sensitivity channeltron 
detectors cannot receive intense ion beams. The charge 
number of the ions generated in the ECR plasma is 
optimized to 1+ and 2+. The stability of plasma is closely 
related to the accuracy of the measurement results. A 
confinement magnetic field has to be generated using 
permanent magnets if compact size and low-power 
consumption are the criteria for the source. A large 
magnetic field, however, cannot be generated with small 
permanent magnets. Therefore, the too high microwave 
frequency cannot be used significantly. In contrast, when 
an extremely low frequency is used, the miniaturization of 
the ECR ion source becomes difficult. Because the inside 
diameter of the magnet (i.e., plasma chamber diameter) 
cannot be small by the problem of the cutoff frequency. 
Fig. 1 shows plots of the diameter of circular waveguides 
(i.e., diameter of the plasma chamber) calculated from the 
lower cutoff frequency in the TE11 mode and the 
resonance magnetic field strength for microwave 
frequencies from 1 GHz to 32 GHz. It is necessary to 
miniaturize the mass analysis and detection sections.  

For a compact and high-performance system, a small-
sized quadrupole mass spectrometer or an ion-trap-type 
mass spectrometer is a promising candidate for the mass 
analysis and detection sections. In the case of time-of-
flight spectrometers, miniaturization is difficult. Because 
the size of system is increased with the use of pulsed 
power supplies for time-of-flight method. 
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Figure 1: Microwave frequency vs. lower diameter of 
circular waveguide in TE11 mode and resonance 
magnetic field strength. The solid line indicates the 
diameter and the dashed line indicates the magnetic field 
strength.  

FABRICATION OF PERMANENT 
MAGNET 

The permanent magnet for the compact ECR ion source 
was manufactured by Hitachi Metals, Ltd. Fig. 2 shows a 
photograph of this magnet. The main specifications of the 
permanent magnet are listed in Table 1. For a microwave 
frequency of 5.76 GHz, the lower limit diameter of the 
chamber calculated from the cutoff frequency is 30.5 mm.  

Table 1: Main Specifications of Magnet 

Mirror magnet 
Maximum field strength 
Injection side 
Extraction side 
Minimum field strength 

  

 
 
0.38 T 
0.33 T 
0.16 T 

Hexapole magnet 
Maximum field strength 

   
0.58 T 

Size 
Outer diameter 
Inner diameter 
Length 

   
100 mm 
45 mm 
150 mm 

Weight  7 kg 
 

Even if the cooling mechanism is installed outside the 
chamber because the inner diameter of the magnet is 45 
mm, the inner diameter is an enough size. Distributions of 
magnetic field strength in the axial and radial directions 
are shown in Fig. 3 and 4, respectively. A commercially 
available quadrupole mass spectrometer is selected for the 
mass analysis and ion detection sections. When this 
spectrometer is installed in the ECR ion source equipped 
with a magnet, it is necessary to consider the leakage 
magnetic field from the magnet. The distribution of 
magnetic field strength from the edge of the magnet to a 
distance of 150 mm in the axial direction is shown in 
Fig. 3.  

 

 
Figure 2: Photograph of permanent magnet for compact 
ECR ion source.  

The spectrometer is not significantly affected by the 
leakage magnetic field if it is about 200 mm from the 
edge of the magnet. A solid-state-type microwave 
amplifier operating at a frequency of 5.76 GHz with an 
output power of about 100 W was used. 

 
Figure 3: Distribution of mirror magnetic field strength. 
The region from 0 mm to 150 mm is inside the magnet.  

 

 
Figure 4: Distribution of magnetic field strength of 
hexapole magnet. The region from the center of the 
magnet to its inner surface is shown. 

The amplifier does not contain a signal generator, and 
its dimensions, including a cooling mechanism with a 
heat sink and a fan, are 300 × 200 × 200 mm. The 
transportation line for the ion beam from the extraction 
electrode to the quadrupole mass spectrometer consists of 
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an einzel lens and an XY deflector electrode. Fig. 5 shows 
photographs of the einzel lens and XY deflector electrode. 
The ions accelerated by an extraction voltage of about 
150 V are transported to the 1-mm-diameter injection 
hole of the quadrupole mass spectrometer. The entire 
system, including the abovementioned components, a 
vacuum pumping system, a control system, and the 
cooling system, is enclosed in a 100-L box. 
 

 
Figure 5: Photographs of extraction electrode and einzel 
lens (left) and XY deflector electrode (right). 

SUMMARY AND FUTURE STUDIES 
A desktop-sized element mass analysis system with a 

compact ECR ion source in the ionization section has 
been developed. The conditions for the compact ECR ion 
source to be installed in the desktop-sized element mass 
analysis system were determined, and the permanent 
magnet for the compact ECR ion source was fabricated 
considering these conditions. 

We plan to use this system for the high-sensitivity 
detection of contaminants (especially, metallic floating 
particles) in the atmosphere. Most mass analysis 
techniques involve sample preparation processes, the use 
of expendable supplies, and setting up of a sample holder 
etc. for the introduction of the sample. In contrast, the use 
of the ECR ion source simplifies the analysis by 
facilitating the direct sampling of air, generation of ECR 
plasma in air, and ionization of the elements in air. 
Therefore, this system is effective for the automatic long-
term monitoring of environmental conditions. The use of 
the ECR ion source is expected to expand the application 
range of desktop-sized element mass analysis system. 
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NEUTRALISATION OF ACCELERATED IONS AND DETECTION OF 

RESULTING NEUTRALS 

T. Peleikis
#
, L. Panitzsch, M. Stalder, IEAP, Kiel, Germany 

 

Abstract 
At the University of Kiel, the Department of 

Experimental and Applied Physics is running an ECR ion 

source in order to, amongst others, calibrate space 

instruments designed to measure solar wind properties 

and suprathermal particles. The ion source is able to 

produce medium to highly charged ions which are then 

accelerated by an electrostatic field up to 400keV per 

charge. In order to extend the particle spectrum from ions 

to neutral atoms we are planning to install a device for the 

beam particle neutralisation. It will be used to calibrate 

instruments which measure neutral particles. This device 

will be located downstream from the sector magnet and 

the acceleration-stage. The sector magnet separates the 

ions by their m/q ratio. This way the type and the energy 

of the ions can be determined before the neutralisation. 

Neutralisation can be achieved either by passing the ions 

through a thin carbon foil (thickness ~88nm) or through a 

gastarget (thickness ~6mm, pressure ~0.1mbar) where 

charge-exchange occur. The remaining ions behind the 

neutraliser will be suppressed by an electrostatic 

separator. Both methods will alter the beam properties 

and lead to a divergence in energy and an angular spread 

of the beam. Simulations regarding these effects will be 

discussed. The overall progress on this project will be 

presented.
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Abstract 
A new test bench has been installed at LPSC dedicated to 

2.45 GHz ECR Ion Sources characterization. Several 

magnetic structures have been tested around the same 

plasma cavity. For example, a current density of 

70 mA/cm2 has been measured with the MONO1000 

source lent by GANIL. An original ECRIS, named 

SPEED (for 'Source d'ions à aimants PErmanents et 

Extraction Dipôlaire'), presenting a dipolar magnetic field 

at the extraction is also presented. 
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IONIZATION EFFICIENCY OF A COMIC ION SOURCE EQUIPPED WITH 
A QUARTZ PLASMA CHAMBER 

P. Suominen, T. Stora, CERN, Geneva, Switzerland 
P. Sortais, J. Médard, LPSC, Grenoble, France

Abstract 
Increased ionization efficiencies of light noble gases 

and molecules are required for new physics experiments 
in present and future radioactive ion beam facilities. In 
order to improve these beams, a new COMIC-type ion 
source with fully quartz made plasma chamber was tested. 
The beam current stability is typically better than 1 % and 
beams are easily reproducible. The highest efficiency for 
xenon is about 15 %. However, the main goal is produce 
molecular beam including radioactive carbon (in CO or 
CO2), in which case the efficiency was measured to be 
only about 0.2 %. This paper describes the experimental 
prototype and its performance and provides ideas for 
future development. 

INTRODUCTION 
The ISOLDE facility at CERN produces a wide range 

of radioactive ion beams due to a long history on target 
and ion source development. Because the radioactive 
isotope production is very limited, the most important ion 
source parameters are high ionization efficiency, 
selectivity and reliable operation under intense radiation. 
Currently used ion sources (mainly laser (RILIS [1]) and 
arc discharge –type ion sources (VADIS [2])) do not 
efficiently ionize light noble gases, such as helium, and 
molecules, such as CO, CO2, N2 and NO. These beams 
were previously planned to be produced with 1+ ECR ion 
sources operating at 2.45 GHz (for example MINIMONO 
[3]). However, due to new and more efficient RF coupling 
of COMIC-type ion sources [4], we expect to advance in 
2.45 GHz ECRIS utilization for radioactive beam 
production.  

Q-COMIC 
The new COMIC source (Fig. 1) designed by 

LPSC/Grenoble incorporates special features such as a 
plasma chamber fully made of quartz (Q-COMIC), which 
should provide chemically favourable conditions for 
molecular ion beam production, especially for CO2. The 
beam is mainly formed between plasma (hole diameter 
3.1 mm) and intermediate electrodes, which have 1.5 – 3 
kV potential difference over 10 mm gap. The intermediate 
electrode is important in minimizing the effect of using 
different operation voltages to the beam formation and 
shape. Comprehensive emittance measurements will be 
performed in near future. Results are expected to be 
similar to those of standard COMIC [4]. 

 
Figure 1: Schematic of Q-COMIC. 

 
Figure 2: Q-COMIC setup and gas injection system 

The source is placed inside a standard ISOLDE target 
base (Fig. 2), in vacuum. Consequently, a water cooling 
system is necessary to protect the NdFeB -permanent 
magnets from overheating. In this prototype unit there is 
no target container (between 1 kA current feedthroughs, 
Fig. 2) and the gas of interest (simulating a radioactive 
gas from target) is injected through a calibrated leak of 
3.3E-6 mbarl/s (value corresponding air). The buffer gas 
is injected into the system by using a Pfeiffer EVR116 gas 
dosing valve operated by a RVC300 controller unit. Gas 
injection system calibration was verified with a calibrated 
helium leak detector.  

The microwave power generator is Kuhne Electronic 
GmbH “KU SG 2.45-30A” operating at 2.45 GHz and 
capable of injecting up to 30 W microwave power. The 
plasma ignites typically at the pressure level of about 5E-
5 mbar (at the extraction) when employing the full 
microwave power. However, at higher pressure of to 1E-2 
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HE2+ SOURCE BASED ON PENNING DISCHARGE WITH ADDITIONAL 

75 GHZ ECR HEATING 

I. Izotov
#
, A. Vodopyanov, S. Golubev, D. Mansfeld, 

 IAP/RAS, Nizhny Novgorod, Russia 

G. Yushkov, Institute of High Current Electronics, Tomsk, Russia 

 

Abstract 
 It  i s  well  known  that  one can reach high average 

charge of ions in the ECR plasma by increasing plasma 

density and decreasing neutral gas pressure. ECR 

discharge could be realized at very low gas pressure, but 

discharge breakdown takes longer time when gas pressure 

is low. So, it is impossible to realize ECR discharge with 

limited microwave heating pulse duration at gas pressure 

lower certain threshold value. This problem could be 

solved with help of trigger plasma, which should be 

ignited at low gas pressure in the trap with high magnetic 

field. This fore plasma could help to decrease ECR 

plasma breakdown time significantly and make it possible 

to realize ECR plasma at very low pressure in pulse 

operation regime. We suggest penning type discharge as a 

trigger discharge for fast breakdown of pulsed ECR 

plasma. Penning type discharge glows at as low pressure 

as needed. Discharge was realized in the simple mirror 

magnetic trap at pressure about 1E-5 mbar. Helium was 

used as an operating gas. Significant plasma density 

(about 1e11 cm-3) was obtained at the moment just before 

microwave heating pulse started. Gyrotron radiation with 

frequency of 75 GHz, microwave power up to 200 kW 

and pulse duration up to 1 ms, was used for plasma 

heating. In the present work the fully striped helium ions 

were demonstrated, average charge of ions in the plasma 

was equal 2. Temporal evolution of charge state 

distribution was investigated. Charge state distribution 

over helium pressure was also studied. 
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THE LIGHT ION GUIDE CB-ECRIS PROJECT AT THE TEXAS A&M 
UNIVERSITY CYCLOTRON INSTITUTE 

G. Tabacaru, D. P. May, Cyclotron Institute, Texas A&M University, College Station, 77843 TX, 
U.S.A. 

J. Ärje, JYFL, Jyväskylä, Finland

Abstract 
Texas A&M University is currently configuring a 

scheme for the production of radioactive-ion beams that 
incorporates a light-ion guide (LIG) coupled with an 
ECRIS constructed for charge-boosting (CB-ECRIS). 
This scheme is part of an upgrade to the Cyclotron 
Institute and is intended to produce radioactive beams 
suitable for injection into the K500 superconducting 
cyclotron. The principle of operation is the following: the 
primary beam interacts with a production target placed in 
the gas cell. A continuous flow of helium gas maintains a 
constant pressure of 500 mbar maximum in the cell. 
Recoils are thermalized in the helium buffer gas and 
ejected from the cell within the gas flow through a small 
exit hole. The positively charged recoil ions (1+) are 
guided into a 2.43 m long rf-only hexapole and will be 
transported in this manner on-axis into the CB-ECRIS 
(Charge Breeding – ECRIS). The CB-ECRIS will operate 
at 14.5 GHz and has been specially constructed by 
Scientific Solutions of San Diego, California for charge-
boosting [1]. An overall image of the entire project will be 
presented with details on different construction phases. 
Specific measurements and results will be presented as 
well as future developments. 

PROJECT OVERVIEW 
In 2005 the Cyclotron Institute at Texas A&M 

University initiated a facility upgrade project [2]. This 
project will extend the research capabilities as a stable 
beam facility with moderate rare beam capabilities. This 
will be achieved by re-activating the 88” Cyclotron to 
deliver high intensity light-particle and heavy-ion beams, 
to be used for production of rare isotopes for acceleration 
in the existing K500 Cyclotron. The plan is to produce 
radioactive species for re-acceleration by the existing 
K500 Cyclotron. The main items of the scientific program 
that drive this project are summarized as: nuclear 
astrophysics (the extension of the Asymptotic 
Normalization Coefficients method and study of the 
(3He,d) reactions), nuclear structure (study of the Giant 
Monopole Resonances and the cluster structure of the 
nuclei using the radioactive beams), fundamental 
interactions and nuclear thermodynamics 
(multifragmentation). We are expecting also to gain 
valuable experience in the development of radioactive ion 
sources and different methods of diagnosis for weak 
beams.  

The project is divided in three tasks: a) recommission 
the existing 88” Cyclotron and install new beam lines; b) 
construct light-ion and heavy-ion guides and produce and 

transport 1+ radioactive ions; c) charge boost radioactive 
ions, transport and accelerate in the K500 Cyclotron. 
Table 1 presents the new beams intended to be developed 
using the Light Ion Guide (LIG). 
Table 1: Projected beam intensities from the LIG after 
K500 re-acceleration. 

(p,n) reaction 
Product T1/2 

Max Energy 
[MeV/A] 

Intensity 
[particles/sec] 

27Si (4.16s) 57 5.4×103 

50Mn (0.28s) 45 2.1×104 
54Co (0.19s) 45 5.4×103 

64Ga (2.63m) 45 3.5×104 
92Tc (4.25m) 35 3.5×104 
106In (6.20m) 28 5.4×104 
108In (58.0m) 28 2.7×104 

110In (4.9h) 26 5.4×104 
 

PRODUCTION OF RADIOACTIVE IONS 
The Light-Ion Guide (LIG) will produce radioactive 

species mainly from (p,n) reactions. The beam (a proton 
beam around 30 MeV) interacts with a production target 
(e.g. 27Al) placed in a gas cell. In the gas cell helium gas 
is flowing continuously at constant pressure of 500 mbar 
maximum. The recoil ions (e.g. 27Si from 27Al(p,n)27Si) ) 
are trapped in the buffer gas and ejected at a 90° direction 
(with respect to the beam direction) through a small exit 
hole [3]. All ions created in the gas cell are collected and 
transported by a rf-only hexapole: a resonant structure 
similar to the RFQ in a residual gas analyzer. The large 
flow of helium gas is evacuated by a differential pumping 
system. The ions are then injected into a Charge Breeding 
ECRIS (CB-ECRIS) source which will ionize them to 
higher charge states. The radioactive species are injected 
into the K500 Cyclotron and re-accelerated. The primary 
beam (proton beam) will exit the gas cell and will be 
stopped in the beam dump.  Figure 1 shows an 
engineering drawing of the LIG coupled with the CB-
ECRIS. The main new feature of the device is the rf-only 
hexapole with a length of 2.43 m. Extensive calculations 
performed with SIMION [4] software confirm early 
theoretical approaches [5] where it was shown that all the 
particles entering the central region of the hexapole 
should have almost 100 % transport efficiency. The rf-
only hexapole is a non-selective device, meaning that all 
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ions, singly and possibly doubly charged, as well 
molecular ions, are transported with the same efficiency, 
independent of their mass-to-charge ratio.  

DEVELOPMENT OF THE LIGHT ION 
GUIDE 

At the Cyclotron Institute we developed, built and 
tested a prototype of the Light Ion Guide that will only 
suffer minor modifications for future operation.  The 
vacuum system consists of two large chambers and a 2 m 
long beam tube for connection to the CB-ECRIS. The 
chambers are pumped with ROOTS blowers (2000 m3/h 
and 1000 m3/h pumping speed) and the beam tube is 
pumped with a turbo molecular pump (520 l/s pumping 
speed). Two similar turbo pumps are coupled also at the 
injection and extraction side of CB-ECRIS. Figure 1 
indicates the helium pressures in the different sections of 
the device. 

Inside the first vacuum chamber, stands a semispherical 
gas cell (volume of about 50 cm3) with an exit orifice: 1 
and 2 mm in diameters were used. Between the cell exit 
and the inlet of the CB-ECRIS plasma chamber is a 2.43 
m long rf hexapole divided into three sections: two of 1 m 
and one of 0.43 m. The hexapole is made from 2 mm 
brass rods placed on a circle pattern with diameter of 6 
mm (equivalent with an interior diameter of the hexapole 
of 4 mm). 

The device was initially developed with ionized gas 
created by two high-voltage spark electrodes inside the 
gas cell. We were able to produce a few mA of current, 
mainly ionized helium and ionized impurities. The 
transported current (a few nA) was measured at the end of 
the rf hexapole on a Faraday cup. Figure 2 presents, as an 
example, a graph of the transported current at the end of 
the first 1 m long section rf hexapole as a function of the 
pressure inside the gas cell. The discharge voltage and 
current were 227 V and about 3.5 mA, respectively. The 
production of the ions via the spark method has 
drawbacks: the high voltage needed to ignite the spark 

accelerates the ions, and at the end of the rf hexapole the 
ions gain about 180 eV in energy. This energy is too high 
for the injection into the CB-ECRIS. 

In order to eliminate the described feature, and 
reproduce more closely the future on-line operation, we 
decided to use an open radioactive source (228Th) as the 
recoil-ion source. An effort to use a heated alkali source 
was unsatisfactory due to the fact that the continuous flow 
of helium in the gas cell prevents attaining the 
temperature where the alkali source will start releasing 
the products. Inside the gas cell the daughters from 228Th 
are released continuously and they are thermalized by the 
helium gas. In order to have maximum stopping 
efficiency of the radioactive products, a pressure of 30 
mbar of helium was used. The daughters are injected into 
the rf-only hexapole within helium flow by applying a 
small (approx. 10 - 50 V) acceleration (guiding) voltage 
between the cell exit and the hexapole inlet. The same 
voltage will control the injection energy of the recoil ions 
into the CB-ECRIS plasma chamber. In this preliminary 
experiment the recoil ions were transported to a collector 
plate (aluminized mylar), placed at the inlet of the CB-
ECRIS plasma chamber. The collector plate is backed by 
a silicon detector. The alpha particles coming from the 
products pass through the collector plate and are detected 
with the Silicon detector. The decay series of 228Th 
include 216Po with a half life of 145 ms. This is an 
excellent candidate to test our device: the half-life is short 
enough to provide a reasonable counting rate and is long 
enough to be charged boosted in the CB-ECRIS. The first 
tests, without CB-ECRIS plasma, were successful: we 
were able to measure about 50 alphas/sec coming from 
the 216Po. We measured also the energy of the 216Po ions, 
and found that the energy spread is only around 1 eV (see 
Figure 3). This extra energy will have to be taken into 
account for stopping the products in the plasma of the 
CB-ECRIS. The CB-ECRIS is now operational. A 
Sample of Oxygen spectrum is shown in Figure 4

228Th open source

ROOTS2: 1×10-2 to 7×10-3 mbar

TMP1: ~1×10-5 mbar

ROOTS1: 1×10-1 to 7×10-2 mbar

rf-only hexapole: 2.43 m

Plasma chamber: ~4×10-7 mbar

228Th open source

ROOTS2: 1×10-2 to 7×10-3 mbar

TMP1: ~1×10-5 mbar

ROOTS1: 1×10-1 to 7×10-2 mbar

rf-only hexapole: 2.43 m

Plasma chamber: ~4×10-7 mbar

 

Figure 1: Engineering drawing of the Light Ion Guide coupled with the CB-ECRIS. 
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Figure 2: Faraday Cup current (Ifc) vs. the pressure in the 
gas cell (Ptc).  
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Figure 3: The retarding bias is a measure of the energy 
of the ions. The radioactive products exhibit an energy 
of 20-25 eV approximately. The acceleration voltage 
was 24 V. 

FUTURE PLANS  
Much further development of this system is necessary 

before it can produce a usable beam of highly charged 
radioactive ions with high efficiency for further re-
acceleration in the K500 cyclotron. Two major directions 
should be followed to achieve the proposed efficiencies. 
The first is to find optimum parameters in the operation of 
the gas cell in conjunction with the rf-only hexapole. We 
need to determine the factors that will lead to high 
efficiency extraction of the radioactive products from the 
gas cell and high efficiency transport of the products to 
the CB-ECRIS. The second direction is to determine the 
ideal conditions for injection and extraction of the highly 
charged products from the CB-ECRIS with maximum 
efficiency. In pursuing these two directions the 
efficiencies of different sections of this system need to be 
measured along with finally the efficiency of the entire 
system. 

 

Figure 4: Oxygen spectrum (analyzed current vs. charge 
to mass ratio) for the CB-ECRIS. 
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Abstract 
Building a strong radial magnetic field with a 

permanent sextupole magnet for an ECRIS is extremely 
challenging so that the conventional wisdom recommends 
a small but not optimal plasma chamber that is typically 
of ID less or equal to 80 mm. A new 18 GHz RT ECRIS, 
DRAGON, with a large bore permanent sextupole has 
been designed and is under construction at IMP. Its 
plasma chamber is of ID 126 mm, the same as that of the 
superconducting ion source SECRAL, with maximum 
radial field strength reaching 1.5 T at the plasma chamber 
wall. The overall magnetic strengths of DRAGON, with 
maximum axial fields of 2.7 T at the injection and 1.3 T 
at the extraction, are very similar to those of SECRAL 
operating at 18 GHz and hopefully its performance. The 
source solenoid magnets are cooled by medium 
evaporation at about 50 °C. In addition, the source is 
thickly insulated for beam extraction at 50 kV and higher 
voltage up to 100 kV can be explored. This article will 
present the design details and discussions of this new ion 
source.

INTRODUCTION 
In recent years ECRIS has made tremendous progress 

with the continuing increase of magnetic field and higher 
operating frequency in which the fully superconducting 
(SC) ECRIS takes the leading roll, while the great 
contribution from the Hybrid ECRIS remains to be 
realized. A room temperature (RT) ECRIS has the 
advantages of easy operation and lower cost in 
comparison to a SC ECRIS but with lower performance. 
Because of the filed strength and ac power consumption 
restraints, there are essentially no new improvements on 
the RT ECRIS since the great success of the GTS [1]. 
However, there are still possible rooms to further enhance 
the RT ECRIS’ performance for cost effective 
applications that do not require super performance.  

An RT ECRIS consists of a set of water cooled resistive 
solenoids and a permanent sextupole magnet. The 
resistive solenoids are typically made of hollow-
conductor cooled by de-ionized pressurized-water. As the 
field strengths keep increasing for better source 
performance, building a strong radial magnetic field with 

a permanent sextupole magnet is extremely challenging. 
So far all the permanent sextupoles are built with a small 
plasma chamber of ID less or equal to 80 mm to reach a 
strong radial field of ~1.2 to 2 T without/with iron tips 
[2]. These small plasma chambers are not optimal as 
evidenced by the larger chambers of the SC ECRISs at 
about the same field profiles. An embodiment is the 
IMP’s SC ECRIS, SECRAL, which has demonstrated 
great performance [3] while operating at 18 GHz with 
axial field maxima of 2.5 T on the injection and 1.3 T at 
the extraction regions and a radial field of 1.4 T at the 
plasma chamber wall of ID 126 mm. If an RT ECRIS can 
duplicate these magnetic fields with the same large 
plasma chamber and can produce about the same 
performance, it would definitely be a good improvement 
on RT ECRIS that comes with much lower cost and easier 
source operation. 

In this article, we will present and discuss the design 
features of DRAGON, the new 18 GHz RT ECRIS being 
constructed at IMP, Lanzhou, China. 

THE NEW 18 GHZ RT ECRIS WITH A 
LARGE PLASMA CHAMBER  

Figure 1 shows the overall features of DRAGON. 
Figure 2 shows the axial field profile that reaches 2.7 T at 
the injection with an iron plug field booster and 1.3 T at 
the extraction. Figure 3 shows the calculated radial field 
at the plasma chamber of ID of 126 mm reaches 1.4 T and 
1.5 T if six small iron tips are embedded in the plasma 
chamber cooling channels. Shown in Figure 4 is a cross-
section view of the sextupole magnet with a simple easy-
axis rotation. DRAGON’s plasma chamber volume is 
about 6 litters, about 15% larger than the SECRAL for a 
slightly larger ECR volume. The maximum source 
magnet power consumption is about 400 kW. This new 
RT ECRIS has a few new features in comparison to the 
existing RT ECRISs:  

Large Bore Sextupole 
Most of the high-field RT ECRISs use a Halbach-

sextupole [4] of small bore that is typically made of M 
equal-size sections with the easy-axis rotating 8π/M from 
section to the next. Such an easy-axis rotation poses a risk 
of regional de-magnetization when the field approaching 
certain strength [5]. In addition the fabrication of such a 
Halbach-sextupole requires very complex and delicate 
magnet-block cutting and assembling.  
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Figure 1: An elevation schematic view of DRAGON. No mechanical pumping at the injection side for simplicity but it 
may be added in the future. The evaporative cooling condenser and its related pipes are not in scale. 

Though the Halbach-sextupole yields the highest field 
strength, a simplified large-bore non-Halbach-sextupole 
with about 2% lower field strength and easier fabrication, 
is being built for DRAGON. This large bore sextupole 
consists of six sectors and each sector is made of many 
simply-shaped magnet blocks with simple easy-axis 
rotation to essentially eliminate the regional de-
magnetizations from the adjacent permanent magnet 
blocks. The DRAGON sextupole bore is of ID 134.5 mm 
that is large enough to support a stainless steel water-
cooled plasma chamber of ID 126 mm, the same size as in 
SECRAL. This sextupole are made of N50M permanent 
magnets with an OD of 320 mm and a length of 526 mm.    

Evaporative Medium Cooled Solenoids 
A new cooling method, evaporative medium cooling at 

atmosphere pressure and at about 50 °C, may safely and 
cost effectively increase the coil excitation current density 
is explored in DRAGON. Typically the RT magnets are 
cooled with de-ionized pressured-water and it is very 
costly if the excitation current density reaching above 10 
A/mm2 and magnet power approaching a few hundreds 
kW. A proprietary evaporative cooling medium [6], 
developed by the Institute of Electric Engineering, CAS, 
has a few advantages over the conventional de-ionized 
pressured-water cooling. The DRAGON magnet coils are 
wound with solid copper conductors, instead of the 
normal hollow copper conductors, with adequate cooling 

channels. Just like the case of LHe cooling the 
superconducting magnets, the RT magnets are submerged 
in the cooling medium at atmosphere pressure without 
any pressure-resistant pipes/tubes and pressure-caused 
leaks. The high latent-heat-medium evaporates at about 
50 °C and efficiently carries away the heat from the 
magnets. The maximum excitation current density for 
DRAGON is about 13 A/mm2 and the magnet power 
reaches ~ 400 kW for the production of the maximum 
axial fields.  

0 200 400 600 800 1000
0

1

2

3

4

 
 

1.38T

0.53T

A
xi

al
 m

ag
ne

tic
 f

ie
ld

 (
T

)

Z (mm)

2.8T

 
Figure 2: The axial field profile of DRAGON. With an 
iron plug field booster the maximum axial field reaches 
2.7 T at the surface of the bias probe in the injection. 
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Higher Voltage Beam Extraction 
So far the routine maximum ion-beam-extraction from 

the high-charge-state ECRISs is about 30 kV for the 
accelerators. However, there are applications where 
higher beam voltage is required and a practical solution is 
installing the ECRIS on a high-voltage (HV) platform. 
However a HV platform comes with many unfavourable 
consequences, such as higher cost and very inconvenient 
operations. Higher voltage ion beam extraction from 
ECRIS could eliminate or reduce the voltage requirement 
of an HV platform thus to lower the system cost with 
easier operations. As a study, DRAGON is thickly 
insulated with 10 mm thick materials so that higher 
voltage beam extraction can be explored. The goal is to 
achieve routine 50 kV beam extraction and hopefully to 
explore beam extraction up to 100 kV with a four-
electrode (accel-accel-decel) beam extraction mechanism 
for better beam transport.  
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Figure 3: The DRAGON radial field reaches 1.4 and 1.5 T 
(red line), with six small iron tips embedded in the 
chamber cooling channels, at the plasma chamber inner 
surface of ID 126 mm. 
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Figure 4: A cross-section view of the DRAGON’s 
sextupole and its easy-axis orientation. There are six 
10x2.5 mm2 small iron tips embedded in the cooling 
channels to boost the field strength by about 0.1 T and the 
blue hatched regions are the iron clamping teeth.  

DISCUSSIONS 
As presented above, the overall parameters of 

DRAGON are very close to those of SECRAL operating 
at 18 GHz and the GTS as listed in Table 1. So it is 
reasonably to expect that DRAGON should be able to 
perform well at least compatible with the GTS. DRAGON 
can also operate at 14 GHz alone or double-frequency 
(14+18 GHz) heating with maximum wave power of 
about 3.5 kW of any one of the three operation modes. 
DRAGON is the first high-charge-state RT ECRIS that 
has been built with a plasma chamber of ID more than 
100 mm. Its plasma chamber volume is 6 Litters that is 
quadrupled in comparison to GTS. This large difference 
could clearly evidence the effects of a large chamber to 
the ECRIS performance once DRAGON is being 
commissioned in about two years.  

There is no mechanical pumping, at least in the early 
development, in the injection side of DRAGON for 
simplicity. Without the injection mechanical pumping, 
DRAGON may not be able to produce the highly-charged 
ion beams as SECRAL does, but hopefully compatible 
intense multiply-charged heavy ion beams, such as Xe27+, 
Bi32+ and U33+. In addition, the higher voltage beam 
extraction will help the heavy beam transport and decent 
beam intensities should be expected. 

 

Table 1: Main Parameters of DRAGON, GTS and 
SECRAL operating at18 GHz 

 DRAGON GTS SECRAL 

Operating 
Frequency (GHz) 14. – 18 14 - 18 18 

Resonance 
Length (mm) 

14 GHz: 120  
18 GHz: 135 

14 GHz:  95 
18 GHz: 145 105 

Plasma Chamber 
(mm) 

L: 480   
φ: 126 

L: 300   
φ: 80 

L: 420 
φ: 126 

Max. Axial 
Injection field (T) 2.7 2.5 2.5 

Max. Chamber 
Radial field (T) 1.5 1.2 1.4 
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Abstract 
The sources adapted to beam production for high power 

proton accelerators must obey to the request of high 
brightness, stability and reliability. The Versatile Ion 
Source (VIS) is based on permanent magnets to produce 
an off-resonance microwave discharge (the maximum 
field value on the chamber axis is around 0.1 T). It 
operates up to 75 kV without a bulky high voltage 
platform, producing several tens of mA of proton beams 
and monocharged ions. The microwave injection system 
and the extraction electrodes geometry have been 
designed in order to optimize the beam brightness. 
Moreover, the VIS source ensures long time operations 
without maintenance and high reliability. A description of 
the main components and of the source performances is 
given in the following. A brief summary of the possible 
next developments is also presented, particularly for 
pulsed mode operations, that are relevant for some future 
projects (e.g. the European Spallation Source of Lund). 

I TRODUCTIO  
The layout of the VIS source is reported in figure 1. 

The source body consists of a water-cooled copper plasma 
chamber (100 mm long and 90 mm diameter) surrounded 
by permanent magnets [1]. The plasma chamber is 
coupled with a 2.45 GHz magnetron through a microwave 
line that has been deeply studied with tools for high 
frequency structures simulations in order to optimize the 
impedance match, to maximize the electric field in the 
plasma chamber and to reduce the microwave losses in 
the 80 kV DC-break. [2,3].The magnetic system is 
composed by three NdFeB rings permanent magnets; the 
stainless steel separation rings and inner and outer iron 
components has been adapted to the production of an 
almost flat magnetic field profile along the whole plasma 
chamber. Moreover, the magnetic field quickly falls in the 
extraction region along the axis and off axis as for other 
sources [4], thus minimizing the stray field effect on the 
extracted beam as well as the Penning discharges in the 
first gap. The ionic component of the plasma produced in 
the chamber is then extracted by means of a four 
electrodes extraction system. It consists of a plasma 
electrode made of molybdenum at 65 kV voltage, two 
water cooled grounded electrodes and a 3.5 kV negatively 
biased screening electrode inserted between them to stop 
the secondary electrons due to residual gas ionization, 

backstreaming to the extraction area. The VIS extraction 
has been optimized to work around 40 mA and a 
theoretical value of 0.07 π mm mrad normalized 
emittance has been calculated, i.e. fulfilling the 
requirement of high brightness. The low energy beam 
transport line (LEBT) allows the beam analysis and it 
consists of a focusing solenoid, a four-sector diaphragm 
to measure the beam misalignments, a Direct-Current 
Current Transformer (DCCT), a 30° bending magnet and 
an insulated beam stop to measure the beam current. 
author should submit the PostScript and all of the source 
files (text and figures), to enable the paper to be 
reconstructed if there are processing difficulties. 

The emittance has been measured by means of an 
emittance measurement unit (EMU) provided by the 
CEA/Saclay SILHI group described in detail in ref[5]. 
The EMU was not originally considered in the design of 
the LEBT of VIS, but with minor beam line changes it has 
been easily installed. 

 
 Figure 1: The VIS Source  with the Emittance Measurement

 unit.  

EMITTA CE MEASUREME TS 
The emittance measurements have been carried out for 

different positions of the permanent magnets to check the 
role of the fine magnetic field tuning on the beam. For 
each position (see fig.2) we investigated the emittance 
variation by changing the puller voltage, the microwave 
power and the gas pressure. 

For the different operational parameters, the beam 
current ranges from 30 to 50 mA for an extraction voltage 
of 60 kV and an extraction aperture of 8 mm.  

 

 ___________________________________________  
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Figure 2: A cross section of the VIS body source: the 
permanent magnets assembly has been moved towards the 
injection side. 

 
The figure 3 shows the comparison of the beam current 

for different magnetic settings and microwave power 
ranging from 600 to 1200 W.  

Similar results have been observed for lower pressures 
but the peaks observed in the configurations 2÷4 mm are 
less pronounced. 

An example of emittance measurements when the 
permanent magnets have been shifted toward the injection 
side of 8 mm is shown in figure 4.  

Figure 5 shows the proton fraction against the 
microwave power measured when the permanent magnet 
are in the 4 mm configuration. It can be observed a value 
increasing continuously with the microwave power from 
76 to 89 %. Moreover, by changing the permanent magnet 
position in step of two millimeters (i.e by slightly varying 
the magnetic induction on the extraction and injection 
sides) the proton fraction measured was always higher 
than 80 % for a RF power ranging from 0.4 to 1 kW.  

In figure 6 the measurements carried out for different 
values of gas pressure are plotted with the permanent 
magnets in the 4 mm configuration. It can be observed 
that the beam divergence has the lowest values when the 
pressure (measured with a gauge mounted on the ground 
flange of the extraction column) is about 2.5•10-5 mbar. 
Different values of extraction voltage have been used 
ranging from 55 to 65 kV: even at 55 kV the beam 
emittance was approximately 0.1 π mm mrad at 400 W. 

During the tests we decided to not use the gas injection 
in the beam line to increase the space charge 
compensation, as observed for TRIPS [6], because the 
emittance values were already satisfactory at these current 
levels.  

Figure 7 shows one of the worst emittance plot 
(εN=0.174 π mm mrad at 900 W) which presents the 
typical shape due to the solenoidal field aberrations. 
These asymmetries in the emittance have been observed 
mostly for large power. 

  Figure 3: Total beam current vs. permanent magnets 
position for Psource=2.3·10-5 mbar and Vext=60 kV. 

 

 
 
Figure 4: Beam emittance measurements     
(Psource=2.3•10-5 mbar, I=42 mA, εN=0.143 π mm mrad, 
Prf = 1000 W and Vext=60 kV). 

 

 
Figure 5: Proton fraction and extracted beam current vs 
microwave power for Psource=1.5•10-5 mbar. 
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Figure 6: Variation of beam emittance at 60 kV for 
different pressure values (top). Extracted current at 60 kV 
for different pressure values (bottom). 

 

 
 

Figure 7: Proton beam emittance measured 
(Psource=2.3•10-5 mbar, I=42 mA, εN=0.174 π mm mrad, 
Prf = 900 W). 

PERSPECTIVES 
The VIS source will be used in the next two years as a 

testbench for new techniques to improve the beam 
brightness, ranging from the use of different methods to 
couple the microwave power to the plasma, to the use of 
electron donors and of different methods to neutralize the 
space charge. A different scheme of plasma excitation will 
be also tried, according to the R&D developed at INFN-
LNS in the frame of the NTA-HELIOS experiment. A 
particular emphasis will be given to the operations in 
pulsed mode, with the 4% duty cycle needed for the 
project of the Linac for the European Spallation Source 
(ESS) at Lund, Sweden, and to the limitation of the 
emittance growth which may occur in the LEBT. 

 
Table 1: Main requirements of the beam for ESS.  

Input ominal  Upgrade 

Average beam power 5.0 MW 7.5 MW  

Macro-pulse length 2.0 ms 2.0 ms 

Pulse repetition rate 20 Hz 20 Hz  

Proton kinetic energy 2.5 GeV 2.5 GeV 

Peak coupler power 1.0 MW 1.0 MW 

Beam loss rate <1.0 W/m <1.0 W/m 

Output  ominal Upgrade 

Duty factor 0.04 0.04 

Average pulse current 50 mA 75 mA 

Ion source current 60 mA 90 mA 

Total linac length 418 m 418 m 
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MONOBOB II : LATEST RESULTS OF MONOCHARGED IONS SOURCE 
FOR SPIRAL2 PROJECT 

M. Dubois, P. Jardin, O. Bajeat, C. Barue, C. Canet, M. Dupuis, J.L. Flambard, R. Frigot, C. Leboucher, 
N.Lecesne, P. Lecomte, P. Leherissier, F. Lemagnen, L. Maunoury, B. Osmond, J.Y. Pacquet, A. Pichard 

 GANIL, bd Henri Becquerel, BP 55027, F-14076 Caen cedex 05, France  

Abstract 
Among the sources which can be installed in the 

radioactive ion production module of SPIRAL II, a 
singly-charged ECRIS has been chosen to produce ions 
from gaseous elements. Its characterization is under way 
on a test bench at GANIL. Extraction, transport and 
response time results are presented. 

INTRODUCTION 
In the frame of the SPIRAL II project [1] (Système de 

Production d’Ions Radioactifs Accélérés en Ligne phase 
II), four techniques of ion source (IS) have been chosen to 
cover a large range of radioactive ions, i.e. FEBIAD and 
LASER [2] IS’s for condensable elements, surface IS [3] 
for alkalis, and ECRIS [4] for gaseous elements. These 
sources can be installed in a vacuum chamber named 
“production module” which contains mainly the 
radioactive element production target and the IS. To limit 
the transient time of the atom from the target to the IS, the 
source is installed very close to the target. In this hostile 
environment, a standard ECRIS including permanent 
magnets and non mineral insulators cannot withstand the 
radiation dose more than few days, what must be 
compared to the three months of continuous operation 
expected. Then the techniques and materials available to 
design the sources are limited and only singly-charged IS 
can be built. To reach the charge states required by the 
post accelerator CIME [5] the delivered beams are then 
injected in a charge-booster [6]. 

The most interesting isotopes are the shortest lived 
ones; unfortunately, their production yields in the target 
decreases with their half-lives, and their losses tends to 
increase during the atom-to-ion transformation process as 
their half-lives decrease. The efficiency of each step of 
the process, diffusion of the isotopes out of the target, 
effusion up to the IS, ionization and transport must then 
be as high as possible to make the most of the isotopes 
produced in the target. By difference with stable elements, 
the process must also be as fast as possible to limit the 
losses by radioactive decay. 

In this paper, we report the measurements of the beam 
transport from the exit of the ECRIS up to the Faraday 
cup situated after a magnetic mass spectrometer, the 
emittance measurement and the measurement of the atom-
to-ion transformation time in the ECRIS. 

DESCRIPTION OF THE SETUP 
For gases, the production module includes a carbon 

converter, a uranium carbide target with its oven, a 
transfer tube and an ECRIS (Fig. 1). A primary beam of 
deuterons impinges the carbon of a wheel in front of the 

UC target, producing a flux of neutrons which induces the 
fission of the uranium. As the target is maintained at 
2000°C, the fission fragments diffuse out of target 
material, effuse up to the ECRIS via the transfer tube and 
are ionized in a time and with an efficiency depending on 
the tuning of the source and of the element. 
 

Figure 1 : Production module 
 

The ions leave the IS trough the hole of the plasma 
electrode (7 mm in diameter) placed in front of the 
extraction electrode (14 mm in diameter, and with a 
tuneable position). The potential difference was 
maintained at 15 kV. After acceleration, the beam passes 
through an Einzel lens (with tuneable position), a 
magnetic mass analyser, an emittance meter (removable), 
before reaching a Faraday cup.  

For safety reasons, in the frame of SPIRAL II 
operation, the TISS will be installed in a vacuum chamber 
where the pressure must be lower than 10-5 mbar after 
outgassing. During the present tests, the vacuum chamber 
reproduces these vacuum conditions, but the UC pills 
were replaced by carbon pills. 

Two fast valves were installed on the TISS: one at the 
opposite of the plasma electrode hole to measure the 
response time of the source, and one on the target 
container, at the opposite of the aperture towards the IS to 
measure the contribution of the target to the response time 
of the TISS. 

Fast valves were fed with a mixture of He, Ne, Ar, Kr, 
and Xe. Support gas was N2, 02 being forbidden in case of 
carbon target at high temperature (max 1500°C). 

TRANSPORT OPTIMISATION 
The optimal distance between the extraction and 

plasma electrodes has been found equal to 31 mm. The 
transport of the beam from the exit of the ECRIS up to the 
Faraday cup has been estimated by comparing the total 
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current of the peaks present on the spectrum and the total 
current delivered by the ECRIS. The position of the lens 
and of its voltage were tuned to maximize the current of 
the N2

+ beam in the Faraday cup, as this ion beam is the 
most abundant and then mainly govern the value of the 
transport (Fig. 2).  

 

Figure 2: typical spectrum of the source after mass 
spectrometer after outgassing. 

 

The total current delivered by the source was 
maintained between 640 µA and 810 µA, what is close to 
the maximum of this source. Once a transport close to 
100% has been obtained, the emittance has been 
measured for Ar+ (Fig. 3) and N2

+ beams. More than 85% 
of the beam is included in an ellipse of 80 π.mm.mrad, 
which corresponds to the acceptance of the low energy 
beam line.  

Figure 3: Emittance of the 40Ar+ beam for a total 
current extracted from the source of 735 µA. The 
ellipse corresponds to the geometrical acceptance of 
the low energy beam line (80 π.mm.mrad).  

 

This result should be improved by increasing the 
magnetic field of the ECRIS in the extraction region. 
During the tests, this magnetic field was not optimum 
owing to a limitation of the power supplies, and will be 
improved during the next tests. The emittance of the 
ECRIS being considered as the most important among the 
IS chosen, all the beams extracted from these ISs should 
be easily transported in a 80 π.mm.mrad beam line. 

RESPONSE TIME 
The source was fed with N2 and ~50 W of RF power 

(less than 5 W of reflected power) to reach a total current 
between 640 µA and 810 µA at the exit of the source. Gas 
pulses of ~1.4 ms long were injected in the source, 
containing natural He, Ne, Ar, Kr and 129Xe (Fig.4). The 
magnitude of the electrical pulses controlling the aperture 
of the valve was tuned to limit the perturbation to value 
lower than 5 µA induced on the plasma and thus on the 
total current. The ion beam of interest was selected with 
the spectrometer and the shape of the ion pulses was 
recorded on the Faraday cup. The intensities of the ion 
pulses being of the order of 10 nA, several pulses were 
added to increase the statistic. To reject the 50 Hz noise, 
the repetition period of the pulses was different from a 
multiple of 20 ms. 

Figure 4 : Set up scheme 
 

During the following measurements, the temperature of 
the target was equal to 1000 K. Owing to two half discs 
placed in the transfer tube, the target and the ECR plasma 
were  not in direct regard. This TISS being dedicated to 
the production of isotopes of noble gases, this chicane 
stops the direct effusion of condensable element from the 
target to the source. 

 

Figure 5: Time responses (s) of the TISS for He, Ne, 
Ar, Kr and Xe injected through the target. The target 
was the largest one, including 19 cylinders of 80 
carbon pills each.  

 

We recorded the response time of the atom-to-ion 
transformation for different gases in the same working 
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conditions of the source, as gases were simultaneously 
injected (Fig. 5). The response time increases with the 
mass of the gas.  

This effect is mainly attributed to the effusion of the 
atom in the whole cavity of the TISS, and should then 
depend on the square root of the mass of the element 
considered 

If the time scale of each response is compressed 
according to the ratio ඥܯு௘ ⁄௑ܯ  (where MX corresponds 
to the mass of the gas X and MHe is the mass of He), the 
different responses should be identical if only effusion 
governed the time responses.  In fact, within this 
compressed scale representation, the time response 
decreases with the mass of the element (Fig. 6).  

 

Figure 6: time responses of the TISS after time scale 
transformation. Injection has by the target (VP target). 
To understand it, measurements were performed with 

injection of gas directly in the source (VP source). After 
time scale transformation (Fig.7), the result show is due to 
the first ionization potential which decreases with the 
mass and leads to ionization rates higher for heavier 
elements. In case of radioactive isotopes, this observation 
is of first interest since the global atom-to-ion 
transformation process of heavier elements will be 
shortened by ionization efficiency, increasing the ion 
production rate.  

The contribution of this effect to the reduction of the 
global response time is relatively small (some tens or 
hundreds of ms) compared to the effusion time of the 
isotopes out of the target labyrinth (Fig. 5). But in case of 
short lived isotopes, the size of the target could be 
reduced to limit the inner-target effusion time. 

TECHNICAL FEEDBACK 
The TISS has been designed to withstand the dose 

around the UC target. Materials are only non-magnetic 
metals and mineral insulators. The TISS being installed 
under vacuum, the mechanical precision between the 
parts is sufficient to insure the tightness. 

After several weeks of operation with a carbon target in 
its vicinity, the ECRIS still works but the total operation 
time has not been precisely measured. A layer of carbon 

appears on the wall of the plasma chamber but its 
thickness must be very low since the color of the wall 
metal is still visible. The carbon deposition is an 
important concern especially for RF window: if covered 
by carbon, the RF power will be reflected, and the 
window will be destroyed by temperature increase. 

Figure 7: Time responses of the source for He, Ne, Ar, 
Kr and Xe in the same plasma conditions, after time 
scale transformation. Injection of gas in the source (VP 
source). 
The carbon in the ECRIS comes from the target and its 

oven, which includes several parts in graphite. When the 
target is at high temperature, the carbon reacts with 
oxygen coming from the outgassing and is transported up 
to the source as CO or CO2 molecules, which are present 
in the source spectrum (Fig. 2, right part). 

When the outgassing is less important, the presence of 
oxygen decreases and the carbon disappears from the 
spectrum. The system has then to be well outgassed 
before operation to avoid carbon concerns. 
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THE DESIGN OF 28 GHZ ECR ION SOURCE FOR THE COMPACT 

LINEAR ACCELERATOR IN KOREA 

B. S. Lee
#
, M. Won, Korea Basic Science Institute, Busan, Republic of Korea 

 

Abstract 
The construction of a compact linear accelerator is in 

progress by Korea Basic Science Institute. The main 

capability of this facility is the production of multiply 

ionized metal clusters and the generation more intense 

beams of highly charged ions for material, medical and 

nuclear physical research. To produce the intense beam of 

highly charged ions, we will construct an Electron 

Cyclotron Resonance Ion Source (ECRIS) using 28 GHz 

micrewaves. For this ECRIS, The design of a 

superconducting magnet, microwave inlet, beam 

extraction and plasma chamber was completed. Also we 

are constructing a superconducing magnet system. In this 

presentation, we will report the current status of 

development of our 28GHz ECRIS. 
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THE DESIGN STUDY OF SUPERCONDUCTING MAGNET SYSTEM FOR 
AN ADVANCED ECR ION SOURCE* 

M. Won#, B. S. Lee, Korea Basic Science Institute, Busan, Republic of Korea 

 
Abstract 
The Korea Basic Science Institute is developing a 
superconducting magnet system for 28 GHz Electron 
Cyclotron Resonance Ion Source (ECRIS). We are 
investigating in order to realize compact size, economic 
operation and generation of high current beam. Although 
companies and researchers have valuable experience, skill 
and ability in designing of superconducting magnet for 

ECRIS, they did not exactly proposed a excellent 
superconducting magnet system for ECRIS because many 
superconducting magnets were not required. Of course 
they do if we required many magnets for the various 
applications of ECRIS. In this presentation, we have filed 
reports of former researcher and we have discussed the 
realization of ECRIS over 35 GHz. 
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*Work was supported by KBSI grant D30300 
# mswon@kbsi.re.kr 

MOPOT015 Proceedings of ECRIS2010, Grenoble, France

68 01 New ECRIS Development



A LOW POWER SURVEY OF RADIAL-OFFSET AXIAL SPUTTERING 
AND HIGH INTENSITY URANIUM PRODUCTION FROM AXIAL 

SPUTTERING IN SUSI* 

D. Cole, G. Machicoane, T. Ropponen, L. Sun, and L. Tobos, National Superconducting 
Cyclotron Laboratory, Michigan State University, East Lansing, MI 48824, USA. 

Abstract 
Results of a low power survey of axial sputtering, to 

test sputtering efficiency at incremental radial offsets 
from on axis position, is reported. Also, prototype axial 
sputtering hardware has been tested in the SuSI ion source 
and the uranium ion production results is discussed. 

INTRODUCTION 
The National Superconducting Cyclotron Laboratory 

(NSCL) depends on each of its ECR ion sources for 
production of all required primary beams found on the 
Coupled Cyclotron Facility user beam list. A schedule of 
beam development for the SuSI ECRIS [1], supporting 
the NSCL experimental program since Fall 2009, is 
ongoing. Parallel efforts toward development of Uranium 
beams from SuSI are being pursued at this time. The 
process of producing uranium beams from axial 
sputtering has been investigated and is being developed.  

The SuSI plasma chamber injection baffle is 100mm in 
diameter and therefore has limited area for installation of 
RF waveguides, gas port, biased disk, and RF inductive 
oven or resistive oven assemblies. The need to install a 
sputter target, for possible uranium beam development, on 
an already congested surface led to the question of where 
a sputter target must be located. Intuitively, the sputter 
surface would seem to be best on the plasma chamber 
axis, but the possibility of sputtering at positions radially 
offset from the axis and the relative sputter efficiency at 
such positions was unknown.  

In December of 2009 a simple survey of relative sputter 
efficiency of radially off-axis sputter target positions and 
at increasing axial insertion toward the plasma was done. 
Based on the results, a prototype on axis sputter assembly 
was built, tested and is presented in this paper. 

LOW POWER SURVEY OF SPUTTER 
TARGET POSITION 

In December of 2009 a survey of radial offset 
sputtering was performed, The survey was done at very 
low RF power (500W) due to the sample not being cooled 
and the risk of X-ray damage to the plasma chamber 
insulation, which had not at that time been upgraded to 
tantalum shielding and PEEK insulation [2]. Considering 
the uranium target geometry, sputtering on the side of a 
cylindrical surface, was expected to be very inefficient. 
The sputter target was swept through an arc into the radial 
loss line and finally to the on axis position (see Fig. 1). 

 Measurements of uranium production intensities were 
made at radial positions of 0mm, 9mm, 18mm, 27.5mm 
and completely away from plasma interaction. The 
injection baffle was generally located on the injection 
field maximum. At each radial offset position the sample 
sputter surface was initially 10mm from the injection 
baffle surface and then moved longitudinally toward the 
plasma by increments of 5mm. The sputter target was 
biased over a limited range of 0 to -2kV.  

 

 
Figure 1: Low Power Radial-Offset Sputter Survey 
Hardware. 

In addition to the survey, a small uranium sample with 
a diameter of 5 mm was mounted on axis and inline with 
the plasma chamber axis. It was positioned longitudinally 
25mm above the injection baffle surface (toward the 
plasma). The baffle was located at the injection field 
maximum. A low power survey of sputter efficiency was 
done moving the sample into the plasma chamber in 5mm 
increments. Additionally, an assortment of support gases 
was tried. 

Results of Survey 
Results of the survey are shown in figure 2. It was clear 

that the Uranium sputter production yield is highest on the 
axis of the plasma loss cone, (0 mm radial offset). Sputter 
production does occur along the radial loss line with a 
sputter efficiency that is remarkably uniform from 9mm 
to 27.5 mm radius. In general the sputter yield increased 
with axial insertion of the sample from 0 – 15 mm and 
with target bias voltage from -1 kV to -2kV. 

Sputter yield increased with heavier mass support 
gases, with oxygen and neon being reasonable choices for 
middle to high uranium charge states. Argon sputters very 
efficiently, but being a poor mixing gas drives the charge 

 ___________________________________________  
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state distribution toward lower charge states with robust 
sputtering. 
 

 
Figure 2: Uranium Sputter Yield Using 16O Support Gas 
with Radial and Axial offset at -1kV and -2kV bias. 

Based on this survey, a prototype sputter assembly was 
built utilizing a larger diameter and water cooled uranium 
target. The target was mounted on axis with a longitudinal 
adjustment of 50mm and bias voltage range of 0 to -5kV. 
An assortment of support gases and mixtures of support 
gases would be evaluated. 

SuSI URANIUM BEAM PRODUCTION 
FROM ON AXIS SPUTTERING  

In June 2010 the first attempt was made to sputter 
uranium axially and at higher power in the SuSI ECRIS to 
meet the Coupled Cyclotron Facility primary beam list 
requirements at NSCL. The prototype sputter hardware 
consisted of a water cooled 10 mm diameter and 15 mm 
long depleted uranium target mounted inline with the 
plasma chamber axis (see Fig. 3). The injection baffle is 
adjustable through a range of +/- 50mm around the 
injection field maximum; generally the baffle was left 
very near the injection field maximum. The sputter target 
surface was located 2 mm above the injection baffle 
surface toward the plasma. The sputter target could be 
inserted up to 50mm further toward the plasma relative to 
the baffle position.  

Because the on axis location of the sputter target 
displaced the biased disk, the bias disk was replaced with 
a biased ring with internal diameter of 19 mm allowing 
the sputter target to travel through the ring (see photo). 
The uranium sputter target could be biased from 0 to -
5kV and the biased ring could be biased from 0 to -2kV. 
It should be noted that the biased ring worked well, 
however the bias voltage required for the ring to perform 
as well as the original disk was about a factor of ten 
higher or -700 to -1000 V. Additionally, the biased ring 
ceased having an effect on beam intensity when the 
sputter target bias reached about -4kV.  

The sputter production was evaluated changing target 
axial position, bias voltage, and support gases while 
tuning the source field and RF power to optimize 
performance and stability. Performance was measured 
primarily by the intensity of U33+ at the end of the SuSI 
collimation channel. During the uranium development, 
the transport efficiency of beam produced by SuSI 

through the collimation channel using 10mm - 12mm slits 
was about 50% due to efforts to obtain best resolution of 
charge states. Beams were developed using various 
support gases alone and in combination. 
 

Figure 3: High Power Axial Sputter Hardware. 

Results of Initial High Power Test 
 Low intensity uranium ion production, on the order of 

20euA of U33+, began immediately without the target 
being biased. This can be explained by considering that 
there is enough target interaction with the normal flow of 
ions leaving the plasma on axis through the loss cone to 
initiate sputtering. Beam intensity increased greatly with 
increased target bias voltage. While generally, sputter 
yield increases with insertion of the target toward the 
plasma, the sputtering was so robust at higher power and 
voltage that the best axial position was the starting 
position of 2 mm above the injection baffle and toward 
the plasma. Biased ring and biased target voltages were 
adjusted together producing increasing intensity until the 
target bias reached -4kV and the ring bias, no longer 
helping, was reduced to less than -100V. 

 

 
Figure 4: Uranium Sputter Yield Using Various Support 
Gases and Combinations. 

Beam production increased with RF power and was 
ultimately limited by maximum power available at the 
time of 2.5 kW with a maximum drain current of about 
5mA. Gas mixing advantage was gained using oxygen but 
best sputter efficiency required gases with higher mass, as 
illustrated in Fig. 4, for the production of U33+. It appears 
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that the best performance for higher charge state uranium 
production used a combination of 16O and 20Ne (see 
Fig. 5), while best performance for lower charge states 
,< 34+, was achieved with a combination of 16O and 40Ar.  

 

 
Figure 5: Higher Uranium Charge State Distribution 
Sputtering With Neon and Oxygen. 

The sputter pattern on the surface of the sputter target 
shows that the effective interaction area is greater than the 
10 mm diameter of the target. Also, the sample was 
misaligned 1 mm radially resulting in significant loss of 
sputtered material available to the plasma. Uranium 
production averaged 30 euA over 105 hours and 
consumed 211 mg or 2mg / hr. 

Further development, scheduled Fall 2010, will include 
a redesign of the sputter equipment to allow the target to 
be withdrawn at least 25mm behind the injection baffle, 
increase the target size to 25mm diameter, and increase 
RF power capability beyond 3kW. 
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TESTS OF A NEW AXIAL SPUTTERING TECHNIQUE IN AN ECRIS* 

R. Scott#, R. Pardo, R. Vondrasek, Argonne National Laboratory, Argonne, IL 60439, U.S.A.

Abstract 
Axial and radial sputtering techniques have been used 

over the years to create beams from an ECRIS at multiple 
accelerator facilities. Operational experience has shown 
greater beam production when using the radial sputtering 
method versus axial sputtering. At Argonne National 
Laboratory, previous work with radial sputtering has 
demonstrated that the position of the sputter sample 
relative to the plasma chamber wall influences sample 
drain current, beam production and charge state 
distribution.  The possibility of the chamber wall acting as 
a ground plane which influences the sputtering of material 
has been considered, and an attempt has been made to 
mimic this possible ground plane effect with a coaxial 
sample introduced from the injection end.  Results of 
these tests will be shown as well as comparisons of 
outputs using the two methods. 

INTRODUCTION 
There are two Electron Cyclotron Resonance Ion 

Sources (ECRIS) in operation at the ATLAS facility at 
Argonne National Laboratory.  The ECR charge breeder 
(ECRCB) has been dedicated primarily for charge 
breeding development and production as the Californium 
Rare Ion Beam Upgrade CARIBU comes online.  ECR2 
has become the primary stable beam producer at ATLAS 
using a variety of techniques including gas injection, 
oven, and sputtering.    Sputtering was developed at 
Argonne [1] and has been used often on both sources.  
ECR2 is an evolved version of an AECR-U [2] type 
ECRIS.  While radial sputtering has been heavily used, 
axial sputtering has not been characterized on this specific 
source.  A new co-axial sputtering technique has been 
tested and compared with radial and axial methods in 
hopes of better understanding this form of metal ion 
production.  The characterizations obtained could also be 
useful for final development of the Actinide Accelerator 
Mass Spectroscopy project [3]. 

SPUTTERING TECHNIQUES 
Three sputtering methods were used during the course 

of this evaluation.  Efforts were made to provide 
consistency of measurements.  The same negative bias 
power supply was used for all tests for repeatable voltage 
and current measurements.  Single frequency (~14GHz) 
RF inputs at prescribed power levels as well as similar 
source bake out conditions were maintained.  Oxygen was 
used for support with no additional gas mixing.  The 
injection side bias disk was grounded to eliminate another 
variable.  Standard radial, standard “bare” axial, and axial 
with grounded sleeve techniques are described next.  

Standard Radial 
This method is the preferred for sputtering at ATLAS.  

ECR2 has a generous radial port to allow up to a 5mm 
diameter sample to be inserted.  The sample is inserted 
through an air-lock/insulator assembly toward the plasma 
into a pumping port that exists in a gap between the 
hexapole bars (see Fig. 1 below). 
 

 
Figure 1: Section view of standard radial sputtering. 

 
Typical gaps between the port wall and the sample are 

between 0.25 mm and 1.25 mm. Through previous 
experimentation with ECR2 the ideal location for 
sputtering has been found where the face of the sample is 
even with the plasma chamber wall.  This location was 
chosen for our tests.  Beam current and consumption rate 
measurements as well as radial sputtering parameters 
were used as a comparison to the 2 axial methods. 

Standard Axial 
Although radial sputtering is preferred, it cannot always 

be used.  The use of radial ports spreads the magnet bars 
apart increasing the plasma chamber bore and weakening 
the hexapole magnetic confinement. Many groups omit 
this gap (and port) for this reason.  Also, fundamental 
design constraints for all-permanent magnet ECRIS and 
3rd and 4th generation superconducting ECRIS do not 
allow for radial ports.  In these cases sputtering is only 
allowable axially. 

Typically a sample is attached to a biased rod and 
inserted into the plasma chamber injection end (see Fig. 
2).  A location with an existing hole in the shaping plug 
was chosen.  It is offset 2.2 cm from the centerline of the 
plasma chamber and in between the magnetic loss lines, 
evidenced  by  the  plasma  star  on  the  biased  disk, which  
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*Work supported by the U.S. Department of Energy Office of Nuclear 
Physics, under contract No. DE-AC02-06-CH11357 
#rscott@phy.anl.gov 

MOPOT017 Proceedings of ECRIS2010, Grenoble, France

72 02 New Development



 

Figure 2: Standard axial sputtering. 

 
helps minimize the effect of plasma heating on the 
sample.   

The rod was attached to an available 5 cm travel linear 
motion feed-thru (LMFT) as the ideal location for 
sputtering was unknown.  In this case the full sputter 
sample is exposed in the plasma chamber as well as the 
floating AlO2 insulator.  Others have used no insulator, 
leaving the biased rod of material other than that of 
interest exposed in the plasma chamber.   

Axial with Grounded Sleeve 
This modified axial method uses the same technique 

described above with biased rod, sputter insulator and 
attached sample.  The assembly was placed co-axially 
inside a sleeve (grounded to the plasma chamber) which 
travelled with the sample.  The face of the sample is even 
with the face of the ground sleeve (see Fig. 3).  The 
assembly was inserted with the LMFT.  In these tests the 
same axial insertion point was used as well as distances 
travelled into the plasma chamber by the assembly.  The 
gap between the sputter sample and the ground sleeve was 
equal to that of the radial sample to port wall gap for each 
material used.  Two sleeves were fabricated of 6061 Al, 
which is the same material as the plasma chamber wall.  
One is oval shaped at the tip to more closely replicate 
conditions at the radial port where only two points are 
closest to the sample.  This sleeve was used with a large 
diameter Ag sample.  The 2nd sleeve has a round opening 
at the tip and was used with the smaller diameter Ti 
sample.  For all instances using this method, 27Al7+ 
production (possibly attributable to the sleeve) never 
exceeded 50% more than the corresponding bare axial 
case. 

 

Figure 3: Axial sputtering with ground sleeve. 

BEAM TESTS 

Ideal Axial Position 
It has been shown that beam current with axial 

sputtering varies with position relative to the plasma and 
with solenoid current [4].  Position vs. beam current was 
first plotted for 107Ag21+.  Initial position chosen was flush 
with the bias disk for both standard axial and axial with 
ground sleeve.  The step size used was 1.2 mm when 
farther from the plasma and 0.3 mm when closer to the 
plasma.  At each position the source was tuned using gas, 
solenoids and RF power.  Both standard and sleeve cases 
measured maximum beam current at the farthest travel of 
5.2 cm from the bias disk.  This suggests the optimal 
location is likely closer to the plasma than the LMFT was 
able to travel.  For Ti, adjustments were made within the 
limitation of the already fabricated ground sleeve to start 
travel at 1 cm past the bias disk and end 6.2 cm past the 
disk.  Using the same sequence, optimal position for 
48Ti13+ was found to be at full travel suggesting that the 
true ideal location is closer to the plasma than could be 
measured.   Sputter bias was removed at optimal locations 
resulting in immediate beam current drops of up to 50% 
with gradual declines thereafter as wall recycling tapered.  
This was done to insure that the major component of the 
beam output was due to sputtering and not plasma 
heating.  All further data was taken at the closest location 
allowed by the existing apparatus. 

Sputtering with Silver 
Silver was chosen for its refractory properties, ease of 

sputtering and low number of stable isotopes creating a 
simple charge state distribution.  In all cases the ECRIS 
was tuned for the intermediate charge state of 21+.  Axial 
w/sleeve and standard axial were tested successively.  
Maximum outputs after a few days of conditioning were 
18.1 μA for axial w/sleeve and 18.8 μA for standard axial.    
Maxima were achieved at the same RF power and in this 
case solenoid settings.  Sputter voltage was then 
decreased to achieve 18.1 μA for standard axial for 
comparison.  The sputter bias power was ~3X higher and 
the sputter drain current was ~4X higher for the bare 
sample vs. the sample with the grounded sleeve (see Table 
1).  The charge state distribution (C.S.D) was shifted 
slightly higher for the ground sleeve case. Maximum 
measured output for radial was 27 μA.  The sputter 
voltage was not pushed further for fear of melting the
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Table 1: Summary of Silver Production 

Technique 
use rate 
(mg/hr) 

107/21+ 
(μA) 

sputter 
V (kV) 

sputter 
I (mA) 

sp pwr 
P (W) 

14 GHz 
(W) 

ext I 
(mA) 

sol. 1     
I (A) 

sol. 2     
I (A) V1(Torr) 

Radial 1.7 18.3 0.58 0.43 0.25 280 1.91 528 519 1.80E-07 
Axial w/sleeve --- 18.1 3.7 0.1 0.37 245 1.45 495 490 2.10E-07 
Axial bare 4.2 18.1 2.7 0.46 1.24 249 1.5 494 490 1.90E-07 

Table 2: Summary of Titanium Production 

Technique 
use rate 
(mg/hr) 

48/13+ 
(μA) 

sputter 
V (kV) 

sputter 
I (mA) 

sp pwr 
P (W) 

14 GHz 
(W) 

ext I 
(mA) 

sol. 1     
I (A) 

sol. 2     
I (A) V1(Torr) 

Radial 0.03 2.2 0.51 0.46 0.23 350 2 501 514 2.70E-07 
Axial w/sleeve .22 2.2 6.5 0.55 3.58 352 2.5 455 476 2.30E-07 
Axial bare 0.81 2.2 3.1 1.1 3.41 350 1.8 522 483 2.20E-07 

 
sample.  Radial sputtering gave a much lower C.S.D. and 
required more RF power to achieve 18.3 μA compared to 
the two axial methods above. 

Sputtering with Titanium 
Titanium was chosen as a contrast to silver.  It is more 

difficult to produce at high beam currents.  It’s C.S.D. 
slightly overlaps that of silver which was tested 
beforehand, so the most abundant isotope at lowest 
charge state without conflict 48Ti13+ was chosen for these 
tests.  Axial w/sleeve, standard axial and radial methods 
were tested successively.  Maximum outputs after a few 
days of conditioning were 2.2 μA for axial w/sleeve, 5 μA 
for standard axial and 16 μA for radial.  At an averaged 1 
μA output for all methods, consumption rate was highest 
for standard axial, followed by ~4 times less for axial 
w/sleeve.  Radial sputtering consumed another ~ 7 times 
less than axial with sleeve.  Sputter current and power vs. 
consumption rate did not trend perfectly but there is 
believed to be some relation between the three (Table 2).  
Preliminary emittance measurements show a more 
divergent beam for standard axial vs radial.  This could be 
from the exposed biased sample and insulator disrupting 
the plasma.  Normalized (x,y) in mm mrad were 
(.094,.149) for axial vs. (.057,.090) for radial. Scheduling 
conflicts prohibited emittance measurement of axial with 
ground sleeve.  It is hoped that all of these measurements 
can be done in more depth in the future.     

REMARKS   
The ground plane effect proposed cannot significantly 

be proven from these efforts.  There is a definite 
difference between some of the operating parameters of 
the standard sputter and the sputter with grounded sleeve 
techniques.  Consumption rates and drain currents are 
significantly different for the two methods.   It may be 
that the radial technique helps to shield the majority of 
the sample and the ungrounded “floating” insulator from 
the plasma allowing sputtering from a finite surface.  Use 
of a grounded co-axial sleeve may help to replicate this 
aspect of radial sputtering. 

 
 
 

 
Maximum silver output was similar between standard 

axial and axial w/sleeve.  For titanium, maximum output 
was double for standard axial compared to axial w/sleeve.  
Either the sample material or the type of sleeve (oval tip 
for silver and round tip for titanium) could have 
influenced these results. 

Higher sputter voltages are observed for all axial vs. all 
radial results.  This may be due to the further location 
from the plasma of the axial samples.  It was observed 
that as the LMFT was retracted, beam current could be 
restored by increasing sputter voltage. 

If allowable, future plans are to bring samples closer to 
the ECR resonance zone and to water cool the ground 
sleeve. 
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FIRST A/Q=3 BEAMS OF PHOENIX V2 ON THE HEAVY IONS LOW 

ENERGY BEAM TRANSPORT LINE OF SPIRAL2 
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#
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J. Angot, P. Grandemange, T. Lamy, T. Thuillier, CNRS-IN2P3, LPSC Grenoble, France  

J-L Biarrotte, CNRS-IN2P3, IPN Orsay, France 
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Abstract 
The heavy ions low energy beam transport line (LEBT) 

of Spiral2 built at LPSC Grenoble is fully operational 

since the beginning of 2010. This LEBT has been 

calculated and designed to hold permanently 15 mA of 

multi charged ions extracted from the source at 60 kV 

extraction high voltage. The LEBT is shortly described. 

The PHOENIX V2 ECRIS is presently installed on the 

LEBT and first beam tests results are reported. A daily 

reliable beam of 1 mAe of O6+ beam at 45 kV has been 

obtained with a high LEBT transmission efficiency of 90. 

Preliminary Argon tuning shows a reproducible beam of 

130 µA of Ar12+ beam. Improved currents are expected 

in the future. Associated emittance measurements, beam 

profiles are also presented. The future program, including 

A-PHOENIX restart, and planned improvements on the 

LEBT are discussed.  

INTRODUCTION 

The present configuration of Spiral 2 accelerator [1] 

features two electron Cyclotron resonance ion source 

(ECRIS) that produce either heavy or light ion beams. 

These beams are selected by a low energy beam transport 

line (LEBT) before being injected in an 88 MHz radio 

frequency quadrupole and a superconducting linear 

accelerator. LPSC is in charge of the assembly and 

commissioning of the heavy ion LEBT. This line is 

currently equipped with the PHOENIX V2 ECRIS, 

shortly described later.  

THE HEAVY ION LOW ENERGY BEAM 

LINE 

This new line, displayed on Fig. 1 was calculated and 

dimensioned by GANIL, CEA/IRFU and IPNO [2] to 

hold permanently 15 mA of total ionic beam current 

extracted from a heavy ion source at 60 kV voltage.  

First, a solenoid is placed immediately after the ECR 

ion source. Then stand a quadripole triplet and a double-

focusing 90° bending magnet designed with simple flat 

shimmed pole. An associated hexapole located before the 

dipole is used to reduce the non-linearities induced by 

such a dipole. Two faraday cups (FC) are available: one 

in front of the ECRIS extraction to measure the total ionic 

current and the second after the dipole to measure the 

selected beam. The overall transmission efficiency of the 

beam line can be deduced from these two measurements. 

The LEBT is also equipped with 3 profilers to centre the 

beams, a set of 3 motorized slits to clean the beam and 

perform the mass resolution through the dipole. Next, two 

Allison type emittancemeters are located after a second 

quadrupole triplet. 

 

Figure 1: general sketch of the LEBT. 

The LEBT uses ultra high vacuum standards for 

vacuum in order to minimize charge exchange in the 

accelerator. The pumping system is designed to reach 

1.10-8 mbar in the whole beam line during high current 

production operation. Concerning the control command 

system, EPICS (Experimental Physics and Industrial 

Control System) [3] was chosen by Spiral 2 project. 

THE PHOENIX V2 AND A-PHOENIX 

HEAVY ION SOURCES 

In a first step the 18 GHz ECR ion source PHOENIX 

V2 [4] (see Fig. 2) is installed on the LEBT to 

commission it. This source has already been tested with 

Ar, Xe, O and He beam. Several upgrades have been 

made to improve the performance of this ECRIS: a water-

cooled bias disk was added and new design of iron yoke 

allows increasing the magnetic field at the injection side 

from 1.7 T to 2.1 T now. The new injection flange 

designed accepts an oven reaching 1600°C performed by 

GANIL to produce ion metallic beam. 

A-PHOENIX is a compact hybrid ECR ion source [5, 

6] with two High Temperature Superconducting (HTS) 

coils and an innovative large permanent magnet hexapole. 

The magnetic structure allows reaching 2T radial 

magnetic field and 3T axial magnetic confinement. A-

PHOENIX is designed to operate with frequencies from 

18 to 28 GHz. 

Because of the weld break of one the HTS cryostat, 

experiments on A-PHOENIX stopped in December 2009.  

___________________________________________
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After repairing, the HTS coil was tested successfully 

during July 2010 and A-PHOENIX is now ready to restart 

up its commissioning.  

 

Figure 2: Phoenix V2 ion source. 

The ultimate experiments done in 2009 tended to show 

that the low performances of the ECRIS at 18 GHz are 

due to a weak RF coupling. In order to improve this point, 

important modifications of the injection flange design 

have been done. The position of RF power injection was 

moved closer to the axis of the source; the bias disk 

mechanics was improved and a large welded below has 

been installed in order to move very easily the whole 

injection by 80 mm inward. Its construction is now 

finished and this system will be tested in late 2010. 

STATUS OF THE LEBT AT GRENOBLE 

The LEBT is completely assembled and operational at 

Grenoble since the beginning of 2010. A photo of the 

system is available on Fig. 3. As expected The LEBT 

vacuum system is able to hold ~1-2.10-8 mbar even at 

high ionic currents. Different beams such as Oxygen, 

Argon, Calcium and Xenon have been extracted and 

analyzed at a high voltage extraction up to 47 kV.  

 

Figure 3: Phoenix V2 ion source and LEBT line at 

Grenoble. 

Concerning transport beam dynamics, simulations was 

validated experimentally by measurements on FCs, 

profilers and emittancemeters with Argon, Xenon and 

Oxygen beams. Transverse emittance between 0.15 and 

0.4 pi.mm.mrad normalized RMS depending of the beam 

is usually measured in both planes (see Fig.4).  

 

Figure 4: emittance measurements (up) and profiles 

(bottom) for 800 µAe O6+ at 45 kV. 

The whole optic devices are tuned through an automatic 

algorithm developed from the TraceWin code [7] so that 

the LEBT can be optimized in two modes [8]: the first 

one corresponds to the smallest size on the profiler 

immediately after the dipole (optimized beam selection) 

while the second corresponds to the highest current on the 

second FC. Once the optics is optimized, the LEBT 

transmission reaches 90% in most cases. Besides, Phoenix 

V2 produces a very stable and reliable beam. The 

resolving power of the dipole has been studied and 

validated using a Xenon beam at 40 kV: 132Xe25+ and 
16O3+ beams are not fully separated when slits between the 

dipole and the second FC are completely opened. Helped 

with the beam dynamic algorithm, it was possible to tune 

the optics and get rid of the oxygen keeping only Xenon 

beam with the analysis slits being opened at ± 5 mm (see 

Fig.5). 

 

Figure 5: resolving power of the dipole validated with 

emittance measurements when slits are fully opened (up) 

and opened at ± 5 mm (bottom) for 132Xe25+ at 40 kV. 
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The nominal performance in Oxygen beam was 

obtained in July 2010 at 45 kV and 1 kW of RF power: a 
16O6+ beam of more than 1 mA was produced with a very 

good transmission (95%). The associated ionic spectrum 

is displayed on Fig. 6. Measured transverse emittance was 

0.3 pi.mm.mrad norm. rms in horizontal plane and 0.24 

pi.mm.mrad norm. rms in vertical plane.  

 

Figure 6: Oxygen spectrum at 45 kV with He gas mixing.  

Tests with Argon beam have also been performed in 

summer 2010. 130 µA beam of 40Ar12+ was produced at 

40 kV. The associated ionic spectrum is presented on 

Fig.7. This result was obtained with few oxygen buffer 

gas. The 40Ar12+ emittances, displayed on Fig.8, were 

measured to be 0.3 and 0.25 pi.mm.mrad normalized 

RMS in the horizontal and vertical planes respectively. 

One should note that the tests were done on a short time 

and a limited microwave power set to 1 kW. 

Improvement of these performances is expected in the 

future. 

 

Figure 7: Argon spectrum at 40 kV optimized for Ar12+ 

production.  

PROSPECTS 

The LEBT beam tests will continue with PHOENIX V2 

ECRIS especially with metallic ion beams using the large 

capacity oven (LCO) from GANIL. The present ECRIS  

extraction system must be modified to reach the high 

voltage specifications: an intermediate extraction 

electrode set to 30 kV will be added to safely hold the 60 

kV high voltage required. 

Once this last milestone is fulfilled, The A-PHOENIX 

research and development will restart at 18 GHz and 

continue at 28 GHz until mid 2011. The goal being to 

choose by mid 2011 the starter ECRIS to be moved in 

2012 at GANIL. If A-PHOENIX shows better 

performance than PHOENIX V2, it will be installed on 

the LEBT for ultimate tests before moving to GANIL. 

 

Figure 8: Argon 12+ emittance at 45 kV. 
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TRACE SPACE RECONSTRUCTION FROM PEPPERPOT DATA 
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Abstract 
In this paper we present a simple model that we 

developed to reconstruct the 4D trace space distribution 
from the convoluted spatial images of a pepperpot 
emittance meter. Straightforward analysis of the images is 
hampered because of multiple and/or overlapping 
beamlets emerging from a single hole in the pepper plate. 
The model allows us to unambiguously assign each 
transmitted beamlet to its corresponding hole in the 
pepper plate from which it emerged. We will illustrate our 
analysis model with the reconstruction of the 4D trace 
space distribution behind the analyzing magnet of a He1+ 
beam extracted from an electron cyclotron resonance ion 
source. 

INTRODUCTION  
It is well known that electron cyclotron resonance ion 

sources (ECRIS) produce ion beams with relatively large 
emittances, i.e. several tens of π mm-mrad or even larger. 
Such low-quality ion beams are difficult to transport to 
and inject into an accelerator with high efficiency. Much 
work is therefore being devoted to better understand and 
improve low-energy ion beam transport. At KVI we made 
some progress by a combined effort of detailed beam 
transport simulations and measurements of beam profiles 
and emittances. This is reported in an accompanying 
paper to these proceedings [1]. To measure the 4D beam 
emittance of low-energy multiply-charged ion beams we 
built a pepperpot emittance meter and installed it in the 
image plane of the analyzing magnet [2]. However, 
overlapping and multiple beamlets emerging from a 
single hole in the pepper plate complicate a 
straightforward reconstruction of the 4D trace-space of 
the ion beam. This paper presents a simple method that 
we developed to overcome this problem. After a brief 
description of the emittance meter the above-mentioned 
problem will be illustrated with an emittance 
measurement of a 21 keV He1+ beam. Then the analysis 
method will be outlined that we developed to 
unambiguously reconstruct the 4D trace-space 
distribution of the ion beam. 

PEPPERPOT EMITTANCE METER  
The KVI4D emittance meter combines the pepperpot 

and scanning techniques to measure the 4D trace-space 
distribution of ion beams which have a large divergence 
and narrow width in the horizontal plane and a small 
divergence and large width in the vertical plane [2]. This 
is done by stepping a pepper plate with a linear array of 
holes aligned in the vertical direction horizontally through 
the beam and measuring the images of the transmitted 

beamlets at each step with a position-sensitive detector 
positioned 59 mm downstream of the pepper plate. The 
pepper plate is a 25 μm tantalum foil, mounted on a 
water-cooled copper block, with a vertical row of 20 holes 
each with a diameter of 20 μm and a pitch of 2 mm. The 
step width in the horizontal direction depends on the 
desired resolution, and is typically around 0.5 mm. We 
installed the pepperpot emittance meter near the focal 
plane of the 110° analyzing magnet.  

An emittance measurement consists of measuring a 
series of spatial images of the transmitted beamlets, one at 
each horizontal step. As an example we measured the 
emittance of a 21 keV He1+ beam. The horizontal step size 
was set at 0.56 mm and we measured 39 spatial images of 
the transmitted beamlets from which the 4D trace-space 
distribution has to be reconstructed. A single spatial image 
taken at the horizontal position of x=-4 mm is shown in 
Fig. 1a. Also the location of the holes in the pepper plate 
is indicated. Fig. 1a clearly shows that there are i) more 
beamlets than there are holes and ii) some of the beamlets 
are overlapping. This complicates the analysis. 

 

 
Figure 1: Measured a) and simulated b) spatial image 
obtained with the KVI4D emittance meter of transmitted 
beamlets with the pepper plate positioned at x=-4 mm for 
a 21 keV He1+ beam. 

THE ANALYSIS 
As already mentioned above the measured spatial 

images sometimes show both overlapping beamlets and, 
particularly around the median plane, multiple beamlets 
emerging from a single hole. From the systematic trend in 
the series of 39 images we could connect each beamlet 
with the hole in the pepper plate from which it emerged. 
An example is shown in Fig. 1a where three beamlets are 
connected that emerge from one hole. In addition, it 

 ________________________________________  
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appeared convenient to classify all the beamlets into three 
groups with identical behavior. These are also indicated in 
Fig. 1a. In order to check our assignments we performed a 
detailed simulation of the beam transport from the ECRIS 
plasma electrode through the analyzing magnet to the 
scintillation screen of the emittance meter. The simulation 
method is described in more detail in Ref. [1]. The 
simulation result is shown in Fig. 1b and confirmed our 
initial assignments. Although 106 particles were used in 
the simulation, the calculated image has a much more 
granular appearance than the measured one. This is 
caused by the fact that the pepper plate intercepts most of 
the particles. The simulation also showed that the 
beamlets belonging to group 1 follow the more paraxial 
trajectories through the analyzing magnet, while the 
group 2 and 3 beamlets make a relatively large vertical 
angle (either positive or negative) with the median plane. 

In order to reconstruct the 4D trace-space distribution 
we have to disentangle the overlapping beamlets. This 
was done by using an ellipse fitting routine to determine 
the center coordinates (xc

i,yc
i) of every beam spot in the 

plane of the scintillation detector, with the label i denoting 
the group to which each spot belongs. Next we fitted the 
center coordinates with a two-dimensional second-order 
polynomial according to: 
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with (xs,ys) the coordinates in the scintillation plane. The 
fit results in 18 coefficients for one group, i.e. 9 
coefficients for xc

i and 9 for yc
i. Knowing the center 

coordinates of all the beam spots and the center 
coordinates of the holes in the pepper plate to which they 
belong, it is straightforward to reconstruct the 4D trace-
space density ρ(x,y,x’,y’) = Σi ρi(x,y,x’,y’) of the ion 
beam. Here, (x,y) are the center coordinates of the holes 
in the pepper plate and x’ = (xs-x)/L, y’ = (ys-y)/L and L = 
59 mm the distance between the scintillation screen and 
the pepper plate. 

TRACE-SPACE DISTRIBUTIONS 
From the 4D trace-space distribution ρ(x,y,x’,y’) we 

can calculate various 2D projections by integrating over 
the two other coordinates. For example, the 2D spatial 
distribution ρ(x,y) is obtained from ρ(x,y,x’,y’) by 
calculating 
 

 

ydxdyxyxyx ′′′′= ∫∫ ),,,(),( ρρ . (2) 

 
This is illustrated in Fig. 2 for the He1+ beam showing 

the groups i=1, i=2,3, all three groups and the simulated 
spatial profile. The spatial profiles show a strong second-
order aberration which we attribute to the analyzing 
magnet [1].  
 

 
Figure 2: Spatial distribution of a 21 keV He1+ beam 
behind the analyzing magnet. a) group 1 ions; b) group 
2,3 ions; c) all ions; d) simulated 2D profile. 

For the horizontal trace-space distribution ρ(x,x’) (x-x’ 
emittance) we get 
 

 

ydydyxyxxx ′′′=′ ∫∫ ),,,(),( ρρ . (3) 

 
This is shown in Fig. 3 for the different ion groups 

together with a simulated emittance distribution. Both the 
measured and simulated x-x’ trace-space distributions 
show a diverging beam, although the simulated 
distribution is less diverging than the measured one. 
Interestingly, the ions in group 2 and 3 have a relatively 
large negative offset in angle, i.e. their deflection angles 
are less than 110ο. We will investigate this further in the 
next section. 

 

 
Figure 3: Horizontal x-x’ emittance distribution of a 
21 keV He1+ beam behind the analyzing magnet. a) group 
1 ions; b) group 2,3 ions; c) all ions; d) simulated x-x’ 
emittance  distribution. 

The vertical trace-space distribution ρ(y,y’) (y-y’ 
emittance) is given by 
 

 

xdxdyxyxyy ′′′=′ ∫∫ ),,,(),( ρρ . (4) 

 
Fig. 4 shows some of the vertical emittance 

distributions summed over all three ion groups. In Fig. 4a 
a partial vertical emittance is plotted, i.e. measured at the 
horizontal position x = 5.6 mm. This figure clearly shows 
that from the holes close to the median plane y = 0 three 
different beamlets emerge, i.e. one with a very small 
vertical angle and two with larger positive and negative 
vertical angles. The S-shape suggests a third-order 
aberration, which is probably caused by the pole face 
rotation of the analyzing magnet. Figs. 4b and c show the 
measured and simulated vertical emittances summed over 
all three ion groups, respectively. The characteristic 
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bowtie shape of the y-y’ emittance results from 
integration over the x coordinate. 

BACKTRANSFORMATION 
In order to investigate the horizontal imaging properties 

of the analyzing magnet further we constructed its 
transfer map T up to second order from the ion trajectory 
calculations described in Ref.[1]. The transfer map T 
projects a trace-space vector x(0) at the end of the ground 
electrode of the ECRIS extraction system to its 
corresponding vector x(1) in the image plane of the 
analyzing magnet. Using the inverse map T-1 we then 
projected each 4D point x(1) back to its corresponding 
point x(0), i.e. x(0)=T-1x(1), and from this we have 
calculated the 4D trace-space distribution ρ0(x,y,x’,y’) of 
the ions at the end of the ground electrode. 

As an example we show in figure 5 the spatial 
distributions of the ions projected back from the image 
plane of the analyzing magnet to the end of the ground 
electrode before the magnet. Plotted are the spatial 
distributions of the group 1 ions, the ions of groups 2 and 
3 and of all ions. The figure confirms that group 1 ions 
follow more or less paraxial trajectories. Ions belonging 
to groups 2 and 3 on the other hand are offset in both x 
and y coordinates with respect to the group 1 ions. Their 
starting positions are horizontally shifted to the inward 

side of the analyzing magnet and are vertically shifted 
above and below the median plane. The ions belonging to 
groups 2 and 3 follow trajectories that probe the fringe 
field of the analyzing magnet more than the group 1 ions 
do and are therefore deflected less.  

 
Figure 5: Back transformed spatial distributions of 
21 keV He1+ ions at the end of the ground electrode 
before the analyzing magnet calculated from the 
measured trace-space distribution in the image plane of 
the magnet. a) group 1 ions; b) group 2,3 ions; c) all ions. 

CONCLUSIONS 
We have developed a method which allows us to 

reconstruct the 4D trace-space distribution of a low-
energy ion beam from measured spatial images of a 
pepperpot emittance meter in the presence of multiple and 
overlapping beam spots. The method is illustrated with a 
detailed analysis of the 4D trace-space distribution of a 
21 keV He1+ beam measured in the image plane of the 
analyzing magnet. We find that in our case the measured 
trace-space distributions are to a large extent determined 
by the ion-optical properties of the analyzing magnet. The 
measured trace-space distributions agree reasonably well 
with detailed beam transport simulations. 
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Figure 4: Vertical y-y’ emittance distributions of a 
21 keV He1+ beam behind the analyzing magnet summed 
over all three ion groups. a) y-y’ emittance at the 
horizontal position x = 5.6 mm; b) total y-y’ emittance; c) 
simulated y-y’ emittance distribution. 
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EXTRACTED FROM VENUS COMPARED TO EMITTANCE 

MEASUREMENTS AND BEAM IMAGES * 
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Abstract 
This work presents the latest results of an ongoing 

effort to simulate the extraction from ECR ion sources 
and the Low Energy Beam Transport (LEBT). Its aim is 
to help understand the influence of parameters like initial 
ion distributions at the extraction aperture, ion 
temperatures and beam neutralization on the quality of the 
beam and to provide a design-tool for extraction- and 
transport-systems. Simulations of multispecies beams 
(Uranium of charge state 15+ to 42+ and Oxygen) extrac-
ted from the VENUS ECR ion source are presented and 
compared to experimentally obtained emittance values. 

INTRODUCTION 
The superconducting Versatile ECR ion source for 

NUclear Science (VENUS) [1, 2], was developed as the 
prototype injector for the Facility for Rare Isotope Beams 
(FRIB) and as injector ion source for the 88” – Cyclotron  
at Lawrence Berkeley National Laboratory [3, 4]. Like 
most ECR ion sources VENUS operates in a minimum B 
field configuration which means that a magnetic 
sextupolar field for radial confinement is superimposed 
with a magnetic mirror field for axial confinement. 
Consequently: 
• Ions are extracted out of a region with high axial 

magnetic field (in VENUS typically 2 T) which then 
continuously decreases as the ions move along in axial 
direction, adding a rotational component to the beam. 

• Due to the sextupolar field, the total magnetic field 
inside the source is not rotationally symmetric and 
thus the spatial distribution of ions at extraction 
resembles a triangle rather than a circle [5]. 

Furthermore, the extracted beam often consists of more 
than 30 different ion species with different mass-to-
charge ratios which makes modeling even more 
complicated. The work described here represents the 
current status of a long-term effort to create a highly 
adaptable, advanced simulation script utilizing the well-
established particle-in-cell (PIC) code WARP [6]. 

SIMULATIONS 
Many of the issues regarding the extraction simulation 

and the beam transport through the beam line have been 
addressed in earlier work by D. Todd et al. (e.g. [5, 7]) 
and will only be reviewed briefly here. 

 

 
Figure 1: VENUS source and LEBT layout. 

Initial Conditions 
(See Figure 1, region I: Inside the plasma) For this 

work, a semi-empirical approach to obtain initial 
conditions on the plasma side of the extraction simulation 
was taken: VENUS’s biased disk on the far side of the 
source is kept at a voltage of -50 V to -100V, thus 
providing the ions with enough kinetic energy to sputter 
the surface. A triangle with sharp edges was found to be 
etched into the disk, showing the spatial distribution of 
the ion beam on the injection side of the source. Because 
the ions are cold (a few eV) resulting in small Larmor 
radii it is reasonable to assume that they mainly follow 
the magnetic field lines. In addition, there is no reason 
why the direction towards the biased disk should be 
preferred, thus it can be argued that a similar ion beam 
distribution can be found on the extraction side of the 
source. To obtain the initial conditions the following 
recipe was used for each species: 10000 ions are 
randomly distributed on a triangle corresponding to the 
sputtered triangle and are given a random velocity 
corresponding to a Boltzmann distribution with a peak 
temperature of 2 eV. Then, each particle’s respective 
gyro-motion guiding-centre is calculated and the field-
line originating at that point is tracked through the source. 
At the respective end-point, an appropriately scaled 
Larmor radius is applied and the particle is put on a 
random point on a circle with this scaled radius around 
the guiding-centre. Because travelling through the 
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source’s magnetic field leads to a shift from the ion’s 
transversal velocity to the longitudinal velocity 
component, velocities are recalculated from the scaled 
Larmor-radius in the end. A detailed description of the 
method can be found in [8] and the references therein.  

Extraction 
(See Figure 1, region II: The extraction system) WARP 

includes both a two-dimensional, axially symmetric 
plasma sheath extraction model similar to IGUN [9] and a 
three-dimensional sheath extraction model comparable to 
KOBRA [10]. In order to allow for sufficient resolution at 
the plasma sheath while keeping the simulation time 
reasonable, the following two-step approach has been 
taken: 
1. An axially symmetric beam with the same species 

parameters, currents and energies as the triangular 
beam is extracted using the two-dimensional model. 
The beam is tracked through the simulation several 
times, until a relaxation of the combined potential of 
applied fields and self-fields has been reached. 

2. The obtained potential is stored and used as an applied 
field in the second step, where the beam is initialized 
with the obtained triangular particle distributions and 
the simulation is run in three-dimensional mode.  

Previous tests against a full 3D simulation have 
confirmed the validity of this approach [5]. 

Beamline Transport 
(See Figure 1, region III: The beam line) Since the 

longitudinal velocity in the remaining beam line is much 
higher than the transverse, a two-dimensional Poisson 
solver can be used to simulate the beam line transport 
(slice mode). The longitudinal self-fields are neglected 
but the motion through the three dimensional analyzing 
magnet fields is simulated [5]. The beam-influencing 
components in the beam transport simulation are (see 
Figure 1): 

• The solenoid field of the source 
• The solenoid lens (Glaser-lens) 
• The dipole analyzing magnet 

Table 1: Simulation parameters 

Parameter Value
Total extracted current 1.6 emA 4.6 emA
Ion mean Temperature 2 eV 2 eV 

Uranium Ekin (longitudinal) ~3 eV ~3 eV 

Electron Temp. (in sheath) 5 eV 5 eV 

Source Voltage 20 kV 22 kV 

Puller Voltage -2 kV -3 kV 

Bmax at extraction 2.1 T 2.1 T 

Extraction Aperture ↔ Puller 31.5 mm 21.6 mm 

RESULTS 
One of the most important beams for FRIB are high 

intensity medium charge state uranium beams [11]. 

Uranium beam data from VENUS is thus available and 
benchmarking this data against simulations is of particular 
interest. Two simulations are compared to each other and 
to experimental results: 1.6 emA and 4.7 emA total 
extracted current. The respective species distributions and 
currents in eµA were calculated from experimentally 
obtained VENUS spectrums. The key initial parameters 
of the simulations are listed in Table 1. 

Simulation Results 
Figure 2 shows a typical horizontal beam envelope plot 

for a multispecies Uranium beam simulation. 

 
Figure 2: Horizontal beam envelopes (1-rms) of a 4.6 mA 
Uranium beam, optimized for q = 35+. Note the 'warping' 
of coordinates to simulate the bend. Different focusing 
and bending of different species is clearly seen. 

Figure 3-Figure 5 show simulation results comparing 
different neutralization levels and extracted currents. The 
magnetic emittance displayed for comparison was 
calculated according to [12] by 

 ' 2
0

10.032xx rms norm
mag r B

M Q
ε − − = ⋅ ⋅ ⋅ . 

 
Figure 3: 1.6 mA Uranium run. Comparison of horizontal 
emittances for different neutralization levels in simulation 
with a measurement series from 2005.  
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Figure 4: 1.6 mA Uranium run. Comparison of vertical 
emittances for different neutralization levels with a 
measurement series from 2005. 

 
Figure 5: Comparison of horizontal emittances for 
simulations using different total extracted currents and 
beam shapes (triangular where not noted otherwise). All 
simulations were run with 80% neutralization.  

Discussion 
As seen in Figure 4, the vertical emittances produced 

by the simulations fit well with the measured values. The 
offset in horizontal emittance could be a result of one of 
the following:  
• Not all species were included into the 1.6 mA 

simulation due to computer memory issues,  
• For simplification, the size and shape of the initial 

triangles was set the same for all species. 
• Initial conditions like ion and electron temperatures 

were ‘guessed’. 
All of the above will be subject to further systematic 
analysis. In Figure 5, an emittance minimum can be 
observed in the region of m/q = 9 for the 4.7 mA beam. 
This might prove useful when it comes to the acceptance 
of the accelerator subsequent to an ECRIS and will also 
be investigated further. 

CONCLUSION 
The status of the efforts to create an adaptable 

simulation code for beam extraction from an ECR ion 
source using WARP has been presented. It is now 
possible to simulate multispecies beams with more 
realistic initial particle distributions and a high number of 
species in 3D mode with a high grid resolution. Emittance 
values are reproduced within reasonable margins by the 
simulations. Future work will aim to better understand the 
physics leading to the initial conditions and beam 
neutralization. 
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Abstract 

In 2008, we produced 345 MeV/u beam (~0.4pnA on 
target) for RIKEN RIBF. To increase the U beam intensity, 
we produced U35+ from RIKEN SC-ECRIS with 
sputtering method. To maximize the beam intensity, we 
made various test experiments. We obtained 2~0.7 pμA of 
highly charged U ion (27~35+) at the RF power of 
~1.2kW.  

INTRODUCTION 
In 2008, we produced 345 MeV/u U beam (0.4 pnA on 

target) and observed more than 40 new isotopes with in-
flight fission reaction for only 4 days experiments [1]. 
This experiment shows that the intense U beam is strong 
tool to produce very neutron rich nuclei and to study the 
r-process in nuclear synthesis. Using 18 GHz RIKEN 
ECRIS, we only produced 2~4 eμA of U35+ beam, which 
was much lower than the required beam intensity for 
RIKEN RIBF. For this reason, to meet the requirement, 
we constructed new SC-ECRIS which has the optimum 
magnetic field strength for 28GHz.[2] In the autumn of 
2009, we obtained first beam of U35+ from RIKEN-SC-
ECRIS with 18 GHz microwave. Since then, we tried to 
increase the beam intensity of highly charged U ion beam.  

In this article, we report the results of the test 
experiment for production of highly charged U ion beam. 

SC-ECRIS 
The detailed structure of the SC-ECRIS and the test 

experiment was described in refs. 2, 3. For operation of 
28 GHz microwaves, the Binj, Bext and Br are 3.8, 2.2 and 
2.2 T, respectively. The main feature of this ion source is 
that it has six solenoid coils to produce mirror magnetic 
field at the axial direction. Using this configuration, one 
can change the magnetic field gradient at ECR zone and 
ECR zone size independently. To keep the 
superconductivity, the cryostat is equipped with three 
small GM refrigerators. The amount of liquid He is about 
500 L. The cooling power at 4 K is about 1 W.  It was 
reported that the higher microwave frequency gives 
stronger heat load. [4] To keep the superconductivity 
against the heat load, we need stronger cooling power for 
cryostat. For this reason, we installed GM-JT refrigerator 
(cooling power of 5 W at 4 K) to increase the cooling 
power in the end of 2009. 

 
Figure 1: Photograph of the RF injection side and U rod. 

 
Figure 2: Charge state distribution of the U ion, when 
using the O2+Ar gas as an ionized gas. 

U BEAM PRODUCTION 
Fig. 1 shows the photograph of the RF injection side. 

To produce U ion beam, we used the sputtering method. 
As shown in Fig. 1, the metal uranium was installed at 
off-center axis. The metal U was supported by supporting 
rod. The position of rod was remotely controlled within 
the error of ~0.2mm. The support rod was water cooled 
for minimizing the chemical reaction between metal 
uranium and material of uranium holder at high 
temperature. The rod position and high voltage for 
sputtering were optimized for maximizing the beam 
intensity of highly charged U ions.  

For investigating the support gas effect, we used the O2 , 
Ar and Ar+O2 gas as an ionized gas. Fig. 2 shows the 
charge distribution of the highly charged U ion with using 
O2+Ar gas. The RF power was 980 W. The extraction 
voltage was 17 kV.   
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Figure 3: Beam intensity of U35+ as a function of rod 
position. 

 
Beam intensity of U35+ as a function of rod position and 

high voltage are shown in fig.3 and 4, respectively. The 
RF power was ~900 W. The extraction voltage was 15 kV. 
Binj, Bmin, Bext and Br were 2.3 T, 0.46 T, 1.1 T , 1.3 T 
respectively. The beam intensity was increased linearly 
with increasing high voltage for sputtering. The beam 
intensity is very sensitive to the rod position as shown in 
Fig.3. The beam intensity increased linearly when moving 
the rod toward the ECR zone. 

 

Figure 4: Beam intensity of U35+ ion as a function of 
sputtering voltage. 

 

 

Figure 5: Beam intensity of U33+ as a function of RF 
power, when using O2(closed squares) and O2+Ar 
(closed circles)gases as an ionized gas 

Fig. 5 shows the beam intensity of U33+ as a function of 
RF power in case of O2+Ar gas. The beam intensity for 
O2 gas was always higher than those for O2+Ar at the 
same RF power. However, for lower charge state of heavy 
ions(<31+), the beam intensity for O2+Ar  gas was higher. 
Fig. 6 shows the beam intensity of U33+ and U 35+ as a 
function of RF power in case of O2 gas. In Fig. 7, the 
beam intensity for lower charge state of U ions (31+,33+) 
are shown. We obtained ~50 eμA of U31+ at the RF power 
of 1.2 kW. 

 

 

Figure 6: Beam intensity of U33+and U35+ as a function 
of RF power, when using O2 gas. 

 

 

Figure 7: Beam intensity of U31+ and U33+ as a function 
of RF power, when using O2+Ar gas. 

 

 

Figure 8: Beam intensity of highly charged u ion at the 
RF power of ~1.2 kW. 
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Fig. 8 shows the beam intensity of highly charged U 
ions at the RF power of ~1.2 kW. It is noted that the beam 
intensities were not saturated in this test experiment as 
shown in Figs.3~7. Because the power density of RF 
power in this experiment was very low (~100 W/L). We 
may obtain higher beam intensity at the higher sputtering 
voltage and RF power.  

 

Figure 9: Y emittance (4 rms), when using O2 
gas(closed circles) and O2+Ar gas (open circles). 

 
 
Fig. 9 shows the 4 rms emittance as a function of 

extracted current, when using O2 gas (open circles) and 
O2+Ar gas (closed circles). The values of the 4 rms 
emittance are calculated with: 

222 ''4 ><−>><<= xxxxrmsε  
The emittance was increased with increasing the 

extracted current. Furthermore, it seems that the emittance 
for O2+Ar gas was smaller than that for O2 gas at the 
same extraction current. To understand it, we may need 
more systematic study. 

 
Fig.10: Rms emittance for highly charged U ion. 

Fig. 10 shows the X and Y emittance (4 rms) for highly 
charged U(26~35+) ions. The emittance decreased with 
increasing the charge state at same extraction voltage. In 
this experiment, we obtained the 4 rms emittance of ~ 120 
πmm mrad for U35+. This is smaller than the acceptance of 
the accelerator of the RIKEN RIBF (~160 πmm mrad). It 
means that we can accelerate almost of the U35+ beam 
(~20 eμA) produced form RRIKEN SC-ECRIS at present. 
This intensity is ~10 times as high as the intensity from 
RIKEN 18 GHz ECRIS. From these results, we may 
obtain ~4 pnA of U ion beam at the energy of 345 MeV/u 
on target for production of RI beam. 

CONCLUSIONS AND FUTURE PLAN 
We obtained 0.7~2 pμA of highly charged U ion beams 

(35~27+) from RIKEN SC-ECRIS with sputtering 
method. For higher RF power and sputtering voltage, we 
may obtain higher beam intensity, because the beam 
intensity was not saturated in the test experiment. We 
observed that the emittance for O2+Ar gas was smaller 
than those for O2 gas. To confirm it, we need further 
investigation.  

From this autumn, we will use the 28 GHz gyrotron to 
increase the beam intensity of U35+. To produce U vapour, 
we will make a test experiment with high temperature 
oven. 
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PREGLOW PHENOMENON ORIGIN AND ITS SCALING FOR ECRIS 

I. Izotov#, A. Sidorov, V. Skalyga, V. Zorin, IAP RAS, Nizhny Novgorod, Russia

Abstract 
Preglow effect investigation is one of topical directions 

of ECR ion sources development at present. Preglow is of 
interest for efficient short-pulsed multicharged ion source 
creation. Particularly, such source of intense beams of 
shortliving radioactive isotopes multi-charged ions is one 
of key elements in “Beta-Beam” European project [1]. 
Use of Preglow-generating regime of an ECRIS operation 
is a promising way of pulsed high-intense multi-charged 
ion beams production with much shorter edges in 
comparison with usual operation regime. The first 
theoretical investigations of Preglow phenomenon were 
performed in references [2, 3]. Numerical simulations 
made with the updated theoretical model allow authors to 
propose more physical and intuitive explanation of 
Preglow phenomenon origins. Obtained dependences of 
Preglow characteristics on experimental conditions offer a 
scaling for a wide range of ECRISes. 

INTRODUCTION 
The preglow effect was first observed in experiments in 

LPSC (Grenoble, France) and later modeled theoretically 
in the works [2,3]. Theoretical model of ECR discharge 
development in a magnetic trap of an ECR MCI source, 
modified as compared to [2], allowed us to simulate the 
process of preglow peak more accurately and to assess 
dependence of its parameters on experimental conditions. 
The performed theoretical research and results of the 
numerical modeling give a new, more physical and clear 
insight into the nature of the preglow effect. We 
investigated preglow peak duration and intensity as a 
function of parameters controlled in experiments. 
Besides, we found a dimensionless parameter 
characterizing the regime of plasma confinement in the 
source trap that universally defines the preglow properties 
and may be used as scaling for a wide class of available 
and future experimental facilities. These results are also 
presented in the paper. 

PHYSICAL INTERPRETATION OF 
PREGLOW 

Theoretical research demonstrated that the condition 
necessary for the existence of multicharged ion current 
burst at the beginning of the pulse, i.e., preglow, is intense 
heating of electrons by microwave radiation at the initial 
stage of gas breakdown that must be sufficient for 
formation and maintaining for some time of 
superadiabatic energy electron distribution function 
(EEDF, see [3]). The EEDF form ensures efficient neutral 
gas ionization due to the presence of electrons in the 
energy region corresponding to maximum ionization 

cross-sections, on the one hand, and allows “storing” 
higher energy (compared to the maxwellian EEDF with 
the same mean energy) of “hot” electrons whose lifetime 
in the trap is large in comparison with the characteristic 
time of discharge evolution, on the other hand. 
Hereinafter, under plasma energy content we understand 
the quantity w=<E>*Ne, where <E> is average electron 
energy over EEDF, and Ne is electron concentration.  

With a definite combination of parameters of seed 
plasma, the concentration of neutral particles at the 
beginning of the discharge and characteristics of heating 
microwave radiation, there may occurs a situation when 
the energy stored at the initial stage of plasma breakdown 
is much higher than its energy content at the steady-state 
stage of discharge combustion. Fast withdrawal of this 
excess energy in the form of an intense flux of charged 
particles from the trap gives rise to a preglow peak. In 
other words, at the stage of avalanche-like growth of 
plasma concentration, when its magnitude reaches a high 
enough level, the energy stored in hot electrons as well as 
the energy of microwave radiation is expended on intense 
gas ionization. This energy reserve makes it possible in a 
short time to create plasma with concentration and 
temperature higher than those attainable by means of 
microwave radiation. A particle flux from the magnetic 
trap, too, may be much higher than the steady-state one. 
Note that, if the power of microwave radiation is so small 
that sufficient energy cannot be stored, there will be no 
preglow effect. Nor will it occur in the case of too large 
power, when all the electrons, even with total-lot gas 
ionization, are heated up to maximum energies.  

The said above may be readily illustrated by means of 
numerical modeling of the evolution of ECR discharge 
within the framework of the considered theoretical model. 
Results of computation of the dynamics of plasma energy 
content, its concentration and density of particles flux 
from the trap at the initial stage of discharge are presented 
in fig. 1 for the following parameters: 28 GHz, 
200 W/cm2. 

It is clearly seen from the time plots in fig. 1 that, by 
the time the particle flux from the trap starts to grow, the 
plasma energy content is almost an order of magnitude 
higher than the steady-state level and termination of the 
stored energy release exactly coincides with termination 
of the burst of particle flux, after which the discharge 
parameters take on steady-state values. The preglow 
current peak intensity (the ratio of the amplitude of peak 
current to a steady-state value) in this case is the larger, 
the higher the maximum plasma energy content was in 
comparison with the steady-state one. 

 ___________________________________________  
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Figure 1: Plasma energy content & ion current density 

Temporal parameters of preglow peak depend on how 
active neutral gas ionization is (i.e., on ionization rate, 
hence, on particle concentration) and on how fast the 
particles may withdraw “excess” stored energy from the 
trap, i.e., on their lifetime. As plasma lifetime, its 
concentration and temperature are interrelated quite 
intricately, it is very difficult to give a comprehensive 
analysis of the preglow effect without numerical 
simulation. In the next section we present results of 
simulations. 

NUMERICAL SIMULATION 
It is convenient to investigate preglow characteristics 

using the parameters based on Gaussian approximation of 
preglow peak [2]. Imax is maximum value of peak current 
(current density), Time(Imax) = Tmax is the time period 
from the beginning of heating pulse to attaining 
maximum current, FWHM is full width at half maximum. 

Numerical simulation was performed using the code 
created by the authors on the basis of the model described 
in [3]. The variable parameters in the computations were 
the following: heating radiation frequency f, microwave 
radiation flux density p, and initial concentration of atoms 
Na0. All the other parameters were constant: magnetic trap 
length L=20 cm, mirror ratio R=5, initial plasma 
concentration Ne0=105 cm-3, initial electron temperature 
Te0 =1 eV. Frequency f was varied within the 28-60 GHz 
range corresponding to the frequencies of available and 
developed ECRIS. Power density p was varied in a wide 
range accessible to state-of-the-art ECRIS. The operating 
gas was helium. 

We introduce parameter RP (stands for regime 
parameter) as ratio between gasdynamic and classical 
electron lifetime: RP= τgd / τcl (see [3]). This parameter 
characterizes the regime of plasma confinement that is 
realized at a given moment of time. For RP>>1 the 
regime is collisional or quasi-gasdynamic, whereas for 
RP<<1 it is collisionless or classical regime of 
confinement. Initial conditions of ECR gas breakdown 
unambiguously determine the confinement regime at the 
steady-state stage of the discharge and, consequently, the 
magnitude of RP. 

Preglow intensity Int (the ratio of peak current 
amplitude to current at the quasi-stationary stage of the 
discharge) as a function of RP at a steady-state stage of 
the discharge is plotted in fig. 2  for different power 
densities at the frequency of 28 GHz. The highest 
intensity of the 2nd ion preglow (solid lines in the graph) 
is attained at the power of 100-500 W/cm2 with the initial 
density of atoms of 4-6*1012 cm-3.  

 

 
Figure 2: Preglow Int. 

The curves for preglow intensities lie primarily in the 
region 0.1<RP<10 outside which the preglow effect is not 
observed (as follows from definition, Int=1 corresponds 
to the absence of preglow peak in current oscillogram). 
This means that a preglow peak is generated only in a 
plasma in the intermediate state in terms of confinement 
regime, i.e., when RP~1. At RP>>1, which corresponds to 
a fully filled loss cone and a strongly collisional plasma, 
preglow is not formed because of a small lifetime of 
particles – energy is not stored due to its intense 
withdrawal. In the opposite case, at RP<<1, energy is not 
stored either because of a small number of collisions and, 
as a consequence, insufficient ionization multiplication of 
electrons.  

An oscillogram of current densities of the 1st and 2nd 
helium ions in the regime corresponding to maximum 
preglow intensity of the 2nd ion (p=100 W/cm2, 
Na0=5*1012 cm-3 -> RR=1.5) as well as the time 
dependence of plasma energy content are shown in fig.  1.  

FWHM of the preglow peaks is plotted as a function of 
RP in fig. 3. Clearly, unlike fig. 2, where power greatly 
influences maximum intensity and to a lesser degree 
position of RP maxima, the curves in fig. 3 almost 
coincide. This is attributed to the fact that preglow 
FWHM is defined by plasma lifetime that is rigorously 
related to RP. It is apparent from figs. 2 and 3 that an 
intense preglow peak with a duration of several tens of 
microseconds may be generated. 

Simulations showed that the increase in frequency has 
an insignificant impact on the preglow peak intensity. In 
the 20-100 GHz range, the preglow intensity of the 2nd ion 
increases by 12% only, and the preglow intensity of the1st 
ion remains almost unchanged. The insignificant growth 
of preglow intensity with increasing frequency 
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Figure 3: Preglow FWHM. 

(other parameters being fixed) is explained by the fact 
that maximum possible electron energy in the 
superadiabatic regime is related to frequency by Emax~f1/2 
[3], hence, the energy average over EEDF that defines 
energy storage at the initial stage of the discharge also 
depends on frequency as <E>~f1/2. Taking into 
consideration that preglow parameters weakly depend on 
the absolute magnitude of initial energy storage, we 
obtain a very weak dependence of these parameters on 
heating radiation frequency. 

Note that, when the power of heating radiation is 
increased, for attaining intense preglow one has to 
increase the initial concentration of atoms too so as to 
maintain RP within the existence range of preglow, which 
in turn leads to increased plasma density that may exceed 
the cut-off density value for the used frequency. Preglow 
intensities as a function of steady-state plasma density are 
shown in fig. 4 for different values of power. The diagram 
was constructed for 60 GHz, but with allowance for the 
weak dependence of preglow parameters on frequency, it 
may be used for assessing preglow parameters at other 
frequencies also, if plasma density is lower than a critical 
one. The diagram also shows cut-off concentrations for 
some typical frequencies.  

 

 
Figure 4: Preglow Int. 

Besides preglow intensity and peak duration, an 
absolute value of current (current density in our case) is a 
parameter important for applications. As a supplement to 

fig. 4, fig. 5 gives a diagram of maximum current 
densities in the preglow peak. 

It is clear from figs.4 & 5 that it is impossible to 
produce intense Preglow with current density higher than 
1 eA/cm2 using low power radiation sources at a 
frequency of 18 GHz and less. 

 

 
Figure 5: Preglow Imax. 

CONCLUSION 
The results presented provide an insight into the origin 

of the preglow effect and dependence of its principal 
parameters (intensity, half-width, and others) on the 
characteristics of microwave radiation and initial 
conditions of gas breakdown in a source trap. This effect 
may be observed in all ECR sources almost independent 
of characteristics of the used microwave radiation; a 
proper choice of gas pressure may ensure a regime of ion 
current burst at the beginning of the pulse. Results of the 
numerical simulation confirm that the preglow effect is 
promising for creating a short-pulse ECR source of 
multicharged particles. The proposed scaling 
demonstrates that an ECR source with plasma heating by 
radiation at a frequency of 37 GHz and higher seems to be 
the most effective in terms of currents, preglow intensity 
and mean ion charge. 

ACKNOWLEDGMENTS 
Work was performed in frame of realization of federal 

targeted program “Scientific and pedagogical labour force 
for an innovative Russia” for 2009 – 2013 yy. 

We acknowledge the financial support of the European 
Community under the European Commission Framework 
Programme 7 Design Study: EUROnu, Project Number 
212372. The EC is not liable for any use that may be 
made of the information contained herein. 

REFERENCES 
[1] (ONLINE) http://beta-beam.web.cern.ch/beta-

beam/task/diverse/mandate.htm 
[2] T. Thuillier et all. Rev. Scient. Instrum., 79, 02A314, 

2008. 
[3] I. Izotov et all. IEEE Trans. Plasma Sci.36, 1494, 

2008.  

Proceedings of ECRIS2010, Grenoble, France TUCOBK01

08 Pulsed Operation 89



“PREGLOW” INVESTIGATION IN ECR DISCHARGE AT 37 GHZ, 100 KW 
V.G. Zorin, V.A. Skalyga, I.V. Izotov, S.V. Razin, A.V. Sidorov, Institute of Applied Physics of 

Russian Academy of Sciences, 46 Ul’yanova st., Nizhny Novgorod, Russia, 603950* 
 T.Lamy, T. Thuillier, The Laboratoire de Physique Subatomique et de Cosmologie UJF-IN2P3-

CNRS, 53 Av. Des Martyrs, 38026 Grenoble Cedex, France. 
 
Abstract 

Multicharged ion beams generation in "Preglow" 
regime is now considered as the main way of short pulsed 
ion source creation for “Beta Beam” project [1]. The 
"Preglow" effect has been investigated at a several 
laboratories (LPSC, JYFL, IAP RAS). The effect was 
discovered at LPSC on PHOENIX ion source using 18 
GHz radiation for plasma heating. Investigations at 14 
GHz frequency were made at JYFL. Theoretical analysis 
demonstrated the advantage of MW frequency increase. 
Theoretical calculations predict possibility of "Preglow" 
peaks generation with duration about tens microseconds 
and rather high average ion charge. At present time at 
LPSC a joint construction of a new generation ECR ion 
source with 60 GHz gyrotron plasma heating is running.  

As a continuation of previous research at 14, 18 and 28 
GHz at present work results of experimental and 
theoretical "Preglow" effect investigations at SMIS 37 
setup with 37,5 GHz MW plasma heating are reported. 
Received data are important as fundamental result in 
physics of ECRISs and at the same time it is the next step 
on the way of 60 GHz SEISM facility creation. 

“Preglow” effect was observed and investigated in 
experiments with ECR discharge stimulated with gyrotron 
radiation @ 37.5 GHz, 100 kW. Received dependencies 
of the “Preglow” parameters are in good correspondence 
with results of numerical simulations. It was shown in 
experiments that generation of “Preglow” peak with 
duration about 30 µs is possible. 

INTRODUCTION 
Investigation of the preglow effect is one of the topical 

trends in the field of ECR sources of multicharged 
particles. This effect is, basically, generation of a sharp 
burst of multicharged ion (MCI) current at the beginning 
of a microwave pulse, which ensures gas breakdown and 
plasma confinement in an ion-source magnetic trap. The 
interest in the preglow effect is associated with prospects 
of creating an efficient short-pulse MCI source. Such 
sources are currently in great demand for research in 
nuclear physics and physics of elementary particles to be 
carried out on accelerators of new generation. 

The preglow effect was first observed in experiments in 
LPSC and later modeled theoretically in the works [2, 3]. 
Present work is devoted to experimental demonstration of 
preglow effect in ECR ion source with gyrotron plasma 
heating @ 37 GHz, 100 kW. 

 
_____________ 
* sva1@appl.sci-nnov.ru. 

 FORMULATION OF THE PROBLEM 
In frame of short pulse creation problem first of all it is 

necessary to perform the analysis of gas breakdown 
dynamics dependences on different parameters. 

A microwave breakdown of a rarefied gas in a 
magnetic trap under the ECR conditions may be separated 
conventionally into two stages [4], for which the rate of 
plasma density growth are determined by basically 
different processes. At the first stage the main process is 
ionization of the neutral gas by collisions with hot 
electrons; plasma density grows exponentially, the degree 
of gas ionization is less than unity, low-charge ions 
dominate in the distribution of ions over their charge 
states, and the power absorbed in the plasma is much less 
than the power of the microwave pumping. At the second 
stage the rate of density growth slows down significantly, 
the process of ion peeling goes further, their charge 
becomes higher, and the power absorbed by the plasma is 
equal to the power of the microwave pumping, 
approximately. 

Electron energy distribution function (EEDF) which 
determines plasma life time and efficiency of gas 
ionization is rather different on those two stages. As it 
was shown in [2] that transition from breakdown to quasi-
stationary stage could be attended with a unexpected 
transient peak of multicharged ions current. This effect 
was called preglow [2] and it looks very promising as a 
way of short pulses creation. Its amplitude and duration 
are depends on initial breakdown conditions which also 
determine discharge steady state parameters. It was 
shown that Preglow peak with duration about of a few 
tens of microseconds and high average ion charge could 
be created only with using of microwave with high 
frequency (more than 30 GHz) and power. 

In present work experimental results obtained on SMIS 
37 [5] stand demonstrating creation of short pulses under 
conditions of powerful plasma heating with gyrotron 
radiation @ 37 GHz are observed. 

EXPERIMENTAL SETUP 
The experimental research presented in this work was 

carried out on the SMIS 37 shown schematically in fig. 1. 
A gyrotron generating linearly polarized radiation at the 

frequency of 37.5 GHz, with the power up to 100 kW, 
and pulse duration up to 1.5 ms was used as a source of 
pulsed microwave radiation.  

In the greatest majority of the experiments the field in 
the magnetic plugs of the system was 2 Tesla.  
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Figure 1: SMIS 37 experimental stand. 1 – gyrotron, 2 – MW beam, 3 – pulsed vacuum valve, 4 – discharge chamber, 5 
– magnetic trap coils, 6 – quartz window,  7 – diagnostic chamber, 8 - extractor, 9 – Faraday cup, 10 – ion analyzer. 

The operating gas was inlet into the trap along the axis 
of the magnetic system through a 20-cm long quartz tube 
with internal diameter of 5 mm; the tube was soldered at 
the centre of the input quartz window.  

Ion extraction and ion beam formation were achieved 
by means of a traditional two-electrode extracting system. 
A plasma electrode was placed at an arbitrary distance 
from the trap plug. Maximum 55 kV voltage was supplied 
to the extractor. Total ion current was measured by a 
Faraday cup mounted on the magnetic trap axis. The cup 
had an input window 35 mm in diameter and intercepted 
the entire ion beam passed through the extractor puller. 

Spectral analysis of the extracted beam of positive ions 
was performed by means of a magnetostatic analyzer.  

EXPERIMENTAL RESULTS 
As it was mentioned investigations of non-stationary 

generation of multicharged ions in Preglow regime in 
ECR sources are carried out in many laboratories. Typical 
oscillogram of Ar6+ ion current obtained on Phoenix 
experimental facility at LPSC [2] with plasma heating by 
18 GHz radiation is presented in fig.2. 
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Figure 2: Typical Ar6+ current oscillogram on Phoenix 18 
GHz facility. 

It is evident that formation time of the peak in such 
conditions is too long for “Beta Beam project”. 

In experiments on SMIS 37 the Preglow effect was also 
successfully observed. The Preglow peak duration in this 
case was about 20 μs, and that is much sorter than shown 
in fig.3. 

 

 
 

Figure 3: Total ion current. 

 

Experimentally obtained dependences of peak 
parameters suit well to theoretical calculations. In present 
work the dependence of qualitative form of ion current 
pulse on initial neutral gas pressure is presented. In fig 4. 
a sequence  of Faraday cup oscillograms obtained with 
increase of the pressure in discharge chamber is shown. 
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Figure 4: Oscillograms of total ion current in conditions 
of slight increase of gas pressure in discharge chamber. 

Preglow peak could be observed in some narrow range 
of the pressure what was theoretically predicted in [3].  

In such conditions the average ion charger in this peak 
could be high enough. In fig.5 corresponding ion 
spectrum in nitrogen is presented. 

 
Figure 5: Ion charge state distribution. Nitrogen was used 
as operating gas. 

CONCLUSIONS 
Obtained results obviously demonstrate perspective of 

heating microwaves frequency increase for production of 
short pulsed multicharged ion beam. 
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TIME EVOLUTION OF PLASMA POTENTIAL IN PULSED OPERATION 
OF ECRIS* 

O. Tarvainen#, H. Koivisto, T. Ropponen and V. Toivanen, University of Jyvaskyla, Finland 
Y. Higurashi and T. Nakagawa, Institute of Physical and Chemical Research (RIKEN), Japan

Abstract 
The time evolution of plasma potential has been 

measured with a retarding field analyzer in pulsed 
operation mode with electron cyclotron resonance ion 
sources at JYFL and RIKEN. Three different ion sources 
with microwave frequencies ranging from 6.4 to 18 GHz 
were employed for the experiments. The plasma potential 
was observed to increase 10-75 % during the preglow and 
10-30 % during the afterglow compared to steady state. 

INTRODUCTION 
Electron Cyclotron Resonance Ion Sources (ECRIS) 

exhibit fast transient peaks of extracted ion beam currents 
at the leading and trailing edges of the applied microwave 
pulse [1,2]. The fundamental difference between these 
transients, called preglow and afterglow, is the charge 
state distribution (CSD) of extracted ion beams - low 
charge ions (LCI) exhibit preglow while the afterglow 
boosts the beam currents of highly charged ions (HCI). 
Studies [1,3,4] of the preglow are driven by the aim of 
creating a short-pulsed multi-charged ion source with 
high ionization efficiency. The afterglow mode is utilized 
e.g. for injection into circular accelerators [5] as it offers 
intensive beams of HCI. 

In order to gain understanding on the plasma processes 
associated with these transients we measured the time 
evolution of plasma potential during the microwave pulse. 
Furthermore, the results allow us to estimate beam 
transport properties during the transients as the variations 
of the plasma potential are reflected to the beam energy 
spread.  

EXPERIMENTAL PROCEDURE 
The plasma potential of an ECRIS can be deduced by 

measuring the exact energy of extracted ion beams. The 
study presented in this article was performed with 
retarding field analyzers described in detail in references 
6 (JYFL) and 7 (RIKEN). Three different ion sources, the 
JYFL 6.4 GHz ECRIS, the JYFL 14 GHz ECRIS, and a 
room temperature 18 GHz ECRIS at RIKEN, were 
employed for the experiments. The retarding field 
analyzer was located in the beam line downstream from 
the analyzing magnet to allow charge state dependent 
studies of the plasma potential. The output of the klystron 
was controlled by pulsing the input signal from a solid 
state oscillator with an rf-switch controlled by a pulse 
generator. The pulsing signal was also used as a trigger 
for the data acquisition. The klystron gain i.e. attenuator 

setting was kept constant. The voltage regulated power 
supply for the retarding electrode was floating on the high 
voltage of the ion source. This eliminates the error due to 
small fluctuations of the source bias, typically associated 
with the plasma breakdown. Signals from the retarding 
field analyzer and Faraday cup were measured across a 
resistor and stored with an oscilloscope. Schematic of the 
measurement setup is shown in Figure 1. 
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Figure 1: Schematic of the measurement setup. 

Two slightly different methods were used for 
controlling the bias voltage of the retarding field analyzer. 
The more elegant method utilizes floating, optically 
isolated, pulse delay unit and voltage ramp generator. The 
trigger signal was fed into a pulse delay unit gating a fast  
(1 ms) linear voltage ramp from a signal generator. 
Adjustment of the pulse delay (measured from the leading 
edge of rf pulse) was used for selecting the time window 
for ramping the retarding voltage and acquiring the IV-
curve for deducing the plasma potential as described in 
reference 6. This method was used always when possible 
i.e. when the variations of the plasma potential were 
found to be slower than the voltage ramp time of 1 ms, 
limited by the four-quadrant bias power supply. 

 Unfortunately, it was observed that this condition does 
not hold during the preglow and afterglow. For studying 
fast variations of the plasma potential (preglow and 
afterglow) the retarding voltage was fixed to a constant 
value for the duration of the microwave pulse. Increasing 
the retarding voltage in discrete steps between 
consecutive pulses makes it possible to deduce the plasma 
potential at arbitrary time within the microwave pulse 
after reconstructing IV-curves from the data. 

The goal of the experiments was to compare the plasma 
potential during preglow and afterglow transient with the 
steady-state value with frequencies from 6.4 to 18 GHz. 
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The density of seed electrons at the moment of 
microwave turn-on affects the characteristics of the 
preglow [3] and, thus, the effect of seed electrons on the 
time evolution of plasma potential was studied at JYFL. 
Seed electrons were produced by sustaining a low density 
plasma with low power cw microwaves from a TWTA. 
The power dependence of the plasma potential time 
evolution was studied at RIKEN. Helium and Argon 
plasmas were used for the experiments and the source 
settings, i.e. power, neutral gas pressure and magnetic 
field, were chosen to correspond to typical operational 
values of the ion sources. 

 observed although 
th preglow is virtually non-existent. 

EXPERIMENTAL RESULTS 
He2+ ion beam was used for studying the plasma 

potential during the preglow with the JYFL ECR ion 
sources (6.4 and 14 GHz). The delay between plasma 
breakdown and first observation of extracted He2+ is less 
than 0.2 ms [3]. Microwave pulse pattern with on-time of 
1.76 s and off-time of 5.9 s was used in order to assure 
that the plasma potential reaches a steady-state value and 
to drain the magnetic bottle from well-confined electrons 
between the pulses. The plasma potential and He2+ ion 
beam current following the microwave turn-on (at t = 0 
ms) are presented in Figure 2. The plasma potential peaks 
immediately after the plasma breakdown being 30 – 50 % 
higher than the saturation value. The peak of the plasma 
potential coincides reasonably well with the preglow in 
the case of 14 GHz ion source. In the case of 6.4 GHz a 
similar peak of plasma potential was
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Figure 2: Preglow plasma potential and He2+ ion beam 
cu

of plasma potential 
is unaffected as shown in Figure 3. 

rrent of the JYFL ion sources. 

It was observed with the JYFL 14 GHz ECRIS that 
while providing seed electrons clearly enhances the 
preglow ion beam current of He2+ and allows a faster 
plasma breakdown, the time evolution 
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Figure 3: Preglow plasma potential and He2+ ion beam 
current with and without seed electrons (JYFL 14 GHz 
ECRIS). 

Argon plasmas also exhibit similar transient behavior in 
the very beginning of the microwave pulse (confirmed at 
JYFL and RIKEN). Figure 4 shows a result from the 18 
GHz ECRIS at RIKEN. Microwave pulse pattern with on- 
and off-times of 100 ms (i.e. duty factor of 50%), 
resulting into presence of notable amount of seed 
electrons, was used. The plasma potential was measured 
with Ar9+ ion beam.   
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Figure 4: Plasma potential and Ar9+ ion beam current of 
the RIKEN 18 GHz ECRIS.  

The peak of the plasma potential in the beginning of the 
microwave pulse is reached far before the beam current of 
Ar9+ reaches steady-state. The behavior highlights the fact 
that during the preglow the plasma is populated by low 
charge state ions increasing the plasma potential. The 
RIKEN 18 GHz ECRIS was also used for studying the 
time evolution of plasma potential at different microwave 
powers. The results are displayed in Figure 5. 

The peak value of the plasma potential remains 
practically constant while the steady-state value increases 
at higher power (plasma density). The relaxation time 
decreases with increasing power. Saturation was not 
reached with 100 ms pulses for 100 W of power 
(indicated by the arrow associated with the data point). 
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Figure 5: The effect of microwave power on the 
behaviour of the plasma potential (18 GHz). 

Figure 4 shows also that the plasma potential increases 
momentarily during the plasma decay (afterglow). Similar 
behavior during the afterglow was observed with the 
JYFL ion sources. The magnitude of the afterglow 
fluctuation of the plasma potential was less pronounced at 
lower frequencies. i.e. lower magnetic field affecting the 
plasma confinement. The relative increase of the plasma 
potential during the preglow and afterglow transients for 
the three ion sources are listed in Table 1. The range of 
the values corresponds to varying ion source settings 
(however, a full parametric study is still desirable).  
Table 1. Comparison of the relative increase of plasma 
potential (argon) during the preglow and afterglow.  

Ion Source Preglow / Steady-state 
plasma potential 

Afterglow / Steady-state 
plasma potential  

JYFL 6.4 GHz  1.06 – 1.12 1.09 – 1.14 

JYFL 14 GHz  1.13 – 1.47 1.17 – 1.28 

RIKEN 18 GHz 1.13 – 1.66 1.04 – 1.34 

DISCUSSION 
The conclusion of our studies can be summarized as 

follows: the plasma potential is higher during the plasma 
build-up and decay compared to steady-state conditions. 
However, the processes explaining the potential 
fluctuations are different for preglow and afterglow. 

It is believed that the preglow peak of low charge state 
ion currents is caused by abrupt change in plasma energy 
content (electron energy distribution function, EEDF) [4]. 
At low ionization degree, the microwave power is 
sufficient to heat the electron population to high energies 
corresponding to so-called superadiabatic EEDF. The 
average electron energy collapses with exponentially 
increasing plasma density, which results to burst of 
electron losses from the plasma. Due to lower mobility, 
the loss rate of ions cannot match the loss rate of 
electrons. The difference in particle fluxes is compensated 
by the formation of plasma potential. High electron loss 
rate associated with the transition from superadiabatic 
EEDF to bi-Maxwellian one forces the plasma potential 
to peak in the process. The effect is presumably amplified 

by the fact that the preglow CSD is concentrated on LCI. 
High plasma potential is required to retard electrons and, 
on the other hand, supply LCI with enough velocity to 
balance the fluxes of negative and positive charge. As the 
mean charge of ions increases, the potential drops and 
reaches steady-state value. The damping of the plasma 
potential fluctuations seems to be faster with increasing 
microwave power and frequency i.e. increasing plasma 
density in steady-state. This is most likely due to 
increased rate of ionization pushing the CSD towards 
equilibrium in reduced time. 

Plasma potential peaking during the preglow implies 
that any application, relying on running an ECRIS in 
pulsed mode and utilizing the preglow transient, must 
take into account the increased energy spread of the ion 
beam causing the bending and focusing properties of the 
ion beam differ from those of a cw beam. It is plausible to 
claim that the space charge compensation degree of the 
ion beams in pulsed mode is lower than cw beams, which 
could deteriorate the beam quality even further. This has 
been noted in experiments at JYFL [3] in which the 
bending magnet (energy spread) and solenoids (space 
charge compensation / beam particle distribution) had to 
be tuned differently when switching from cw beams to 
pulsed beams (preglow). 

According to the prevailing understanding afterglow 
peak of HCI is initiated by a burst of cold electrons 
escaping the plasma [2]. As the microwave power is 
turned off, growing number of cold electrons populate the 
loss cone of the magnetic bottle in velocity space because 
they are not being heated perpendicular to the magnetic 
field anymore. It has been argued [8] that this process 
changes the magnitude and spatial distribution of the 
plasma potential reducing the confinement of ions. Our 
experiments suggest that the ion confinement is indeed 
reduced during the afterglow due to increased plasma 
potential, which results to a fast transient peak of HCI 
expelled from the plasma, followed by diffusive decay. 
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Abstract 
Present work is devoted to experimental and theoretical 

investigation of possibility of short pulsed (< 100 µs) 

multicharged ion beams creation.  

The possibility of quasi-stationary generation of short 

pulsed beams under conditions of quasi-gasdynamic 

plasma confinement was shown in recent experiments. 

Later another way of such beams creation based on 

“Preglow” effect was proposed. In present work it was 

demonstrated that in the case when duration of MW pulse 

is less then formation time of “Preglow” peak, realization 

of a regime when ion current is negligible during MW 

pulse and intense multicharged ions flux appears only 

when MW ends could be possible. Such pulses after the 

end of MW were called "micropulses". In present work 

generation of micropulses was observed in experiments 

with ECR discharge stimulated by gyrotron radiation @ 

37,5GHz, 100 kW. In this case pulses with duration less 

than 30 µs were obtained. Probably the same effect was 

observed in GANIL where 14 GHz radiation was used 

and pulses with duration about 2 ms were registered [1]. 

In present work it was shown that intensity of such 

micropulse could be higher than intensity of “Preglow” 

peak at the same conditions but with longer MW pulse. 

The generation of micropulses of nitrogen and argon 

multicharged ions with current of a few mA and length 

about 30 µs after MW pulse with duration of 30-100 µs 

was demonstrated. The low level of impurities, high 

current density and rather high average charge make 

possible to consider such micropulse regime as 

perspective way for creation of a short pulsed ion source.  

INTRODUCTION 

Realization of the European programme for neutrino 

oscillations research, "Beta Beam Project" [2], requires 

that short-pulse (10 to 100 μs) beams of multicharged 

ions of radioactive gases (6He or 18Ne) with high gas 

efficiency be created. A possible way to achieve 

formation of such beams is associated with the use of a 

pulsed ECR source of multi-charged ions (MCI). 

Application of modern classical ECR ion sources for this 

is not feasible, since the time of gas breakdown and the  

 

plasma density's reaching the stationary level is long 

(over 1 ms) as compared with the required pulse duration. 

In [3] possibility of gas breakdown process shortening by 

using of microwave radiation with higher frequency for 

plasma heating was demonstrated theoretically. Plasma 

life time decreases with increase of its density (plasma 

density could be increased by using of higher frequency 

microwaves) in the case of classical plasma confinement 

[4] and reaches its minimum value determined by quasi-

gasdynamic plasma outflow from the trap though 

magnetic plugs [5]. That is why present work is devoted 

to experimental demonstration of short pulsed 

multicharged ion beams creation possibility in ECR ion 

source with gyrotron plasma heating with frequency 37 

GHz and power 100 kW. Such parameters of microwave 

heating are much higher than in traditional ECR ion 

sources [6]. In the article two regimes of short pulsed 

beams generation are discussed: quasi-stationary and non-

stationary.  

FORMULATION OF THE PROBLEM 

To solve a problem of short pulse creation, first of all it 

is necessary to perform the analysis of gas breakdown 

dynamics dependences on different parameters. 

In the very beginning of microwave breakdown of a gas 

in a magnetic trap under the ECR conditions the main 

process is ionization of the neutral gas by collisions with 

hot electrons; plasma density grows exponentially, the 

degree of gas ionization is less than unity, low-charge 

ions dominate in the distribution of ions over their charge 

states, and the power absorbed in the plasma is much less 

than the power of the microwave pumping. Electron 

energy distribution function (EEDF), which determines 

plasma life time and efficiency of gas ionization, has a 

form corresponding to superadiabatic regime of electron 

heating in a mirror trap under ECR condition. Average 

energy of electrons in this case is as high as hundreds kilo 

electron-volts [7]. Energy content of plasma grows with 

plasma density. Plasma confinement time is rather high. If 

one stop microwave pulse on this stage, ionization would 

continue as long as electron temperature is high. In this 

case appearing of ion beam after end of microwaves pulse 

is possible like it happen in afterglow mode.  
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Figure 1 SMIS 37 experimental stand. 1 – gyrotron, 2 – MW beam, 3 – pulsed vacuum valve, 4 – discharge chamber, 5 

– magnetic trap coils, 6 – quartz window,  7 – diagnostic chamber, 8 - extractor, 9 – Faraday cup, 10 – ion 

analyzer. 

Experimental results obtained on SMIS 37 [8] stand 

demonstrating creation of short pulses under conditions of 

powerful plasma heating with gyrotron radiation 

@ 37 GHz are described in the present work. 

EXPERIMENTAL SETUP 

The experimental research presented in this work was 

carried out on the SMIS 37 shown schematically in 

Figure 1. 

A gyrotron generating linearly polarized radiation at the 

frequency of 37.5 GHz, with the power up to 100 kW, 

and pulse duration up to 1.5 ms was used as a source of 

pulsed microwave radiation.  

Mirror or cusp magnetic traps was created by 2 pulsed 

solenoids. In the greatest majority of the experiments the 

field in the magnetic plugs of the system was 2 Tesla.  

The operating gas was inlet into the trap along the axis 

of the magnetic system through a 20-cm long quartz tube 

with internal diameter of 5 mm; the tube was soldered at 

the center of the input quartz window.  

Ion extraction and ion beam formation were achieved 

by means of a traditional two-electrode extracting system. 

A plasma electrode was placed at an arbitrary distance 

from the trap plug. Maximum 55 kV voltage was supplied 

to the extractor. Total ion current was measured by a 

Faraday cup mounted on the magnetic trap axis. The cup 

had an input window 35 mm in diameter and intercepted 

the entire ion beam passed through the extractor puller. 

Spectral analysis of the extracted beam of positive ions 

was performed by means of a magnetostatic analyzer. 

EXPERIMENTAL RESULTS 

Quasi-stationary short pulse generation 

The aim of experiments was investigation of time 

dynamics of the discharge and efficiency of multicharged 

ions generation. To realize the minimum time of gas 

breakdown together with high ionization rate the next 

experimental conditions were tuned: microwave power, 

neutral gas flux into the source, neutral gas pressure, 

magnetic field of the trap. For plasma confinement a cusp 

magnetic trap was used. As a  result of tuning discharge 

evolution time about 15 μs was obtained. In Figure 2 an 

example of total ion current oscillogram when 50 μs 

microwave pulse was used for plasma heating is 

presented. 

 

 

Figure 2. Total ion current. 1 – current measured with 

Faraday cup , 2 – numerical simulation for corresponding 

parameters. 

As follows from Figure 2 the time of current rising is 

about 15 μs, and it is enough for creation of the pulses 

with duration of 30 μs and more, that meets the challenge 

of the “Beta Beam project”. In those experiments the 

plasma flux density through the plugs of the trap was 

equal to 2 A/ cm2. 

Non-stationary short pulse generation 

Study of a possibility of shortening of ion beam pulse 

was started with study of Preglow effect. The effect was 

found and described in [7]. Later it was studied with 

higher (37 GHz) frequency of MW pumping. Three left 
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oscilogramms in Figure 3 show this effect. Further 

shortening of microwave pulse leads to only one 

maximum on the oscilogramm (right oscilogramms in 

Figure 3) which appeared a certain time later of end of the 

microwave pulse.  

 

 

Figure 3. Ion current of Ar4+ versus microwave pulse 

duration. Negative signal on the oscilogramms is electric 

noise.  

Such short pulse after the end of microwaves was 

called “micropulse”. Temporal evolution of ion beam 

current  may be described in frame of the model 

developed in [7]. In the beginning of the breakdown while 

plasma density is low electrons could accumulate a lot of 

energy which could course an efficient ionization after the 

end of MW pulse. Fast density growth and average 

electron energy decrease after MW pulse leads to intense 

peak of ion current. So nature of micropulses is close to 

afterglow, but with starting of afterglow peak not from 

steady state regime of discharge flow but from breakdown 

stage. 

 

 

Figure 4. Ion charge state distribution for Argon. 

 

In such conditions the average ion charger in this peak 

could be high enough. In Figure 4 corresponding ion 

spectrum in argon is presented. 

 

CONCLUSIONS 

Obtained results obviously demonstrate perspective of 

heating microwaves frequency increase for production of 

short pulsed multicharged ion beam. 
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Abstract 

The COMIC discharge cavity is a very versatile 

technology. We will present new results and devices that 

match new applications like: molecular beams, ultra 

compact beam line for detectors calibrations, quartz 

source for on-line application, high voltage platform 

source, sputtering /assistance broad beams and finally, a 

quite new use, high energy multi-beam production for 

surface material modifications. 

In more details, we will show that the tiny discharge of 

COMIC can mainly produce molecular ions (H3
+). We 

will present the preliminary operation of the fully quartz 

ISOLDE COMIC version, in collaboration with IPN-

Lyon, we will present a first approach for a slit extraction 

version of a three cavity device, and after discussing 

about various extraction systems on the multi discharge 

device (41 cavities) we will show the low energy broad 

beam (2 KV) and high energy multi-beams (10 beams up 

to 30 KV) productions. 

We will specially present the different extraction 

systems adapted to each application and the beams 

characteristics which are strongly dependent on the 

voltage distribution of an accel-accel two electrodes 

extraction system. 

THE COMIC PRINCIPLE 

The basic principle of the COMIC (COmpact 

MIcroonde & Coaxial) discharge have been previously 

presented [1]. This principle is a very basic and low 

power way of plasma generation and we will present here 

the different discharge customization ways for beam, 

broad beam of multi-beam generation. The plasma is 

ignited between a quarter wave antenna and grounded 

couplers where the over voltage can reach the Paschen’s 

conditions (Fig.1). This discharge is magnetized by a 

small gradient of a magnetic field that reach ECR 

conditions at the level of this over voltage. The weak 

generated plasma (roughly 5eV and 5 1010 cm-3, measured 

after 5 mm of diffusion outside the cavity) is very suitable 

for molecular and  monocharged  ion production .The 

very small confinement time allows the creation of non 

negligible current densities  in the range of 0.1 to 10 

mA/cm2. The consequence of these compromises is the 

use of relatively high gas flux by respect to a high 

confinement ECR source.   

 

 

Figure 1: The elementary COMIC discharge.  

We can see (Fig.2) an optimization for the production 

of H3
+ molecular ions (15 µAe with 1 mm extraction 

hole). Due the poor pumping of hydrogen we have 

observe the breaking of the 20 KV H3
+ in two peaces : 

H2
+ at 13.6 and H+ at 6.8 KV and also H+ at 10 KV 

coming from 20 KV H2
+. The production of high currents 

of hydrogen could be done only with a strong pumping 

dedicated to hydrogen. 

 

 

 

 

Figure 2: H3
+ optimisation with partial energy beams 

generated by gas interaction of H3
+ and H2

+. 

MONOBEAM / MONOCAVITY DEVICES 

Due to the small size and low power operation, it is 

easy to match a COMIC source to compact devices. 

A first one, now under assembly, is a moveable beam 

line for detectors calibrations. The purpose here is to 

deliver very low ion and electron currents (down to some 
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p/s) but with a high reliability. Inside a compact line 

(50 cm in length and 16 cm in diameter) it would be 

possible to focus or defocus the beam, with or without ion 

selectivity (Fig.3) for energy up to 50 KV. A Wien filter 

module can be placed in front of the source in order to get 

ionic selectivity up to the mass 20. 

A second device is the so-called Q-COMIC, developed 

for ISOLDE/CERN that is a special version including a 

fully quartz gas and plasma chamber for ionisation of 

radioactive gas (Fig.4). The current and functioning point 

are very close to the COMIC one but here all the wall of 

the plasma chamber are quartz recovered from the gas 

injection to the current extraction [2]. 

 

 

 

Figure 3: Moveable mini beam line for the MIMAC 

detector (1 - source, 2 Wien filter (or H deflector) -, 3 – V 

deflector, 4 – Faraday cup) 

 

 

Figure 4: Q-Comic with quartz plasma chamber  

(1 - quartz, 2 - source, 3 - beam) 

MONOBEAM / MULTICAVITY DEVICES  

The principle of the COMIC discharge can be use also 

to generate slit or broad beams.  A first device called T-

COMIC (including three discharges) has been built in 

order to improve the reliability of Xenon beams initially 

produced with a Bernas ion source on a high voltage 

platform (Fig. 5). Here the microwave device has been 

introduced exactly inside the same volume and at the 

same place that the filament source. The plasma of three 

cavities feeds a small diffusion gap and after this gap a 

plasma electrode with a small rectangular slit extracts the 

beam extract the beam. Preliminary current measurements 

show a current density similar to a Ø 4 mm extractor (4 

mA/cm2) but here produced as a slit beam (2 per 12 mm). 

The optical qualities of this beam are very similar to the 

Bernas one, so the possibility of matching the beam to the 

optical system of the high voltage platform is performed 

without problems (Fig. 6). 

 

 

Figure 5: T-COMIC with up to three discharge and plug & 

play by respect to a filament source. 

 

 

Figure 6: “Slit” beam produced with T-COMIC 

 (1 mA, Ar, 30 KV, 20 W , 2.45 GHz, one cavity excited). 

 

We can see (Fig. 7) the machine called COMIC-Array 

that is made of 41 cavities distributed over a square of 16 

cm per 16 cm. Between each cavity a small magnet 

magnetizes four adjacent discharge volumes. Therefore, 

more than 50 % of the surface (41 times Ø 2 cm) can be 

used as a plasma diffuser so the plasma can be 

homogenized after some centimetres from the plane of the 

1 

2 

3 

1 

1 2 3 4 
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discharges. This broad beam can be produced by the 

progressive activation of eight independent cavities and 

extraction after a diffusion gap of 9 mm like. This very 

preliminary test already shows that it is possible to build a 

large beam from the activation of small and well 

optimized discharges followed by the mixing of the 

different plasmas produced by each cavity. The beam 

(Fig. 8) is produced with a gas flux in the 41 cavities of 

about 1 mbar.l.s-1, but only 8 cavities are activated (only 

8 transmitters available at this time) for an extracted 

current of 22 mAe at 2 KV. 

 

 

 

Figure 7: COMIC-array low energy with grid extractor    

(gap size : 4 mm) 

 

 

Figure 8: Low energy (2 KV) broad beam produced with 

COMIC-array (9 per 6 cm / 8 discharges). 

MULTIBEAM / MULTICAVITY DEVICES 

Such device can also be used at higher voltages (some 

tens of KV). In this case all the 41 cavities are closed by 

the plasma electrode so the discharge panel become just a 

juxtaposition of 41 independent COMIC ion sources 

(Fig. 9). The extraction system is a simple two gap 

extractor made of two plates with 13 holes of extraction.  

We can see (Fig. 10) 10 beams of Xenon produced in 

parallel. A strong defocus can be obtained just by tuning 

of the intermediate voltage and thus we can obtain a 

mixing of the different beams at a distance of some ten 

centimetres. 

 

 

Figure 9: COMIC-array high energy with double gap 

extractor 

 

Figure 10: 10 beams at 25 KV/  2mm of Ar (roughly 

150 µA per beam) the “target” plate is placed at 10 cm 

from the extractor. 

CONCLUSION 

By the use of a small, simple and reliable microwave 

device it is possible to customize various devices for 

plasma or ion beam applications. Lot of new other 

customizations are possible. 
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Abstract 
Several compact 2.45 GHz Electron Cyclotron 

Resonance Ion Sources (ECRISs) have been developed at 

Peking University for ion implantation [1], Separated 

Function Radio Frequency Quadrupole project 

(SFRFQ)[2] and for the Peking University Neutron 

Imaging FaciliTY project (PKUNIFTY) [3]. Studies on 

2.45 GHz ECR ion sources are concentrated on methods 

of microwave coupling and microwave window design, 

magnetic field generation and configuration, as well as 

the extraction electrodes structure. Investigation also 

covers the influence of the size of plasma chamber on the 

discharge efficiency and species factor. Up to now, our 

sources have produced 25 mA of O+ ion, 40 mA of He+ 

ion, 10 mA of N+ ion, 100 mA of H+ ions and 83 mA of 

D+ ions, respectively.  

INTRODUCTION 

In recent years the production of high current beams is 

a key point for many research projects [4]. The 2.45 GHz 

electron cyclotron resonance (ECR) ion sources, invented 

30 years ago by Sakudo [5] and Ishikawa et al. [6] for 

industrial applications, are the suitable candidates of 

producing high current and high brightness proton, 

deuteron, oxygen and other mono-charged light ion 

beams. The special characteristics of 2.45 GHz ECR 

sources, such as high ion current density, compact 

structure, high reliability, ability to operate in both CW 

and pulsed mode, good reproducibility and low 

maintenance，make it popular as a High Current Ion 

Source in the world [7-10]. 

Research on the 2.45 GHz high current ECR ion source 

at Peking University (PKU) can trace back to 1980’s [10]. 

Since then, several 2.45 GHz ECR sources were 

developed for different purposes [1-3]. Fig.1 is a 

schematic configuration diagram of the PKU ECR ion 

source developed for Peking University Neutron Imaging 

FaciliTy (PKUNIFTY) project (PMECR IV, see below). 

As shown in fig.1, special designed alumina dielectric 

microwave window is used for the microwave coupling 

between the rectangle microwave guide and plasma 

chamber. The axial magnetic field needed by the ECR in 

the plasma chamber with 2.45 GHz rf wave is provided 

by three permanent magnet rings, so the source is named 

PMECR ion source. Its out diameter and its length are 10 

cm, and its weight is less than 5 kg. The discharge 

chamber is a cylinder with diameter about 40 mm and 

length of 50 mm. For beam extraction, a 45  angle cone- 

expansion type electrode is used to suppressing the beam 

divergence. Heretofore, we have got several tens of 

milliampere of various gas ions, such as H+, D+, He+, N+ 

and O+ [1][11][12][13][14]. Now the PMECR I ion source 

is routinely delivering ion beams for Separated Function 

Radio Frequency Quadrupole (SFRFQ) project [2] and 

the PMECR IV, for PKUNIFTY project [3]. 

The technical achievements and progresses on methods 

of magnetic field generation and configuration, source 

body structure, microwave coupling, and beam extraction 

electrodes design of PKU 2.45GHz ECR ion source in the 

past decades will be described in this paper. 

MICROWAVE COUPLING METHODS 

The microwave system of an ECR ion source is used to 

generate 2.45 GHz microwave and transport the 

microwave to the ion source. At PKU, the system is a 

very simple one with a microwave generator, a magnetron 

cavity, a circulator or isolator, a tuner, some rectangular 

waveguide, a high voltage break wave guide (HV break) 

and a coupling part with source body. The tuner (manual 

three-stub or automatic stub) is adapted for matching the 

waveguide to plasma impedance, which enhances the 

plasma density and finally increases the current density of 

the extracted beam. The WR340 and WR284 rectangular 

waveguides were compared during the source running. 

Results show that using the WR340 rectangular 

waveguide can save more than 30% microwave power 

comparing with the WR284 to obtain the same beam 

current extracted at the same conditions [12].  

The microwave coupling part refers to the matching 

unit to adapt the standard rectangular waveguide to the 

source body. Ridged waveguide, dielectric microwave 

window and antennas are the three ways to fulfil the 

coupling. Most Labs, such as Chalk River National 

Laboratory, Saclay/CEA [15][8], are using a ridged 

waveguide to match the microwave line with source body. 

At PKU, ridged waveguide, dielectric microwave window 

as well as T-shape antenna were tested at the early stage 

of ECRIS development [11][1][12]. The presence of 

antennas is not convenient to the routine operation 

because of periodical maintenance. Experimental results 

show that the function of dielectric microwave windows 

with special design is equivalent to a ridged waveguide 

for microwave coupling between the microwave line and 

the discharge plasma. As shown in fig.1, the dielectric 

microwave window for 2.45GHz ECR ion source at PKU 

which consists of an alumina block with dielectric 

constant 9 is special design for microwave coupling. It 

works as vacuum sealing as well. In the meantime, a 

piece of thin BN or SiN disk toward the plasma is used to 

protect the microwave window from the bombarding of 

electrons. The lifetime of SiN is longer than BN for 

 ___________________________________________ ____________________________________________ 
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window protection [13], which has been proved by the 

recent research on the D+ ion source developed for 

PKUNIFTY project. With dielectric microwave window, 

the microwave system is more compact compared with 

using ridged waveguide. 

By inserting a HV break in our microwave line, the 

tuner, the isolator, the microwave cavity and the 

microwave generator can be operated on ground voltage. 

It has been proved that this design is very robust and 

safety.  

MAGNETIC FIELD GENERATION AND 

SOURCE BODY FABRICATION  

In microwave discharge ion sources, the magnetic field 

along the plasma chamber axis is effective on the 

ionization process because it forces the electrons to 

circulate around the field lines and increases the 

ionization probability. Different theoretical approaches 

exist about plasma ignition in High Current Ion Source 

operating at 2.45 GHz that depends on the shape and 

value of the maximum magnetic field with respect to BECR 

= 875 Gauss [16]. 

The axial magnetic configuration can be provided by 

three ways, which are electromagnetic coils 

[7][8][16][17], electromagnetic coil plus permanent 

magnetic rings [1], or permanent magnetic rings only 

[1][18]. The magnetic field distribution and strength can 

be adjusted when the electromagnetic coils are used. But 

in the case of using permanent magnets only, the 

magnetic field is unchangeable after source assembling. 

So simulation using suitable software is needed in the 

permanent magnet design, and the special attention 

should be paid to avoid high stray field at the extraction 

side, which may result in Penning discharge within the 

extraction region. The advantages of using permanent 

magnets are obvious. For example, with permanent 

magnets the size of the components at high voltage 

becomes smaller, the power supplies operated on high 

voltage platform is no longer needed, and the structure of 

the ion source body is more compact. Also the ion beams 

produced by PMECR ion source have better stability and 

reliability in comparison with the solenoid coil system for 

long term operations [4]. By replacing solenoids and its 

power supplies with several permanent magnetic rings, 

the manufacture cost of an ion source drops a lot. 

At PKU, the study on the methods of magnetic field 

generation and magnetic fields configuration for 2.45GHz 

ECR ion source started at 1990’s [1]. We have tested 

solenoids, solenoid plus permanent magnet rings and only 

permanent rings. For plasma generation, they did not 

make any difference. Recently we focused on permanent 

magnetic rings for our source (PMECR I, II, III and IV) 

because it is more safety (less components placed at high 

voltage), compact (smaller source body) and economic. 

Unlike the permanent magnetic rings used at 

CEA/Saclay, that each ring is made of 24 elementary 

NdFeB magnets assembled in an aluminium shell [18], 

we use two or three NdFeB permanent magnet rings to 

form the magnetic field for plasma producing as shown in 

Fig.1. Fig.2 shows several typical magnetic field 

configuration curves we have used [12]. The source 

operated well with all the three magnetic field 

distributions, and the best one for the source performance 

is the magnetic field distribution A, which produces two 

high density plasma regions at both end of the discharge 

chamber. Further study results indicate that the beam 

current is very sensitive to the B value at the extraction 

aperture position, but not sensitive to the magnetic field 

strength at the microwave window [13]. 

BEAM FORMATION AND HANDLING 

The beam extraction system design is depended on 

requirements of the accelerator. Special attention should 

be paid to the electrode design in order to minimize the 

electric field on the electrode surface, beam divergence 

angle, beam emittance and the spark risks. The most 

important parameters in extraction system design are the 

angle of the conical section of the plasma electrode and 

the ratio S defined as the radius of extraction aperture of 

plasma electrode over the distance from plasma electrode 

to the downstream electrode.  
At PKU, studies are focused on a classical three 

electrode system on test bench and for PKUNIFTY 

 

Figure 2: Axial magnetic field profiles of the 

permanent magnet. 

 

Figure 1: Schematic diagram of 2.45 GHz ECR ion 

source in PKU. 
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project. Emphases are concentrated on how to decrease 

beam divergence, suppress emittance growth within 

LEBT and increase the beam transmission efficiency in 

LEBT [2, 3, 14]. Study shows that an appropriate angle of 

the conical section of the plasma electrode and a suitable 

suppression voltage are important parameters for beam 

formation and handing. For example, we replaced the 

original plat electrode with a cone apex angle of 90° for 

SFRFQ project, the peak oxygen current at RFQ entrance 

increased from 9 mA to 25 mA [14]. On our LEBT test 

bench, a set of flat electrodes was used before 2008. The 

aperture diameter of plasma electrode was 5 mm, and of 

suppressing electrode and grounded electrode was 8 mm. 

The acceleration gap and the deceleration gap were 6 mm 

and 2 mm, respectively, and the suppression voltage was 

set to 2 kV. In such a case more than 100 mA proton 

beam could be easily obtained at 50 kV extraction voltage 

and its normalized rms emittance is about 0.2 .mm.mrad 

[12], but its beam half divergence angle was larger than 

100 mrad. At the end of 2008, we replaced those plat 

electrodes with a set of 90  cone - expansion type one, as 

shown in Fig.1. The emission aperture has a diameter of 6 

mm with thickness of 2 mm followed by an expansion 

cylinder with diameter of 8 mm and thickness of 2 mm. 

The aperture diameter of the puller electrode and the 

ground electrode is still 8 mm and their thickness is 3 

mm. The acceleration gap and the deceleration gap are 12 

mm and 3 mm, respectively. The half divergence angle of 

the beam reduced to 64 mrad at 2 kV suppression voltage. 

When the suppression voltage increased to 2.8 kV, the 

half divergence angle dropped to 35 mrad further, the 

normalized rms emittance is about 0.13 .mm.mrad for 

100 mA H+ ion beam at 50 kV, and the beam transmission 

efficiency on LEBT test bench increased from 75% to 

93% [14]. Also a 40 mA He+ and more than 10 mA N+ 

ion beams have been extracted on this test bench with a 

normalized rms emittance less than 0.2 .mm.mrad and a 

half divergence angle less than 40 mrad. The extraction 

system for PKUNIFTY project is a copy of 90  cone - 

expansion type [3]. About 83 mA total current deuteron 

beam has been extracted at 50 kV with half divergence 

angle less than 70 mrad, and its normalized rms emittance 

is less than 0.18 mm mrad.  

X-ray shielding is another issue outside the acceleration 

column, especially when operator is on the spot. By 

embedding the whole accelerator columns into the metal 

vacuum box above the pump for LEBT test bench and D+ 

injector, radiation outside the accelerator columns was 

reduced to background lever when operated at 50 kV for 

H+ ion beam generation [3]. 

DISCUSSIONS 

After the investigation for several decades, a series of 

compact permanent magnetic 2.45 GHz ECR ion sources 

has been developed to deliver high current beam for 

different accelerator projects at PKU. About 25 mA of O+ 

ion, 10 mA of N+ ion, 100 mA of H+ ions and 83 mA of 

D+ ions can be produced with those compact PMECR 

sources. Recently, 40 mA of He+ ion beam at 50 kV was 

also obtained on our LEBT test bench. For all the beams 

the normalized rms emittance is less than 0.2 .mm.mrad, 

the half divergence angle is smaller than 70 mrad. The 

possible further improvements might be investigated 

depending on the requirements. Beside higher current and 

higher brightness, beam divergence is another important 

parameter for an ion source. Moreover, attentions should 

be paid to magnetic field shielding and space charge 

compensation within extraction region. Plasma diagnosis 

is going to be performed in a new PM ECR source 

(PMECR V) so that we can understand the behaviour of 

gas discharge inside the discharge chamber better. 
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Abstract 
A 14.5 GHz ECRIS has been designed and fabricated 

at KAERI (Korea Atomic Energy Research Institute) to 
produce multi-charged ion beam (especially for C6+ ion 
beam) for medical application. The magnet system has 
cupper conductor solenoid coils and a permanent magnet 
hexapole. A welded tube with aluminium and stainless 
steel is used for an ECR plasma chamber to improve the 
production of secondary electron. A Krystron supplies 
microwave energy to the plasma. A movable beam 
extractor with 8 mm aperture covers different species and 
different charge numbers of the beam. Fabrication and 
initial experimental results on ECR plasma are discussed 
in this paper. 

INTRODUCTION 
A heavy ion accelerator for cancer treatment [1] by a 

cyclotron or a synchrotron is planned in Korea. As an 
important activity of this project a 14.5 GHz ECRIS has 
been designed and fabricated. The main design goal of the 
ion source is to produce C6+ ions with a current level of 
several tens of electro-microampere, and to meet this goal 
key parameters were designed as summarized in Table 1.  

In this paper the design and fabrication results of the 
ion source, and the initial experimental results on the 
ECR plasma are described. An image camera and an 
optical sensor with a photo multiplier (PM) tube near the 
beam extraction aperture, and a NaI(Tl) detector at the 
outside of a beam extraction chamber with multi-channel 
analyzer (MCA) system to measure the X-ray spectrum 
were used to understand the characteristics of the ECR 
plasma.  

SOURCE DESIGN AND FABRICATION 
To get high current for the fully striped carbon ions 

with 14.5 GHz frequency strong-field ECR ion source, as 
shown in Fig. 1, was designed. The solenoid coils are 
composed of two axial coils to make mirror fields in both 
sides of the chamber and one trim coil at the center to 
control the layer of the resonance region (Bmin). There are 
also three different yokes to make effective and strong 
axial field at the both ends of the ECR plasma region such 
as main yokes, hexapole fixing yokes and chamber yokes 
as shown in Fig. 2. The volume of the chamber yoke at 
the input side is maximized except the needed openings 
for microwave injection, vacuum pumping, and gas 
injection. Their positions and shapes are designed to 
minimize magnetic reluctance in the magnetic circuit. The 

hexapole [2] is composed of NdFeB permanent magnet. 
The sector number and outer diameter are optimized to 
make a strong hexapole field with a fixed inner diameter.   

 
Table 1: Design Parameters of KAERI ECRIS 

Parameters Values 

Microwave Max. Power 2.0 kW 
Binj 1.65 T 
Bext 1.1 T 

Br max 1.1 T 
Max. Mirror Ratio 3.3 

Chamber Inner Diameter 68 mm 
Chamber Length 320 mm 

Beam Extraction Diameter 8 mm 
Beam Extraction Voltage (Max.) 30 kV 

IC6+ > 20 μA 

 

 
Figure 1. Main structure of KAERI ECR ion source.  

 
Figure 2. Inner structure of magnets and insulators. 

 ___________________________________________  

*This study was performed as a part of Nuclear R&D
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An aluminium tube (5 mm wall thickness) welded with 
stainless steel (SUS 304) flanges is used for an ECR 
plasma chamber to improve the production of secondary 
electrons. A 2 kW Krystron supplies the microwave 
energy to the plasma. Microwave is injected in an axial 
direction at the off-axis position from the center to protect 
RF window from back streaming electrons. A movable 
beam extractor with 8 mm aperture covers different 
species and different charge numbers of the beam. And a 
movable Einzel lens with the beam extraction grid 
controls beam divergence. To make a simple insulation 
structure the vacuum chamber and the hexapole including 
the inner yokes are insulated from other components with 
G10 cylinder (5.5 mm thickness) and nylon covers at both 
sides of the chamber as shown with blue colour in Fig. 2. 
Two pumping system composed of 230 l/sec TMPs at RF 
input side and beam extraction side maintain the base 
pressure at the order of 10-8 mbar. A shielding box of 10 
mm around the solenoid coils and 20 mm around the 
beam extraction side is installed to shield the high 
intensity and high energy Bremsstrahlung X-rays from the 
ECR plasma.  

FIELD MEASUREMENT RESULTS 
 The field components of Br, Bθ and Bz have been 

measured by a three dimensional probe to certificate the 
magnetic structure of the fabricated ECRIS system. The 
measured Bθ components after fixing the hexapole 
structure at the chamber wall position (r=34 mm) with the 
angle resolution of 15° is shown in Fig. 3. It shows that 
the measured value (about 1.3 T) is higher than the 
estimated one (1.2 T) by a field calculation code. The 
difference between the measured and the calculated one 
comes from the position shift of a θ–component sensor in 
a three dimensional probe. The measured and calculated 
results of the axial field with the chamber yokes along the 
center line are shown in Fig. 4. The mirror field at the 
entrance region could be increased higher than 1.7 with a 
proper cooling. At the exit region, mirror field of more 
than 1.1 T also could be possible.  

 
 

 
Figure 3. Measured Bθ at the chamber wall position (r = 
34mm) with a hexapole structure. 

 
Figure 4. The magnetic field at the beam center (r=0 mm) 
with complete magnet structure of KAERI ECRIS. The 
coil currents are 700A, 300A, 700A for coil A, trim coil 
and coil B respectively. 

 

ECR PLASMA EXPERIMENT 
The charge state and the current of the beam from the 

ion source are closely related with the electron 
temperature and density of the ECR plasma. Three 
different tools such as image camera, optical sensor and 
X-ray detector are used to check the characteristics of the 
ECR plasma.  

Camera Image 
There are limited apertures through which ECR plasma 

could be seen. A small image camera is inserted instead of 
the beam extraction grid of the ion source, and ECR 
plasma is observed by the camera through the beam 
extraction hole. Fig. 5 shows the images of the ECR 
plasma through the hole (8 mm diameter) depending on 
the current value of the trim coil. The current changes 
Bmin value and the layer structure of the ECR zone, and it 
changes the characteristics of the ECR plasma. They 
show that as Bmin is approached to the ECR resonance 
frequency by increasing the current of the trim coil the 
light intensity is decreased, but on the other hand X-ray 
intensity is increased.  

Optical sensor and PM Tube  
An optical sensor is installed instead of the camera to 

measure the light intensity of the ECR plasma.  The signal 
is amplified by a PM tube. Fig. 6 shows the measured 
result of the light intensities from the argon ECR plasma 
depending on gas pressure and microwave input power. 
The light intensity increases as pressure and microwave 
power are increased.  

Bremsstrahlung X-ray 
X-ray shielding was not considered seriously at the first 

design of the 14.5 GHz ECR ion source, but the X-ray 
dose from the ECR plasma was very high during some 
operation conditions even with 6 mm lead shielding 
around the beam extraction system (Fig. 1). Therefore X-
ray spectrum and radiation dose were measured with 
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NaI(Tl) detector to estimate the needed shielding 
thickness around the ion source.  

 
 

 
(a) When trim coil current is 0 A (Bz min = 0.22 T). 

 
 (b) When trim coil current is 200 A (Bz min = 0.31 T). 

 
(c) When trim coil current is 500 A (Bz min = 0.48 T). 

Figure 5. Camera images of the ECR plasma that are seen 
through the beam extraction hole. 

 
 

 
Figure 6. Light intensities from the ECR plasma 
depending on Argon gas pressure and input power. 

A detector without collimator is positioned at the 
outside of the ion source near the beam monitoring 
chamber, which is fabricated with 3 mm thickness 
stainless steel (Fig. 1). The dimension of the NaI(Tl) 
detector is 50 mm(D) x 50 mm(L) and the pulse shaping 

time is 1 μsec. Energy calibration was made by a Cs-137 
gamma ray source, which has 0.031 MeV and 0.661 MeV 
energy peaks. Gas was not supplied during this 
measurement but discharges could be started even at the 
base pressure of ~10-8 mbar. The pressure increases up to 
~10-6 mbar with the plasma ignition.  

The energy distribution of Bremsstrahlung X-ray from 
the ECR plasma [3, 4] is closely related with the electron 
energy distribution function. The spectrum change with 
trim coil current is shown in Fig. 7 when the microwave 
input power is 100 W. It clearly shows that electron 
heating efficiency changes with the field strength of Bmin. 
The optimum condition for the electron heating is 
supposed to be made around the trim coil current of 450 A. 
At this current the value of Bmin is 0.45 T (0.87*BECR). Fig. 
8 and Fig. 9 show another X-ray spectrums when 
microwave input power is 250W and 500W respectively. 
X-rays, whose energies are higher than 2 MeV, were 
detected when trim coil current is 450 A at 250 W input 
power. And the peak energy of the X-ray decreases again 
with the microwave input power. It looks like there is an 
optimum value of input power for the KAERI ECR ion 
source between 250 W to 500 W. This value is relatively 
small compared with the results of other sources [5].  

Because of the shield layers between the ECR plasma 
and the detector such as chamber wall, extraction grid 
and/or other components of the ECR ion source, the X-
ray distribution at low energy region should be deformed 
much by the attenuation by the shields. But the 
distribution at higher energy region can have relatively 
useful information on the electron distribution function of 
the ECR plasma. The electron temperatures estimated by 
the high energy tails of the measurement data are 
summarized in Fig. 10. We are planning to make more 
detailed measurement form the pure ECR plasma with 
proper collimators [3] in a near future.  

SUMMARY 
The fabrication of KAERI ECR ion source had been 

finished, and the test was started. During the initial test of 
the ECR plasma energy spectrums at the outside of the 
ion source depending on different operation condition 
were measured. It was found that the measured spectrums 
at the outside of the ion source without collimator also 
give some information on the KAERI ECR ion source. As 
the installation of the shielding structure of the source has 
been finished recently, next experiments on ECR plasma 
and multi-charged ion beam will be started.  
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Figure 7. X-ray spectrums depending on trim coil currents 
when microwave input power is 100 W.  

 
Figure 8. X-ray spectrums depending on trim coil currents 
when microwave input power is 250 W.  

 
Figure 9. X-ray spectrums depending on trim coil currents 
when microwave input power is 500 W.  

 
Figure 10. Calculated electron temperature of the ECR 
plasma based on the X-ray spectrum of high energy tail.   
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M. Hotchkis
#
, D. Button, ANSTO, Menai, Australia 

 

Abstract 
Several groups [1-3] have demonstrated the usefulness 

of ECR ion sources in forms of mass spectrometry, for the 

detection of rare long-lived radioisotopes, trace elements 

and stable isotope ratios. Mass spectrometry imposes 

strict constraints on the ion source. First, the ion source 

must be free of backgrounds at the same m/q ratio as 

isotope of interest. Backgrounds take several forms, 

including beams generated from residual gas or other 

materials in the source, either of the element of interest, 

or other elements which cause isobaric or other m/q 

ambiguities. Second, the ion source must exhibit a 

minimum ‘memory’ effect from sample to sample. We 

are interested in isotopic ratios of carbon, nitrogen and 

oxygen. These elements are ubiquitous in vacuum 

systems and so this work has its own particular 

challenges, especially in relation to the design and 

operational characteristics of the ion source. Initial work 

has revealed retention effects which reduce the sample 

clear out rates, and cause persistent backgrounds [4]. We 

will present results of our most recent efforts to control 

these problems.  

 

[1] P. Collon et al., Nucl. Instrum. Methods B 2004; 

223/224: 428.  

[2] M. Kidera et al., Eur. J. Mass Spectrom. 2007; 13: 

239.  

[3] M. Hotchkis et al., Rapid Comm. Mass Spec. 2008; 

22: 1408-1414.  

[4] D. Button and M.A.C. Hotchkis, Proc. 18th ECRIS 

Workshop, Sept 15-18, 2008, Chicago, USA, 

http://www.JACoW.org/.
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PLANS FOR LASER ABLATION OF ACTINIDES INTO AN ECRIS FOR 

ACCELERATOR MASS SPECTROSCOPY
*
 

R.C. Pardo#, F.G. Kondev, S. Kondrashev, C. Nair, T. Palchan, E. Rehm, R. Scott, R. Vondrasek, 

Argonne National Laboratory, Argonne, IL , USA,  

M. Paul, Racah Institute of Physics, Hebrew University, Jerusalem, Israel 

P. Collon, Nuclear Structure Laboratory, University of Notre Dame, Notre Dame, IN, USA  

G. Youinou, M. Salvatores, G. Palmotti, C. McGrath, Idaho National Laboratory, Idaho Falls, ID, 
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G. Imel, Idaho State University, Pocatello, ID, USA

Abstract 
A project using Accelerator Mass Spectrometry 

(AMS) at the ATLAS facility to measure neutron 

capture rates on a wide range of actinides in a reactor 

environment is underway. This project will require the 

measurement of many samples with high precision and 

accuracy. The AMS technique at ATLAS is based on 

production of highly-charged positive ions in an 

electron cyclotron resonance ion source (ECRIS) 

followed by linear acceleration. We have chosen to use 

laser ablation as the best means of feeding the actinide 

material into the ion source because we believe this 

technique will have more efficiency and lower 

chamber contamination thus reducing „cross talk‟ 

between samples. In addition construction of a new 

multi-sample holder/changer to allow quick change 

between multiple samples is part of the project. The 

status of the project, design, and goals for initial off-

line ablation tests will be discussed as well as the 

overall project schedule.  

INTRODUCTION 

Advanced nuclear fuel cycles are currently under 

evaluation in order to assess their potential to cope 

with new requirements of radioactive waste 

minimization, optimization of resource utilization, and 

reduced risk of proliferation. This assessment should 

account for several key features of the fuel cycle, 

including irradiated fuel processing, innovative fuel 

development and fabrication, waste characterization, 

and disposal. In some cases, the impact of nuclear data 

and their associated uncertainties can be crucial in 

order to further explore an option, or to reject it. The 

need for accurate data has been pointed out in recent 

studies devoted to Generation-IV systems, see e.g. [1]. 

The very high mass actinides can play a significant role 

in the feasibility assessment of innovative fuel cycles. 

As an example, the potential build-up of 252Cf when 

recycling all transuranics in a light water reactor, leads 

to increased neutron emissions that could impact the 

fuel fabrication process. As a consequence, the poorly 

known nuclear data of higher mass transuranics need to 

be significantly improved. 

At present, there is data to provide some information 

on the performance of these isotopes in reactor 

environments, but up to now, there has been little 

emphasis on the quality of these data and few reliable 

uncertainty estimates have been provided. This 

situation is due to the difficulty to make both integral 

and differential cross section measurements for these 

isotopes. 

The objective of this project is to obtain valuable 

integral information about neutron cross sections for 

actinides that are of importance for advanced nuclear 

fuel cycles in a relatively short time compared to the 

more standard, and time consuming, route which 

consists of irradiating samples in a reactor and then 

performing chemical analysis to characterize the 

different isotopes produced during irradiation. 

The proposed work intends to develop an original 

approach that takes advantage of two experimental 

facilities: the neutron irradiation capabilities of the 

Advanced Test Reactor (ATR) at the Idaho National 

Laboratory and the Accelerator Mass Spectrometry 

(AMS) capabilities of the Argonne Tandem Linac 

Accelerator System (ATLAS)[2] at Argonne National 

Laboratory.  

The novelty of this approach relies on the use of 

AMS which is expected to provide very sensitive 

measurements of the production of different actinides 

that are built up during the irradiation, up to the highest 

mass isotopes. AMS at ATLAS can detect down to 

about 106 atoms in samples consumed in the ion 

source, which is out of the range of more classical 

chemical analysis traditionally used to analyze 

irradiated fuel samples. 

In order to succeed in this project, the work can be 

decomposed into three major steps: 

1. Preparation and irradiation of some pure actinide 

samples in ATR. The samples that are available at INL 

and which are of interest for advanced reactor fuel 

cycles are the following: 232Th, 235U, 236U, 238U, 237Np, 
238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 241Am, 243Am and 
248Cm.  

2. Measurements of the amount of the different 

isotopes produced in the irradiated samples at ATLAS. 

 ___________________________________________  
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3. Using the results of the measurements, derive 

information on (n, γ), and (n,2n) cross sections on the 

target and daughter isotopes. An effort will be made 

also to derive, if possible, fission yields.  

In this report we will focus on the requirements of 

the AMS program and the novel aspects that will be 

implemented at the ECR ion source at ATLAS to carry 

out this research program. The requirements of 

precision and accuracy to obtain useful results are 

discussed more fully in [2]  

AMS AT ATLAS 

The principle of AMS at ATLAS [4] differs from 

conventional tandem-accelerator AMS by the injection 

of highly-charged positive ions followed by their linear 

acceleration. In this scheme, the high-velocity electrons 

of the ECRIS plasma strip the ions to high charge 

states, a process in some sense inverse to the stripping 

of fast ions in a solid or gas target used in a tandem 

accelerator. Similarly, the ECRIS ion stripping 

dissociates any existing molecular ions, an essential 

feature of AMS. 

The requirements placed on the AMS measurements 

to be performed at ATLAS are quite challenging. 

These challenges include high-precision isotope ratio 

measurements, minimization of cross-talk between 

samples, efficient use of milligram samples, and the 

processing of an unprecedented number of samples for 

a facility as complex as ATLAS. Unique element (Z) 

identification is desirable, but is not expected to be 

possible except for specific cases.  

The measurement configuration for ATLAS will use 

the ECR-II ion source, significantly modified as 

discussed below, as the source of ions. After 

acceleration and deceleration (increasing the 

accelerator m/q resolution but keeping the ion energy 

within acceptance range of analytical elements) in the 

ATLAS linac to approximately 1 MeV/u, the actinide 

ions of interest will be counted in the focal plane of the 

Fragment Mass Analyzer (FMA). The major 

challenges are discussed in the succeeding paragraphs. 

Precision Requirements 

Only 14C AMS has consistently achieved precision 

levels in the <1% regime. This has been achieved in 

dedicated facilities, principally by the fast cycling of 

the accelerator setup between the rare isotope (14C) and 

a normalizing abundant isotope (13C). Except for 

specific cases, counting statistics are not the problem. 

Knowing the transmission between the measurement 

point for the stable reference and the detector of the 

AMS isotope is often the limiting parameter for 

uncertainty in the final result. This problem will be 

tackled by developing an improved automation of the 

accelerator scaling required to measure the various 

isotopes or ion species and an automated sample 

changer to allow rapid changes between various 

samples. In many cases of interest, the measurement 

time for each sample will be only a few minutes for 

adequate measurement statistics. But the lack of known 

absolute standards, the possibility of cross-talk 

between samples, and instabilities in the accelerator are 

the significant problems that must be addressed to 

achieve the precision goals.  

A recent AMS experiment on 146Sm [5] has required 

that we develop an approach to measuring the absolute 

transmission of the accelerator and detector system and 

has highlighted the need to run ATLAS is an extremely 

stable mode. It has also demonstrated that it is feasible 

to switch rapidly (by computer control of the machine 

components‟ setup) between a rare and abundant 

isotope (in a way similar to that used for 14C), thus 

improving control over the accelerator transmission. 

Because of this ongoing work and the additional 

techniques discussed here, we believe we can achieve 

the required stability and characterization of the 

transmission in order to enter this regime of precision. 

Small Sample Size and Cross-Talk  

A major feature of AMS is the ability to analyze 

small samples. At ATLAS the AMS activities always 

are focused on samples of a few milligrams. For this 

project, it is important that we deal with many small 

samples. The smaller the samples, the less are the 

radiological problems associated with handling α-

emitting actinides for ATLAS operation. The need to 

measure many small samples as quickly as possible 

pushes us to develop efficient sample changing 

techniques for the ECR source and material delivery 

techniques which minimize source contamination.  

We believe the best approach for this situation is to 

develop laser ablation for the feeding of sample 

material into the source. With laser ablation, a very 

small and controllable amount of sample material can 

be introduced into the source without introduction of 

extraneous material from the sample holder. Also the 

distribution of emission of ablated material in laser 

irradiation tends to obey a cos θ law which is expected 

to improve the efficiency of capture of ions into the 

plasma and thereby reduce wall contamination. Finally, 

the form of the sample material (metal, oxide, etc) is 

less critical than with the sputtering or oven technique.  

The ECR-II source will also be equipped with a 

quartz liner. The quartz liner will keep the main body 

of the source relatively clean of actinides, thus 

simplifying cleanup. Furthermore, there is some 

operational evidence that cross talk among samples is 

reduced. This effect has been observed with other 

AMS projects at ATLAS. A negative to using a quartz 

liner is that source performance as measured by 

charge-state distribution and maximum beam intensity 

is somewhat reduced. But the beam energy is limited 

by the bending power of the FMA system and use of 

high charge state ions is not required. A mass-to-

charge ratio of ~8-9 should be quite adequate for these 

measurements. 
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Ion identification and counting 

One of the major challenges of actinide AMS at 

ATLAS is the need for separation or discrimination of 

a desired species from backgrounds of ions having 

similar mass-to-charge ratios present as chemical 

impurities or interference of ion-source materials. This 

discrimination is best achieved at ATLAS by using the 

FMA which has a very large dispersive power and can 

analyze very heavy ions. A proof of concept and first 

measurements of rare species in the actinide region 

were successfully performed [4] (since this experiment 

considerable improvement has been made in the focal-

plane detector of the FMA). The typical setup consists 

in accelerating and decelerating a desired ion so that its 

energy matches the electric-rigidity acceptance of the 

FMA. Stripping at the FMA target position (the only 

one along the machine) allows the heavy ions to reach 

the high charge state needed for magnetic-rigidity 

acceptance of the FMA.  

In the case of actinide nuclei, Z identification at the 

energies compatible with the FMA acceptance is likely 

to be impossible. However, the high redundancy of 

energy, energy-loss and time-of-flight signals available 

from that detector is expected to contribute to the 

mass-to-charge determination and to a high level of 

background discrimination.  

LASER AND SOURCE 

CONFIGURATION 

Laser Parameters and Configuration 

Laser ablation into an ECR source was first 

developed at ATLAS [6] and used as a plasma 

diagnostic tool[7] and has since been used by a number 

of other labs to explore the coupling of laser produced 

ions into an ECR source. The technique has not been 

used routinely for ion production and will require 

development for this application. The controlled 

release of materials into the plasma by well-focused 

laser light will eliminate the significant material 

buildup often seen in the region of the oven throat or 

beside the sputter cones, two techniques widely used 

for sample feeding to the ECRIS. This inefficient, 

indiscriminate injection of material into the source not 

only reduces the overall sensitivity of the method but is 

a major source of cross-contamination between 

samples. Our experience with lasers in the past 

indicates that the laser ablation approach will be much 

cleaner, but must be shown to work for this 

application. 

In this application we plan to use an axial geometry. 

The laser beam will be brought into the source through 

the extraction aperture as shown in Fig. 1. The 

properties of the laser to be used in this application are: 

 

• λ =1064 nm  

•  ≤1011 W/cm2 

•  8 ps pulse width 

•  Rep Rate up to 400 Hz 

•  Laser beam size ~7 mm maximum 

•  less than 1 mm diameter spot on sample 

•  Pulse energy: variable, up to 10 mJ/p. 

 

Figure 1: Axial geometry of laser ablation into the 

ATLAS ECR-II. 

This project has an unprecedented number of 

samples that need to be characterized. Typically AMS 

experiments at ATLAS have needed to process less 

than 10 samples for any one experiment. This project 

envisions sample numbers of around 50 or more. An 

entirely new approach to sample processing is required. 

In addition, the desire to rapidly switch between 

measuring an irradiated sample and the original sample 

requires a different approach. 

We have designed a multi-sample changer that will 

be installed in the injection side of the ECR ion source. 

This changer, shown in Fig. 2, can accept 20 samples 

and will be able to alternate between the various 

samples without breaking vacuum. The change time 

will be only a few seconds. 

 

Figure 2: ECR-II cross-section with multi-sample 

changer shown 

The laser is expected to be delivered in the Fall of 

2010. Off-line ablation measurements will be made in 

late 2010 and installed at the ECR source by the Spring 

of 2011. Initial measurements on reference samples 

will be made in late 2010 to study backgrounds and 
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establish Z sensitivity of the detectors. The 

multisample changer will be ready for installation by 

the summer of 2011 and initial samples will be ready 

for measurement in late 2011. 

 

Figure 3: 3-D perspective of multi-sample changer 

assembly. The samples are pre-mounted on individual 

rods which can be rotated into position and inserted in 

the ECR ion source. 
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Abstract 
The CANTES experiment at INFN-LNS tested the use 

of carbon nanotubes (CNTs) to emit electrons by field 
emission effect, in order to provide additional electrons to 
the plasma core of an ECR ion source. This technique was 
used with the Caesar source, demonstrating that the total 
extracted ion current is increased and that a relevant 
reduction of the number of “high energy” electrons 
(above 100 keV) may be observed. The injection of 
additional electrons inside the plasma increases the 
amount of cold and warm electrons, and then the number 
of ionizing collisions. Details of the construction of CNTs 
based electron gun and of the improvement of 
performances of the Caesar ECR ion source will be 
presented. 

EXPERIMENTAL SET-UP 
The ECR ion source CAESAR, operating at INFN-LNS 

laboratories as injector of the K-800 Superconducting 
Cyclotron since 2000, has been used as testbench for the 
CANTES technique,. 

In the past, several passive techniques for the injection 
of secondary electrons were tested [1], with the purpose 
to increase the electron density and to prolong the ion 
lifetime in the plasma, enhancing the ionization 
probability. For example alumina was tested as source of 
secondary electrons [2]. 

Active materials, like ferroelectric cathodes, such as 
PBZT doped with 2 % of Bi2O3, have been employed 
because of their capability of producing high emission 
yields of energetic electrons [3]. However, their 
robustness is not sufficient for stable applications into 
ECRIS. In fact, they showed not only a lack of reliability, 
but also a limited resistance in plasma environment, and 
they failed after short time. 

During this experiment, we tested a new active 
technique which makes use of CNTs-based electron guns. 
In our set-up, two electron guns are placed on a copper 
plate connected to the RF waveguide, that is usually 
employed as bias disk in the CAESAR source. A potential 
in the range 0-2.5 kV, is then applied between the 
chamber and the waveguide, and the same potential is 
used to produce the emission field (i.e. the extraction 

field) between CNTs and the anodic grid.  
At an earlier stage, CNTs samples of the same type as 

used for CAESAR have been tested in microwave 
discharge plasma (MDIS), in order to preliminary verify 
if electron and ion collisions can damage them. The 
adopted MDIS apparatus operates at 2.45 GHz and 
generates, in presence of an off-resonance magnetic field, 
a weakly ionized and strongly collisional plasma because 
of the low electron temperature (Te<10 eV) and high 
pressure (0.4 mbar). Tests were made both for air plasma 
and nitrogen plasma. Results were collected in fall of 
2008 and they have shown that CNTs exposed to intense 
plasma milling (up to 4 mA/cm2 current density and 300 
C/cm2 of integral dose) have been damaged in presence of 
oxygen (air plasma) but were perfectly resistant to 
nitrogen plasma. After the response of this preliminary 
test-bench, CNTs cathodes have been used for tests in 
ECR ion sources. 

The CNTs electron gun used for the test is made of 
three elements: a CNTs cathode obtained on a 300 μm 
thick silicon substrate, a 150 μm thick mica spacer and an 
anodic copper grid with quad cells of 350 μm side. CNTs 
eject electrons because of the field emission effect, i.e. 
quantum tunneling, which is obtained by applying an 
electric field higher than 3-4 V/μm.  

The gun elements are kept together by a MACOR 
holder, on which the electrical connection is obtained by 
an evaporated gold track. The MACOR holder is then 
fixed on a copper plate, i.e. the bias disk of the source, 
connected to the waveguide of the plasma chamber. The 
anodic grids are linked to the ground potential of the 
plasma chamber wall by means of copper creeping 
contacts. Two of such electron guns were mounted on the 
same bias disk during the experimental tests. A picture of 
a CNTs sample and the assembled guns is shown in 
Figure 1. The CNT e-gun scheme inside the plasma 
chamber is shown in figure 2 and the CAESAR source 
during the experiment is shown in figure 3. Prior to the 
plasma test, each CNTs sample was tested in terms of 
field emission, by means of a custom-designed apparatus 
[4]. The field emission properties of similar samples (i.e. 
CNTs arrays in free-standing porous alumina foils) were 
already tested [5] and found to be able to produce current 
densities up to 10-40 mA/cm2. Emission measurements 
for the samples tested in CAESAR (i.e. CNTs arrays in 
porous alumina on silicon), gave even better results, with 
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current densities up to 50-100 mA/cm2. The emission 
surface in our samples was set to about 0.1 cm2, by using 
a mica spacer with a 3 mm diameter central hole (Fig. 1). 
The measurements of X-rays emitted by the CAESAR’s 
central plasma region have been carried out by using an 
HPGe detector (High Purity Germanium), collimated 
through lead shielding blocks, in order to suppress 
secondary X-rays coming from electrons impinging on 
the lateral walls of the plasma chamber. The detector was 
surrounded by additional lead in order to minimize the 
leakage of the X-ray radiation around the main collimator. 
The collimation hole was 1 mm2 . 
 

 
 

Figure 1: The CAESAR waveguide, holding two CNTs 
electron guns. The copper creeping contacts are used to 
put the extraction grid at the same potential of the 
chamber, while the CNTs are put to negative potential 
with respect to the chamber. 

 

 
 

Figure 2: The scheme of the CNTs electron gun. 
 

RESULTS AND DISCUSSIONS 
 
The charge state distribution has been measured at 

different RF power and voltages applied to the CNTs 
electron gun for the Kr, working at fixed pressure. The 
Kr11+ extracted current has been taken as reference, for 
comparison of results. The extracted currents can be 
compared with those obtained when the CNTs electron 

gun was switched off. The beam current exceeded the one 
obtained with the biased disk already at 1 kV, as it can be 
observed in fig. 4. In spite of the small emission area, an 
increase of 30-70% was obtained in any case. (about 40% 
for Kr11+). 

 

 
 

Figure 3: The CAESAR source injection section. 
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Figure 4: Comparison of produced Kr11+ current when 
using conventional biased disk or emitting CNTs.  
 

Figure 5 shows the extracted current for Kr11+ when the 
CNTs emission is switched on and off, in a time window 
of 30 seconds and with a RF power of 35 W. The “jump”, 
which takes place immediately after the electron emission 
from CNTs, was obtained with 2500 V applied to the 
CNTs extraction grid. It is also interesting to note the 
afterglow-like peak when the electron gun is switched off, 
which is similar to the one observed in pulsed operations. 
The limited time allotted for this experiment did not 
permit to check if the CNT’s afterglow peak and the RF 
afterglow may be combined to obtain further 
enhancement of the current peak values.  

CNTs provide additional and even more important 
benefits to ECR plasmas, as they contribute to the total 
suppression of the hot electrons component, that is 
evident above 1000 V. The same effect is not evident 
when using a conventional biased disk. Although the not 
perfect collimation of the detector cannot permit to 
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extrapolate quantitative estimations on electron spectral 
temperature, it is however evident in fig. 6 that the 
number of the hottest electrons decreases. 
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Figure 5: Trend of the Kr11+ current (in μA) during the 
switching on-off of CNTs emission, in a time window of 
30 seconds. The CNTs applied voltage was 2500 V, at 35 
W RF power. 

 
 

Figure 6: Axially emitted X-ray spectra for different 
voltage values and RF power of 30 W. 

 
By providing additional cold electrons to the plasma, 

the average energy decreases as a larger number of 
electrons will share the same amount of energy injected 
into the plasma chamber by means of the microwave (the 
RF power is kept constant).  

Measurements at low power shown in figure 6 are 
similar to the ones collected at 100 W and 150 W, 
demonstrating that the contribution of CNTs is effective 
in all cases (either for the current increase and for the 
damping of hot electron generation), and that the optimal 
CNTs’ voltage increases with the power. Confirmations of 
these results came also by measurements at different 
values of the pressure in the chamber, even if some 
fluctuations in the maximum enhancement factor were 
evident. In all cases the counting rate of the X-rays above 
100 keV was strongly damped. Long run measurements 
were also done. In fig. 7 the current plot during a  24 
hours tests is shown, with all parameters fixed (gas input, 
power, magnetic field). 
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Figure 7: Current plot during a 24 hours test. 

 
The small decrease is correlated to plasma chamber 

outgassing, which changed the pressure conditions inside.  

CONCLUSIONS 
We have observed a relevant reduction of the number of 

higher energy electrons after the injection of the electrons 
emitted by the CNTs-based electron gun. The current gain 
was between 30 and 70%. Once that a full comprehension 
of the phenomenon will be gained, this last result may be 
applied to modern ECRIS which performances are 
strongly limited by the occurrence of such hot electrons, 
especially when large power and frequencies above 18 
GHz are used.  

The use of CNTs-based emitters has solved robustness 
problem which emerged when ferroelectric cathodes were 
used. For the presented tests, their period of operation was 
limited to some tens of hours. Future experiments on 
ECRIS will focus on reliability tests, for one week or 
more. 
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Abstract 
By the 90s, CEA has undertaken to develop the 

production of high intensity light ion beams from plasma 
generated by electron cyclotron resonance (ECR). 
Important results were obtained with the SILHI source in 
pulsed or continuous mode. Presently, CEA/Saclay is now 
involved in the construction of different injectors 
dedicated to large infrastructures like IFMIF or SPIRAL2. 
Other installations are also interested by high intensity ion 
sources like ESS or FAIR. 

To improve and test new sources, a new test bench 
named BETSI (Banc d'Etudes et de Tests des Sources 
d'Ions) is now operating for several years. Low energy 
beam line diagnostics consist of a Faraday cup, cameras 
and a species analyzer. The SILHI emittance scanner can 
also be installed on the beam line. On this test bench, 
different permanent magnet source configurations are 
tested. 

INTRODUCTION 
In the middle of the 90s, CEA/Saclay developed the 

SILHI source, operating at 2.45 GHz and based on the 
Chalk River (Canada) principle. More than 100 mA 
proton or deuteron beams are routinely produced in 
pulsed or continuous mode. To answer new machine 
requests, specific source designs have already been 
performed. For example, a permanent magnet source has 
been developed to fit in with the 5 mA deuteron expected 
beam for Spiral 2. Then, to answer the IFMIF 
(International Fusion Material Irradiation Facility) high 
intensity deuteron beam request (125 mA), a copy of the 
SILHI source with a 4 electrode extraction system has 
been proposed. 

Since the IPHI project will enter in a new phase of 
development, the availability of the SILHI platform will 
be reduced for source developments. Therefore, the 
construction of the new test bench named BETSI 
(described in the following section) has been decided [1]. 
Up to now, a new accelerator column designed for the 
Spiral2 ion source has been installed and tested on this 
test bench. Several simulations have been realized to find 
an optimization of magnetic configuration. 

THE BETSI TEST BENCH 

The Low Energy Beam Transport 
The BETSI test bench is dedicated to study the 

influence of the source parameters on the beam 
characteristics. It operates up to 50 kV and ignites 
continuous or pulsed hydrogen plasma with a 2.45 GHz 
magnetron. The LEBT is composed of a pair of solenoids 

that has to reduce beam divergence and focus it into a 
classical mass analyzer magnet (Fig. 1). 

Between the pair of solenoids and the analyzer magnet, 
a pumping and diagnostic box is installed. The analyzing 
part is composed of a vertical and horizontal viewport for 
CCD camera diagnostics and a vertical movable Faraday 
cup. Pumping of LEBT is realized by a turbo molecular 
pump of 1000 l/s, it allows easily obtaining vacuum of  
10-4 Pascal. A beam stop with magnetic electron reppeler 
is installed after the mass analyzer for ion beam intensity 
measurement. 

Currently, the two old solenoids have been installed 
close to each other to obtain a magnetic field as high as 
possible to focalize the extracted beam. But the field 
strength is not high enough to focalize H2

+ or H3
+. New 

solenoid, including vertical and horizontal steerers has 
been designed and built to replace them. It length is 
310 mm (including the magnetic shielding) with a 
maximum magnetic field of .85 T. It will be installed 
during the next months. 

 

 
Figure 1: The LEBT of BETSI test bench 

 
The analyzer magnet is a 104° dipole with a radius of 

400 mm and double focusing corners. The magnetic field 
homogeneity within 110 mm from the axis is better than 
10−3, for a maximum transverse field of 230 mT. The 
dipole chamber height is 80 mm. The analyzer dipole is 
monitored by a Labview program and allows to realize 
spectra in order to dissociate the three H+, H2

+ and H3
+ 

species in the beam. A species analysis with transport 
optimization of both H+ and H2

+ is presented in Fig. 2. 
This optimization is obtained by varying pair of solenoids 
focalization field. These measurements have been done 
by successively optimizing H+ and H2

+ transport in order 
to really determine the effective species fractions. 

Solenoids 

Pumping/analyzing 
box 

Dipole Beam stop
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Figure 2: Spectra obtained by analyzer dipole 

 

Easy source system assembly 
Ion sources are positioned on a movable table on the 

test bench that allows quick and easy connection to the 
beam line. Plasma chamber and RF window are water 
cooled and the gas injection system is located on high 
voltage platform close to the source insulated table 
(Fig. 3). The radio frequency wave injection is produced 
by a magnetron located at ground potential and fed to the 
plasma chamber via rectangular waveguides and a DC 
break. For small extraction hole on the plasma electrode 
(due to low expected current) an additional pumping is 
installed on the high voltage table (between the bend and 
the ridged transition). Such additional pumping allows 
minimizing the impurity production. 

 

 
Figure 3: Source on movable table 

PERMANENT MAGNET SOURCES 

SILHI test bench experiments 
First tests with permanent magnets sources were 

realized on SILHI test bench. The magnetic field is 
provided by several ring-shaped permanent magnets (with 
axial orientation) instead of 2 solenoidal coils. 

A source with 3 magnets and appropriate shieldings has 
been installed. Electromagnetic simulations have been 
carried out to reproduce at best the SILHI source 

magnetic field profile on the axis. Even if the ECR 
resonance has been easily adjusted, first experiments 
showed Penning discharges occurred in the extraction 
system with the SILHI extraction system [2]. It came 
from the particular permanent magnet configuration built 
without shielding. To reduce the magnetic field in that 
accelerator column, an iron shielding was introduced as 
close as possible to the extraction hole (Fig. 4). 

 

 
Figure 4: Simulation of iron tube effect on magnetic field 
with permanent magnet 

On the BETSI test bench, the accelerating column 
(Fig. 5) diameter is reduced from 400 to 200 mm [3] that 
implies changing the electrode shape and size, which has 
as consequences to modify electric field distribution in 
the far axis region. Thus with this new accelerating 
column, no Penning discharge is occurred for mainly 
magnetic configurations. 

 
Figure 5: SPIRAL2 permanent magnets source 

Magnetic optimization on BETSI 
The developments realized on BETSI test bench are 

focused on magnetic optimization of permanent magnet 
sources. In order to simplify the shielding, several 
magnetic simulations were realized with 2 or 3 permanent 
magnets rings (Fig. 6). Field map shows the role of iron 
plates or flange for increasing magnetic field on axis at 
the ring position or reduce fringe field in the accelerating 
column. White zones correspond to field higher than 
0.2 T. 

Pumping 
and gas 

Permanent 
magnet source 

Movable table 

Water 

H+ 

H2
+ 

H3
+ 
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Figure 6: B field map for different permanent magnetic 
configurations (a/ 3 magnets, 1 flange; b/ 2 magnets, 1 
flange, 2 plates; c/ 2 magnets, 1 plate; d/ 3 magnets, 1 
flange, 2 plates) 

The best results were obtained with 2 permanent 
magnets and 2 plates (one of 15 mm thick located 
between the 2 magnets, and the second one of 5 mm on 
the extraction electrodes side) shown in Fig. 7. The two 
resonant zones of 87.5 mT were respectively located near 
radio frequency input and near plasma extraction 
electrode. A 5.7 mA total beam was extracted with 86 % 
of H+ (Tab. 1). 

 
Figure 7: Optimized magnetic configuration and 87.5 mT 
ECR location 

Table 1: Source and beam characteristics 

SOURCE 
CHARACTERISTICS 

BEAM 
CHARACTERISTICS 

Electrode Ф3mm 

Gas flow 0.95 sccm Total current 5.75 mA

Pressure 5.1.10-6 Torrs H+ max current 4.97 mA

e- Filter -1.5 kV H2
+ max current 0.54 mA

HTEI 20 kV H3
+ max current 0.24 mA

HT 40 kV H+/total 86.41 % 

PHF 550 W H2
+/total 9.45 % 

Pulsed time 50 ms H3
+/total 4.14 % 

The SILHI emittance scanner has been installed on the 
diagnostic box after the solenoids. A normalized 
emittance of 0.012 π.mm.mrad has been measured with a 
2 mA proton beam extracted at 20 keV through a 3 mm 
diameter hole (Fig. 8). To produce such beam, the RF 
injected power reached 800 W. 

 

 
Figure 8: 2 mA H+ beam emittance after the solenoids 

CONCLUSIONS AND PERSPECTIVES 
The new test bench named BETSI is now operating at 

CEA/Saclay, it allows developing and testing new ions 
sources and beam diagnostics. Several permanent 
magnets sources have already been tested. A 
configuration with 2 magnets and appropriate shieldings 
allowed extracting 5 mA of H+ at 40 keV with a 3 mm 
electrode diameter. 

Moreover a new ion source and two other diagnostics 
are under installation in order to better understand the role 
of plasma chamber size and shape on the plasma-wave 
interaction. A plasma light emission diagnostic using 
spectroscopy is also under development for ECR plasma 
electronic temperature measurements. A second 
diagnostic will allow measuring the absorbed power by 
the plasma using wide-band reflectometry technique. 
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Abstract 
The Van de Graaff accelerator at IRMM works since 

many years providing proton, deuteron and helium beams 

for nuclear data measurements. The original ion source 

was of RF type with quartz bottle. This kind of source, as 

well known, needs regular maintenance for which the 

accelerator tank must be completely opened. The heavy 

usage at high currents of the IRMM accelerator 

necessitated an opening about once every month. 

Recently, the full permanent magnet Microgan ECR ion 

source from PANTECHNIK was installed into a new 

terminal platform together with a solid state amplifier of 

50 W, a dedicated dosing system for 4 gases (with 

respective gas bottles H2, D2, He and Ar), and a set of 

dedicated power supplies and electronic devices for the 

remote tuning of the source. The new system shows a 

very stable behaviour of the produced beam allowing 

running the Van de Graaf without maintenance for several 

months. 

INTRODUCTION 

 

The high intensity quasi mono-energetic neutron source 

at IRMM is driven by a vertical 7 MV Van de Graaff 

accelerator (VDG) producing either continuous or pulsed 

ion beams [1]. The accelerator is operated 24 hours a day 

and seven days a week. The maintenance cycle with the 

original RF source was about once a month. In order to 

improve availability of the machine as well as the 

operation of the ion source, it was decided to replace the 

RF source with an ECR ion source and also update the 

high voltage platform. 

The Microgan ECR ion source [2] working at 10 GHz 

is now providing single-charged or multi-charged ions 

like  proton, deuteron, helium and argon. 

We will recall the principle of this ion source adapted to 

the existing beam line before describing the Van de Graaff 

accelerator high voltage platform constraints and 

technical solution adopted. The command and control 

hardware/software will be discussed. Finally, beam results 

in term of tuning, intensity and stability will be presented. 

Microgan Ion source 

The Microgan is an ECR ion source, for which the 

magnetic circuit is entirely made with permanent magnets 

both for the radial and longitudinal fields, so the total 

electrical power is extremely low. The minimum B 

structure (Fig. 1) is made to work with a 10 GHz RF 

wave. This source can work with RF power up to 200 W 

(if water cooled) depending on the element and charge 

state needed. 

 

 

Figure 1: Microgan axial magnetic field 

In this application, the requirement of 60 µA intensity 

for all beams (see table 1), led us to work with 50 W of 

maximum RF power if the plasma chamber is not cooled. 

Table 1: Microgan intensities & VDG requirements 

Usual guaranteed intensities (in µAe)  VDG 

Ions/Q 1 2 3 4 5 8 1 

H 7000      60 

D       60 

He 5000      60 

O 4000 400 170     

P 2000 1200 700 200 20   

Ar 2000 1290 600 220  20  

 

Nevertheless, the ion source produces too high intensity 

with respect to the Van de Graaff limitations and the 

emittance of such an ECR ion source. Simulations with 

QuickfieldTM software and beam transport calculations 

combined with measurements done on a dedicated test 

bench at the Pantechnik's factory, that reproduced the first 

part of the accelerator, rendered the final set-up as shown 

in Fig. 2.  

The plasma electrode aperture has been reduced to 3 

mm in diameter. A simple gap extracting puller is 

followed by an Einzel lens to adapt the beam at the 

entrance of the present 30° analysing magnet. The plasma 

electrode aperture has been reduced to 3 mm in diameter. 

A simple gap extracting puller is followed by an Einzel 

lens to adapt the beam at the entrance of the present 30° 

analysing magnet. 
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This magnet is useful to clean the beam from 

contamination, especially to remove the molecular beams. 

We optimized the mechanical size of each element in 

order to maximize the analysed beam characteristics (size 

and intensity) in the buncher that is used for the pulsing 

system. 

 

Figure 2: Overview of the VDG beam line before the high 

energy acceleration 

VDG PLATFORM AND CONSTRAINTS 

The Van de Graaff accelerator terminal is filled with up 

to 15 bars of a mixture of dry N2 (80 %) and CO2 (20 %) 

with a minor adding of SF6. This condition led us to test 

all critical parts that have to work under this pressure 

condition. A 15 bars test tank was built and used to test all 

mechanical components as well as electronic devices 

while powered (see Fig.3.a). Thus, the solid state 10GHz 

RF amplifier was tested together with the coaxial to wave 

guide designed feed-through. This component has to work 

at high pressure and in the same time has to be sealed 

with a leak rate under vacuum side better than 10-9 

mb.l.s-1. The RF signal is generated with a DRO followed 

by a remote DC control attenuator allowing the RF power 

control. 

Mechanical constraints were taken into account also for 

the gas system which is fully high pressure proof. The 

dosing valves (Pfeiffer UDV type, see Fig.3.b) are under 

atmospheric pressure in a dedicated closed container 

allowing a reliable behaviour. Four gas circuits are 

connected to the two dosing valve in the way that gas 

mixing of argon and helium allows producing multi-

charged ions of argon (see Fig.3.c). Gas changing from 

proton to deuteron or helium and argon is remote 

controlled. About 3 hours are needed to change ion. The 

life time of a full gas bottle is several months of usage. 

Special efforts were made to minimize the size of all 

equipment on the high voltage platform as the space is 

limited. On the other hand, the lack of any cooling liquid 

on the high voltage platform required the use of some 

pressure proof fans to cool down ECR components. 

The most important electrical constraint is the low total 

power available on the high voltage platform (about 1500 

W at 400 Hz AC current). A part of it (50 W maximum) is 

used by the RF amplifier and the rest is used for the 

electronic devices and power supplies. 

Since the Van de Graaff is operated at high voltage up 

to 7 MV, all electrical components need a hard protection 

against electrical sparks and discharges. This protection is 

achieved by placing the components in dedicated shielded 

boxes where all cables (power and signals) are plugged on 

special CEM protected feed-through. 

The last constraint is given by the charge the belt of the 

Van de Graaff is able to provide which corresponds to 

about 200 µA of ion beam current. That's why the full 

current of the source has been reduced with a small 

plasma lens aperture (3 mm) and a low RF power (few 

watts). The analysing magnet allows the selection of the 

ion beam of interest together with a stable behaviour of 

the column with almost 60 µA for each kind of ions. 

 

 

  

3.a) Pressure test tank 3.b) Dosing valve system 

 

3.c) high voltage platform view 

Figure 3 
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SIMULATIONS, TRANSPORT, TEST 

BENCH 

Simulations of the electric field of the extraction system 

have been carried out with the QuickFieldTM software (see 

Fig. 4). The puller with a 10mm aperture is facing the 

plasma electrode with a 25mm gap. It's immediately 

followed by an Einzel lens. This system can operate with 

a 15 to 30 kV extraction potential, while the Einzel lens 

potential is about 2/3 of the extraction. Beam calculation 

have been carried out with TRANSPORT1 software 

(Fig. 5) and predicted a high efficiency of the beam 

focussing at the entrance of the bending magnet (100 %) 

and ensuring more than 40 % of the full collimated beam 

in the the buncher system. 

 

 

Figure 4: Extraction and focussing electric field 

simulation 

 

 

Figure 5: Vertical and horizontal D+ beam envelope 

Those results were verified on the dedicated test bench 

built at Pantechnik's factory. The maximum beam size 

measured was 12 mm in diameter at the entrance of the 

magnet. The diaphragm at the entrance of the buncher 

with an 8mm aperture clearly reduces by about 60 % the 

beam intensity. 

This bench was also used to find out the best 

parameters in terms of transport together with the more 

stable beam parameters for the tuning of the ion source 

(gas, RF, extraction mechanical adjustments). 

                                                           
1
TRANSPORT PSI software 

COMMAND & CONTROL 

The hardware consists of 3 CNA control modules (from 

Group3 company) to control all signals (D/A) for the gas 

system as well as the RF amplifier and generator ones 

(Fig. 6). They are all connected together in series with 

optic fibers. The main tank of the Van de Graaf is 

equipped with a single optic feed-through and the last 

fiber is going to the command and control room. A 

dedicated computer running a LabviewTM software 

controls the ion source and the extraction system. 

 

 

Figure 6: C&C hardware principle 

RESULTS 

On site acceptance tests have been successfully carried 

out in May 2010. The easy tuning of the system was 

demonstrated as well as the high reliability. The required 

intensities were measured at 3 MeV acceleration voltage 

on the accelerator column. Table 2 below shows the 

different parameters and intensities obtained at the bottom 

of the column, i.e. vertical position of the Faraday Cup. 

One should note that each beam has been identified with 

the mass spectrometer after the 3 MeV acceleration. 

 

Table 2: Beam currents and parameter 

Ion P col Uext I ext P RF Gaz U einzel I CF25 

Type 10-6 torr turns mA W Type kV µA 

H+ 1.13 33 1.2 14.8 H2 27.75 65 

D+ 1.21 26 1.5 14.9 D2 20.72 75 

D2
+ 1.21 26 1.5 14.9 D2 20.72 >100 

He+ 0.92 26 <1 10.3 He 20.31 62 

 

The H+ beam at 60 µA was maintained without any 

operator neither regulation loop during 48 hours (see 

Fig. 7) to demonstrate the stability of the system. “Night 

and day effect” (temperature variation) was observed and 

induced +/-5 % change on the beam intensity for which 

the requirement was +/-20 %. 

TUPOT004 Proceedings of ECRIS2010, Grenoble, France

122 02 New Development



 

Figure 7: Beam stability recording 

CONCLUSION 

A new high voltage terminal in the Van de Graaf 

accelerator at the IRMM laboratory including a 

MicroganECR ion source was installed and 

commissioned in May 2010.  It was demonstrated that the 

new system fulfilled the difficult constraints of such 

accelerator with high pressure conditions and an 

electrostatic sparking environment. H+, D+ and He+ 

beams were measured with the required intensities. The 

H+ beam stability was demonstrated through 48 hours 

operation without any intervention. 

The system is supposed to have a high reliability and 

will allow to reduce the number of periodical 

maintenance of the machine. 

Further tests are now needed to verify the ability of the 

system to work in the pulsed mode using the present  

chopper-buncher system. 

 

[1] http://irmm.jrc.ec.europa.eu/html/about_IRMM/ 

laboratories/The_Van_de_Graaff_laboratory.htm 

[2] C. Bieth et al., RSI, 71, 899 (2000) 
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Abstract 

A compact ECR plasma device was built in our lab 
using the “spare parts” of the ATOMKI ECR ion source. 
We call it “ECR Table Plasma Generator”. It consists of a 
relatively big plasma chamber (ID=10 cm, L=40 cm) in a 
thin NdFeB hexapole magnet with independent vacuum 
and gas dosing systems. For microwave coupling two low 
power TWTAs can be applied individually or 
simultaneously, operating in the 6-18 GHz range. There is 
no axial magnetic trap and there is no extraction. The 
technical details of the plasma generator and preliminary 
plasma photo study results are shown.  

THE ATOMKI-ECRIS 
In the ATOMKI a room-temperature, variable 

frequency ECR ion source operates as a stand-alone 
device to produce plasmas and ion beams from a variety 
of materials. So far H, He, N, O, Ar, Kr, Xe (from gases) 
and F, Ni, Fe, Zn, C, C60, Zn, Pb (from solids) plasmas 
and beams were produced. The technical details and the 
recent applications of the ECRIS are shown elsewhere [1, 
2]. The homepage of the ECR Laboratory [3] stores lots 
of information and photos.  

The ATOMKI-ECRIS is a modular ion source which 
means that some of its main sub-systems are variable or 
changeable. It has two plasma chambers. The first one 
(internal diameter ID=5.8 cm, length L=20 cm) serves for 
highly charged ions (HCI) and a bigger one (ID=10 cm, 
L=20…40 cm, variable) was designed to host large-size, 
low charged plasmas (LCP). Both plasma chambers can 
be fit into their own NdFeB hexapole magnet which have 
logically appropriate IDs for the plasma chambers [4]. In 
Fig. 1 the plasma chambers and hexapoles are shown. 
Two room-temperature solenoid coils with optional iron 
plugs build the axial mirror trap of the ECRIS. The main 
microwave source is a klystron amplifier operating at 14.3 
GHz frequency, with transmitted power between 5 and 
1000 W. Occasionally we use a second microwave source 
which is one of our three travelling wave tube (TWT) 
amplifiers. The TWTAs can deliver microwave power up 
to 20 W in a wide frequency range (6-18 GHz). 

The original goal was the usage of these two 
configurations (HCI and LCP) alternatively. But the 
frequent ECRIS disassembling and re-building sometimes 
caused inconvenience and the starting-up times (pumping 
down, plasma aging, etc.) was too long, occasionally 2-5 
days. Furthermore, after more than 10 years of operation 

time our ECR laboratory owns many spare parts and 
devices (as pumping systems, vacuum measurement units, 
gas dosing tools, ovens, electrical and motion 
feedthroughs etc). 

Therefore we decided to build a second ECR facility 
from the spare parts of the “big” ECRIS. It became a 
compact device which can be placed even on a table so 
we call it “ECR Table Plasma Generator”. Its main 
elements are: 

• plasma chamber (ID=10.2 cm, L=20-40 cm, 
variable), SS, double walled, water-cooled, 

• NdFeB hexapole radial trap (L=24 cm, Br=0.65 T at 
chamber wall), Halbach-type, 

• WR62 and WR90 connections 
• microwave oscillator (HP 8350B + plug-ins) 
• TWT amplifiers (max 20 W) with frequency 6-18 

GHz (variable). One or two microwaves can be 
coupled. 

• three vacuum ports for electrical or motion 
feedthroughs, for ovens, probes, etc. 

• observing window or sample holder (alternative)  
• gas dosing system, turbopump vacuum system. 
 

 
Figure 1. The HCI plasma chamber with its strong 
hexapole (left) and the LCP chamber with the large, weak 
hexapole (right). 

The device is not equipped however, with axial 
magnetic trap (there are no coils or axial magnets) and 
there is no extraction system at all. In Fig. 2 the Table 
Generator is shown with explanation texts. 

The first tests of the table device passed off without any 
major problems. A relatively high pressure (10-4 mbar) is 
necessary to ignite the plasma without a closed ECR-
zone. In Fig. 3 residual gas plasma is shown. The strong 
asymmetry is caused by the side position of the gas tube. 

 ___________________________________________  
#rracz@atomki.hu 
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Figure 2. The ECR Table Plasma Generator of ATOMKI. 

 

 
Figure 3. Typical plasmas produced by the ECR Table 
Plasma Generator. On-axis (left) and off- axis (right) 
views. Diameter of the resonant zone (7.14 cm) is larger 
than the diameter of the observing window (6.5 cm). 

The intended fields of usage of the plasma generator 
are: 

• A simple, cheap and safe educational working place 
for students. 

• To prepare, to practice or to test measurements with 
electrostatic movable Langmuir probes.  

• To prepare, to practice or to test plasma diagnostic 
measurements in the visible light and X-ray ranges 
using cameras and spectrometers.  

• To cover and/or to modify solid surfaces with plasma 
particles, including with fullerene ions.  

• To test and practice special microwave modes 
(pulsed power, frequency sweeper, double frequency 
etc.). 

In the rest part of this paper the results of the first 
experiments carried out by the help of the ECR Table 
Plasma Generator, are shown. 

VISIBLE LIGHT PLASMA STUDY 
First we used the plasma generator to prepare and test a 

plasma diagnostic measurement in the visible light range.  
The traditional visible light photos show the axial 

projection or integration of the ECR plasma spider in 2D 
but actually they contain enough information to build 3D 
pictures of the plasma. We are working out a method to 
get as much axial spatial information as possible. Fig. 4 
shows the experimental setup. 

 
Figure 4. Experimental setup to take visible light photos 
at the Plasma Generator. Plasma chamber (1), hexapole 
magnet (2), meshes (3, 4), quartz window (5), mirror (6), 
camera (7). 

Our 2D/3D method is based on elementary optical 
calculation. The lenses give exactly sharp images from 
the points of the objects plane. Points which are suited 
front of or back of the objects plane produce sharp images 
in front of or back of the film plane. These points form 
CoC (Circle of Confusion) on the film (Fig. 5.). There 
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exists a limit of the CoC (1/20mm), which allow sensing 
sharp images. tback and tfront mean the distances of the 
levels (back of and front of the object distance) from 
where the lens make 1/20mm CoC on the film plane.  
 

 
Figure 5. Imaging of the lens. 

These distances define another distance: the Depth of 
Field (DOF). 
 

௕௔௖௞ݐ (1) ൌ ୲ଵାሺ౪ష౜ሻ౰R౜మ  

௙௥௢௡௧ݐ (2) ൌ ୲ଵିሺ౪ష౜ሻ౰R౜మ  

(3) tDOF = tback- tfront 
 

Where t is the object distance, f is the focal length, d is 
the diameter of the aperture, R=f/d is the iris value z is the 
diameter of the tolerated COC [5].  

According to these equations we can reach very low 
DOF value applying long focal distance (250 mm), low 
iris value (5.6) and very close object distance (1.1 m). 
With these settings the calculated DOF is 9.2 mm. 
Assuming a partly transparent plasma with homogeneous 
intensity distribution in visible light range we can get a 
9.2 mm thick slice of the plasma in the given object 
distance using intensity filtering in the low intensity range 
(Fig. 6.).  

 
Figure 6.Ttypical slices of the plasma. The object distance 
was at 50mm (left) and 10mm (right) distance from mesh 
4 (fig.4). The red circle shows the contour of the gas tube. 

 
The intensity of the points which come from region out of 
DOF is significantly lower than those come from region 
inside of the DOF limit. In order to map axially through 

the plasma we took photo series by moving the camera on 
the axis in 10mm steps with unchanged camera settings. 
 These slices reconstruct the axial spatial distribution 
(3D image) of the plasma (Fig. 7). 

 
Figure 7. 3D picture of the plasma produced by the ECR 
Table Plasma Generator. Red lines show the theoretical 
contour of the hexapole-produced plasma. 

We found that the position of the gas tube determine 
the structure of the plasma. Where the gas was injected 
the plasma appears close to the injection. However the 
other parts of the plasma appear at different axial distance 
from the injection plane (mesh 4 in Fig.4.) 

We work out this method further and, in the near future, 
we want to answer the question: taking 2D axial photos 
only, is it possible to reconstruct the 3D map of a real 
ECR ion source plasma? 
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Nevertheless, it stays under stability requirements limit 
(223µA +/- 2.5%). 

Table 1: Test-room’s temperatures 

Time (s) Temperature °C I(µA) 

0 22.4°C (start stability file) 223 

600 22.4°C (start air cooler, set 
to 16°C) 223.5 

1200 16.6°C 220 
1800 15.1°C 220 
2400 14.4°C (stop air cooler) 220 
3000 16.6°C 221 
3600 18.2°C 221 
4200 20.1°C 221 
4800 20.8°C 222 
5400 21.2°C 222 

Beam evolution during long term period 
The Fig. 4 graphic shows the evolution of the beam 

during 1 hour using UDV valves and Mass Flow 
Controller. 

The big wave observed is due to the start and stop of 
the air-conditioning system in Pantechnik’s test-room.  
The Mass-flow is insensitive to low variation of 
temperature (+-2°C) which is a requirement for 
Hadrontherapy [3]. 

The mean noise is lower with Mass Flow, the reason is 
the following: The gas mixing rate between support and 
main gas is maintained constant with the two Mass Flow 
while it can change with UDV140. 

The Fig. 5 shows the evolution of the beam during 10 
hours using UDV valves. The test with Mass-flow is in 
progress at Marburg’s Hadrontherapy Center. 

 
 

 
Figure 4: C4+ stability during 1 hour. 

 
 

 
Figure 5: C4+ stability during 10 hours.

Second

Second

µA 
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SYSTEM REPRODUCIBILITY WHEN 
CHANGING THE FLOW 

In order to demonstrate the reproducibility of the 
system, the flow of the He gas has been changed and 
came back to the original value (see Fig. 6). There is no 
hysteresis effect like in UDV dosing valve and the 
reactivity is <5s. 

The flow can be adjusted to the set point with a ramp 
(arrows 2, 4, 5, 6) or without (arrows 1, 3).  

The flow has been changed with a step= 0.5% (of the 
max aperture) on arrow 1 and 2. 

The ion source is insensitive to changes smaller than 
0.5% for this tuning. 

On arrows 3, 4 and 5, 6, the flow has been changed 
with a step=+/-1.25% , the ion beam current is restored. 

 

 
Figure 6: System reproducibility with He+. 

INJECTION PRESSURE ACCURACY 
Fig. 7 & 8 display the result of test made on 

Supernanogan with injection turbo-pump. A calibration 
curve has been done on 2 different gases in order to 
investigate the behaviour of the valve and its resolution. 
We recorded (by step of 0.1% of the maximum flow) the 
injection pressure (without beam). 

The opening is linear and the step resolution is around 
1.4E-7 mbars. 
The response time is less than 3s for small step. 

The range goes to 2.10-7 to 5.10-5 mbar with He Gas and 
2.10-7 to 2.10-4 mbar with H2.  

We conclude that we can have a very good accuracy on 
the flow. Nevertheless, further tests with others gases and 
high charge state will be studied in a close future. 

 

 
Figure 7: System reproducibility with He. 

Figure 8: System reproducibility with H2 

The step at 60% for H2 (Fig. 8) is due to the range of 
the Injection Pressure monitor (10E-5 to 10E-4) so it 
changes calibration (Pirani gauge). 

NEXT STEP: SMART BENCH FOR ECR 
SOURCE (AUTOMATIC SOURCE) 

We already know that UDV valve provided a good 
stability [4] but the main defaults in this system are: 

• The high sensibility to the temperature’s 
variations. 

• Hysteresis shape of valve thermo-mechanical 
response. 

The main issue for having a stable beam from an ECR 
Ion source is the precise control of the gas flow. 

Today, we can consider building a smart system for 
producing Ion beam dedicated to hadron therapy with: 

• A high reproducibility of beam parameters. 
• An insensibility to low temperature variation. 
• And a stable beam with a good Emittance during 

several weeks without any intervention of 
operators. 

The future system will allow selecting the type of ion 
(example C4+) and the intensity (200μAe). The system 
will self-adjust Gas, Focus, Puller, RF-tuner, Frequency 
and RF power parameters for reaching the desired values 
after several minutes. 
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Abstract 

 A new high current off resonance microwave H+ 
source is currently in the last stages of design at ESS-
Bilbao, in collaboration with two external companies 
Elytt and AVS. The design is intended to be a high-
stability, high-current ion source capable of delivering a 
70 mA proton beam with a 70 keV energy.  

INTRODUCTION 
The Bilbao Center for Accelerator Science and 

Technology is a large scale accelerator facility under 
construction in Spain. Its main headquarters have been 
inaugurated at the University of the Basque Country 
(UPV/EHU) campus at Leioa, Biscay. The first machine 
of the future facility will be a high intensity Proton Linear 
Accelerator. The first part of such a proton LINAC will 
be BLISI – Basque Light Ion Source Injector, that is to be 
completed within two years.  

The main parts of the future BLISI Ion Source are 
magnetic structure, microwave system, gas inlet system 
and extraction system. The first two parts are designed in 
collaboration with Elytt. They are consists of a water-
cooled plasma chamber that sits between two 
independently powered magnetic coils that generate the 
ECR magnetic field, a CPI 2.7 GHz klystron which 
provides the microwave energy and a fully controlled 
microwave system to minimize reflected power and 
improve the source overall performance.  

The gas inlet system is designed for simultaneous 
introducing of two gases and it will have an automatic 
control loop for the gas flow stabilization.  

The extraction system has been designed in 
collaboration with AVS. It will consist of a movable 
tetrode system designed for a maximum acceleration 
potential of 70 kV, the shape of the electrodes is at an 
earlier design stage at ESS-Bilbao.  

The list of the desired parameters of the BLISI proton 
beam is given in Table 1. 

We will present the current layout of the source, 
simulations and schematics of the source.  

MAGNETIC STRUCTURE 
The magnetic structure of the BLISI Ion Source 

consists of two solenoid coils divided into two pancakes 

and shielded by an iron yoke. The coils will be powered 
via four power supplies for higher flexibility in shaping of 
the magnetic field configuration. The coils are remotely 
movable via use of two stepping motors with a linear 
accuracy of 20 μm.  
General Consideration 

For optimal microwave power absorption in plasma 
chamber that will enhance production of high current of 
single charged ions one has to provide the special 
magnetic field configuration. Experimentally has been 
proven that such configuration has to have electron 
cyclotron resonance (ECR) conditions at both ends of the 
chamber and across the chamber to have a flat field 
around 10% higher then ECR field [1]. For our working 
frequency of 2.7 GHz corresponding resonance field will 
be BECR = 96.4 mT, so we have to provide flat magnetic 
field of around 106 mT through the whole length of the 
plasma chamber. We have considered two different 
solutions for the BLISI magnetic structure configurations.   

Magnetic Field Proposals 
In the first proposed magnetic structure, a plasma 

electrode and its support are made of magnetic material so 
they have a strong influence on the overall magnetic field 
shape. It is shown on the left part of the Fig.1.  

 Table 1: Expected proton beam characteristics 

Proton Beam Parameters           Values 

Beam energy 70 keV 

Total current 80 mA 

Proton fraction >85 % 

Emittance <0.2 π mm mrad 

Availability 98 % 

Reliability 170 hours 

Duty Factor 3 % to 10 % (pulsed beam) 

Pulse 1.5 to 2 ms 

Repetition Rate Up to 50 Hz 

Klystron 2 kW @ 2.7 GHz 
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This solution has advantages that a magnetic field 

easily reaching values from 10% to 30% higher then BECR, 
and also it provides a very good magnetic shielding of the 
extraction region. This can drastically improve the ion 
extraction. But the big disadvantage is that magnetic field 
shape isn’t flat. This will probably detoriate microwave 
absorption and consequently creation of an overdense 
plasma necessary for the high proton current production.  

So we have proposed another solution, shown on the 
right side of the Fig.1. The plasma electrode and its 
support part have been made of non-magnetic material 
and  simulation  has  been  done.  Magnetic  field will  be  
   

 
almost constant along the plasma chamber having a value 
of 100 mT, that is just above the resonance. This will 
allow for a better plasma formation and higher plasma 
density, but will increase the magnetic field in extraction 
region up to 500 mT that will involve a risk of sparks and 
higher divergence of the extracted ion beams.  
   Deeper understanding of this problem is necessary and 
we will perform a detail test of the both proposed 
solutions in our future plasma laboratory that is already 
under construction.      

MICROWAVE SYSTEM 
The microwave system of the BLISI consists of 

commercially available CPI klystron generator of 2 kW, 
working at 2.7 GHz, bidirectional couplers, circulator, 
waveguides and four stub automatic tuning unit (ATU) 
from Sairem company. Waveguide transition for coupling 
with the plasma chamber, electronics for ATU and 
electronics for pulsing the klystron amplifier will be 
designed and engineered by us. The plasma chamber (see 
Fig.2) will be made of copper in cylindrical shape with 
diameter 80 mm and length of 97 mm to provide optimal 
microwave coupling. It will be water-cooled and having 
at the both ends boron-nitride disks as electrons donors, 
this is necessary for efficient production of the high 
current proton beams.   

The main reason for using klystron instead of 
magnetron is because it is easier for maintenance and 
better for pulse mode operation.  

  

Figure 1: Magnetic Field Simulations for two cases of interest. On the left side the plasma electrode and its support 
are made of magnetic material, and on the right side of the figure they are made of non-magnetic one.  

 
Figure 2: Layout of BLISI. 
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The 2.7 GHz working frequency has been chosen since 
it will generate higher plasma density. 

GAS INLET SYSTEM 
A special care has been taken in designing a gas inlet 

system that includes a PID regulator for creating an 
automatic control loop. It consists of a gas dosing valve, 
automatic gas pressure control unit, isolation valve and 
pressure gauge (see Fig.3). Our aim is to ensure a stable 
and reliable work for hundreds of hours even in case of 
long and/or short term changes in outside temperature or 
some others instabilities that can happen in the vacuum 
system and plasma fluctuations during a pulse mode 
operation. 

  

For experimental determination of the PID parameters 
of the control unit of the gas regulation system we are 
building an ion source test stand. A pressure gauge will be 
directly connected to the plasma chamber that will give us 
exact knowledge on the pressure inside the chamber. This 
will open possibility to derive relation (semi-empirical 
equation) between the magnetic field profile, microwave 
power (and frequency) and neutral gas pressure and the 
plasma parameters: ion density, electron temperature and 
plasma potential.  

The gas inlet system will consists of two separates lines 
for simultaneous introducing of hydrogen (or deuterium) 
and additional gases like oxygen or even water vapour.   

EXTRACTION SYSTEM 
The extraction system consists of 4 electrodes (see Fig. 

4). The first one is plasma electrode attached to the 
plasma chamber and ion source body. So it is elevated to 
the voltage of the HV platform, i.e. 70 kV. Another 3 
electrodes are packed in the extraction column and 
separated via two alumina insulators from the HV 
platform.  

These three electrodes will be remotely movable as an 
entire group. That means we will keep the fixed distance 
between them, and change only acceleration gap – 
distance between them and plasma electrode. In such a 
way we have opportunity to experimentally optimize 
acceleration gap according to possible different extraction 

voltages, ion current density and different ion species 
(protons and deuterons). It will also allow for comparison 
of our ion extraction simulations with the experimental 
results for identical plasma parameters, since we can 
change the acceleration gap without breaking a vacuum.   

The first and the third electrode of this group are 
grounded and water cooled. They serve  for shaping of the 
ion beam. The second one, so called repeller, shall be on 
negative voltage of 3kV serving for the electron 
suppression.   

We have paid a special attention to provide a good 
vacuum condition inside the extraction column, drilling 
additional wholes on the support parts of the electrodes. 
For reducing electron production in the HV column, and 
consequently minimizing X-ray radiation in vicinity of 
the source a special kofoidal protectors has been installed.   

 

 
Figure 4: Layout of extraction system. 

CONCLUSION 
We have presented a preliminary design and status of 

construction of BLISI, an off resonance microwave 
source. Improvements have been done in all crucial parts 
of the BLISI comparing to designs of the similar proton 
sources [2],[3]. Extensive set of test measurements in the 
plasma laboratory, that we are building at the same site, 
will allow us for very a detailed performance check. The 
main target is reaching the overall reliability of the BLISI 
of minimum 170 hours.    
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Figure 3: Layout of the gas inlet system. 
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Abstract 
The Advanced Electron Cyclotron Resonance - 

Upgrade ion source (AECR-U) at the Lawrence Berkeley 

National Laboratory has successfully utilized double 

frequency microwave heating (14.3 GHz and 10.4 GHz) 

for several years [1]. Recently a traveling wave tube 

amplifier (TWTA), providing frequencies in the range of 

10.75GHz-12.75GHz, was added as a secondary heating 

frequency, replacing the previous 10.4 GHz Klystron. The 

TWTA opens the possibility to explore a wide range of 

secondary frequencies and a study has been conducted to 

understand and optimize its coupling into the AECR-U. In 

particular, the reflected power dependence on heating 

frequency has been mapped out with and without the 

presence of plasma. A comparison is made to determine 

how the presence of plasma, confinement fields, and other 

source parameters affect the reflected power and if and 

how the amount of reflected power can be correlated to 

the source ion beam performance. 
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Abstract 
Measurement of Bremsstrahlung radiation from ECR 

(Electron Cyclotron Resonance) plasma can yield certain 
information about the ECR heating process and the 
plasma confinement, and more important a plausible 
estimate of the X-ray heat load to the cryostat of a 
superconducting ECR source which needs seriously 
addressed. To better understand the additional heat load to 
the cryostat due to Bremsstrahlung radiation, the axial 
Bremsstrahlung measurements have been conducted on 
SECRAL (Superconducting Electron Cyclotron 
Resonance ion source with Advanced design in Lanzhou) 
with different source parameters. In addition, the heat 
load induced by intense X-ray or even ϒ-ray was 
estimated in terms of liquid helium consumption. The 
relationship between these two parameters is presented 
here. Thick-target Bremsstrahlung, induced by the 
collision of the hot electrons with the wall or electrode of 
the source, is much more intensive compared with the 
radiation produced in the plasma and, consequently, much 
more difficult to shield off. In this paper the presence of 
the thick-target Bremsstrahlung is correlated with the 
magnetic confinement configuration, specifically, the 
ratio of Blast to Bext. And possible solutions to reduce the 
X-ray heat load induced by Bremsstrahlung radiation are 
proposed and discussed.  

INTRODUCTION 
Driven by the increasing demand of heavy ion 

accelerators devoted to nuclear physics and high energy 
physics for more intense and higher charge state heavy 
ion beam, the technology of highly charged ECR 
(Electron Cyclotron Resonance) ion sources have been 
developed dramatically in the past decades. The 
production of more intense and higher charged state 
heavy ions can be realized by the increase of the plasma 
density and confinement time and, according to the 
scaling laws [1], finally realized by the enhancement of 
the frequency and power of the microwave and the 
magnetic confinement field. In the past twenty years, 
beam intensities of highly charged heavy ions produced 
by ECR ion sources have increase by a factor of 10-100 

for different ions. However, nowadays the trend of ECR 
ion sources towards to higher microwave frequency and 
power and higher magnetic field is limited not only by the 
technological limits of microwave and superconducting 
magnets but also by the presence of intense high-energy 
X-ray flux produced by electron-ion collisions in the 
plasma or electron-wall collisions, which is severe 
especially for superconducting ECR ion sources because 
the X-ray can lead to substantial heat load to the cryostat.  
The presence of high energy electrons, with energy up to 
1 MeV, in third generation ECR ion sources has been 
proved experimentally [2], [3]. The collisions of these 
high energy electrons with plasma ions lead to 
Bremsstrahlung radiation. In addition, some lost electrons 
strike on the chamber wall or the electrode and, 
consequently, thick-target Bremsstrahlung is produced. 
The produced X-ray deposits energy in the structure of 
ion sources, and turns out to be substantial heat load to 
the cryostat in the case of superconducting ECR ion 
sources.  

To better understand the heat load of SECRAL, the 
axial Bremsstrahlung spectra have been measured at 24 
GHz with different source parameters, and the heat load 
to the cryostat was estimated in terms of LHe (Liquid 
Helium) consumption simultaneously.   

In some cases, the plasma electrons lose confinement 
and strike on the structure of the source, which leads to 
thick-target Bremsstrahlung that is much more intense 
and with much higher energy compared with the radiation 
produced in plasma. Obviously, this kind of radiation 
should be avoided in the point view of the reliable 
operation of the source. The axial Bremsstrahlung 
measurements have been carried out in different magnetic 
confinement configuration to provide insights about the 
thick-target Bremsstrahlung in ECR ion sources.  

EXPERIMENTAL SETUP 
The bremsstrahlung spectra were measured with an 

HPGe (High Purity Germanium) detector. To measure the 
axial radiation, the HPGe detector was located behind the 
straight-through port of the 110º analyzing magnet. The 
signals produced by the detector were amplified and 
shaped by a main amplifier, then sent to a MCA (Multi-
Channel Analyzer) and finally displayed and stored on a 
PC (personal computer). 

 ___________________________________________  
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The main challenge in the measurements of 
Bremsstrahlung is to build an effective collimation system.  
The original system used in the previous measurements [4]  
turned out to be not effective to keep the counting rate 
reasonably low in the case of high frequency and high 
power. So a new collimation system has been designed 
and constructed. The collimation comprises two copper 
blocks and one lead block. The first copper collimator is 
positioned just behind the straight-through port of the 
analyzing magnet, about 2.5 m away from the plasma 
electrode of the source. It is 100 mm long and has a 1 mm 
circle aperture. The function of this collimator is to 
reduce the number of the photons that enter the rest of the 
collimation system. The second copper collimator, 100 
mm long and with a 3 mm circle aperture, is placed 850 
mm away from the first one. The last collimator, a lead 
block with an aperture of 10 mm, is located directly 
before the detector. The last two collimators are used to 
prevent the X-ray photons scattered by the surrounding 
material from entering the detector. With this system, the 
dead time of the acquiring system decrease from tens of 
percent to less than one percent.      

AXIAL BREMSSTRAHLUNG RADIATION 
AND HEAT LOAD TO CRYOSTAT AT 24 

24GHz 
As presented in [3], the X-ray flux increases with the 

24 GHz RF power and the axial minimum magnetic field 
Bmin. Here we focus on the correlation of the axial 
Bremsstrahlung radiation and the heat load to the cryostat 
at 24 GHz. The heat load to the cryostat is estimated in 
terms of LHe consumption. The LHe consumption of the 
source at different 24 RF power or different Bmin is 
presented as a function of the axial Bremsstrahlung 
radiation energy, which is estimated by integration of the 
spectra in the whole energy range. The LHe consumption 
increases with the X-ray radiant energy as expected. 
However the dependence is not linear. 

The non-linear relation between the axial radiant 
energy and the LHe consumption can be explained as 
follows. Firstly, the radiant energy in our study is in the 
axial direction while the LHe consumption is mainly 
correlated with the radial X-ray radiation. According to 
ECRIS physics, the high energy electrons in ECR plasma 
are energized primarily in the radial direction. Thus the 
X-ray radiation of ECR plasma is highly anisotropic. 
With the increase of the RF power and Bmin, the electron 
energy increases and the power radiated by electrons 
during collisions tends to be more forward, and then the 
anisotropism becomes more pronounced. In other words, 
the radial radiation may increase quicker with the RF 
power and Bmin than the axial one. Secondly, this may be 
attributed to the shielding effect of the chamber. The 
chamber used in this study is enclosed with a 1.5 mm 
thick tantalum tube to reduce X-ray absorbed by the 
cryostat. The attenuation effect of tantalum has been 

measured with axial radiation. The experimental result 
shows that the tantalum almost has no effect for the 
radiation above 500 keV. But as shown in previous 
research, the electron energy increases with the increasing 
power and Bmin. So the shielding effect of the tantalum 
weakens as the high energy component increases.  

Figure 1: The LHe consumption as a function of the axial 
radiant energy. 

Anyway, the non-linear increase of the LHe 
consumption with axial radiant energy demonstrates that 
the problem of X-ray heating turn to be much more severe 
for higher frequency and power ECR ion sources with 
higher magnetic confinement field.  

THICK-TARGET BREMSSTRAHLUNG 
AND MAGNETIC CONFIGURATION OF 

ECRIS 
As found in a previous experimental research [5], there 

is a sudden increase both in X-ray flux and energy of the 
axial Bremsstrahlung spectra with the increase of Brad or 
the decrease of Bext. In [5] the sudden change of the 
spectra is attributed to thick-target Bremsstrahlung. To 
confirm this, systematical experiments have been carried 
out on SECRAL at 18 and 14.5 GHz RF power. The 
experimental results are presented in Fig. 2.  

The spectra were measured at different Brad or Bext. In 
one group of data, only one field was varied and the other 
one kept constant. As shown in Fig. 2, no matter which 
field is varied, the jump of the spectra is only correlated 
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with  the  ratio  of the Blast to Bext; the value of Blast is 
estimated by B୪ୟୱ୲ = ඥBୣ୶୲ଶ + B୫୧୬ଶ                            (1) 

These results turn to be the further confirmation of the 
statement in [5]. When Blast>Bext, the thick-target 
Bremsstrahlung will be produced in the axial direction; on 
the contrary, the thick-target Bremsstrahlung will be 
produced  mainly  in  the  radial direction  when Blast < Bext. 
Therefore from the point view of X-ray heating, both 

situations of Blast>>Bext or Blast<<Bext should be avoided in 
the operation of ECRISs. 

Figure 2: Axial Bremsstrahlung spectra with different 
magnetic configuration (Rl/e is ratio of Blast to Bext) 

CONCLUSIONS 
As one of key issues in the development of ECRIS, the 

heat load to cryostat induced by Bremsstrahlung radiation 
is addressed in this paper. The possible solutions to this 
problem can be summarized as follows, 

Firstly, the heavy-metal shielding is the simplest 
method to reduce the influence of Bremsstrhlung 
radiation on the cryostat. However the shielding is just 
effective against radiation with energy below 500 keV. So 
this method turns out to be incapable in high frequency 
and high power ECRIS. 

Secondly, by choose appropriate ratio of Blast to Bext the 
thick-target Bremsstrahlung radiation can be avoided 
effectively. And this can decrease both the intensity and 
the energy of produced Bremsstrahlung radiation to a 
large extent.  

In addition, it was found in our experiments the 
Bremsstrahlung radiation in an aluminum chamber was 
lower than that in a stainless steel one at the same source 
condition. This may be due to the effect of an aluminum 
chamber to maintain the ambipolarity in the plasma [6], 
[7], but further experiments and analysis are necessary to 
confirm this.   
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Abstract
Measurements have been carried out at the Department

of Physics, University of Jyväskylä (JYFL) to study the
effects of microwave frequency fine tuning on the per-
formance of JYFL 14 GHz electron cyclotron resonance
ion source. The frequency was varied within an 85 MHz
band around the normal operation frequency of 14.085
GHz. The radial bremsstrahlung emission was measured
for plasma diagnostics purposes and mass separated ion
beam currents extracted from the ion source were recorded
at the same time. Also, beam quality studies were con-
ducted by measuring the ion beam emittance and shape
with and without enhanced space charge compensation
achieved by increased neutral gas pressure in the beam line.
The obtained results are presented and possible origins of
observed phenomena in measured quantities are discussed.

INTRODUCTION

The microwave frequency fine tuning has become an in-
teresting subject concerning the enhancement of ECR ion
source capabilities. In this method the ECRIS microwave
frequency is altered in a narrow frequency band around the
normal operation point to achieve improved source perfor-
mance. Studies done by L. Celona et al. have given promis-
ing results showing strong frequency dependent variations
in ion beam currents and beam shape [1]. Encouraged
by these results, similar experiments were conducted with
JYFL 14 GHz ECRIS including studies of mass separated
ion beam currents and emittance. The results were promis-
ing but the origin of many phenomena were still left unan-
swered [2]. It was clear that additional measurements were
needed. This paper presents the results of the latest fre-
quency tuning measurements conducted at JYFL.

ELECTROMAGNETIC MODE
STRUCTURE

When microwaves are fed into an ECRIS plasma cham-
ber in vacuum, certain kinds of electromagnetic field struc-
tures can be excited inside. With frequencies around 14

∗Work supported by the Academy of Finland and Nyyssönen founda-
tion. LNS team acknowledges the support of the INFN Strategic Project
NTA-HELIOS.
† E-mail: ville.toivanen@jyu.fi
‡ Currently at NSCL/MSU, East Lansing, Michigan, USA.

GHz and typical plasma chamber dimensions these elec-
tromagnetic modes are closely packed and have separation
of the order of some MHz [3]. Thus only a slight change in
the feeding microwave frequency can induce a notable dif-
ference in the electric field structure on the ECR surface.

It is not clear how the situation changes when the cham-
ber is filled with anisotropic inhomogeneous plasma. If the
mode structure behavior remains, it should affect the elec-
tron heating efficiency, charge state distribution, ion dy-
namics and confinement time in the plasma, having an ob-
vious influence on the characteristics of the ion beam [4].

EXPERIMENTAL PROCEDURE AND
RESULTS

All measurements were conducted with JYFL 14 GHz
ECR ion source [5]. The local 14.085 GHz oscillator was
replaced with Rohde & Schwartz signal generator set to
sweep a frequency range of 14.050 - 14.135 GHz in 100
seconds. The klystron was set to maintain constant power
output during the sweeps. A signal given by the signal gen-
erator at the beginning of each sweep was used for trig-
gering and time stamping of all time resolved data acqui-
sition. Bremsstrahlung was measured radially from the
plasma chamber with a germanium detector. The ECRIS
and beam parameters were collectively measured with a
computerized data acquisition system. The quality studies
of m/q separated beams were conducted by measuring the
beam emittance with an Allison type emittance scanner and
the beam shape with a KBr scintillation screen at discrete
frequencies. In these measurements the enhancement of
space charge compensation (ESCC) was achieved by feed-
ing argon into the beam line section between the ECRIS
and the analyzing magnet resulting to beam line pressure of
4 · 10−6 mbar. More details of similar gas feeding method
can be found from reference [6]. All measurements were
performed using argon beams with charge states between
5+ and 16+, except the transmission studies, where oxygen
and krypton beams were also used. The ion source tuning
was performed with 14.085 GHz frequency.

Beam current, bremsstrahlung and reflected
power studies

The ion beam currents exhibited a clear oscillating be-
havior with varying microwave frequency. The fluctuations
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increased with increasing charge state of the ion beam.
With low charge states the current remained practically
constant, but with the highest up to 50% variations were
seen during the frequency sweep compared to the normal
operation frequency. Similar oscillations were seen also in
the bremsstrahlung emission and the behavior was matched
with the oscillations seen in the reflected microwave power
(see Fig. 1). This suggests that the current variations are
caused mainly by fluctuations in the transmitted power.

As the behavior of reflected power has had an impor-
tant role in the earlier discussions concerning the exis-
tence of mode structure inside the plasma chamber [2],
and is clearly reflected in the behavior of beam current and
bremsstrahlung emission, a special effort was given to fur-
ther study its origin. When the sweep time and the fre-
quency range were varied, the location of the maxima and
the minima of the oscillations remained unchanged, ruling
out the possibility of outside interference with fixed fre-
quency. Varying the ion source parameters, such as neutral
gas pressure, magnetic field and microwave power, had no
distinctive effect to the location of the minima and maxima
either. When the length of the plain wave guide between
klystron and ion source (before high voltage and vacuum
breaks) was varied, the number of maxima in a fixed fre-
quency range changed. The number of maxima increased
with increasing wave guide length and vice versa. It was
also observed that with high powers the location of maxima
drifted slightly towards lower frequencies with time. This
was caused by increasing wave guide length due to heat
expansion. To further study the connection between the os-
cillations of reflected power and plasma conditions inside
the ion source, the plasma chamber was disconnected from
the wave guide and replaced with a low-VSWR (voltage
standing wave ratio) load element. The measurements were
repeated with the load element at different locations along
the wave guide with and without the high voltage break. It
was observed that the high voltage break increases the mea-
sured reflected power significantly (by a factor of about 4)
but does not change the oscillating behavior. The oscil-
lations remained, as can be seen in Fig. 2 and the num-
ber of maxima depended clearly on the wave guide length.
This indicates that the oscillatory fine structure of the re-
flected power is not connected to the mode structure inside
the plasma chamber.

The oscillating behavior seems to be connected to a
phase dependent phenomenon. When the phase of the elec-
tromagnetic wave is calculated at the end of the wave guide,
it is observed that the consecutive reflected power maxima
correspond to phase shift of π/2 (λ/4). This relation holds
very well for all the measured cases.

In the measurements with the plasma chamber there is a
clear increase in the reflected power with the highest fre-
quencies, a phenomenon which is not seen with the load
element. This effect most probably originates from the
plasma. However, comparing the signals with the load el-
ement and the plasma chamber shows that possible nar-
row frequency range (a few MHz) effects coming from the
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Figure 1: The bremsstrahlung count rate, normalized
Ar12+ and Ar5+ beam currents and the reflected power
with varied frequency. Constant forward power of 460 W.
Note with the bremsstrahlung count rate that only relative
efficiency calibration was used for the detector.
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Figure 2: Reflected power with load element or plasma
chamber and varied wave guide length. All cases with the
same ECRIS settings and 500 W of forward power.

chamber must be very weak compared to the effects caused
by the wave guide system. This makes it very difficult to
say anything about the mode structure inside the plasma
chamber using the reflected power signal in the case of
JYFL 14 GHz ECRIS.

Beam quality and transmission studies

Changes of up to tens of percent were seen in the beam
emittance with varying frequency compared to the normal
operation point (see Fig. 3). These variations correlated
well with changes in the structure of the beam profile and
beam current instabilities. The behavior was very sensitive
to the ion source settings and variation of any parameters
could change it radically.

With ESCC the beam emittance was lowered signifi-
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Figure 3: 4-rms emittance of Ar9+ with and without ESCC
and beam profiles at selected frequencies.
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Figure 4: Ar12+ beam currents and transmission with vary-
ing frequency. Constant forward power of 667 W.

cantly. At low frequencies the general behavior of the emit-
tance remained mostly unchanged. However, at around
14.1 GHz the emittance exhibited a steplike change ac-
companied by a change in the beam structure. The low
and medium charge states, which normally have a hollow
beam shape, became uniform and the emittance was low-
ered significantly. At the same time the profiles of high
charge states expanded, became less dense and the beam
emittance increased.

Transmission through the K-130 cyclotron was studied
using 16O6+, 40Ar12+ and 82Kr22+ beams. The beam cur-
rents were optimized through the injection line and the cy-
clotron. After this, the frequency was varied and the beam
currents after the ion source and after the cyclotron were
recorded. The transmission was also measured for a set of
discrete frequencies, each optimized separately through the
system. The frequencies were chosen based on changes in
the beam emittance and profile. The results are presented
in Table 1. The transmission of O6+ is considerably lower
than what is normally achieved due to tuning problems with

Table 1: Transmission efficiency T and maximum ion
beam current Imax after the cyclotron for frequency sweeps
and separately tuned discrete frequencies.

Frequency sweep Discrete frequencies

Beam T (%) Imax (µA) T (%) Imax (µA)
16O6+ 1.0 - 1.4 2.9 1.2 - 1.4 2.7

40Ar12+ 4.5 - 8.0 2.6 3.8 - 7.4 2.2
82Kr22+ 2.5 - 9.0 1.3 6.1 - 7.5 1.1

the accelerator. The transmission for Ar12+ sweep is pre-
sented in Fig. 4.

DISCUSSION

The studies presented in this article show that microwave
frequency fine tuning does produce clear variations to many
of the measurable quantities connected to the performance
of the JYFL 14 GHz ECRIS. However, the varying in-
put power makes it difficult to separate which effects are
caused by the frequency variations and not the power fluc-
tuations. This is the case especially with the beam currents.
The beam emittance and profile exhibited clear variations
which were further strenghtened with the ESCC. These ef-
fects on the beam quality were clearly reflected as signifi-
cant variations in the transmission efficiency.

Compared to the behavior reported in [1], the reflected
power and consequently the reflection coefficient behavior
is vastly different with JYFL 14 GHz ECRIS. The results
presented in [1] were obtained from measurements with
a Caprice type ECR ion source. Compared to JYFL 14
GHz ECRIS, which is of the A-ECR type, the microwave
coupling scheme is radically different. The Caprice source
has a multistage coupling from wave guide to coaxial mi-
crowave feeding into the plasma chamber, as JYFL 14 GHz
ECRIS uses rectangular wave guide all the way into the
plasma chamber. As presented in this paper, the wave
guide system at JYFL produces strong variations into the
reflected power, which obscures any other possible nar-
row frequency range effects that could be seen in the sig-
nal. However, there seems to be some behavior present at
broader frequency band. Whether this has something to do
with the possible mode structure inside the plasma cham-
ber, it is difficult to say without further studies.
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Abstract
A method of measuring the diamagnetic current on the 

LBNL  6.4  GHz  ECR  ion  source  is  described.  The 

diamagnetic signal is proportional to the rate of plasma 

formation and decay.  Furthermore, the integrated signal 

can  be  used  to  estimate  the  total  plasma  pressure,  or 

energy density, and can thus be used to study the warm 

and hot electron populations in an ECR plasma.

INTRODUCTION

ECR  ion  source  (ECRIS)  plasmas  are  capable  of 

creating large amounts of high energy x-rays[1]. These x-

rays  present  hazards  to  personnel  and  can  add  a 

substantial  heat  load to the cryostat  of  superconducting 

ECRIS's.  As  the  heating  frequency  is  increased,  the 

problem  will  only  worsen.  In  order  to  understand  the 

production of x-rays in ECRIS plasmas, it is important to 

understand the electron heating mechanism, as  it  is  the 

high energy electrons that are responsible for the creation 

of penetrating x-rays.

One common, non-invasive,  high temperature plasma 

diagnostics  that  can  be  used  to  study  high  energy

electrons  is  measurement  of  the  plasma  diamagnetic 

current. This diagnostic has been successfully applied to 

ECRIS  plasmas  previously[2].  Plasma  diamagnetism  is 

related to the energy density of all charged particles in the 

plasma.  In  a  typical  ECRIS  plasma,  though,  the 

diamagnetic  currrent  is  dominated  by  warm  and  hot 

electrons[3].

This  paper  describes  the  methods  used  to  record 

diamagnetic  signals  on  the  LBNL 6.4  GHz  ECRIS[4]. 

First,the  theory  of  plasma  diamagnetism  is  briefly 

discussed. In the second section of the article we discuss 

the  diamagnetic  loop  experimental  setup.  Finally, 

examples  of  typical  diamagnetic  current  measurements 

made over the course of our study are shown.

PLASMA DIAMAGNETISM

Charged particles orbit around magnetic field lines in 

such a way that the magnetic field created by their motion 

opposes the externally applied magnetic field. If a plasma 

is uniform, i.e., no density or temperature gradients, then 

the currents created by neighboring charged particles will 

cancel, and no net current will exist. If, on the other hand, 

gradients are present in a plasma a net current can arise. 

This  macroscopic  current  creates  a  magnetic  field  that 

acts to decrease any external magnetic field, and is thus 

called a “diamagnetic” current. A common method of 

Figure 1:  Experiment setup of diamagnetic loop used for 

plasma energy density measurements.

measuring the diamagnetic current is to use a loop of wire 

that is wrapped around the plasma chamber. 

As the plasma in an ECR ion source forms or decays, 

the changing diamagnetic current creates a time varying 

magnetic field that opposes the steady, external magnetic 

field. By Faraday's law, an electric field is created. The 

electric field is responsible for creating a voltage across 

the  leads  of  the  diamagnetic  loop,  which  is  what  is 

ultimately measured.

The electromotive force (emf) in the diamagnetic loop

can be written:

(1)

where N is the number of turns in the diamagnetic loop, 

and  is the total magnetic flux passing through the loop. 

Starting with Eq. 1,  the following equation relating the 

integrated diamagnetic signal to the plasma pressure can 

be derived [5]:

(2)

where  r0 is  the  plasma  radius,  and  nkT is  the  plasma 

pressure due to all particles in the plasma. To arrive at this 

equation  it  is  assumed  that  the  velocity  distribution  is 

isotropic so that the pressure tensor reduces to a scalar, 

that  the  plasma  can  be  represented  by  the  ideal  MHD 

equilibrium equation, and that the density profile is given 

by:
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EXPERIMENTAL SETUP

The  experimental  setup  used  to  measure  the

diamagnetic signal is shown in Fig. 1. The diamagnetic

loop is located within the vacuum chamber of the ECR. It

is  wound upon an aluminum support  ring,  which is,  in

turn, placed onto the sextupole structure. The leads of the

diamagnetic loop are brought out of the vacuum chamber

with a feed through. The loop and aluminum support ring

are in electrical contact with source, and so float up to

high  voltage  as  the  extraction  voltage  of  the  source  is

increased.

The raw signal from the loop is processed by a circuit,

described in greater detail in the following section. Both

the external portion of the feed through and the circuit are

contained in an aluminum enclosure to prevent pick up of

external noise. 

To bring the diamagnetic loop signal outside of the high

voltage cage that surrounds the ECR, a fiber optic cable is

used. The processed signal from the circuit is first sent to 

an optical transmitter through an SMA cable, and then to

the optical receiver through the fiber optic cable. Finally,

the signal is sent to an oscilloscope where it is saved to a

Compact  Flash  card.  To reduce  noise  in  the  signal  the

averaging feature  of  the  oscilloscope is  used.  For  each

data  point,  128  microwave  power  on/off  cycles  are

averaged. The data is processed on a PC using a simple

Mathematica  notebook.  We  can  estimate  the  plasma

energy density using Eq. 2.

Figure  3 shows  the  approximate  location  of  the

aluminum support structure upon which the diamagnetic

loop is wound. The loop itself is made of magnet wire and

is  circular  with  an  approximately  square  cross  section

(1.27  cm  by  1.27  cm).  It  has  a  mean  radius  of

approximately 10.2 cm and has 160 turns. The resistance

of the loop is approximately 4 ohms, and its inductance is

approximately  9.7  mH.  The  time  constant  of  the  loop

(L/R) is thus approximately 2.4 ms. We expect, then, the

diamagnetic loop will be able to follow changes in plasma

energy  density  that  occur  on  time  scales  greater  than

approximately 10 ms.

Loop circuit

Figure 2 shows a diagram of the circuit used to process

the diamagnetic loop signal. The circuit consists of three

major  sections:  a  differential  amplifier,  a  level  shifter,

and, finally, a driver section, required to power the analog

optical  link  transmitter.  The  circuit  does  not  have  an

analog  integrator,  as  we  have  chosen  to  perform  the

integration on a PC.

The final output voltage of the circuit is given by:

V out 10 V 2 V 1 2.5

The offset of 2.5 V is required because the optical link

transmitter  and  receiver  used  both  require  a  voltage

between 0-5 V. The loop signal, though, is both positive

and  negative,  depending  on  whether  the  plasma  is

forming or decaying. The final voltage signal is sent to

the optical link transmitter through an SMA cable.

Figure  3:   Approximate  position  of  aluminum  support

ring. Drawing not to scale.

RF pulsing circuit

In order to measure a diamagnetic signal, which relies

on changes in plasma density, an ECRIS must be operated

in  pulsed  mode.  Figure  4  shows  a  schematic  of  the

pulsing method used in this study. 

A  signal  generator  is  used  to  create  the  desired

microwave pulse pattern.  The signal is then sent to the

Gunn Diode Modulator (GDM). The GDM is needed to

provide the correct voltage and current values to drive the

Pin Absorptive Modulator (PAM). When the output signal

from the GDM is greater than zero,  the PAM does not

attenuate  the  oscillator  signal. If  the  output  signal from 

Figure 2:  Diagram of circuit used to process diamagnetic loop signal.
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Figure 4:  Diagram of klystron pulsing circuit.

the  GDM  is  negative  the  PAM  fully  attenuates  the

oscillator signal,  and the klystron power output is zero.

Delays introduced with this method are on the order of

microseconds.  Plasma formation and decay time scales,

though, are on the order milliseconds, and so the delays

are ignored.

EXAMPLES OF EXPERIMENTAL DATA

Figure  5  shows  an  example  of  an  unintegrated

diamagnetic signal. The large, positive spike occurs when

the microwave power is turned on. The smaller, negative

spike  occurs  when the  microwave power  is  turned off.

Because the induced voltage is proportional to the rate of

plasma formation, Fig. 5 indicates that the plasma forms

at a faster rate than it decays. 

The  relative  plasma  energy  density  as  a  function  of

microwave power is shown in Fig. 6. The plasma energy

density is calculated by integrating the initial, positive 

Figure 5: Diamagnetic loop signal. Argon plasma.

Figure  6:   Relative  plasma  energy  density  versus

microwave power. Argon plasma

spike and using Eq. 2. The relative plasma energy density

is seen to increase logarithmically with microwave power.

SUMMARY

In this paper we have described a method of measuring

diamagnetic  signals  on  the  LBNL 6.4  GHz ECR.  This

diagnostic is useful for understanding the behaviour of the

warm and hot electrons confined in the plasma as source

operating parameters are varied. 

It is seen that the plasma energy density, as estimated

using  the  integrated  diamagnetic  signal,  increases

logarithmically with the microwave power, and that the

plasma forms at a faster rate than it decays at. 

We will  make  a  similar  set  of  measurements  on  the

LBNL 14 GHz AECR-U in  a  future  experiment.  More

detailed  explanations  of  the  results  and  experimental

setup discussed in this paper will be available in future

articles [6,7].
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Abstract 
In order to improve the quality of ion beams extracted 

from ECR ion sources it is mandatory to better understand 
the relations between the plasma conditions and the beam 
properties. The present investigations concentrate on the 
analysis of different beam properties under the influence 
of various applications of frequency tuning and of multi-
ple frequency heating. The changes in the  microwave 
frequency feeding the plasma affect the electromagnetic 
field distribution and the dimension and position of the 
ECR surface inside the plasma chamber. This in turn has 
an influence on the generation of the extracted ion beam 
in terms of intensity, shape and emittance. In order to 
analyze the corresponding effects, measurements have 
been performed with the CAPRICE-Type ECRIS in-
stalled at the ECR Injector Setup (EIS) of GSI. The ex-
perimental setup uses a microwave sweep generator 
which feed a TWTA (Traveling Wave Tube Amplifier) 
covering a wide frequency range from 12.5 to 16.5 GHz. 
This arrangement provides a precise determination of the 
frequencies and of the reflection coefficient along with 
the beam properties. A sequence of viewing targets posi-
tioned inside the beam line monitors the beam shape evo-
lution. 

INTRODUCTION 
The increasing request of higher energies for higher 

charge states pushes towards the development of more 
performing ECR ion sources or to the research of methods 
to enhance the performances of the existing ones. The 
tuning of the microwave frequency feeding the plasma 
can be a promising technique even if a better understand-
ing of this effect is mandatory. In 1998 the ORNL CA-
PRICE-Type ECRIS was used to demonstrate how the 
frequency domain technique was useful to enhance the 
ECRIS performances [1]. In 2008 several measurements 
were carried out with the CAPRICE ion source at GSI in 
order to investigate the frequency tuning effect on the 
extracted Helium beam intensity and shape [2]. In 2009 
an experiment was carried out at JYFL in order to meas-
ure the effect of the frequency tuning on the intensity, 
quality and emittance of a mass separated Argon beam 
[3]. In both of these last tests the frequency was swept 
over a narrow range of ±40 MHz around the Klystron 
center frequency of 14.5 GHz and in the 14.04-14.13 GHz 
range, respectively. In the present experiment the fre-

quency tuning effect has been analyzed in the 12.5-16.5 
GHz frequency range. The availability of a TWTA driven 
by a signal generator gave the possibility to change the 
source operating frequency with steps of a few hundred 
kHz. This experiment allows to analyze the beam proper-
ties when the ECRIS operative frequency sweeps over a 
wide range of 4 GHz, and hence for increasing ECR sur-
faces. The influence on lower and higher charge states has 
been analyzed for different source conditions concerning 
the magnetic field configuration, the gas pressure and the 
power setting.  

EXPERIMENTAL SET-UP DESCRIPTION 
The CAPRICE-Type [4] ECR ion source used for this 

experiment is equipped with a 1.2 T maximum radial 
magnetic field. The plasma chamber dimension was 179 
mm of length and 64 mm of diameter. The RF power was 
provided by a TWTA working in the 8÷18 GHz frequency 
range and able to provide an output power higher than 
650 W in the frequency range of 12÷18 GHz. The input of 
the amplifier was driven by a signal generator able to 
sweep from 1 to 20 GHz. According to the maximum 
manageable power reflected to the amplifier, it has been 
restricted to work at a power of 100 W and in the fre-
quency range of 12.5÷16.5 GHz. The use of a waveguide 
microwave isolator covering this frequency range and 
handling up to 650 W could allow to work with higher 
powers. The frequency steps were set to 200 kHz with a 
dwell time of 20 ms for each step. Then the duration of 
one measurement was around 400 seconds. Two direc-
tional couplers of high directivity were inserted in the 
waveguide line in order to measure the forward power 
and the reflected power with two microwave power 
probes. The experiment has been carried out with Argon 
and Helium as a support gas at gas pressures of 3.9÷5 
*10-6 mbar. The ion currents of the charge states Ar7+, 
Ar8+ and Ar9+ have been measured with a faraday cup; the 
drain current of the high voltage power supply of the ex-
traction has been recorded as well. The extraction voltage 
was set to 15 kV; a -2 kV voltage was applied to the 
screening electrode. Viewing targets could be remotely 
inserted at three positions along the beam line in order to 
monitor the beam shape evolution right after the extrac-
tion, the focused beam and analyzed beam [5]. KBr was 
used as target coating material for this experiment. 
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Figure 1: Reflection coefficient and current evolution vs. microwave frequency (the coloured solid lines refer to the left 
scale while the dashed black line is the reflection coefficient referring to the right scale). 
 

RESULTS AND DISCUSSION 
Different measurements have been carried out by 

sweeping the frequency and setting different ion source 
parameters, i.e. injection and extraction magnetic field 
values, gas pressure and microwave power. 

The source parameters were set to operate with a charge 
state distribution with a maximum on the Ar8+ (by feeding 
the plasma with 100 W microwave power at 14.5 GHz). 
An Ar8+ current of 85 μA and a drain current of 2.36 mA 
were obtained. From these source conditions the fre-
quency sweep was started by ramping the signal generator 
from 12.5 GHz up to 16.5 GHz, while the reflection coef-
ficient, the Ar7+, Ar8+, Ar9+ currents and the drain current 
were recorded simultaneously. 

The evolution of the reflection coefficient with the fre-
quency is shown in figure 1. As expected by the previous 
experiments the matching impedance between the cavity 
filled by the plasma and the electromagnetic wave is 
strongly dependent on the frequency [1-3]. It is remark-
able that the plasma properties are also changing consid-
erably with varying frequency. The strong correlation 
between the peaks of the reflection coefficient and the 
current amplitude are clearly visible around the frequen-
cies where the reflection coefficient is higher than -9.54 
dB (matching condition). The relationship between the 
resonance frequencies and the heating efficiency has been 
theoretically analyzed and particle in cell codes has been 
used to correlate the electromagnetic field patterns and 
the electron cyclotron resonance surface. [6] However it 
is not possible with our analysis to determine the electro-
magnetic field patterns (modes) related to these peaks. 
The comparison of the current evolution in the frequency 
range indicated above is presented in figure 1. It is clear 
how the current amplitude is affected by the choice of the 
operative frequency. Looking at the Ar8+ current it ranges 
from a few μA up to 200 μA. The experimental results 
were clearly reproducible in several runs thus confirming 

the reliability of the measurements. The evolution of the 
Ar7+ and Ar8+ currents is similar, but the amplitude is dif-
ferent. In fact at the frequencies where both currents pre-
sent a peak, the Ar8+ is quite higher than the Ar7+(for in-
stance at 14.119 GHz the difference between the two cur-
rents is 80 μA). The opposite behaviour is visible for the 
minima of the current amplitudes where the Ar7+ is higher 
than the Ar8+. In the range 15.64-16.5 GHz the currents of 
the higher charge states, i.e. Ar9+, tend to lower values 
even if the reflected power is less than 10%. This seems 
to be due to the confining magnetic field restricting the 
source operation to lower frequencies. It has been also 
observed that the drain current evolution is following the 
trend of the three charge states presented in figure 1.  

In order to have a complete comprehension of the 
sweep effects on the ionization process, the charge state 
distribution has been analyzed for different frequencies. It 
has been decided to restrict the analysis to the frequency 
range of 14-15 GHz. Several frequencies have been con-
sidered where peaks and minimum amplitudes occur. In 
figure 2 the charge state distribution is presented for four 
different frequencies. The 14.5 GHz value is the normal 
operation frequency of the CAPRICE ion source; 14.46 
GHz and 14.119 GHz are the frequencies where respec-
tively the minimum and the maximum Ar8+ current were 
measured in the 14-15 GHz frequency range. The charge 
state distribution related to the 14.0 GHz operation is also 
reported in order to show how important the electromag-
netic field pattern and the choice of the frequency are. In 
fact the charge state distributions at 14.0 GHz and at 
14.46 GHz are quite similar even if the amount of power 
feeding the plasma was more than doubled. In the first 
case the reflection coefficient (indicated in the legend of 
the figure 2) was -2.3 dB, more than one half of the power 
was reflected, and in the second case it was -25.8 dB , the 
impedance matching condition was fulfilled and almost 
no power was reflected. It is also interesting that for the 
frequencies where the higher charge states are favoured, 
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Figure 2: Ar charge states distribution for four significant 
operating frequencies. 
 

The current of lower charge state is decreasing and vice 
versa. The analyzed charge state distributions confirm that 
the frequency tuning is more affecting the higher charge 
states (at 14.119 GHZ the current enhancement respect to 
the 14.5 operation frequency is 244% for the Ar8+ and 
456% for the Ar9+).  

The enhancement of the current is not the only effect of 
the frequency sweeping, in fact also the quality, the shape 
and the emittance of the ion beam are varying. The use of 
beam viewing targets has proven to be a favourable tech-
nique to monitor the beam shape and a promising beam 
diagnostic tool. The images recorded after the extracted 
beam focusing solenoid (VT2 position) and in the diag-
nostic box after the mass/charge selection dipole (VT3 
position) are shown in figure 3. Here the same frequen-
cies are chosen as in figure 2. The Ar8+ beam is shown on 
the right column and the focused beam images also refer 
to the Ar8+ magnetic field setting. At 14.0 GHz and 14.46 
GHz, which are the frequencies where the Ar8+  presents a 
minimum point, the focused beam shape seems to remain 
unchanged in the orientation of the arms (at 14.0 it is a 
little bit brighter, also according to the higher intensity 
measured at the faraday cup). At 14.119 GHz the focused 
beam is a little bit bigger and brighter than the one at 14.5 
GHz and in both cases the orientation of the arms is 
turned by more then 40° clockwise with respect to the 14-
14.6 GHz beam shapes. An emittance variation is clearly 
expected and in the next measurement session a pepper 
pot device will be used to analyze the emittance. 

CONCLUSIONS 
The experiment reported here has confirmed again how 

the frequency and the corresponding electromagnetic field 
feeding the plasma affects the ECRIS performances. The 
complete results of the measurements for the several 
source parameters settings together with the results of the 
multiple frequency heating experiment will be published 
soon. 

 
 

 
 

Figure 3: Ar8+ beam viewed at the targets located after the 
focusing solenoid (left column) and after the dipole (right 
column). 

ACKNOWLEDGEMENTS  
W. Kaufmann and P. Moritz are warmly acknowledged 

for the precious support provided for the arrangement of 
the experimental set-up 

REFERENCES 
[1] G.D. Alton et al., Rev. Sci. Instrum. 69, n° 6,1998. 
[2] L. Celona et al., Rev. Sci. Instrum. 79, 023305,2008.  
[3] V. Toivanen et al.,Rev. Sci. Instrum. 

81,02A319,2010. 
[4] D. Hitz et al., Proc. 11th Int. Workshop on ECRIS, 

Groningen 1993, KVI-Report 996,1993. 
[5] J. Mäder et al., Rev. Sci. Instrum. 81,02B720,2010. 
[6] D. Mascali et al., Rev. Sci. Instrum. 81,02A334,2010.

 

Proceedings of ECRIS2010, Grenoble, France TUPOT012

07 Plasma & Beam Investigation 145



 

 

INFLUENCE OF INITIAL PLASMA DENSITY AND MEAN ELECTRON 

ENERGY ON THE PREGLOW EFFECT 

I. Izotov#, A. Sidorov, V. Skalyga, V. Zorin, IAP/RAS, Nizhny Novgorod, Russia 

H. Koivisto, O. Tarvainen, V. A. Toivanen, University of Jyvaskyla, Finland 

 

Abstract 
The investigation of the Preglow effect is driven with 

the aim of creating a short-pulsed multicharged ion 

source. Recent experimental investigations have revealed 

strong influence of seed electrons, i.e. initial plasma 

density, on the amplitude and duration of the Preglow 

peak [1]. Present work, consisting of experiments and 

simulations, is dedicated to further investigation of the 

Preglow dependence on initial plasma density and 

electrons energy. Experimental investigation was 

performed at University of Jyvaskyla (JYFL) with the A-

ECR type ECRIS operated with 14 GHz frequency. 

Helium was used for the study. An initial ionization 

degree of the gas was varied by changing the pulse 

duration and duty factor. Time-resolved ion currents of 

He+ and He2+ were recorded. Calculations were made by 

using 0-dimensional model described in references [2], 

[3] and based on the balance equations for the particles 

confined in the magnetic trap. Results of simulation are 

compared with experimental Preglow peaks and 

discussed. Good agreement between experimental data 

and simulation encourages us to conduct a further study, 

aimed at optimizing the Preglow by tuning source 

parameters and initial plasma conditions. 
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Abstract 

The MD-method of enhancing the ion output from ECR 
ion sources is well established and basically works via 
two mechanisms, the regenerative injection of cold 
electrons from an emissive dielectric layer on the plasma 
chamber walls and via the cutting of compensating wall 
currents, which results in an improved ion extraction from 
the plasma. As this extraction from the plasma becomes a 
more and more challenging issue for modern ECRIS 
installations with high microwave power input, a series of 
experiments was carried out at the 14 GHz ECRIS of the 
Institut für Kernphysik in Frankfurt/Main, Germany 
(IKF). In contrast to our earlier work, in these 
experiments emphasis was put on the second of the above 
mechanisms namely to influence the sheath potential at 
the extraction by structures with special dielectric 
properties. Two different types of dielectric structures, 
Tantalum-oxide and Aluminium oxide (the latter also 
being used for the MD-method) with contrastingly 
different electrical properties were mounted on the 
extraction electrode of the IKF-ECRIS, facing the plasma. 
For both structures an increase of the extracted ion beam 
currents for middle and high charge states by 60-80 % 
was observed. The method is able to be applied also to 
other ECR ion sources for increasing the extracted ion 

beam performances.  

INTRODUCTION 
The MD-method, using special insolating structures 

with high secondary electron emission coefficients, to 
enhance the ion output from ECR ion sources is well 
established and has been extremely successful. In second 
generation ECRIS sources (e.g. typically sources with 
14GHz microwave systems at maximum powers of 2kW), 
enhancement factors for the highest charge states (e.g. Ar 
16+) of up to 100 have been measured and were  clearly 
attributed to the enrichment of the plasma by cold 
electrons form the secondary emission effect [1,2]. In a 
dedicated experiment an increase of the plasma density 
and electron temperature was observed for the Frankfurt 
14GHz source equipped with a MD-liner as compared to 
the standard stainless steel source. 

In a series of experiments it also could be shown that 
the secondary emission is only part of the mechanism that 
leads to the particularly good results for the highest 
charge states. A second effect clearly is the isolating 
properties of such a layer, which blocks all fast 

recombination currents and hence restores the 
ambipolarity at those parts of the surface of the plasma 
chamber where the structure is installed. This enhanced 
ambipolarity leads to considerably longer ion dwell times 
and hence serves to augment especially the high charge 
states by a better ion breeding. 

It also has been demonstrated that, also with a MD-
structure best results are obtained when the extraction 
from the source is optimized by carefully shaping the 
extraction conditions by a biased disk and that this can 
still be improved by using a MD-structure at the 
extraction electrode. This additional improvement was 
ascribed rather to the isolating properties of the MD-
structure at the extraction electrode than to its secondary 
electron emission [3]. 

This allows for “tailoring” a MD structure to the needs 
of a respective installation. While a deficit in electron 
density may best be compensated by the secondary 
electron effect, for new generation sources with much 
better plasma densities and temperatures the improvement 
of the ion extraction by a MD extraction electrode my 
more appropriate. 

In order to support this argumentation we have carried 
out a new series of experiments, where we have 
investigated the role of the dielectric character of the MD-
structure by inserting two types of structure into the 
Frankfurt 14 GHz ECRIS, the very successful Al-MD 
structure with high secondary electron emission 
coefficient but only moderate dielectric constant and a 
Ta-MD structure which has a poor secondary electron 
emission but a distinctly higher dielectric constant as 
compared to the Al-MD.  

EXPERIMENTAL SET-UP 

The experiments reported in this article have been 
carried out at the 14GHz ECRIS installation at the 
Institute für Kernphysik, Frankfurt, Germany (IKF-
ECRIS). Dielectric structures of Tantalum oxide and 
Aluminium oxide (denoted here as Ta/Al-MD electrode) 
were successively installed on the plasma electrode facing 
the plasma. The structures were made of 1 mm of pure 
Tantalum or Aluminium plates. The MD liner in this 
experiment was similar to those used in our previous 
experiments. It covers the radial walls of the plasma 
chamber on a length of 150 mm centred at the hexapole 
magnet. 
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All measurements were performed at the same 
operating parameters of the source: 15 kV extraction 
voltage, 1000 W operating RF power and with pure argon 
as working gas. The beam was optimized for the 12+ and 
14+ charge states respectively. Typical values of the 
vacuum during operation were (3-5) x 10-7 mbar in the 
plasma chamber, measured at the injection flange and (7-
8) x 10-8 mbar in the extraction area. A biased stainless 
steel electrode (biased disk) was located at the injection 
side of the plasma chamber. It’s axial position and the 
voltage was adjusted in order to maximize the intensity of 
the extracted ion currents measured in a Faraday cup 
behind the 90 ° analysing magnet. 

RESULTS AND COMMENTS 
In order to better unveil the role of dielectric properties, 

it is meaningful to reduce the influence from the 
secondary emission effect as far as possible. This is best 
done by using a “standard” Al-MD liner installed at the 
radial plasma chamber walls for all experiments discussed 
here, because it strongly enhances the plasma density and 
any further contribution to secondary electron 
enhancement from the MD-electrode can be neglected. At 
the same time this resembles the best condition of the 
plasma that can be achieved in the IKF ECRIS because 
the presence of an Al-MD liner leads to an increase of the 
plasma electron density by a factor of 2.5 and the electron 
temperature by a factor of 1.7 [4]. The influence of this is 
demonstrated by comparing the charge-state-distributions 
(CSD) for the reference source and for the source 
equipped with a Al-MD-liner in Fig. 1. It is evident that 
the intensity of a typical intermediate charge state of 
argon (e.g. Ar12+) is increased by a factor of 4, whereas 
Ar14+ (representing high charge states) is increased by a 
factor of 8. 

Fig.1 also shows the influence of a Ta-MD-electrode, 
additionally installed on the plasma electrode. While the 
MD-liner considerably changes the shape of the CSD in 
the region of intermediate and high charge states, the 
additional Ta-MD-structure has only negligible influence 
on the shape of the CSD but clearly enhances the 
extracted ion currents in this whole range of charge states. 
This can be explained by the above described difference 
between both structures. While the Al-MD-liner enhances 
plasma density and temperature, leading to the observed 
considerable increase of high charge states in the CSD, 
the additional presence of the Ta-MD electrode improves 
the extraction of the ions from the plasma by suppressing 
the ion losses by wall currents at the extraction hole. It 
does not contribute, however, to a change of the plasma 
parameters. This is also shown by another experiment, 
where we installed a Ta-MD liner, which represents 
essentially an insulator, in the source (Fig. 2). The Ta-MD 
liner had exactly the same size and position as the Al- 
MD liner. Besides  the fact that the  Ta-MD liner had no  

 

Figure 1: Charge state distributions (CSD) for Ar-ions for 
three different source configurations as indicated. The ion 
optics was optimized for the transport of Ar14+ ions  the 
extraction voltage was 15kV, the RF power was  1kW. 

 
markable emission of secondary electrons and hence did 
not influence the shape of the CSD very much, this 
scenario resulted obviously in a strongly reduced output 
from the source. Part of this reduction could then be 
restored by improving the extraction from the source 
again by adding the Ta-MD electrode.  

 

Figure 2: CSD for Ar-ions for different configurations as 
indicated. Ion optics, extraction voltage and RF power are 
identical to the ones given in Fig. 1. 

TUPOT014 Proceedings of ECRIS2010, Grenoble, France

148 02 New Development



 

Figure 3: Comparison of CSD with (solid symbols) and 
without (open symbols) Ta-MD electrode for three 
different microwave powers as indicated in the figure. The 
ion optical transport was optimized for the transport of 
high charge states (Ar14+) the extraction voltage was 15kV. 
The plasma parameters and extraction conditions were 
kept identical for the corresponding set of spectra. 

All spectra, presented so far, have been measured at 
1kW microwave power in order to demonstrate the 
usefulness of this method for high performance sources. It 
is well known that a careful shaping of the extraction 
conditions becomes more and more important the higher 
the source performance in terms of plasma density and 
temperature is. In Fig. 3 a series of measurements for 
different microwave powers is displayed. It is interesting 
to realize a “shift” of the effect towards higher charge 
states with increasing microwave power. While at 600 
Watt some enhancement at the low-charge state-end of 
the CSD can be identified, at 1000 Watt clearly the range 
of intermediate and high charge states is enhanced, 
demonstrating that this method works the better, the 
higher the microwave power and hence the plasma 
parameters are.  

The net contributions, given by the Ta dielectric 
structure are displayed in Fig. 4 as a function of the  

 

 
Figure 4: the net contributions from the Ta-structure:        
G(q) = [ITa-str(q) - Istd(q)] / Istd.(q),  Istd. (q)  is  the  ion current
 per charge  state  q  for the  source  with  stainless  steel
 electrode and Al-MD-liner;  ITa-str.

 

(q)
addition to the configuration

 of Istd. (q) . 
 
charge state. A gain of 70-80%, relative to the standard 
source with Al-MD-liner and stainless steel electrode, can  
be observed for intermediate and high-charge-state Ar-
ions. 

The results demonstrate that dielectric structures on the 
extraction electrode introduce a new feature, which is not 
present in the standard ECRIS with stainless steel plasma 
electrode. An isolating structure at this position not only 
serves to cut the wall currents at the extraction, avoiding 
ion losses at this point, but also serves to improve the 
extraction conditions of ions by optimizing the sheath 
potentials at this point in such a way that a considerably 
higher amount of ions can be extracted through the 
extraction hole. The important factor is the positive 
charging of the plasma facing surface of the structure 
under electron bombardment. Here the degree of the 
charging, and hence the improvement factor, depends on 
the dielectric constant of the layer, which is distinctly 
higher for Ta-oxide than for Al-oxide, which we used for 
earlier studies. 
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Abstract 

The KEK-Digital Accelerator (DA) is an induction 
synchrotron renovated from the KEK 500 MeV booster 
synchrotron [1]. Its concept was demonstrated in 2006 
using the 12 GeV proton synchrotron [2,3], where a 
proton bunch was accelerated with pulse voltages 
generated by a transformer instead of RF cavity. In the 
KEK-DA, O, Ne, and Ar ions from the ECRIS embedded 
in the 200 kV high-voltage terminal (HVT) are directly 
injected into the ring though the low energy beam 
transport line. The permanent magnet ECRIS, in which a 
plasma is fired by x-band microwave pulses of 3 msec at 
10 Hz, has been assembled at KEK. Its operational 
performance such as charge-state spectrum, emittance and 
current have been tested since the last year. Beam 
dynamics through the test bench is discussed as well as 
operational characteristics of the ECRIS. 

INTRODUCTION 
The KEK-DA is a recycling of the KEK 500 MeV PS-

Booster, which was shut down in March, 2006, and is 
being renovated as the first DA.  

The operational schematic of the ion source and LEBT 
to the KEK-DA is shown in Fig.1 [1,2]. An ion beam is 
directly injected into the KEK-DA from the ion source 
without a gigantic injector. In order to mitigate space-
charge effects during injection, the ion beam is 
accelerated through a high voltage acceleration column of 
185 kV. 
A permanent magnet ECRIS is a unique solution when 

an ion source is mounted in a high voltage terminal, 
because it does not require a large amount of electric 
power and its size is small and its weight is less than 50 
kg. Since 2008 a pulse-mode x-band ECRIS has been 
developed.  
An Ar beam including Ar1+~Ar8+ is extracted through the 

extraction electrode of 14-15 kV and focused in the 
downstream Einzel lens system and guided into the 
acceleration column with inner focusing electrodes and 
enters into the separation magnet to be selected a desired 
charge state (Z) ion beam. Through the quadrupole 
focusing channel, an A8+ beam pulse of 3-5 msec long is 
guided and chopped by an Einzel lens or electrostatic 
chopper placed at the downstream. 

 

Figure 1: High voltage ion source and LEBT 

ECRIS 
The all-permanent magnet ECRIS has been built and 

tested over the last two years. Presently obtained results 
are discussed here. In addition remained issues are 
addressed. 

Mechanical Design 
The mechanical design of this ECRIS is shown in Fig. 

2. It shows the complete assembly including two 
permanent ring magnets, hexapole magnet, return york, 
the microwave horn antenna and the extraction system 
with a screen to protect metal ions from spattering on the 
surface of the insulating ceramic pipe. The position of the 
antenna horn aperture can be optimized for matching. A 
plasma chamber with water cooling channels has been 
originally designed assuming a CW operation. As a result, 
the aperture size of 4cm in diameter is rather big 
compared with a similar x-band permanent ECRIS such 
as Nanogan [4]. 
 

 
Figure 2: Schematic overview of the X-band ECR for The 
KEK-DA 
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Magnetic System 
It is well-known that the high axial mirror ratio and a 

strong radial field inside the plasma chamber are 
important [5]. For our present ECRIS, the first peak flux 
density is (Bpeak1) 7 kG, the second peak flux density 
(Bpeak2) is 5.6 kG and the radial flux density (Br) on the 
inner surface of the plasma chamber (r=20 mm) is 5 kG. 
The resonance flux density (BECR) is 3.3 kG for the 
frequency of 9.35 GHz. The empirical rule [5] tells us Br 
~ 2 BECR is desired. The actual field strength is a bit lower 
than this condition. 

Microwave Heating 
9.35 GHz microwaves are provided from a TWT with a 

maximum power of 700 W. In the present ECRIS, the 
microwave power in TE01 mode is uniformly irradiated in 
the plasma chamber from the rectangular horn antenna. 
Since the KEK-DA is operated at 10 Hz, the injection of 
ion beams at the same repetition rate is expected. An ion 
pulse is generated in a pulse mode, where the 5 msec long  
microwave pulse are fired at 10 Hz by controlling a seed 
pulse length of the TWT. 

Extraction System 
The geometrical shape of the anode hole biased at 14 -

15 kV and the grounded extraction electrode have been 
optimized by IGUN simulations.  In the early stage, 
spattering of metal ions on the insulating ceramic pipe 
wall was serious to result in high voltage breakdown. The 
screen seen in Fig. 2 was quite effective to keep a clean 
surface from the direct spattering. 

Test Bench  
In order to investigate operational performances of our 

ECRIS including beam parameters and beam stability, a 
test bench have been constructed. It is divided into two 
portions: upper stream and downstream. The upper stream 
consists of a diagnostic device (Faraday Cup) just placed 
after the Einzel lens measured a total ion current. The 
beam is focused by a electrostatic quadrupole doublet 
(D)(F) and guided through the analyzer magnet to 
downstream. The downstream also consists of another 
doublet (F)(D) and to the diagnostic devices  (Faraday 
cup and beam profile monitor) which are placed at the 
end point of the test bench as shown in Fig. 3. 

 

 
Figure 3: Schematic overview of test bench  

Measurement Results 
Charge-state spectrum of the extracted Oxygen, Neon 

and Argon beam were obtained by monitoring a beam 
current in the downstream Faraday cup. Figs. 4 and 6 
show the pulse shapes for individual charge states at the 
gas flow rate of 0.05 SCCM for Argon and Neon. 

 

 
Figure 4: Waveform of ion current. Power/pulse length: 
600W/5msec, upper green trace is the reflection signal of 
microwaves (Argon) 

 
Absolute ion intensities have been obtained as a 

function of the microwave power. The results are shown 
in Fig. 5 and 7. 
 

 
Figure 5: Ion current of an individual charge state for 
various microwave power (Argon) 

 

 
Figure 6: Waveform of ion current. Power/pulse length: 
600W/5msec, upper green trace is the reflection signal of 
microwaves (Neon) 
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Figure 7: Ion current of an individual charge state for 
various microwave power (Neon) 

Discussions 
Achieved highest charge states for Oxygen, 

Neon and Argon were 6, 6 and 8, respectively. This fact 
can be explained by their ionization energy. According to 
reference [6], the ionization energy (ΔE) of Ar7+→8+ is 
143.5 eV, Ar8+→9+ is 422.4 eV and Ne5+→6+ is 157.9 eV,  
Ne6+→7+ is 207.3 eV and O5+→6+  is 138.1 eV, O6+→7+  is 
739.3eV . To obtain higher charge state ions, the electron 
energy must be sufficiently higher than the required 
ionization energy for a desired charge state.  The achieved 
charge state of three species of ion suggested the density 
of high energy electron might be insufficient for 
ionization to the higher charge state. It is known that the 
electron confinement time in ECRIS increase as the 
mirror ratio of the magnetic field increases. This is crucial 
to obtain highly charged ions. Meanwhile, the so-called 
magnetic field scaling laws suggest that Bpeak1/BECR ~ 4 
and Br/BECR ~ 2 are desired [7].  Their values in our 
present ECRIS are 2.1 and 1.5, respectively. The latter 
seems to be notably small. 

Beam Dynamics 
The IGUN simulator has been used to simulate the 

beam dynamics from the cathode to the anode and from 
the anode through the Einzel lens as shown in Fig. 8. The 
beam emittance and phase space plot are generated from 
the IGUN output.  
 

 

 
Figure 8: Beam envelope from the cathode to anode and 
from anode through Einzel Lens (IGUN simulation result) 

 
IGUN simulations based on the Langmuir-Child law 

[8] give a space-charge limited ion current under an 
artificial assumption of a relative fractional ratio of 
charge states. In our calculations, the experimentally 
obtained fractional ratios were assumed. Consequently, 

the estimated space-charge limited current was in good 
agreement with the experimentally obtained total ion 
current. 

The lattice function at the beginning of the test bench 
can be evaluated from the IGUN output. It is 
straightforward to calculate the beam envelope along the 
beam transport line using this initial value and lattice 
parameters which are uniquely determined by the voltage 
of electrostatic Q-lenses. It is interesting to compare the 
actual beam profile on the X-Y plane with the predicted 
result. For this purpose, a beam profile measurement was 
carried out using an emission plate of alumina placed at 
the end point of the beam line. Basic qualitative features 
of the observed profile were consistent with the predicted 
ones. 

SUMMARY 
Although our permanent ECRIS can deliver lower 

charge-state ions with a sufficient intensity, the intensity 
of higher charge-state ions is not enough. This could be 
attributed to the low Br on the inner surface of the plasma 
chamber. In addition the region with B=BECR is far from 
the central region. In order to improve both undesired 
features, installation of a thinner hexapole magnet into the 
inner aperture is underway.  
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LONG-TERM OPERATION EXPERIENCE WITH TWO ECR  
ION SOURCES AND PLANNED EXTENSIONS AT HIT 

Tim Winkelmann, Rainer Cee, Thomas Haberer, Bernd Naas, Andreas Peters (HIT, Heidelberg)

Abstract 
The HIT (Heidelberg Ion Beam Therapy Center) is the 

first treatment facility at a hospital in Europe where 
patients can be treated with protons and carbon ions. 
Since the commissioning starting in 2006 two 14.5 GHz 
electron cyclotron resonance ion sources are routinely 
used to produce a variety of ion beams from protons up to 
oxygen. The operating time is 330 days per year, our 
experience after three years of continuous operation will 
be presented. In the future a helium beam for patient 
treatment is requested, therefore a third ion source will be 
integrated. This third ECR source with a newly designed 
extraction system and a spectrometer line will be installed 
at a testbench to commission and validate this section. 
Different test settings are foreseen to study helium 
operation as well as enhanced parameter sets for proton 
and carbon beams in combination with a modified beam 
transport line for higher transmission efficiency. An 
outlook to the possible integration scheme of the new ion 
source into the production facility will be discussed. 

INTRODUCTION
 
 

The facility of the Heidelberg Ion Beam Therapy 
Center (HIT) [1] is the first dedicated proton and carbon 
therapy facility in Europe. HIT is located at the university 
hospital in Heidelberg (Universitätsklinik Heidelberg, 
Germany).  

 

Figure 1: Overview of the HIT accelerator facility. 

The beam production at HIT consists of two 14.5 GHz 
permanent magnet ECR ion sources from PANTECHNIK 
[2]. The 7 MeV/u injector linac [3] comprises the LEBT 
(Low Energie Beam Transport), a 400 keV/u radio 
frequency quadrupole accelerator (RFQ) [4,5], and a 7 
MeV/u IH-type drift tube linac (IH-DTL) [3,4,5]. The 
linac beam is injected in a compact 6.5 Tm synchrotron 
[6] with a circumference of about 65m to accelerate the 
ions to final energies of  50 – 430 MeV/u, which is the 
key to the enormous variety of beam parameters provided 
by the HIT accelerator. 

The maximum available beam intensity at the patient 
treatment place are 4·108 ions/spill for carbon and 
1.6·1010 ions/spill for protons. With respect to the patient 
treatment, these intensities are sufficient, but for an 
effective quality assurance it will be important to reach 
the design parameters (C: 1·109 ions/spill, p: 4·1010 
ions/spill). Taking into account the variable spill-length, 
the intensity shout be increased by a factor of 2.5 for 
carbon and protons.  

The main contribution of particle losses is caused by 
the suboptimal transmission of the beam through the 
RFQ. Therefore the upgrade programme concentrates on 
a redesign of the RFQ [7]. In parallel we start to optimize 
the ion source performance for an improved brilliance to 
achieve a better adaption. Therefore we integrate a 
frequency variable microwave in a narrow range of 
250 MHz around the 14.5 GHz center frequency. The 
frequency tuning is a method to optimize the electron 
cyclotron resonance ion source performances to maximize 
the extracted beam current and lower the beam emittance 
[8, 9, 10]. Furthermore for higher beam brilliance we 
designed a new extraction system. 

LONG-TERM OPERATION EXPERIENCE 
During the first three years of operation mainly carbon 

ions were used by 60 %, followed by hydrogen (38 %), 
helium (1 %) and oxygen (1 %). The continuous 
operation runtime of the two sources are 330 days per 
year 24h-operation!  

Our challenge in the first three years of operation was 
the enhancement of the source components durability to 
stretch the time between maintenance intervals [10]. 

The operation-statistics (see Fig. 2) since summer 2007 
of the two ion sources are: 97% of the time in operation, 
2.9% of the time for planed maintenance shifts and 0.1% 
of the time are the “off time” caused by multiple RF-
amplifier breakdowns. The time to exchange the defect 
amplifier by a spare part took mostly just one hour. By 
installing 3mm µ-metal shielding this instability is 
resolved in the meantime. 

 

Figure 2: operation-statistic of the two ion sources at 
HIT, since summer 2007. 
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The required intensities given in table 1 were very stably 
achieved. 
Table 1: Routinely used ion species and intensities behind 
the 90° analysing system. 

Ion I / eµA 
Used current 

I / eµA 
Reachable current Usource / kV 

H
2

+ 
1200 1500 16 

3
He

1+ 500 500 24 

12
C

4+ 160 200 24 

16
O

6+ 150 150 21.3 

 

 

Figure 3: The 14.5 GHz high-performance permanent 
magnet ECRIS SUPERNANOGAN. This source was 
developed at GANIL, and is commercially available from 
PANTECHNIK S.A., France [2]. 

THIRD ION SOURCE 
Presently the LEBT is designed for ion energies of 

8 keV/u. At the moment there are two independent 
spectrometer lines (one for each ion source), a switching 
magnet which allows fast switching between the ion 
beams, a macro pulse formation and matching of the 
beam parameters to the entrance of the RFQ (Fig.4). 
  In 2009 it was decided to install a third ion source at 
HIT to offer Helium beam regularly for patient treatment 
in near future (Fig. 5). 

 
Figure 4: The existing low energy beam line (LEBT). 
SOL = solenoid magnet, QS = quadrupole singulet, 
QT = quadrupole triplet. Green: focusing and steering 
magnets, red: profile grids and tantalum screen, blue: 

beam current monitors  

 
Figure 5: Possible schematic design of the LEBT 
including three ion sources. 

All parts are delivered and will be pre-tested at a 
testbench.  

The motivation for the shorter new design of the LEBT 
beam line is founded by lower space charge effects and 
by the geometry of the available LEBT space.  

To test the “short” set up of the new spectrometer line 
(without Solenoid and Quadrupol (marked in Fig. 5)) a 
test bench is set-up now. 

In May 2010 the factory acceptance tests (FAT) for the 
third ion source (SUPERNANOGAN) at Pantechnik has 
been started. For this test Pantechnik integrated in the 
acceptance test bench the new extraction system designed 
by HIT. We chose for the FAT a similar electrode design 
to the “old” Pantechnik extraction system with a 3mm 
smaller gap between plasma lens and puller electrode; 
another change to the original extraction system is the 
possibility to bias all three electrodes. After a week of 
conditioning the source fulfilled all tests. Pantechnik has 
begun in July the source installation at the HIT-Test-
Bench.  

TESTBENCH 
A challenge for the installation planning was the 

integration of the new designed accel-decel-extraction-
system (Fig. 6). 
 

Figure 6: left: Extraction system for the ion source 
factory acceptance test at Pantechnik; right: The accel-
decel extractionsystem, consisting of 4 electrodes set up 
for the HIT-Testbench 
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A goal for this set up (with a new extraction system and 
a “short” LEBT) is higher beam brilliance in comparison 
with the existing LEBT especially for the low LET-beams 
like helium and protons.  

In the HICAT Technical Proposal [13] the use of 3He 
was recommended, but there are strong medical 
arguments to use 4He because of the less lateral 
straggling. In addition, the operation of a third ion species 
with the same A/Q = 2 value behind the stripper like for 
12C6+ and 16O8+ will be much more efficient for 
keeping excellent accelerator settings for all ion species. 
For the risk mitigation measurement it is necessary to 
simulate a leak in the source and measure the potential 
“contaminating” output of 12C6+, 14N7+ and 16O8+ 
(same A/Q) at the “normal” operation setting for He. 

A schematic design of the testbench is given in Fig. 7. 
The different testbench setup stages are also shown. 

 
Figure 7: Test-Bench in 4 stages of expansion after 
every stages we integrate a slit grit emittance 
measurement device. 

The aims for the different setups are: 
Stage 1:  

• Test of the optic for the new LEBT set up 
• Acceptance test for the ion source with the new 

extraction system 
• Parameter sets for helium (risk mitigation 

measurement), proton and carbon beams 
• Improvement of the beam brilliance by changing the 

µ-Wave frequency [9] 
Stage 2 and 3: 

• Integration, and test, of a new designed pepper pot 
emittance scanner [11]. 

Stage 4: 
• Investigation of the new RFQ with an enhanced 

electrode design and optimized alignment [12].  

 

Figure 8: Test bench at HIT (stage 1)  
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Abstract 
After several years of high intensity light ion beam 

production with the SILHI source, CEA Saclay is now 

involved in the construction of different injectors 

dedicated to large infrastructures like IFMIF or Spiral 2. 

Other installations are also interested by high intensity ion 

sources. Such machines plan to produce and accelerate 

proton or deuteron beams in pulsed or continuous mode. 

The SILHI source, based on ECR plasma generation, 

already demonstrated its performance in both modes. 

As a consequence, at present time the construction of 2 

new injectors for Spiral 2 and IFMIF (source and low 

energy beam lines) is in progress at CEA/Saclay. This 

article will report on the status of both installations. It will 

also point out on ongoing developments. Such 

developments are mainly done with the new BETSI test 

bench operating for several months. 

INTRODUCTION 

In the beginning of the 90s, Chalk River (Canada) 

laboratory group demonstrated the production of intense 

single charge light ion beams with ECR sources operating 

at low frequency (i.e. 2.45 GHz). At CEA/Saclay, the 

SILHI source developments started in the middle of the 

90,s. Since 1997 more than 100 mA proton or deuteron 

beams are routinely produced in pulsed or continuous 

mode with this source [1]. To optimize the beam transport 

in the low energy beam line, the extraction system was 

carefully designed and space charge compensation studies 

were undertaken. Moreover, to comply with new 

infrastructure requests, specific source designs have been 

performed.  

As a consequence, permanent magnet sources have 

been developed to fit in with the 5 mA deuteron beam 

expected production in continuous mode for Spiral 2 [2]. 

Then, to answer the IFMIF (International Fusion Material 

Irradiation Facility) high intensity deuteron beam request 

(125 mA) [3], a copy of the SILHI source with a 4 

electrode extraction system has been proposed. Table 1 

summarizes the Spiral 2 and IFMIF requested 

characteristics at the injector and RFQ interface. 

Such proposals were accepted and now both injectors 

for Spiral 2 and IFMIF are presently under construction at 

CEA/Saclay, as reported in the following sections. In 

parallel, the SILHI installation is used for optical 

diagnostic improvements or tests dedicated to the 

mentioned projects.  

As reported in the last section, new developments have 

been undertaken towards beam profile reconstruction 

using tomography technique. It is also planned to install a 

new solenoid on the BETSI ion source test bench, in order 

to allow molecular ion focusing in front of the analyzing 

dipole.  

All this work is performed within the PROFIIL 

(Plateforme de Recherche et d’Optimisation des 

Faisceaux Intenses d’Ions Légers) platform. 

 

Table 1: Spiral 2 and IFMIF requests at the RFQ entrance. 

Requests Unit Spiral 2 IFMIF 

Particle 

type 

 (H+), D+ D+ , (H2
+) 

Intensity mA 0.15 to 5 140 

Energy keV (20), 40 100 

Emittance π.mm.mrad 0.1 0.2 

D+ fraction  99 99 

Mode  CW and 

pulsed 

CW and 

pulsed 

SPIRAL 2 INJECTOR CONSTRUCTION 

Several years ago, permanent magnet source has been 

developed to produce several mA of H+ or D+ beams [4]. 

So, the Spiral2 ion source, presently installed at 

CEA/Saclay (Fig. 1) is also based on the ECR heating 

plasma, with a permanent magnet induced magnetic field. 

Magnet rings are composed of several individuals 

magnets glued together in an aluminum shell. Magnetic 

orientation follows the source axis. Shielding plates are 

positioned in order to concentrate the magnetic flux on 

source axis and to reduce fringe field which avoids 

Penning discharges inside the accelerating column. The 

resonant zone (of 87,5 mT) for plasma heating is located 

near the ridged transition-plasma chamber interface. 

Extraction column is composed of 5 electrodes and is 

not water-cooled. The gaps are optimized for the lowest 

extraction RMS emitance: calculations were made for 

10 mA of proton beam at 20 keV and also 10 mA of 

deuteron beam at 40 keV.  

At end of 2009 the ion source has been tested with 

hydrogen gas injection in the plasma chamber, in pulsed 

and CW mode. The extracted ion beam was collected just 

at the end of the accelerating column in a Faraday cup 

equipped with an electron repeller electrode. A total beam 

of 12 mA has been extracted from the ion source without 

any characterization. Figure 2 presents repetitive 8 mA 
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pulsed beam extracted (pulse width 200 ms at 1 Hz) with 

700 W fed to the plasma chamber.  

  

Fig. 1: Spiral 2 ion source 

on its HV table 

Fig. 2: H+ beam produced 

with Spiral 2 source 

 

The total LEBT (Low Energy Beam Transport) length 

from the source to the RFQ entrance, presently under 

construction (Fig. 3), will be assembled and characterized 

at Saclay. 

  

 

Fig. 3: Spiral 2 LEBT under construction at Saclay 

IFMIF INJECTOR CONSTRUCTION 

In parallel, during the IFMIF-EVEDA (Engineering 

Validation and Engineering Design Activities) phase, 

CEA is in charge to build and characterize the injector 

(source + LEBT) at Saclay, before its transfer on the 

Rokkasho site in Japan.  

The 100 keV beam energy request imposes to install 

the whole source and its ancillaries on a High Voltage 

platform. Since the magnetic shielding has been reduced 

to cover only the 2 coils, the IFMIF source design slightly 

differs from the SILHI one.  Concerning the RF chain, the 

2.45 GHz RF power is fed to the plasma chamber via an 

automatic tuning unit, rectangular waveguides, a 3 step 

ridged transition and a quartz window. A fast magnetron 

interruption system, developed by Sairem© is linked to 

the machine protection system. The water cooled plasma 

chamber is also equipped with 2 boron nitride disks at 

both extremities.  

In order to minimize the beam divergence at the exit of 

the accelerator column, one of the most important 

changes compare to SILHI installation is the extraction 

system where the electrode number is reduced from 5 to 4 

[5]. Such system allows keeping meniscus tuning with a 

puller to minimize beam looses on the electrodes. Then 

the puller is followed by the electron repeller and the 

grounded electrode.  

Emittance growth has already been observed in the 

LEBT. As a consequence, to limit this effect, the length of 

the line has been reduced as short as possible. Numerous 

simulations were performed with the SOLMAXP code to 

better understand the space charge compensation 

evolution in the transport devices [6]. The use of short 

solenoids (310 mm long with shielding) allows limiting 

the total LEBT length at about 2.0 m. 

 

 

Fig. 4: IFMIF injector source and extraction system  

 

 

Fig. 5: General injector set up 

SILHI AS DIAGNOSTIC TEST BENCH 

As previously mentioned, both projects (Spiral 2 and 

IFMIF) need deuteron beams. Even at low energy, (D,d) 

reaction occurs when the D+ beam interacts with 

implanted deuterium in the beam line material surfaces. 

Therefore beam losses (due to interceptive diagnostics or 

undesired particles) in the LEBT will lead to important 

neutron production.  

To increase the reliability of the IFMIF injector which 

is more powerful than the Spiral 2 injector, great care has 

been done to minimize electronic devices inside the vault 

and to choose radiation hardened equipments. Following 

this strategy, the SILHI beam has been used to test CID 

(Charge Injection Device) cameras and a hardened 

fiberscope devoted to beam images transport towards a 

monochromator located outside the accelerator vault.  
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One CID8726DX6 camera from Thermo CIDTEC has 

been tested on the SILHI source with a 25 mm objective 

lens (Fig. 6).  FWHM (full width at half maximum) beam 

profile comparison with CCD camera measurements 

showed quite good agreement; a difference of only few 

percent has been observed [7].  

Comparative image acquisitions have also been done 

with and without a hardened fiberscope inserted between 

the beam line viewport and a CCD camera. The average 

FWHM difference with and without fiberscope remains in 

the range of 10 %.  

As a consequence, several CID cameras and a 20 m 

long fiberscope with the characteristics summarized in 

Table 2 will be installed on the IFMIF injector. 

 

 

Fig. 6: CID camera tested on the SILHI source LEBT 

 

Table 2: Fujikura fiberscope characteristics 

Fiber Part No FIGR-10 

Number of picture elements 10000 +/- 1000 

Image circle diameter (µm) 1100 +/- 100 

Field of view 20 deg 

Working distance 370 +/- 70 mm 

Camera end C-Mount camera lens 

 

  
 

Fig. 7: Thermal screen models during and after test 

 

High intensity beam power does not allow using the 3 

gradient method (with optical profile) for emittance 

measurement. As a consequence, a classical Allison 

scanner, able to bear 15 kW cw beam, is presently under 

study. The thermal screen will be made of 2 water cooled 

copper block covered with tungsten wiles (assembled by 

brazing). The entrance slit will be defined by these 2 

blocks. Two models, equipped with 2 thermocouples, 

have been tested with the SILHI beam (Fig. 7) to 

crosscheck the thermal simulations. 

Beam density higher than 3 kW/cm2 led to W tile 

deformation. In order to keep the slit width constant the 

beam power will have to be limited (roughly 1 kW/cm2). 

DEVELOPMENTS AND PERSPECTIVES 

High intensity beam transport at low energy is a great 

challenge. In order to really well match the beam at the 

RFQ entrance, the beam characteristics such as position, 

profile, emittance, have to be perfectly known. Moreover, 

the beam power density can reach several 10 kW/cm2. As 

a consequence, optical diagnostic development is ongoing 

for several years at CEA/Saclay. Presently, beam shape 

reconstruction using tomography technique is in progress 

within the DITANET Marie Curie European network [8]. 

To improve and test new sources, a new test bench 

named BETSI (Banc d'Etudes et de Tests des Sources 

d'Ions) is now fully operating for several months. It 

already allows source magnetic structure analysis as well 

as extraction system developments [9]. It also permits 

plasma emitted light analysis with a monochromator. In 

addition, BETSI is going to be renewed to be able to 

analyze each ion species produced by different tested ion 

sources. In particular, the molecular ions H2
+ and H3

+ are 

not sufficiently focalized before the analysis dipole. A 

new solenoid which is a copy of IFMIF solenoids able to 

focalize 175 mA beam in a strong focusing mode, has 

been built. It will be installed soon. 

Since emittance investigation has been performed in 

pulsed mode with the SILHI source [10], FAIR project 

responsible decided to install such source with a 2 

solenoid LEBT (built by CEA) to feed the future proton 

linac with up to 70 mA H+ short pulsed beam at 4 Hz.  
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SHEATH FORMATION OF A PLASMA CONTAINING MULTIPLY 
CHARGED IONS, COLD AND HOT ELECTRONS, AND EMITTED 

ELECTRONS 

H.J. You#, National Fusion Research Institute, Daejeon, Republic of Korea

Abstract 
A model of sheath formation was extended to a plasma 

containing multiply charged ions (MCIs), cold and hot 
electrons, and secondary electrons emitted either by MCIs 
or hot electrons. In the model, modification of the “Bohm 
criterion” was given; thereby the sheath potential drop 
and the critical emission condition were also analyzed.  

INTRODUCTION 
It is quite well known since Geller’s remarks [1] that 

ion confinement is an important factor in an electron 
cyclotron resonance ion source (ECRIS). Particularly, it 
has been pointed out that the ion confinement is closely 
related to the plasma potential, since many empirical 
techniques (wall coatings, secondary electron materials, 
electron injection and biased disks, and gas mixing) were 
found to lower plasma potential [2]. In this sense, the 
detailed sheath formation is very important in 
understanding how multiply charged ions (MCIs), bulk 
(cold and hot) electrons, and secondary electrons (either 
by MCIs and bulk electrons) are contributing to the 
plasma potential (sheath potential drop). The present 
study was motivated by the fact that the secondary 
electron yields are strongly dependent on the charge state 
of the ions and on the incident energy of electrons; 
secondary electron yield γj by ion bombardment is almost 
linearly proportional to the charge state j, so that the ratio 
γj /j reaches around unity for Ar8+ ion [3], and secondary 
electron yield γe by electron bombardment is typically 
larger than 0.5 for the incident energy larger than 100 eV 
[4]. Therefore, the contributions of the secondary electron 
emissions on the sheath formation would be severe if the 
charge state of ions and/or the energy of electrons are 
high. 

MODEL 
We consider an unmagnetized plasma composed of 

different MCIs, cold and hot electrons, and emitted 
electrons from the wall. The wall is located at x=0 and is 
contact with plasma, which is assumed to be zero. The 
electric field is also zero there. The wall potential ௪ܸ  is 
negative with respect to the plasma potential ௦ܸ . We 
assume bi-Maxwellian electrons (cold and hot electrons), 
which has two different electron temperatures. The 
secondary electrons are assumed to be emitted from the 
wall with the same initial velocity vem. The above all 
considerations are illustrated in Fig. 1.   

The potential profile V(x) in the sheath is obtained by 
solving Poisson’s equation, 

( ) ( ) ( )
2

2

0

d 1
,j j ej

V x
e n x en x

dx ε
 = − −            (1) 

where ݊௘ሺݔሻ ൌ ݊௘௖ሺݔሻ ൅ ݊௘௛ሺݔሻ ൅ ݊௘௠ሺݔሻ,  and nj, nec, 
neh, and nem are the densities of j-charged ions, cold 
electrons, hot electrons, and emitted electrons from the 
wall surface, respectively.  

 

Figure 1: Sheath model & potential variations in front of 
the wall surface which emits electrons. 

The behaviour of the j-charged ions can be described 
by continuity equation and momentum equation, therefore 
yielding following equation [5] 

2 ,j j j j jdn dV n e m v=                          (2)  

where mj and vj are the mass and velocity of j-charged ion. 
The densities of cold and hot electrons are assumed to 

obey the Boltzmann relation, 

( ) ( ) ( ) ( )0 0exp , exp .ec ec eh ehn x n n x nψ ψ= =         (3)  

Here nec(x) and neh(x) are the cold and hot electron 
densities at x from the sheath edge, and nec0 and neh0 are 
the cold and hot electron densities at the sheath edge. The 
dimensionless potential ψ and the ratio (θ) of cold and hot 
electron temperatures (Teh, Tec) are defined in the 
following way:

 
 

( )( )0 , .ec eh ece V V x kT T Tψ θ= − − =             (4) 

Therefore, ψ is a negative dimensionless potential 
measured with respect to the potential at the sheath edge. 
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The density of the secondary electrons is given by 
continuity equation and energy conservation, 

( ) 21 2 ,em ems wn x n Nψ ψ μ= − −                 (5)  

with the introduction of the dimensionless potential drop 
and mass ratio of electron and ion: 

( )0 , ,w p ec e je V V kT m mψ μ= − − =              (6)  

where the initial velocity vem is assumed to the ion sound 
speed multiplied by a dimensionless factor N:  

.em ec jv N kT m=                             (7) 

Using Eqs. (1)-(7) and dimensionless variable ξ=x/λD, 
multiplying Eq. (1) with the field strength dV/dξ, and then 
integrating  yields  

2

0

0

const.j e
j

j
V

dn dn
E e e V

dV dV
ε

=

 
+ − = 
 
            (8) 

Then Applying sheath edge condition (V→0 for ξ→0) 
gives const.=0 and yields general sheath condition  

0

0.j e
j

j
V

dn dn
e e

dV dV
=

 
− ≤ 

 
                     (9) 

Engaging Eq. (2), the differentiations of Eqs. (3) and 
(5), and applying the general sheath condition (9) we have  

( )

2

2 2

2

,  where

.
2 2

j jsec
es

j j j

ehs ems
es ecs

w

e nkT
n

e m v

n n
n n

Nθ ψ μ

≤

= + +
−


                 (10).  

In spite of the discussions on the ion velocities at the 
sheath edge in multicomponent plasma, if we assume that 
all ions have the same velocity at the sheath edge [6], Eq. 
(10) can be written as 

2

2

2
.j jsec

s
jj es

e nkT
v

m e n
≥                               (11) 

The ion velocity vs at the sheath edge can be 
normalized by the ion sound speed (kTec/mj)

2 and then be 
rewritten as  

2

2

2
.j js

j es

e n
M

e n
≥                               (12) 

According to the formalism in Ref. [7], we can use the 
relation between the flux of secondary electrons jem from 
the wall and the fluxes of cold and the hot electrons jec 
and jeh, and ions ji to the wall. Here jem is assumed to be 
proportional to jec, jeh, and ji in the form:  

( ) .em e ec eh j ij j j jγ γ= + +                      (13)  

The proportionality constant γe (γi) is defined as the 
number of emitted secondary electrons per incident 
electron (ion).  jec,  jeh,  jem, and  ji  can be given by 

( )exp 2 ,ec ecs w ec jj en kT mψ πμ=               (14)  

( )exp 2 ,eh ehs w ec jj en kT mψ θ θ πμ=            (15)  

21 2 ,em ems ec j wj j N kT m Nψ μ= −            (16)  

.i es ec jj en M kT m=                      (17)  

 From Eqs. (13)- (17) we obtain 

( ) ( )1 1
, ,

1 1

es j es j

ecs ehs

e e

n G n G
n n

G G

β
β β

− −
= =

+ + + +
            (18)  

( )( )1
and   ,

1

es e j

ems

e

n G G
n

G

β
β

+ +
=

+ +
                     (19)  

where following variables have been employed: 

2
, ,

2 /

jehs
j

ecs w

Mn
G

n N

γ
β

ψ μ
= =

−
                (20)  

and 
( ) ( )( )

( )2

exp exp
.

2 2 /

e w w

e

w

G
N

γ ψ β θ ψ θ

πμ ψ μ

+
=

−
         (21)  

Combining Eqs. (18) and (19), and inserting into Eq. 
(12) gives a newly modified form of Bohm criterion: 

M =
( )( ) ( )

( )

2

1

22 / 2

1
.

1 1 /

js e

G Gj e jes
j Nw

j n G

n
G β

ψ μ

β

β θ + +

−

+ +
 − +  
 

        (22)  

Now the floating potential of the wall surface can be 
found by using the above Eq. (22), Eqs. (14)- (17), and 
following floating condition:  

0.tot i em ec ehj j j j j= + − − =                      (23)  
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Also, we can find the wall potential the critical 
condition occurs. As illustrated Fig. 1, if the emission of 
secondary electrons from the wall surface increases, the 
density of secondary electrons and consequently the 
negative charge in front of the probe eventually becomes 
so high that electric field at the wall surface becomes zero. 
This is called the critical emission where the emitted 
current starts to be space-charge limited. By applying the 
boundary condition 

0
w

d

d ψ ψ

ψ
ξ

=

=                           (24)  

we find the condition of the critical secondary emission, 

1
0

1 eGβ
=

+ +

( ) ( )( )
( ) ( )( )

( )( )
( )( )2

2 2 / 2

1 exp 1

1 exp 1
.

2 1

1 1

j

j

e j

N
p N

G

G

G G

μ ψ
ψ μ

ψ

βθ ψ θ

β

ψ
−

 − − +
 
 − − +
 
 + + + ×
 
 × − − −  

       (25)  

The formalism is described in more detail in a thesis [8]. 

RESULTS 
The dependence of floating potential (ψf) of the wall is 

calculated by Eq. (23) and plotted as a function of the 
emission current (Jem=jem/j0, where j0=enes(kTec/mj)) in Fig. 
2(a). Here following sets of parameters are assumed: 

( )j jj jj I I j=   =1, μ=4/1840, N=0, Jem=40, Ge=2Gj, 

and 7 combinations of (β, θ), where Ij is j-charged ion 
current obtained from the beam spectra. It is shown that 
the floating potential and its saturated potential (under 
high values of emission current) are strongly affected by 
the presence of hot electrons and the emission current 
(Jem).  It is noted that sheath potential drop (floating 
potential) is significantly reduced by the emission current 
(Jem). 

The critical emission potential (ψw0) implicated in Eq. 
(25) also can be calculated. Fig. 2(b) shows the 
dependence of ψw0 and ψf on Jem for the following set of 
parameters: j =1, μ=4/1840, β=0.5, θ=6, Jem=40, Ge=2Gj, 

and three values of N=0, 50, 100. When Jem is increased, 
ψw0 decreases and ψf increases, and then finally both 
values (ψw0, ψf) are merged to one value. Also, when the 
initial velocity (N) of the secondary electrons becomes 
higher, the critical emission potential (ψw0) is more slowly 
decreased with the emission current (Jem) and reaches a 
higher saturated value. It is also important to realize that 
that ψf  and ψw0 become independent of Jem when Jem is  
higher than critical emission current (Jemc) where critical 
emission occurs, and that even higher Jem is needed for 
the cases of higher initial velocities (N’s) in order for ψf  
and ψw0 to be independent of Jem.  

Therefore, we conclude that the presence of hot 
electrons and emitted electrons strongly affects the sheath 
formation so that smaller hot electrons and larger 
emission current result in reduced sheath potential (or 
floating potential). However the sheath potential was 
found to become independent of the emission current Jem 
when Jem > Jemc (or  γe and γj > γc). 

Figure 2: Floating potentials (ψf) and critical emission 
potentials (ψw0) dependent on the emission current (jem) 
and the hot electron density and the temperature. 
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Abstract 
The characteristics of the microwave coupling of the 

6.4 GHz LBL ECR ion source were measured as a 

function of frequency, input power, and time dependence. 

The time dependence of the plasma diamagnetism and 

plasma loading of the ECR chamber were compared. The 

cavity modes in the LBL ECR plasma chamber are fairly 

widely spaced which makes it possible to locate 

frequencies, where a single RF mode is predominately 

excited. For one of these modes we were able to 

demonstrate that with no plasma in the cavity it is over-

coupled. As the power is increased, the plasma density 

and the plasma loading both increase and the cavity 

becomes under-coupled. The experiments demonstrate 

that even for this low frequency, low plasma density 

source, the plasma loading strongly lowers the Q and the 

RF stored energy as the plasma builds up. 

INTRODUCTION 

The LBL ECR plasma chamber, which has a diameter 

to wavelength ratio of only 2, is not as over moded as 

many higher frequency ECR ion sources. This makes it 

possible to locate frequencies, where a single RF mode is 

predominately excited. In Table 1 the mode distribution 

between 6.2 and 6.5 GHz for the source is shown. This is 
 

Table 1: Calculated Modes in the LBL ECR Plasma 

Chamber 

Mode Frequency in GHz 

TM01,16 6.236 

TE4,1,9 6.317 

TM0,2,8 6.325 

TE1,2,9 6.330 

TE3,1,13 6.339 

TE2,1,10 6.353 

TE0,1,14 6.362 

TM1,1,14 6.362 

TE1,1,17 6.374 

TM0,2,9 6.496 

TE4,1,10, 6.507 

approximate since it is based on a model with cylindrical 

geometry and the LBL ECR has a sextupole shaped 

chamber.[1] Using model calculations and accounting for 

dipole and multi-pole modes there are about 94 modes 

between 6 and 7 GHz or an average mode spacing of 10 

MHz.  In contrast a large high frequency source such a 

VENUS at 28 GHz has a mode spacing of roughly 26 

kHz, which means no possibility to see quasi single mode 

excitation.  

The LBL ECR can be analyzed as a transmission line 

terminated by a single port resonant cavity. The 

measurable variables are the frequency, incident power 

level, and the reflected signal.  In this analysis, we treat 

the case of a single mode cavity or, equivalently, a multi-

mode cavity where the modes are sufficiently separated 

with respect to their frequency response that they can be 

treated as a single mode cavity over a small delta in 

frequency.[2] This approximation  works best at zero or 

low plasma densities in the source when the cavity Q is 

high.  At higher plasma densities where the plasma 

loading increases the modes overlap and the 

approximation breaks down. 

In a single port cavity the incident and reflected power 

can be measured. These data can be used to compute the 

adsorbed power and the coupling coefficient, , which 

can be expressed as 

 

ri

ri

PP

PP





  (1) 

 

where Pi is the incident power and Pr is the reflected 

power. The choice of sign depends on whether the cavity 

is under coupled (upper sign) or over coupled (lower 

sign).  

The coupling coefficient can be written alternatively as 

 

extQ

Q0 ,   (2) 

 

where Qext is the external Q-value of the cavity.  For a 

single mode Qext is a constant dependent on the geometry 

of the coupling port and the electromagnetic distribution 

of the mode. In this paper, the calculation of the Q0 

includes all of the power adsorbed inside the cavity, 

whether it is due to the resistive walls or plasma 

adsorption. 

The electromagnetic energy stored in the cavity (EM-

fields), U, can be calculated from 

 

a
exta P

QPQ
U 


 0 ,  (3) 
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in which Pa is the absorbed power (reflected power Pr 

subtracted from the incident power Pi) and  the 

microwave (angular) frequency. It follows that the energy 

stored in the EM-fields at any given time (plasma 

density), normalized with respect to the empty cavity 

value, can be written as 
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  (4) 

Equation 4 is written as a ratio because in these 

measurements it was not possible to directly measure or 

calculate Q0 although it can be estimated from the band 

width of the modes observed when dependence of the 

reflected power is plotted versus frequency. 

EXPERIMENTAL MEASUREMENTS 

For these measurements an adjustable microwave 

oscillator was used to drive a Varian klystron over the 

bandwidth of one of its channels, which are roughly 40 

MHz wide.  A small region of frequency between 6.34 

and 6.37 GHz was measured in detail in the vicinity of the 

normal operating frequency for the source.  In Fig. 1 the 

ratio of reflected to incident power is plotted without 

plasma and for 1, 2, 3, and 5 Watts of incident power.  At 

these low powers, which are just enough to initiate a low 

density plasma, the effects of the plasma loading on the 

coupling coefficient can be observed.  For example for 

the mode at 6.346 GHz, the reflected power at resonance 

first decreases between no plasma and 1 W, then 

increases. This indicates that with no plasma the cavity is 

initially over coupled and  is greater than 1.  At 1 W it is 

close to unity coupling and it becomes more and more 

under coupled ( <<1) as the power is increased to 5 W.  

Two other changes occur as the plasma density increases 

with power.  First the width of the resonance increases 

indicating increased plasma loading and the center 

frequency shifts up roughly 2 MHz, due to the change in 

the dielectric coefficient of the plasma.   

 

 

Figure 1: The reflected power ratio versus frequency at 

low RF incident power. 

In Fig. 2 the reflected power ratio is shown for various 

powers between 40 and 250 W.  Here the modes begin to 

overlap as the loading increases, but still the reflected 

power ratio continues to increase with incident RF power 

indicating that both Q0 and  are decreasing. 

 

 

Figure 2: The reflected power ratio versus frequency for 

Pi from 40 W to 250 W. 

 

Figure 3: Ion currents for argon, normalized to their 

maximum value, as a function of frequency at 250 W 

incident power. 

Figure 3 illustrates that for 250 W of incident power the 

production of high charge states is optimized at 6.337 

GHz.  For each charge state, the currents were normalized 

to1.0 at 6.337 GHz.  For Ar9+the beam current increases 

by a factor of two at the optimum frequency.  This 

illustrates that outside a narrow frequency range of 5 

MHz, the coupling efficiency between the RF modes and 

the plasma electrons decreases rapidly. 

The response of the reflected to incident power ratio 

was measured as a function of time to study how the 

plasma build up affects the coupling microwave power to 

the plasma chamber cavity.  The RF was switched on and 

the reflected power versus time was measured.  The Q of 

this ECR chamber is relatively low and the microwave 

filling time is on the order of a µs, which is much faster 

than the times needed to build up plasma.  The t = 0 time 

used below is a few µs after the RF is switched on when 

the RF field reaches its maximum value without plasma. 
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This is illustrated in Fig. 4 where the reflected power and 

the signal from the plasma diamagnetism loop are plotted 

versus time.  The initial high reflected power drops to a 

minimum at 2ms as the coupling approaches unity and 

then increases as the plasma density grows. It reaches 

approximate equilibrium at roughly 3 ms. As the cavity 

goes from over coupled to under coupled the reflected 

power does not go quite to zero at unity coupling 

indicating an imperfect coupling network.  However, it is 

clear from Fig. 4 that the loading increases quasi-

monotonically with time and the Q decreases out to at 

least 3 ms. The diamagnetic loop signal on the other hand 

is proportional to the rate of change of the plasma 

diamagnetism (rate of change of plasma energy content), 

which peaks at about 3 ms. The integral of the loop signal 

is proportional to the plasma diamagnetism (plasma 

energy content) and following an apparent saturation in 

plasma density at 3 ms it continues to increase slowly 

implying that the hot tail of the electron energy 

distribution increases.  This has little effect on the RF 

adsorption.  

 

Figure 4: Reflected power ratio and the diamagnetic loop 

signal after RF turn on. 

In Fig. 5 the electromagnetic energy of the microwave 

fields, normalized to the field at t=0, is plotted vs. time 

for slightly different conditions than Fig. 4.  To compute 

the relative stored energy vs. time the measured values of 

Pr and Pi were used to compute the quantities in Eq. 4.  

The rapid drop at 5 ms is an artifact of the calculation of  

near unity coupling where, as noted earlier, imperfections 

in the coupling network prevent the reflected power from 

going to zero at unity coupling.  Fig. 5 shows the 

microwave stored energy reaches a maximum at turn on 

when there is no plasma loading and then decreases 

rapidly as the plasma density rises and loads down the 

cavity.  Since the microwave electric field strength is 

proportional to the square root of the stored energy, it also 

decreases as the plasma builds up.  A similar analysis 

showed that at 3 ms the Q0 with plasma has decreased to 

only 10% of the initial Q0 with no plasma.  

A rough estimate of the Q0 without plasma was made 

by using the full width half maximum values for the 

resonance width without plasma in Fig. 1.  The Q0 

without plasma is 3000 to 5000 and as described above 

the Q0 with plasma drops to one tenth that value. 

 

 

Figure 5: Relative stored power versus time calculated 

using Eq (4). 

DISCUSSION 

There are a number of models used to simulate the 

ECR heating of electrons in the plasma.[3] The two 

poorly understood inputs to these simulations are the 

microwave field distribution or mode and the strength of 

the RF electric fields.  While the method described here is 

not applicable for highly over moded cavities, it is a 

reasonable approximation for the LBL ECR.  With further 

effort and cold testing on the bench it would be possible 

to identify the modes excited, the zero plasma Q and then 

make very solid estimates of the RF electric fields.   In 

any case, these measurements demonstrate that there are 

high RF fields only at the onset of an RF pulse and these 

fields are rapidly reduced by the plasma loading.  For 

higher frequency sources, where the plasma density is 

much higher, the plasma loading will be even stronger 

and further damp the electric field strength. 

Finally, these measurements indicate that the LBL ECR 

microwave coupling could be improved by using a 

waveguide directly inserted in the plasma chamber to 

increase the coupling strength, thereby making it similar 

to the coupling used on the AECR-U and VENUS 

sources. 
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Abstract 
In the recent past many experiments demonstrated that 

slight variations of the microwave frequency used for the 

ignition of ECRIS plasmas strongly influence their 

performances (frequency tuning effect) either in terms of 

extracted current, of mean charge state and of beam 

emittance. According with theoretical investigations, this 

phenomenon can be explained by assuming that the 

plasma chamber works as a resonant cavity: the excited 

standing waves, whose spatial structure considerably 

changes with the pumping frequency, globally influences 

either the energy absorption rate and the plasma spatial 

structure.  

EXPERIMENTAL EVIDENCES 

The experimental results collected during  the last years 

in several laboratories (INFN-LNS, JYFL, GSI) have  

confirmed the validity of the Frequency Tuning Effect 

(FTE). Here we will report about two experiments with 

the ECR ion source of CNAO, Pavia, and with the 

CAESAR source of INFN-LNS (in this case we measured 

also the emitted X-rays at frequencies between 14.0 and 

14.5 GHz). The experiments at CNAO evidenced the 

increase of the coupling efficiency with the RFQ: keeping 

constant all the other parameters, in Pavia the 

transmission was around 50-70%, while only a 30% of 

transmission was obtained at HIT with a “twin” 

accelerator and without FTE. Fig.1 shows the comparison 

between the extracted current and the reflection index. 

We can argue that resonant modes correspond to minima 

of reflection coefficient. Generally, the current signal is 

peaked on frequencies corresponding to modes (squared 

area b), because of the better coupling, but this is not a 

strict rule: in some cases (squared area a), although the 

matching of the microwave line with the source (cavity 

plus plasma) is optimal, and the extracted current remains 

low. Therefore we must distinguish between the 

microwave generator-to-plasma chamber coupling and the 

excited mode-to-plasma coupling. In the latter case, as 

formerly explained in [1, 2], the mode spatial structure 

plays the main role. According to simulations, the heating 

rapidity is strongly regulated by the electromagnetic field 

pattern over the resonance surface. This picture is not 

enough complete to describe all the consequences of the 

frequency tuning. Additional data information come from 

the data of Fig. 2.a and 2.b: from the X-ray measurements 

it follows that the high energy component of EEDF is not 

significantly affected by FTE (the magnetic field profile 

is the critical parameter, as demonstrated in [3]). 

 

Figure 1: comparison between extracted current and 

reflection coefficient at different but close frequencies 

(test on the CNAO ECRIS). 

Conversely the CSD (charge state distribution) reveals 

pronounced fluctuations for the highest charge states, as 

they are more sensitive to any change in heating rate. But 

the relationship between current and X-ray spectra is not 

straightforward. There are some frequencies (e.g. 14.38 

GHz) which produce large amount of X-rays but 

relatively low currents and even a lower mean charge 

state. Considering the relation: 

ienq   

being ne the electron density and i the ion lifetime, and 

assuming that the number of X-ray counts is somehow 

linked to the electron density, the results in Fig. 2 can be 

explained only by taking into account a possible influence 

of FTE on the ion dynamics (i changes more than ne). 

This conclusion is confirmed by the other experimental 

data, which show how the frequency tuning affects the 

beam shape and emittance. At GSI [4] and JYFL in 2009 

hollow beams have been obtained for some values of 

frequency, although no remarkable variations in the 

output current were observed. A plausible hypothesis is 

that cavity modes affects also the spatial plasma 

distribution, and consequently the ion dynamics, as 

discussed in [5]. Further confirmations come from the last 

experiment carried out at JFYL, focused on the beam 

transmission through the cyclotron, which varied even 

when the source output current did not change [6]. 

 

a 
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Figure 2: X-ray spectra (above) and CSDs (below) at 

different frequencies as measured with the CAESAR 

source.  

THEORETICAL APPROACH  

To reduce the calculation times for fully 3D collisional 

simulations of ECRIS plasma we can split the electron 

and ion dynamics, looking separately to their time 

evolution by using a Monte-Carlo (MC) collisional 

approach. 2D PIC simulations follow the electrostatic 

reciprocal interactions between electrons and ions on long 

timescales but assuming a collisionless plasma, and they 

can be used for a preliminary determination of plasma 

spatial distribution. In a fully 3D MC simulation the B-

min field can be correctly reproduced, in Cartesian 

coordinates, by using the following formulas: 
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A SERSE-like device has been implemented in our 

code, with a plasma chamber length of 45 cm, and radius 

6.5 cm. The magnetic field for 14 GHz (Bext=1.2 T, 

Binj=2.2 T, Bmin=0.3 T, Bhex=1.2 T) is correctly reproduced 

with B0=0.3 T, Binj=25 T/m2 , Bext=36.5 T/m2 and S=360. 

According to PIC calculations, because of the interaction 

with the electromagnetic field, working as an additional 

confinement tool, the ECRIS plasma separates into a high 

density plasma inside the resonance volume, and a lower 

density plasma in the outer resonance region. This 

situation can be  adequately reproduced by the following 

formula for electron density [7]: 
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which was used as input parameter for MC simulations.  

Btot is the total magnetic field, h and k are two constants 

which ensure that the plasma density rapidly falls at the 

resonance plasma boundary in a few mm layer. This 

density is introduced into the following relation to 

calculate the collision probability, once known the 

characteristic time of Spitzer collisions for particles 

moving at velocity v: 
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where z is the ion charge state (it is z=1 for electrons) 

and ln  the so called Coulomb logarithm. The 

MonteCarlo hybrid code solves the relativistic Landau 

equation [8] for electrons and a non relativistic equation 

for ions: 
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where Es is the electrostatic field over the resonance 

surface (from PIC simulations it is around V=20 V). This 

potential is perturbed by eventual fluctuations of the 

electron density [5].  

The crucial assumption of our model is that the source 

chamber works as a resonant cavity even when filled by 

the plasma, which just shifts the resonance frequencies 

proportionally to the electron density, and introduces an 

absorption term in the eigen-field equation of the cavity. 

Experiments performed so far demonstrate that mode 

patterns still persist in high density absorbing plasmas [9].  

MAIN RESULTS  

Simulations are coherent with experiments: MC hybrid 

calculations make evident that the local absorbed power is 

much lower than the input one. The electromagnetic field 

was then calculated according to eigen-mode allowed in 

the aforementioned cylindrical chamber, with a field 

strength corresponding to a RF power of 1000W and 

Q=20000 [10]. The six first order differential equations 

which come out from either electron and ion vectorial 

equations of motion are solved by means of the 4th and 5th 

order Runge-Kutta routine implemented in MATLAB 

with time precision t = 10-12 s (t=10-9 s for ions), 

corresponding to about 10 points per gyroperiod. The 

trajectories of particles are followed for a fixed time 

interval t, after which the check of the collisions is done. 

If collisions are found, the velocity vector is rotated of 

90° and the calculus restarts from this new coordinate. 
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Particles impinging on chamber walls are immediately 

removed from the calculation. Fluxes of electrons and 

ions, during their motion along the magnetic field, are 

stored with mm precision in a 3D array, which permits to 

visualize any density accumulation.  

 
 

 

 

Figure 3: a) pattern of the electromagnetic field for 1000 

W, TE4 4 23 mode, Q=2·104. b) longitudinal and 

transversal slices of electron density distribution (a.u.); c) 

d) comparison between simulated ion distributions (a.u.) 

for Ar plasma, with 1<q<4 (c), and 5<q<8 (d). 

The most important results are shown in Fig. 3. MC 

hybrid approach reveals the existence of a strong non-

homogeneity in plasma distribution: the largest part of 

electrons is well confined inside the resonance surface 

during the first 5 s of life, confirming the results of 2D 

PIC simulations. Neither collisions are able to destroy the 

characteristic structure of plasma density, nor reciprocal 

electrostatic interactions among electrons and ions are 

able to do it, as observed in PIC simulations. MC show 

also that the density concentration in proximity of the 

resonance depends on the mode pattern (see Fig. 3.a) and 

b)), as well as the energy deposition into the plasma. 

Because of this additional effect of electromagnetic field 

on confinement and plasma structure, ions are partially 

reflected, partially accelerated when passing from inner 

resonance plasma to the outer one, fitting the shape of the 

electron density distribution. Ions are dynamically 

confined by collisions in the inner resonance-high density 

plasma; in the outer-resonance plasma, because of the 

lower density, the number of collisions drastically 

decreases and the ions feel the magnetostatic field. 

Localization of density perturbs the ion trajectories and 

the plasma surface corrugation scatters the ions along 

their path towards the extraction hole. According to the 

charge state, ions are then more or less scattered laterally 

or along the chamber axis, as confirmed by figures 3c) 

and 3d) (lower charge states are less confined). 

Simulations put also in evidence a depletion of plasma 

density in the near axis region: this may be at the basis of 

hollow beams. The only way to reduce the around axis 

accumulation of plasma, flattening the density, is the 

excitation of modes with maxima even in the region close 

to x=y=0.  

In conclusion, simulations show that the different 

modes regulate the electron diffusion from cold to warm 

population, affecting the ionization efficiency; this is not 

sufficient to have high currents, because the ion scattering 

may make more rapid the losses of plasma particles, thus 

decreasing i. Therefore the quality factor Q decreases 

although ne remains about unchanged. In these cases also 

the emittance worsens. A proper handling of FTE may 

restore the conditions of good axial confinement, 

removing the hollow shape of extracted beam [6], and 

positively affecting the emittance. Hence FTE is a 

powerful technique to boost the performance of existing 

source without any large investments. Further efforts will 

be devoted to simulation methods, in order to self-

consistently determine the dynamics of electron and ion 

density structures over very long timescales; more 

accurate predictions on ion beam properties will be 

possible. 
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Abstract 
High resolution visible light (VL) plasma photographs 

were taken at the ATOMKI-ECRIS by an 8 megapixel 

digital camera. Plasmas were generated from gases of He, 

methane, N, O, Ne, Ar, Kr, Xe and from their mixtures. 

The analysis of the photo series gave many qualitative 

and numerous valuable physical information on the nature 

of ECR plasmas. It is a further challenging task to 

understand the colors of this special type of plasmas. The 

colors can be determined by the VL electron transitions of 

the plasma atoms and ions. Through the examples of He 

and Xe we analyze the physical processes which effect 

the characteristic colors of these plasmas. 

INTRODUCTION 

ECR plasmas can experimentally be investigated by 

two significantly different ways. Small-size electrostatic 

electrodes (Langmuir-probes) give local information on 

certain plasma parameters (density, potential) [1].  The 

other method is based on the fact that the plasma emits 

radiation in the infra-red (IR), visible light (VL), ultra-

violet (UV) and X-ray (XR) regions of the 

electromagnetic spectrum. The main drawback of this 

method is that the recorded information always 

corresponds to integration or superposition over a specific 

line-of-sight in the plasma volume. In spite of this, the 

analysis of photos and spectra in any of these regions has 

shown that spatial imaging gives important and new 

insight into the plasma structure. XR-photons come from 

the walls of the plasma chamber or from the highly 

charged plasma ions. VL-photons however dominantly 

originate from atoms and low-charged ions excited by the 

cold electrons. Thus studying VL plasma photographs 

transforms information mainly on the spatial position and 

density distribution of the cold electrons. 

As a continuation or supplement of our earlier 

successful X-ray studies [2] we made series of high-

resolution VL plasma photos and movies in the ATOMKI 

ECRIS Laboratory. In [3] the effect of the basic setting 

parameters (gas pressure, magnetic field, microwave 

power) to the shape, color and structure of Ne, Ar and Kr 

plasmas were studied. In [4] the shape and intensity 

distribution of the VL-plasmas are compared with 

computer simulations and with XR-photos. The results 

and information presented in these two papers improve 

the understanding the ECRIS plasma. In the present paper 

a study is given on the colors of the ECR plasmas. 

EXPERIMENTAL SETUP 

The technical details and the application fields of the 

ECR ion source of ATOMKI are shown elsewhere [5, 6]. 

The homepage of the ECR Laboratory [7] stores also lots 

of information and photos. The ATOMKI-ECRIS had to 

be partly re-constructed in order to take direct photos 

from the injection side. The extraction optical system was 

removed. The beamline was closed with a quartz vacuum 

window to observe the plasma in-situ. A mirror was 

placed at a distance of 100 cm from the plasma chamber 

in 45° angle in order to set the observers and the camera 

at a safe perpendicular 40 cm distance from the mirror 

and from the axes of the ion source. Two microwave 

amplifiers (14.3 GHz klystron and 8-12 GHz TWT) were 

connected to be used simultaneously or individually. The 

axial magnetic field was usually set 80% of its maximum 

value in order to form closed resonance zones in a wide 

range of frequencies so the typical peak values of the 

magnetic field were 0.88 Tesla. The pressure (measured 

in the injection box) was (2…5)*10-5 mbar when only one 

gas was injected. This pressure value is more than one 

order of magnitude higher than the optimal one for the 

production of highly charged ions, but corresponds to 

produce high current, singly charged beams by this ion 

source. 

 

Figure 1. Typical axial image of the plasma. (Kr gas, 

microwave: 8.4 GHz, 10Wr, 2*10-5 mbar pressure)  

Plasma chamber, waveguides, bias disc, gas tube, oven 

hole, pumping hole can be seen. 

When looking in the plasma chamber of an ECRIS the 

axial image of the plasma (Fig. 1.) in conformity with 

experimental setup can be seen. The photographs were 

taken by an 8 megapixel Canon digital camera. The ECR 

plasma is not an ideal photo model: its longitudinal length 

is about 20 cm, it is partly transparent and diffuse. To take 

systematically photo series we had to set manually the 

camera parameters. The typical exposure time was 

between 0.8 and 4 sec. Iris value was set to the maximum 
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R = 8 value. The minimum ISO value (80) was set to 

record the images with minimal noise. 

After studying these photos and movies and observing 

the shape, structure and position of a high number of  

different kind plasmas, in one of our recent papers [3] we 

suggested that  instead of “star” or “triangle” or 

“hexagon” the ECRIS-plasma would better  be called 

“plasma-spider”. Contrary to “normal” spiders this 

strange spider has only six legs: three at the injection side 

and another three at the extraction side, all originating 

from the middle plane region. The three arms or legs what 

we are seeing at both sides are fed by bunches of loss 

lines. 

To obtain numeric information from such VL plasma 

pictures is possible only through the Analogue Digital 

Unit (ADU) values of pixels. ADUs store the color and 

intensity of the pixels. 

THE COLOR OF THE PLASMAS 

It is a challenging task to understand the color of 

different gas plasmas. We suppose that the plasma 

excitation is homogeneous throughout the VL region. The 

color of the plasma can be determined by visible light 

electron transitions (visible light energy spectrum) of 

plasma components (atoms and ions). According to the 

Schrödinger equation the excited atoms and ions emit 

photons with relative intensity and energy. Relative 

intensity of these spectral lines can be found in many 

handbooks. Through the example of Xenon and Helium 

we analyze the physical process which effects turquoise 

color of the Xenon plasma and pink color of the Helium 

plasma.  

Fig. 2.a shows the VL-spectrum of the Xenon [8]. 

According to this spectrum we would expect violet or 

blue color Xenon plasma. However the human eye 

responds to electromagnetic radiation in the wavelength 

range from about 360 nm (violet) to 820 nm (red), with a 

peak sensitivity at near 555 nm (green). The detailed 

shape of this response curve depends on the individual 

person. Studies on representative samples of human 

subjects have led to adaption of a standard function 

relating the perceived brightness to the actual power of 

the spectral radiation. 

This function (Fig. 2.b.) is the spectral luminous 

efficiency function, and it plays an important role in 

photometry.  If we want to get real image from the color 

of the Helium and Xenon plasmas for the human eye, the 

intensity of the spectrum lines must be normalized with 

the spectral luminous efficiency function as it seen in 

Fig. 2.c.  

 

 
 

Figure 2. Xenon spectrum (a), the spectral luminous 

efficiency function (b) [8], Xenon spectrum normalized 

with spectral luminous efficiency function (c). 

Any spectrum line assembly of a given gas can be 

decomposed to the primary colors (Red, Green, and 

Blue). Fig. 3.a. and 3.d. shows the decomposed spectrum 

[8] lines of Xenon and Helium. The normalized spectrum 

lines (like Fig. 2.c. in case of Xenon) were also 

decomposed to the primary colors and after that we got 

the complex light RGB values in case of Xenon and 

Helium (Fig. 3.b. and 3.e.). According to the Young-

Maxwell-Helmholtz trichromatic theory (additive color 

mixing) calculated colors were created by a color mixing 

program using the RGB values. Fig. 3.c. and 3.f. show the 

Xenon and Helium plasma photos taken by us and the 

decomposed RGB values of these photos. There is a good 

visual agreement between the calculated normalised color 

and the real color of the plasmas and also between the 

RGB values of the decomposed normalized spectrum 

lines and of the photos. Thus this process is able to 

explain the color of ECR plasmas. 
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Figure 3.The original spectrum lines of Xenon (a) and Helium (d) and the normalized lines were decomposed to the 

primary colors (b, e) to get the RGB values. The insections show the superposition of the RGB values (a, d, b, e). 3.c. 

and 3.f. show the original Xenon and Helium plasma photos  and the RGB values of these photos.  
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BREMSTRAHLUNG AND ION BEAM CURRENT MEASUREMENTS
WITH SuSI ECR ION SOURCE *

T. Ropponen† , D. Cole, G. Machicoane, A. Stolz, L. T. Sun, L. Tobos
National Superconducting Cyclotron Laboratory, Michigan State University

Abstract

The Superconducting Source for Ions (SuSI) [1] at the
National Superconducting Cyclotron Laboratory at Michi-
gan State University is a fully superconducting 3rd gener-
ation ECR ion source currently operated with two 18 GHz
klystrons. The axial magnetic field is generated by six
solenoid magnets which allow to control the magnetic field
characteristics, such as resonance locations, mirror ratios
and magnetic field gradients, almost independently. In this
paper we will focus on the measurements done with differ-
ent collimation geometries and we will show results com-
paring FlatB and normal Bmin operation. We will also dis-
cuss about the effect of different magnetic field gradients
while keeping the length of the plasma and value of Bmin

as constants.

MEASUREMENT SETUP AND
MAGNETIC FIELD PROFILES

The bremsstrahlung measurements presented in this pa-
per are steady state high energy measurements. The
bremsstrahlung events were recorded axially through the
diagnostic port of the analyzing magnet using an Ortec p-
type germanium detector. A small solid angle for the detec-
tion of bremsstrahlung was achieved using two collimators
separated by 445 mm. Each collimator was made of lead
for the outer parts and tungsten for the inserts. The lay-
out of the collimator structure is presented in figure 1. The
area at the extraction aperture of SuSI that was seen by the
detector was about � 7 mm while SuSI plasma electrode
has an opening of � 10 mm. In addition to these two colli-
mators the existing lead shielding in the ECR area was put
to use in order to decrease the amount of scattered radia-
tion. First, a stand-alone lead shielding plate (25 mm of
Pb, 6 mm of steel) positioned between the two collimators
was used during the measurements. Second, the ECR area
is confined using several large lead panels (13 mm of lead,
6 mm of steel) and one was positioned between the second
collimator and the Ge detector. A 5 mm hole was drilled
through both the shielding plate and the lead wall panel to
allow the radiation to reach the detector. The distance from
the plasma electrode to the detector was about 3.2 m. Fig-
ure 2 presents the general layout of the measurement setup.

The collimators were aligned through the injection
flange using a laser and 133Ba and 152Eu sources were used
for energy and relative efficiency calibration. Energy reso-

∗This work was supported by the National Science Foundation under
Grant No. PHY-0110253

† ropponen@nscl.msu.edu

Figure 1: Cross-section view of the collimator structure.
Both collimators that were used in the setup are identical.
Lead is marked with gray color and tungsten insert with red.
Dimensions are given in inches.

Figure 2: Layout of the measurement geometry. The first
collimator is located next to the bending magnet flange
(glass window) and the second one is attached to the ECRIS
room wall. The stand-alone Pb shield is seen between the
collimators. The detector was located behind the wall and
was shielded with Pb blocks in order to decrease the back-
ground levels.

lution of the setup was 2.14 keV at 80.997 keV, 2.97 keV at
443.965 keV and 6.15 keV at 1085.842 keV. Measurement
time was fixed to 30 min per set and typical count rates at
the detector varied between 2 kHz and 75 kHz. Background
radiation has been subtracted from the data presented in
this paper.

The measurements were conducted using analog NIM,
CAMAC and VME electronics. The electronics is divided
into two branches — the so-called slow branch for energy
and the fast branch for timing information. Due to this
arrangement, the system is capable of detecting pile-up
events. Shaping time of the linear amplifier was set to 3 µs
and the signal width was roughly 6 µs. When two or more
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Figure 3: Magnetic field profiles for flatB and normal Bmin
operation. See table 1 for details. Note that there is a dif-
ference of 0.1 T in the magnetic field at the injection baffle
position.

Table 1: Axial magnetic field profile details. Resonance
locations are given in same coordinates that are used in fig-
ure 3.

#profile gradB (inj, ext) plasma length res. location (inj, ext)

A -5.73 T/m, 5.01 T/m 124.5 mm 237.3 mm, 361.8 mm
B -2.19 T/m, 2.25 T/m 127.1 mm 229.1 mm, 356.1 mm
C -5.19 T/m, 4.75 T/m 125.4 mm 237.8 mm, 363.2 mm
D -6.38 T/m, 5.39 T/m 124.3 mm 236.1 mm, 360.4 mm

events were observed within 20 µs they were considered
to be pile-up events. The charge state distributions (CSDs)
were recorded after the SuSI collimation channel [2].

For the FlatB measurements described in this paper we
used the magnetic field profiles shown in figure 3. Field
profile #A is used as a reference field and it is a start-
ing point to normal operation with SuSI while producing
medium charge states at 18 GHz. Position of the injec-
tion baffle, which was kept as constant during the mea-
surements, the extraction aperture position and the reso-
nance field for 18 GHz is marked in these figures. Value of
0 mm refers to the location of the entrance face of the first
solenoid. The details of the profiles can be seen in table 1.
The radial field was kept constant between measurement
sets.

DIFFERENT COLLIMATION SCHEMES

The collimation scheme that was used in the measure-
ments limits the area that the detector sees within the extrac-
tion aperture of SuSI. This means that we were mostly mea-
suring radiation coming directly from the plasma processes
and also some back-scattered radiation from the injection.
We studied the effect of different collimation schemes and
removed the collimators and additional shielding one-by-
one increasing the area which the detector can observe. En-
ergy spectra from this study, recorded using 1200 W of
RF power and magnetic field profile #A, is presented in
figure 4. The diameters of the circular areas at the ex-
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Figure 4: Energy spectra with different collimation geome-
tries: #1 all collimators, #2 collimator at the dipole is re-
moved, #3 Collimator at the dipole, Pb blocks inside the
dipole and the stand-alone Pb shield are removed, #4 all
the collimating elements except the Pb wall are removed.
See also fig. 2.

traction aperture position seen by the detector are roughly
the following #1: 7 mm, #2: 62 mm, #3: 83 mm and #4:
4.7 m. It is noted that with collimation #4 the solid angle
defined only by the hole in the Pb wall exceeds the size of
the Ge crystal significantly at the location of the detector.
Thus, the detector cannot observe all the radiation coming
through the aperture. The endpoint energies presented in
this paper are estimated by the eye due to the difficulties of
obtaining endpoint energy from measurement data that is
not entirely linear even at logarithmic scale.

With collimation #1, when the detector sees only the
plasma, the endpoint energy of the spectrum lies a bit lower
than 400 keV. With #2 we are observing roughly 650 keV
and with #3 the endpoint energy is about 850 keV. When
the last movable collimator is removed the endpoint en-
ergy rises to around 1200 keV. The difference between #1
and #2 is clearly the difference between just the plasma
bremsstrahlung and the bremsstrahlung coming from the
plasma and from the high energy electron losses towards
the extraction. The difference between #2 and #3 is as-
sumed to originate from the decreased shielding for scat-
tered high energy radiation. With #4 the effect of collima-
tion is almost non-existent and detector records both high
count rates and energies over 1 MeV. It is clear, that the
effect of the different collimation schemes is significant.
Thus, if only the plasma bremsstrahlung is wanted to be
studied a very tight collimation (within the extraction aper-
ture) must be used. Comparing #2 and #3 reveals also the
well-known issue concerning the impact of the scattered ra-
diation on the shape of the spectrum.

In figure 5 the data from #4 is presented with and without
efficiency correction and pile-up rejection. It is seen that
the efficiency calibration has a clear impact on the shape
of the low energy (0–120 keV) part and a smaller, but note-
worthy, impact on the high energy (300 keV and higher)
part of the spectrum. The efficiency calibration can thus
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Figure 5: Energy spectra #4 (see fig. 4) with and without
detector efficiency calibration and pile-up rejection.

affect for example estimates for endpoint energies and val-
ues for spectral temperature (see table 2). The pile-up re-
jection does not seem to have such a clear impact on the
slope i.e. spectral temperature but the endpoint energy can
change significantly. In the case of this example (fig. 5),
the endpoint energies change roughly from 1430 keV to
about 1230 keV when the pile-up rejection is applied. Sim-
ilar change (around 65 keV) is also observed with #1 (data
not presented here). Count rates for background and mea-
surement #1 were comparable, which means that pile-up
rejection can be important also at low count rates.

FLATB VS. BMIN OPERATION

By tuning the SuSI magnetic field to very low gradients
one has to accept the change of axial length of the plasma
and Bmin (see fig. 3). During this study the plasma length
was varied from 124.5 mm to 127.1 mm with magnetic field
profiles #A and #B, respectively. SuSI is capable of gener-
ating even lower gradient field profiles, but we choose not
to use such a profile due to extremely high radiation lev-
els. While the radiation monitor observing X-rays at the
SuSI’s extraction reported 6.1 mR/h with B-field profile #A
(1500 W/18.0 GHz + 350 W/17.8 GHz) the level went up to
50 mR/h with profile #B with the same RF powers. When
we tested a profile with even lower magnetic field gradient
(0.79 T/m both injection and extraction) the radiation lev-
els exceeded 31 mR/h already at 700 W. In addition to high
radiation levels, it was observed that the plasma was very
unstable and the source very sensitive to tuning, compared
to normal Bmin operation, whenever a FlatB profile was
used.

The charge state distributions of xenon plasma with oxy-
gen as a support gas are presented in figure 6 and the cor-
responding bremsstrahlung spectra are shown in figure 7.
It was found out that similar amounts of 129Xe27+ beam
current could be extracted when SuSI was tuned to Xe27+

with both profiles keeping the RF power constant. From the
CSD it can be seen that during the FlatB operation slightly
more low and medium charge states but less high charge
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Figure 7: Energy spectra with normal Bmin (profile #A)
and FlatB (profile #B) magnetic field profiles.

states are observed compared to Bmin operation. The dif-
ference can arise from the difference in the injection mag-
netic field (a slightly lower confinement with FlatB opera-
tion, see fig. 3) or from the magnetic field profile/gradient
(differences in electron energy distribution). During the
measurements the drain current of the source was relatively
constant (4.4 mA and 4.5 mA with FlatB and Bmin, respec-
tively) and the leak valve setting ratio between xenon and
oxygen feed was 0.75 in both cases meaning that the gas
mixing ratio was not playing a major part on the shape of
the CSDs. Extraction pressures of 8.2e-8 and 9.5e-8 torr
were recorded with FlatB and Bmin, respectively. By look-
ing at the bremsstrahlung emission from figure 7 it is clear
that the FlatB operation produces both higher count rates
and significantly higher endpoint energies. It can be esti-
mated that with FlatB operation the endpoint energies are
in the area of 850 keV while with the normal Bmin op-
eration the energies are below 450 keV. While the 2 mm
Ta shield used around SuSI plasma chamber can decrease
the radiation load of less than 400 keV photons effectively,
it becomes more transparent to higher energies which are
plenty in the FlatB operation. See table 2 for spectral tem-
peratures.
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DIFFERENT GRADIENTS WITH FIXED
PLASMA LENGTH AND BMIN

The magnetic field gradient in the resonance zone can be
tuned in SuSI within certain limits while other field char-
acteristics are kept almost fixed. Plasma length varies only
1.1 mm between the different profiles and the maximum
deviation in the Bmin is 0.039 T. The ion source was tuned
to 129Xe20+ using the medium gradient (profile #A) and
1500 W of RF power. The source settings other than the
magnetic field profile were not changed while using low
(profile #C) and high (profile #D) gradient profiles.

The CDSs for medium and low gradient are shown in
figure 8 where it can be seen that while the CSD is peaked
at 20+ with the medium gradient profile the CSD is sig-
nificantly different and peaking at 23+ when the gradient
is lowered. Beam currents of charge states higher than
17+ are clearly increased and the beam intensity at 23+
is roughly 2.5 times higher. Drain currents were 5.0 mA
in both cases and extraction pressures of 1.6e-7 and 1.4e-
7 torr were recorded with medium and low gradient pro-
files, respectively. This suggests that while the source set-
tings were kept relatively constant only very small changes
in the magnetic field gradient can create significantly dif-
ferent plasma conditions.

Figure 9 shows that the count rates at the low energy part
are roughly similar while there is a clear difference above
75 keV. The endpoint energies are 405 keV, 435 keV and
470 keV for high, medium and low gradient, respectively.
For spectral temperatures, see table 2. As previously has
been observed (see e.g. [3, 4]), the lower the gradient the
higher the count rate, the endpoint energy and the spec-
tral temperature. With these previous measurements the
change in the magnetic field gradient also meant changing
the Bmin and length of the plasma. Because the length of
the plasma and value of Bmin were kept roughly constants
in our measurements, it is experimentally confirmed for the
first time that the value of the magnetic field gradient alone
plays a major role especially in the ion beam and also in
the radiation production.
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DISCUSSION AND CONCLUSIONS

In the measurement described in this paper we have pre-
sented the importance of the efficiency correction and pile-
up rejection event at very low count rates. We have also
shown that while the FlatB operation can produce similar
ion beam currents than normal Bmin operation, the radia-
tion levels and photon energies are significantly higher if
FlatB mode is used. This results into higher heat loads
to cryostat systems. We also demonstrated that a slight
change in the magnetic field gradient can significantly
change the ion beam production when the length of the
plasma and Bmin are not changed. These observations fa-
vor constructing ECR ion sources with flexible axial mag-
netic field structures found at the moment only in SuSI and
in SC-ECRIS in Riken [5].

Table 2: Spectral temperatures and endpoint energies [keV]
for the different measurements. Fitting ranges for spectral
temperatures are given in each section of the table.

different collimations, #4 (fig. 5) (fit range 600–800 keV)
no eff. corr. eff. corr. no eff. corr. eff. corr.

no pile-up reject. no pile-up reject. pile-up reject. pile-up reject.
118.9±0.6 129.9±0.7 117.7±1.3 128.5±1.5
1340±30 1430±30 1140±30 1230±30

FlatB vs. Bmin (fig. 7)
(fit range 130–200 keV)

FlatB Bmin
68.1±1.1 58.0±1.7
850±20 450±20

gradB (fig. 9)
(fit range 130–200 keV)

low gradB medium gradB high gradB
60.1±0.9 57.8±0.8 56.4±0.9
470±20 435±20 405±20
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MAXIMUM BREMSSTRAHLUNG ENERGY VERSUS DIFFERENT HEATING LIMITS* 

H. Koivisto#, V. Aho, V. Toivanen, O. Tarvainen, P. Jones, J. Saren, P. Peura JYFL, Jyväskylä, 
Finland 

Abstract 
A comprehensive set of bremsstrahlung measurements 

has been performed at JYFL (University of Jyväskylä, 
Department of Physics) in order to understand the 
parameters affecting the heating of electrons. In order to 
extend the understanding of electron heating, a new set of 
measurements with the JYFL 6.4 GHz ECRIS has been 
conducted to study the parameters affecting the maximum 
bremsstrahlung energy. During the work the effects of 
microwave power and magnetic field were studied. The 
analysis of the experimental data focuses in comparing 
the results with theoretical stochastic electron heating 
limits. 

INTRODUCTION 
In addition to the high requirements for the magnetic 

fields in 3rd generation superconducting ECR ion source 
the total microwave power fed into the plasma chamber 
can be even 10 kW. Consequently, these operation 
conditions results in intensive bremsstrahlung emission, 
which gives an extra heat load to the cryostat. It has been 
attempted to decrease the load by increasing the x-ray 
shielding as has been done for example for VENUS at 
LBNL, Berkeley using 2 mm tantalum sheet. However, 
due to the very limited space the thickness of the 
shielding must be small and thus practically transparent to 
the high-energy part of photon spectrum. 

Experiments studying the parameters affecting the 
bremsstrahlung emission have been performed in several 
laboratories. In addition, different simulation codes have 
been developed to model the electron heating process. 
The research work has clearly shown that the magnetic 
field structure has a strong effect on the energy of the 
bremsstrahlung emission. It is explained that this is due to 
the lower magnetic field gradient in the heating zone, 
which improves the heating efficiency. As an example, 
the measurements at Berkeley showed that the end-point 
energy of the photon emission almost doubled when the 
Bmin of the VENUS was increased from 0.44 T to 0.64 T 
having total microwave powers of 8.8 kW and 6 kW, 
respectively [1]. It has also been shown that the 
microwave power increases both the end-point energy and 
especially the yield of the photon emission. The build up 
of hot electron population in ECRIS plasma has been 
studied also by S. Gammino et al. [2] using Canobbio 
theory where maximum energy Wmax can be expressed as

. In this equation E is 
the electric field, ω0 the microwave frequency and it is 
assumed that the ECR heating takes place in a so-called 
low gradient regime. 

These problems and observations gave a motivation to 
study the bremsstrahlung emission of an ECRIS also at 
JYFL. The objective of the work is to study parameters 
affecting the high-energy bremsstrahlung radiation. This 
work includes developing a hybrid simulation code [3], 
time resolved bremsstrahlung experiments (see e.g. [4]), 
and as a recent effort studying the parameters affecting 
the end-point energy of photon emission in continuous 
operation mode. In this article we present some results 
obtained when the ion source parameters affecting the 
end-point energy of bremsstrahlung radiation in steady 
state conditions have been varied. The results were 
compared to a stochastic heating limit theory in order to 
get more insight in the possibilities affecting the 
production of bremsstrahlung. 

STOCHASTIC HEATING LIMITS 
The ECR heating is considered to be stochastic if the 

phase between the electron and the wave is random in 
consecutive passes of resonance regions. When the 
electron gains energy the time between the successive 
passings of the resonance region decreases resulting to 
eventual loss of phase randomization, i.e. heating is not 
stochastic anymore. However, the energy can be 
increased even further until so-called adiabatic heating 
limit is reached. In this work the maximum 
bremsstrahlung energy produced by the JYFL 6.4 GHz 
ECRIS has been compared to the stochastic heating 
theory presented in ref. [5]. The theory states that the 
stochastic heating limit can be expressed as 

Ws = 0.2 meL 1+ l 2

L2
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⎝ 
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⎠ 
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⎣ 
⎢ 
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⎥ 
⎥ 

1/ 4

lω1/ 2 (eE)3/ 4   (1) 
 

where E is the electric field of the microwaves at the 
resonance, ω = 2πf (f is the microwave frequency), me the 
mass of the electron, e is the unit charge, L is a parameter, 
which can be calculated from the axial magnetic field 
profile ( B = Bmin (1+ z 2 /L2 ) ), where the resonances are at z 
= ± l. Here Bmin is the minimum magnetic field and z the 
axial distance from this minimum. Adiabatic heating limit 
is defined to be Wa = 5Ws. With the aid of equation (1) 
the effect of electric field E (related to microwave power), 
gradient of the magnetic field B, microwave frequency f 
and axial distance l of resonance points (from Bmin) on the 
adiabatic and stochastic limits can be studied. The gradB 
has been calculated from the magnetic field profile 
equation shown above. In this consideration the 
relativistic effect, power absorption and mode structure 
behaviour are neglected. 

Figure 1 shows the adiabatic heating limit as a function 
of the electric field of microwaves at the resonance. The 
calculations correspond to typical operation parameters of 

Wmax(eV) =1.5⋅ 109(E(V cm−1)/ω0)2/3
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the JYFL 6.4 GHz ECRIS, i.e. gradB = 1.5 T/m, B0 = 
0.178 T and length l = 69 mm. Figure shows that using 
these values the typical experimental maximum 
bremsstrahlung energy of about 400 keV is reached with 
the electric field of about 1000 kV/m. The effects of 
length l and gradB on the adiabatic limit have been 
studied using this value for the electric field E. The effect 
of frequency f is omitted because of fixed frequency. 
 

 
Figure 1: Adiabatic heating limit as a function of electric 
field E in the heating region. 

 
Figure 2: Adiabatic heating limit as a function of gradB. 

 
Figure 3: Adiabatic heating limit as a function of length l 
(l = distance between Bmin and resonance zone).  

Figure 2 shows the adiabatic heating limit as a function of 
gradB in the resonance region. The behaviour shows that 
the adiabatic limit starts to increase vigorously with 
relatively low values of gradB. However, these values are 
not reached in the resonance with the typical magnetic 
field settings of the JYFL 6.4 GHz ECRIS. The values of 
electric field E, frequency f and length l were kept 

constant resulting in unoptimized Bmin/Bres -values (from 
0.44 to 0.99). Figure 4 shows that the plasma size has a 
strong effect on the adiabatic heating limit. The 3rd 
generation ECR ion sources tend to have relatively large 
dimensions of the magnetic field, which can also explain 
the increase of measured bremsstrahlung energies. The 
larger distance between the resonances makes it possible 
to maintain stochastic heating at higher energies. 

EXPERIMENTS 
As Equation (1) shows four parameters are affecting 

the adiabatic heating limit in the heating region: electric 
field E, microwave frequency f, gradB and plasma size 
related length l. The validity of Eq. (1) was studied by 
extracting the end-point energies of the wall 
bremsstrahlung spectra produced by the JYFL 6.4 GHz 
ECRIS. The collimated photon emission was measured in 
the radial direction using Ge-detector. In reality this is not 
a true parametric study because it is virtually impossible 
to change only one parameter. For example, the changes 
in the magnetic field affect gradB, length l and 
consequently the electric field E simultaneously. In 
addition, the equation does not take into account the 
relativistic effect, which affects the effective length of l 
and gradB of the high-energy electrons. The heating can 
be limited also by the value of the maximum magnetic 
field and due to the increase of plasma density as a 
function of microwave power. 

Figure 4 shows the experimental end-point energy of 
bremsstrahlung spectrum as a function of microwave 
power. As a comparison it also shows the heating limits 
estimated using Equation (1). The theory overestimates 
the adiabatic limit as can be seen in Figure 4. This might 
be due to the fact that the absorption of the 
electromagnetic wave in the resonance is not included. A 
new estimation was done starting with the Poynting 
vector and by including the Budden tunneling factor

 for transmitted power, i.e. 
 

  (2) 

where r is the radius of plasma chamber, Q is the quality 
factor and ߟ ൌ ݊௘ ሺ߳଴ܿ|݀ܤ ⁄ݖ݀ |௥௘௦ሻ⁄ ൌ  ௘. The equation݊ߙ
shows that the power absorption improves when gradB 
decreases. The measurements have shown for the ion 
source settings presented in Figure 4 that the bias disk 
current is proportional to P0.27, where P is the microwave 
power. The power of P slightly varies with the operation 
parameters of the ion source. Now, assuming that the 
plasma density ne is proportional to the bias disk current 
(i.e. ne = aP0.27, where a is the fitting parameter) and that 
stochastic limit Ws in Eq. (1) is proportional to E3/4 the 
final form of the maximum energy is 

  (3) 

where A = 95 and B = 3παa/8 = 0.16. As Figure 4 shows 
the fitting follows very closely the experimental data 
points if the power absorption of the electromagnetic 

Pt /P0 = e−πη

E = Q
2P0e

−πη

ε0cπr2

Wmax = AP 3 / 8e−BP 0.27
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wave is included. In this treatment the constant Q value is 
assumed for simplicity. 

 
Figure 4: Maximum bremsstrahlung energy as a function 
of microwave power P. 

 
Figure 5: Effect of magnetic field settings on the 
bremsstrahlung energy and count rate. 

Figure 5 shows the bremsstrahlung spectra for three 
different magnetic field configurations and Table 1 shows 
the corresponding data. As figure shows both the photon 
emission and the maximum energy increase when the Bmin 
increases, i.e. the highest Wend-point and the photon 
emission intensity are obtained with the lowest gradB 
value. However, in the case of conventional ECR ion 
source it is impossible to change only the gradB. Instead, 
the length l is also changed. In addition, it is possible that 
the electric field E is also changed due to changes in the 
plasma parameters. Consequently, the experiment cannot 
be used to define if the increased Wend-point energy is 
caused because of decreased gradB. As Table 1 shows the 
equation (1) fails to predict the maximum energy seen in 
the bremsstrahlung spectrum (compare Wend-point and Wa). 
This is discussed in the discussion chapter. 

Table 1: Table shows the data corresponding to Figure 5. 
The energies Wend-point are estimated from spectra shown 
in Figure 5, Wa is the adiabatic heating limit and Wrel,max is 
the energy corresponding to resonance at Bext. 

gradBres 
[T/m] 

Bmin 
[T] 

Bext 
[T] 

l 
[mm] 

Wend-point 
[keV] 

Wa 
[keV

] 

Wrel,max 
[keV] 

1.19 0.199 0.556 52.4 620 322 724 
1.50 0.178 0.516 68.9 420 431 635 
1.79 0.146 0.438 94.6 310 619 462 

DISCUSSION 
As Figures 5 and Table 1 show the equation (1) fails to 

estimate the maximum energy of bremsstrahlung 
spectrum. By increasing the Bmin field the gradB has 
been decreased. According to the consideration based on 
Equation (1) this should increase the end-point energy of 
bremsstrahlung spectrum. This agrees with the 
experiments. However, at the same time the size of the 
plasma, i.e. length l, has decreased substantially as is 
presented in Table 1. Consequently, the calculated 
adiabatic heating limit Wa decreases, which disagrees 
with the experiments. One possible explanation is that the 
equation does not include relativistic effects. 

In the case of high electron energies the mass has 
increased and consequently the resonance takes place at 
higher magnetic field values. This means that the distance 
between Bmin and Bres for relativistic electrons increases. 
Due to the larger distance between the resonances the 
heating remains stochastic with higher electron energies – 
as is supposed by Eq. (1). In this consideration we have 
focused only on the extraction side of the JYFL 6.4 GHz 
ECRIS for two reasons: 1) Bext ≤ Brad < Binj, i.e. the 
extraction side limits the size of the maximum closed 
resonance surface and 2) the radial magnetic field profile 
cannot be estimated using Equation (1) because in the 
radial direction there are the components of axial and 
radial magnetic field. For the settings shown in Fig. 2 the 
distance between the Bmin and Bres has increased from 68.9 
mm for cold electrons to 132 mm for the 300 keV 
electrons. By increasing the energy further the resonance 
finally takes place at the extraction of the source and 
consequently the fixed maximum length l = 210 mm has 
been reached. This also corresponds to largest closed 
resonance surface. The energy corresponding to 
resonance at Bext has been denoted by Wrel,max in Table 1. 
If in Eq. (1) it is justified to use the length l for relativistic 
electrons the heating limit increases substantially as can 
be seen in Fig. 3. As a result it is possible that the 
adiabatic heating limit is not reached with the JYFL 6.4 
GHz ECRIS because the maximum energy is limited by 
the magnetic field structure. It should be noticed also that 
if the relativistic length l is used much lower electric field 
of microwaves is needed to reach the same experimental 
end-point energy. For example, the energy of about 400 
keV is reached with the electric field of the order of 100 –
 200 kV/m if the length of l = 210 mm is used. 
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COMMISSIONING OF THE ECRIS CHARGE STATE BREEDER AT 
TRIUMF 

F. Ames, R. Baartman, P. Bricault, K. Jayamanna, TRIUMF, 4004 Wesbrook Mall, Vancouver, BC, 
V6T 2A3, Canada 

T. Lamy, LPSC UJF-CNRS/IN2P3-INPG, 53 Rue des Martyrs, 38026 Grenoble, France

Abstract 
Radioactive isotopes produced at the ISOL facility 

ISAC at TRIUMF are usually extracted as singly charged 
ions from the target ion source system. If the mass of 
these ions exceeds A=30 their acceleration requires 
breeding to highly charged ions. A modified version of an 
electron cyclotron ion source (ECRIS) charge state 
breeder (14.5 GHz PHOENIX from Pantechnik) has been 
installed and a first on-line test resulting in the successful 
acceleration of 80Rb14+ has been performed already in 
2008. During the radioactive beam time periods of 2009 
and 2010 further measurements with stable and 
radioactive ions from different target ion source 
combinations have been performed to further commission 
the system. Breeding efficiencies of several percent in the 
maximum of the charge state distribution have been 
achieved. A major problem for experiments using those 
beams is the background from residual gas and other ions, 
which are also produced in the ECR charge state breeder 
and which result in similar mass to charge ratios than the 
radioactive isotope. 

INTRODUCTION 
At the ISAC radioactive ion beam facility at TRIUMF 

radioactive ions are produced by bombarding solid targets 
with up to 100 µA of protons from TRIUMF’s 500 MeV 
cyclotron. The target material is operated at high 
temperature to allow fast diffusion and effusion of the 
reaction products into an ion source.  Mainly singly 
charged ions are extracted [1]. The desired isotopes are 
separated with a magnetic mass separator and the ion 
beam can be transported to low energy experiments at an 
energy of several 10 keV or injected into a post 
accelerator for serving high energy experiments.  The 
intensity of the radioactive ion beam covers a broad range 
from single ions for the most exotic ones up to about 109 
per second for isotopes close to stability.  The acceptance 
of the post accelerator allows a maximum A/q value of 
30. However, this applies only to the first accelerator 
stage, a 4 rod radio frequency quadrupole (RFQ), which 
accelerates to 150 A keV. The following drift tube and 
superconducting cavity sections are able to accelerate ions 
up to 5 A MeV. They require A/q<7. Up to now this has 
been achieved by a stripping foil after the RFQ. If 
additional losses from this stripping process, which 
becomes less efficient for heavy ions, are to be avoided 
the charge breeding should directly lead to A/q<7.  

Charge state breeding with an ECRIS has been chosen 
because of its capability to work efficiently in a 
continuous mode and because of the high charge capacity, 

which allows the charge state breeding of high intensity 
ion beams.  

SET – UP OF THE SYSTEM 
A modified version of a 14.5 GHZ PHOENIX booster 

from Pantechnik has been installed in a shielded area 
directly after the mass separation of the radioactive ions. 
They can be directed to the charge breeder source via a 
movable electrostatic deflector. The PHOENIX source is 
operated at a high voltage close to the one of the on – line 
ion source, so that singly charged ions are decelerated and 
stopped in the plasma. After extraction of the highly 
charged ions they are accelerated again to ground 
potential and separated according to their mass to charge 
ratio with a combination of a magnetic and electrostatic 
sector field. This combination assures the separation of 
scattered and charge exchanged ions out of the beam and 
thus, guaranties higher beam purity. The mass resolving 
power ΔM/M of the system is better than 1/100. A small 
surface ion source for Cs ions in front of the charge 
breeder source allows for the set-up and tuning of the 
charge breeder independent from the on-line target ion 
source system. A more detailed description of the set-up 
can be found in [2] and [3]. 

 

COMMISSIONING RESULTS 
The installation has been finished already in 2008 and a 

first test, cumulating in the first successful acceleration of 
charge bred radioactive ions (80Rb14+) has been performed 
in November 2008. Results have been already reported in 
[3]. Final commissioning took place during the beam time 
periods of 2009 and the beginning of 2010.  

With the test ion source a breeding efficiency of 3.5% 
for Cs21+ has been achieved. This is the same as the 
maximum value, which has been reached before when the 
source was installed on a test bench [3]. A variety of 
stable and radioactive ions from different target ion 
source combinations have been injected and efficiency 
and charge state distributions have been measured. In 
order to determine the breeding efficiency for the stable 
isotopes, current measurements before the charge state 
breeder and after the A/q selection have been performed. 
For the radioactive species the beam has been sent first 
directly to a detection station in the ISAC experimental 
hall. In this detection station ions can be implanted into a 
tape, which is surrounded by detectors for α, β and γ 
radiation. After a measurement the tape can be 
transported behind a lead shield leaving a fresh spot for a 
new measurement. After the intensity of the singly 
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charged ion beam has been determined the ions have been 
sent into the charge state breeder and the extracted highly 
charged ions have been sent again to the detector station. 
The efficiency of the charge state breeding is defined as 
the ratio of both measurements. Mostly γ measurements 
have been used, as they allow a clear identification of the 
isotopes. The implantation times into the tape and the 
counting times have been chosen to reach a measurement 
accuracy of about 10%. 

Table 1 summarizes results for the charge state 
breeding of radioactive ions so far. Some variations in the 
breeding efficiencies for the different isotopes also reflect 
the different amount of time spent on tuning. A general 
trend to higher efficiency, when going to higher mass ions 
can be seen. The efficiency for the metallic elements is 
lower than for the gaseous elements Kr and Br. This 
effect has been seen before at the test bench and has been 
reported by other groups as well [4]. The difference can 
be explained by the possibility of recycling atoms from 
the plasma chamber walls for the non condensable 

elements. This leads to an efficiency of more than 6% for 
74Kr.  

In the case of Br also singly charged molecular ions 
have been injected. Within the accuracy of about 10% the 
efficiency for the charge state breeding from the injection 
of singly charged molecules or atoms can be considered 
the same. The injection of some species as molecular ions 
can be beneficial if the release from the target is 
preferable in the molecular state. In the case of AlBr the 
method can be used to purify the beam from the isobaric 
rubidium isotopes, which are normally released and 
ionized at a much higher rate. Rubidium doesn’t form this 
molecule. 78Br14+ charge bred in this way has been 
injected into the accelerator and accelerated to 5 A MeV. 
The radioactive isotopes were then detected at the 
TIGRESS experimental station and identified by their 
decay scheme. For a more detailed description of this 
detector facility see for example [5] and references 
therein.  

 
 

Table 1: charge breeding efficiencies from different radioactive ions  
 

isotope T1/2 
[s] 

q A/q efficiency 
 [%] 

I(in)  
[pps] 

injected 
ion 

background  
[pA] 

46K 115 9 5.11 0.5 4.0 · 104 K+ 340 
64Ga 157 13 4.92 0.75 4.9 · 106 Ga+ 7 
64Ga 157 14 4.57 0.7 4.9 · 106 Ga+ 44 
74Br 1524 14 5.28 3.1 3.2 · 107 Br+ 10000 
74Br 1524 15 4.93 2.1 3.2 · 107 Br+ 25 
78Br 388 14 5.57 4.5 2.8 · 107 27Al78Br+ 20 
74Kr 690 15 4.93 6.2 2.1 · 106 Kr+ 25 
76Rb 37 15 5.07 1.68 3.8 · 106 Rb+ 15 
80Rb 30 13 6.15 1.17 5.7 · 107 Rb+ 35 
80Rb 30 14 5.71 1.1 5.7 · 107 Rb+ 70000 
122Cs 21 19 6.42 1.1 3.1 · 105 Cs+ 6 
124Cs 31 20 6.2 1.37 2.75 · 107 Cs+ 50 

 
 
 
The last column of the table shows the background 

from stable elements extracted at the same A/q value from 
the charge breeder. Those are mainly isotopes of oxygen, 
carbon and nitrogen from the residual gas, but also helium 
and other noble gases from the support gas of the source. 
Additionally there are contributions from sputtered ions 
from the stainless steel plasma chamber. Although, their 
beam intensity is only in the range of pico Amperes, for 
most cases this is several orders of magnitude higher than 
the intensity of the radioactive beam. Furthermore, the 
beam may contain more than one contaminant and the 

composition and intensity may change with time and 
source condition.  

Figure 1 shows a mass spectrum of ions extracted from 
the charge state breeder in the range between A/q = 5 to 6. 
In total 18 peaks with intensities above 5 pA can be 
found, the most intense being charge states from oxygen, 
carbon and argon. The spectrum represents the source 
condition after about 1 week of running and after being 
optimized for the breeding of radioactive rubidium 
isotopes. The cesium ions, which are normally not 
present, occur in this spectrum as the initial set-up with 

Proceedings of ECRIS2010, Grenoble, France WECOBK01

04 Charge Breeding & RIB 179



the test ion source has been done before. Table 2 gives a 
summary with the most probable constituents in the mass 
peaks.  
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Figure 1: Mass spectrum of ions extracted from the 
charge state breeder in the range between A/q=5 to 6. 

 

CONCLUSION AND OUTLOOK 

Commissioning of the ECRIS charge state breeder at 
TRIUMF has shown that the system can be used to 
efficiently produce beams of highly charged radioactive 
ions suitable for the acceleration with the ISAC 
accelerators. The desired mass to charge ratio A/q < 7 can 
be reached for isotopes with masses up to about 150 amu 
with efficiencies up to about 2% for metallic and 6% for 
non condensable elements. Further increases in efficiency 
can be expected with improved understanding, mainly of 
the injection into the charge state breeder. The injection 
of molecules into the charge state breeder can be used as a 
method for beam purification from unwanted isobaric 
contaminations. Up to now only relatively long lived 
isotopes have been used. If their half-life approaches the 
breeding time, which is in the range of several 100 ms [2] 
a reduction in efficiency can be expected. 

Beam purity after the charge state breeder has been 
found to be the main problem for experiments. The low 
signal to background ratio makes it difficult to identify 
reactions from the radioactive isotopes. Although research 
grade helium with impurity levels in the ppm range has 
been used as a support gas, further purification from the 

other noble gases may be necessary. Two cryogenic 
pumps, one on either side of the charge state breeder are 
already in place to keep the residual gas pressure at about 
5·10-8 T. The amount of background originating from the 
stainless steel plasma chamber may be reduced by 
exchanging it to aluminium. A similar approached has 
been chosen for example at TRIAC [6]. 
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Table 2: Most likely constituents of peaks in the A/q 
spectrum of figure 1. An accuracy of 0.005 amu/e for the 
determination of the peak centre has been assumed  

A/q isotopes 

5 40Ar8+, 20Ne4+,… 

5.11 133Cs26+ 

5.14 36Ar7+ 

5.2 52Cr10+, 78Kr15+, 130Xe25+ 

5.24 84Kr16+, 131Xe25+ 

5.33 16O3+ 

5.41 54Cr10+, 54Fe10+, 130Xe24+ 

5.44 136Xe25+ 

5.5 22Ne4+, 132Xe24+ 

5.54 61Ni11+, 133Cs24+ 

5.6 28Si5+, 56Fe10+ 

5.66 17O3+, 136Xe24+ 

5.71 40Ar7+ 

5.78 52Cr9+, 133Cs23+ 

5.83 134Xe23+ 

5.88 129Xe22+ 

5.90 53Cr9+, 124Xe21+ 

6 12C2+, 18O3+, 54Cr9+, 54Fe9+, 60Ni10+,… 
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RECENT PERFORMANCE OF THE ANL ECR CHARGE BREEDER* 

R. Vondrasek, R. Scott, R. Pardo, A. Kolomiets, ANL, Argonne, IL 60439, U.S.A.

Abstract 
The construction of the Californium Rare Ion Breeder 

Upgrade (CARIBU) [1], a new radioactive beam facility 

for the Argonne Tandem Linac Accelerator System 

(ATLAS), is complete and the project is now in the 

commissioning phase. The facility will use fission 

fragments, with charge 1+ or 2+, from a 1 Ci 252Cf 

source; thermalized and collected into a low-energy 

particle beam by a helium gas catcher. An existing 

ATLAS ECR ion source was modified to function as a 

charge breeder in order to raise the ion charge sufficiently 

for acceleration in the ATLAS linac. A surface ionization 

source and an RF discharge source provide beams for 

charge breeding studies. An achieved efficiency of 11.9% 

for 85Rb19+, with a breeding time of 200 msec, and 15.6% 

for 84Kr17+ has been realized. Both results are with the 

source operating with two RF frequencies (10.44 + 11.90 

GHz). After modification to the injection side iron plug, 

the charge breeder has been operated at 50 kV, a 

necessary condition to achieve the design resolution of 

the isobar separator. 

ECR CHARGE BREEDER 

The charge breeder is a room temperature ECR ion 

source with an open structure NdFeB hexapole with a 

wall field of 0.86 T [2]. The open hexapole structure 

allows for pumping through the six 17 mm x 41 mm 

radial slots, resulting in a source pressure of 2x10-8 mbar 

without plasma and 8x10-8 mbar with plasma. The 

pressure in the extraction region is typically 4x10-8 mbar. 

The source is capable of accepting multiple frequencies 

with the RF launched through the hexapole radial slots. 

This scheme allows a large amount of iron to be retained 

on the injection side of the source resulting in a high 

magnitude and symmetric axial field. The low charge 

state ions are introduced into the plasma through a 

stainless steel tube mounted on a linear motion stage 

which has a 30 mm range of travel. This allows the 

deceleration point of the low charge state ions to be 

adjusted on line without disturbing the source conditions. 

Injection Region Modifications 

For the isobar separator to achieve the required 

resolution of 1:20,000, beam extraction from the gas 

catcher must occur at 50 kV. Hence, the high voltage 

isolation of the source was upgraded to allow 50 kV 

operation. However, penning discharges in the injection 

region occurred at 30 kV bias. An iron plug in this region 

was modified to increase the gap size from 6.5 mm over a 

100 mm length to 10.8 mm at a discrete location as shown 

in Fig. 1. After several weeks of conditioning, the source 

operates reliably at 50 kV. 

  

 CHARGE BREEDING RESULTS 

The 1+ beam is mass analyzed and injected into the 

ECR source via a grounded transfer tube. The ions 

decelerate into the plasma region where a sub-set of them 

are ionized and captured by the plasma [3]. 

It was observed that the tune of the 1+ injection line 

was critical for breeding efficiency. For beams from 

elemental solids, the optimum injection channel was 

extremely narrow with a high degree of sensitivity to the 

entrance einzel lens. With gaseous elements, the einzel 

lens setting was not as critical, but steering constraints 

remained very stringent. The position of the transfer tube 

was also found to be an important variable. A summary of 

achieved charge breeding efficiencies is given in Table 1. 

The breeding time was measured by pulsing the incoming 

1+ beam and measuring the n+ response time. 

 
 

Table 1: Summary of charge breeding results. 

Ion Species 
n+ Charge 

State 

Efficiency 

(%) 

Breeding 

Time (msec) 

Kr-86 17+ 15.6 - 

Rb-85 19+ 11.9 200 

Xe-129 25+ 13.4 ~250 

Cs-133 20+ 2.9 - 

 

Figure 1: Schematic of the ANL ECR charge breeder. The 

1+ beam is injected from the left via the transfer tube. The 

iron plug which was modified is highlighted with diagonal 

red. The radial slots where the RF is launched are visible 

on the source mid-plane. 
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Position of the Transfer Tube 

In previous work, it was found that the breeding 

efficiency increased as the transfer tube was retracted 

from the plasma [4]. At that time, the linear motion slide 

was at the limit of its travel. The source was opened and 

the transfer tube repositioned so that it could be further 

retracted. The results of the subsequent tests of charge 

breeding efficiency versus transfer tube position are 

shown in Fig. 2. The tests took place in three series over 

the course of several years, but the trend within each data 

set is clear.  

 

 

Figure 2: Efficiency of 85Rb17+ as a function of the 

transfer tube position. The position is defined as the 

distance from Bmax to the end of the transfer tube. 

 

All data sets are taken with a 85Rb17+ beam provided by 

a surface ionization source. The source was optimized at 

each tube position for maximum efficiency in Rb17+. In 

general, the parameters which were adjusted were the 

einzel lens, the injection side solenoid, and the ΔV 

voltage. The tube position is defined as the distance from 

Bmax to the end of the transfer tube. 

Efficiency Versus ΔV 

During charge breeding, the 1+ source and the ECR 

source are biased with the same power supply. An 

additional ‘tweaker’ power supply is in series with the 

ECR source providing a ΔV voltage, either positive or 

negative depending on the particulars of the 1+ source, 

which serves to decelerate the 1+ ions into the ECR 

plasma. With solid elements (Cs and Rb), it was found 

that the optimum ΔV was -15 V with a narrow acceptance 

window of ~5 V. For the gaseous elements (Kr and Xe), 

the optimum ∆V was +10 V with a very large acceptance 

window as shown in Fig. 3. There is a steep drop-off in 

efficiency between +20 and +30 V where the incoming 

1+ ions are repelled by the potential and do not enter the 

plasma chamber. On the other side of the curve, the ions 

are too energetic and pass through the plasma. However, 

unlike the solid elements which stick to the cold plasma 

chamber walls, the gaseous elements are re-emitted and 

some are charge bred albeit with a lower efficiency and 

almost certainly a longer hold up time. 

 

 
Figure 3: Efficiency of 129Xe25+ as a function of ΔV. 

Multiple Frequency Heating 

The effect of multiple frequency heating on the 

breeding efficiency was previously tested with Cs-133 

and Rb-85 with moderate success [4]. These tests were 

continued with Xe-129 provided by the RF discharge 

source utilizing a 98% enriched Xe-129 sample. A 

travelling wave tube amplifier (TWTA) provided RF 

between 11-13 GHz in addition to a 10.44 GHz klystron. 

The total RF power was kept constant to serve as a direct 

comparison of the various RF injection schemes.  

With the source running on an oxygen plasma and an 

extraction voltage of 20 kV, a 65 nA beam of 129Xe+ was 

injected into the ECR charge breeder and the breeding 

efficiency measured as a function of RF power 

distribution with the results shown in Fig. 4. There is a 

clear shift in the peak of the charge state distribution 

when going from single to two-frequency heating. In 

addition, the global efficiency improved – 42% for 10.44 

GHz alone, 46% for 11.90 GHz, and 50% for 10.44+11.90 

GHz. In the best configuration, with 350 W of RF 

injected, the global efficiency was 63% with a maximum 

efficiency of 13.4% into 129Xe25+. 

 

 

Figure 4: Efficiency of Xe-129 as a function of RF power 

distribution. The total amount of RF power launched into 

the source was kept constant. Charge states 18+ and 24+ 

were obscured by intense background peaks. 
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Krypton Charge Breeding 

A similar set of tests were performed with Kr-86. With 

the source running on an oxygen plasma at 25 kV 

extraction, a global efficiency of 77% was observed with 

a maximum single charge state efficiency of 15.6% into 
86Kr17+. An efficiency spectrum is shown in Fig. 5 with 

the shaded columns indicating charge states which could 

not be observed due to interference peaks. Their values 

are inferred by the general shape of the distribution. 

 

 

Figure 5: Efficiency spectrum of Kr-86 with the shaded 

columns indicating charge states which could not be 

directly observed due to interference peaks. 

DISCUSSION 

The results in Table 1 demonstrate that the typical 

relationship of solid elements being half as efficient as 

gaseous ones is not observed. While not achieving the 

same level of efficiency as the Kr and Xe, the Rb 

efficiency is still within a few percent of the gaseous 

elements. The low breeding efficiency for Cs is attributed 

to the surface ionization source failing during the testing 

period. The injection optics could not be optimized, and 

this led to the reduced efficiency. 

A possible explanation for the observed behaviour lies 

in the design of the 1+ injection region, specifically the 

iron plug. With shifting the RF injection to the radial 

ports, a symmetrical magnetic field was maintained in the 

injection region, whereas with axial RF injection, the 

waveguide cut-outs introduce a field asymmetry, as 

shown in Fig. 6 where the center of the magnetic field 

does not align with the center of the charge breeder and 

transfer tube. This can introduce steering effects which 

negatively impact the 1+ injection (particle tracing 

calculations are being performed to study this 

hypothesis). It is suggested that the incoming 1+ particles 

are steered towards the plasma chamber wall before 

entering the plasma region. In the case of gaseous 

elements, this is less of an issue due to their not 

condensing onto the walls of the plasma chamber. 

However, for solid elements, this would mean that those 

incoming particles that do impact the wall are lost to the 

plasma. 
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Figure 6: The magnetic field in the injection region with 

the waveguide cut-outs on top and without on bottom. The 

overlaid shapes show the position of the transfer tube in 

blue, the iron plug in brown, and the waveguides in red. 

 

The observed global efficiencies (77% for Kr-86 and 

57% for Rb-85) are consistent with a very efficient 

injection and capture of the 1+ ions. The higher 

efficiencies for Kr and Xe continue to support the wall 

recycling model for gaseous elements. 
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Abstract 

Fine frequency tuning of ECR ion sources is a main 
issue to optimize the production of multiply charged ion 
beams. The PHOENIX charge breeder operation has been 
tested in the range 13.75 – 14.5 GHz with an HF power of 
about 400 W. The effect of this tuning is analyzed by 
measuring the multi-ionization efficiency obtained for 
various characterized injected 1+ ion beams (produced by 
the 2.45 GHz COMIC source). The 1+/n+ method 
includes the capture and the multi ionization processes of 
the 1+ beam and may be considered as a plasma probe. 
The n+ spectra obtained could be considered, in first 
approach, as an image of the plasma of the charge 
breeder. However, in certain conditions it has been 
observed that the injection of a few hundreds of nA of 1+ 
ions (i.e.: Xe+) in the plasma of the charge breeder, is able 
to destroy the charge state distribution of the support gas 
(i.e.: up to 40 % of O6+ and O7+ disappears). The study of 
this phenomenon will be presented along with plasma 
potential measurements for various charge states. This 
study may help to understand the creation (or destruction) 
of highly charged ions inside an ECRIS. 

INTRODUCTION 
When we inject a characterized 1+ ion beam into a 

plasma, then extract and analyse all the ion species from 
it, one may expect some information about the 
characteristics of this plasma : its ability to capture 1+ 
ions and its ability to multi ionize the 1+ ions injected (i.e. 
plasma temperature and density). The 1+/n+ method 
developed for radioactive ion beams could be considered 
as a kind of non perturbative probe because the number of 
ions injected is exactly known (1+ beam intensity 
measurement), and extremely low with respect to the 
initial number of ions present in the plasma. In this paper, 
we propose to check the validity of these assumptions, by 
using fine frequency tuning of the microwaves injected to 
modify the characteristics of the ECR plasma, and by 
measuring the plasma potential to quantify the plasma 
characteristics variations.  

THE 1+ COMIC SOURCE 
The availability of a reliable ion source to produce cw 

1+ ion beams in the range of 100 nA up to 1 μA with 
good stability is crucial for the 1+/n+ method in order to 
have a rather confident experimental simulation of low 

intensity radioactive ion beams and enough signal to have 
a precise measurement of the n+ efficiency yield. The 
microwave coupling of the ultra compact 2.45 GHz 
COMIC ion source developed at LPSC [1] has been 
particularly optimized, so the necessary HF power for the 
ignition and the maintaining of the plasma is extremely 
low (from 100 mW to 5 W depending on the pressure) 
and can be delivered by a solid state amplifier (see Fig. 1) 
leading to an extremely stable operation.  

 

Figure 1: HF circuit of the COMIC Source on the 1+/n+ 
test stand. 

LOW INTENSITY 1+ BEAM INJECTION 
INTO A PLASMA 

Experiment 
Oxygen gas is injected to produce the plasma in the 

PHOENIX charge breeder. The ions extracted from this 
plasma are analysed in a magnetic spectrometer and the 
intensities are plotted on Fig. 2 (blue spectrum). In this 
spectrum, 267 μAe (i.e. 110 μAp) are extracted from the 
source. Then, a 500 nA 132Xe+ beam produced by the 
COMIC source is injected into the charge breeder. The 
capture is optimized and a second spectrum is performed 
(red spectrum on Fig. 2). In this second spectrum, the 
multicharged oxygen ion intensities are lower: the sum of 
the peaks is 234 μAe, equivalent to 103 μAp. Considering 
that about 50 % of the 132Xe+ has been captured by the 
plasma, we can deduce that the 0.25 μA of 132Xe+ has 
destroyed 7 μAp of multicharged oxygen ions, in other 
words one Xe ion destroys about thirty oxygen ones.  
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Figure 2: Evolution of the multicharged oxygen ion 
intensities when injecting a 132Xe+ beam. 

Discussion 
One may think that the decrease of the measured 

intensities of the multicharged ions could be due to an 
emittance variation of the beams, showing a transmission 
problem of the beam line. We have measured, with an 
Allison type emittancemeter, the emittance of O6+ without 
and with 1+ injection. Fig. 3 shows that the emittance in 
the two cases has almost the same shape and the same 
value (10 π.mm.mrad at 1σ). 

 

 
Figure 3: O6+ emittance, top – without Xe+ injection, 
bottom – with Xe+ injection 

The other possibility investigated is a change in the 
plasma characteristics. For this, the plasma potential has 
been measured using a retarding potential in front of a 
Faraday cup [2]. Fig. 4 shows the currents measured in 
the Faraday cup while varying the retarding potential with 
(black curve) or without (red curve) injecting Xe+ into the 
charge breeder. The plasma potential is almost the same 
for the two experiments (about 16 V) and so plasma 
characteristics may not change sufficiently to explain the 
destruction of multicharged ions. Finally, let us note that 
this phenomenon cannot be explained by charge 
exchange, the low charge states remaining constant when 
the multicharged ones disappear. 

 
Figure 4: Plasma potential measurements on O6+ 

FINE FREQUENCY TUNING OF THE ECR 
CHARGE BREEDER 

Context 
Fine frequency tuning (in the range of a few MHz 

around the well known 14 GHz frequency, for example) 
of ECR ion sources, is known to have a great influence on 
the extracted ion current intensities and a significant 
effect on the optical characteristics of the beams [3]. One 
may take advantage of this effect to increase the 
efficiency yield of a charge breeder or to optimize it on a 
specific charge state. 

Experimental setup 
The microwaves (MW) injected into the PHOENIX 

charge breeder are delivered by a 14.5 GHz klystron. The 
plasma chamber has two WR62 MW ports. It has been 
decided to explore the fine frequency tuning by injecting 
on the second port of the plasma chamber MW delivered 
by a Travelling Wave Tube Amplifier (TWTA) with a 
power adjustable from 0 up to 400 W, for a 13.75 to 
14.5 GHz frequency range. The low level signal injected 
into the TWTA is generated by a tunable oscillator 
(20 μW). The MW injection of the experiment is shown 
on Fig. 5 
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Figure 5: Scheme of the microwaves injections 

Experiments and results 
The effect of the TWTA frequency tuning on various 

charge breeding efficiencies and buffer gas ion intensities 
has been measured in numerous experiments. A few 
examples of these measurements will be shown below. 

It was not possible to initiate and maintain the plasma 
with the TWTA alone due to its reflected power limitation 
(10%). Therefore the 14.5 GHz klystron was used first, 
then its power was decreased (100 W) and the power of 
the TWTA increased at the highest power (330 W) to 
allow frequency exploration while maintaining a reflected 
power of less than 10%. The charge breeding efficiency 
obtained with the klystron alone was 8.5 % on Ar8+. After 
the adjustment of the TWTA power, its frequency was 
decreased from 14.5 down to 14.3 GHz by 10 MHz steps. 
At each step, Ar8+ charge breeding efficiency and O5+ 
intensity were measured (Fig.6). This graph shows: 

• An important effect (up to a factor of 2.5) of the fine 
frequency tuning on the O5+ intensity extracted from 
the charge breeder. 

• A moderate effect (up to a factor 1.2) on the charge 
breeding efficiency for Ar8+ (however without 
improvement). 

On Fig. 7, the influence of the fine frequency tuning on 
the charge breeding of a 132Xe+ beam is presented.  

The initial tuning is performed with the klystron on 
Xe24+ at 14.5 GHz and shown by the blue dot (red and 
green dots are the efficiencies at 14.5 GHz for charges 20 
and 17). Then, the klystron power is decreased and the 
TWTA power is adjusted to get the same efficiency on 
the 24+ charge state. The curves are the efficiencies 
measured when varying the frequency of the TWTA. One 
can see in these experiments, a slight increase of the 
charge breeding efficiencies for charges 20 and 24. 

Discussion on fine frequency tuning 
Reproducibility problems have been noticed during this 

study. Compared to a standard ECR ion source, the 
charge breeder MW cavity has an electrical discontinuity  

 
Figure 6: Fine frequency tuning effect on the Ar8+ charge 
breeding efficiency compared to its influence on O5+ 
intensity. 

 
Figure 7: Fine frequency tuning effect on the 132Xe charge 
breeding efficiency (charge states 17, 20 and 24+). 

due to the grounded tube transporting the 1+ beam at high 
energy towards the plasma. Depending on the tuning of 
the charge breeder, the coupling of the HF power and so 
the impedance of the system, may vary substantially, 
leading to unstable operation. Some studies have been 
performed in a sweep mode allowing a fast and quasi 
continuous frequency variation. During such experiments 
the results were reproducible from sweep to sweep, 
however due to the variation of the net power coupled to 
the plasma during a sweep, the influence of the fine 
frequency tuning could not be properly deduced. 

The main conclusion from this study seems to be the 
difference of behaviour of the buffer gas plasma and the 
charge bred beams with respect to fine frequency ECR 
tuning. 

GROUNDED TUBE SUPPRESSION 
The possibility of removing the grounded tube which 

permits to transport the high energy 1+ beam towards the 
plasma, and to fix the position of the deceleration, has 
been proposed and calculated with SIMION [4]. A cut 
view of the configuration experimentally tested is shown 
Fig. 8: on the top, the previous grounded tube 
configuration (with the last electrode of the double Einzel 
lens on the left) is represented; on the bottom, the 
configuration without grounded tube inside the charge 
breeder is shown.  
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Figure 8: Configuration of the 1+ beam injection in the 
charge breeder, top – with the grounded tube in the charge 
breeder, bottom – without grounded tube. 

The new electrode has been baked under vacuum and 
installed one morning. After three hours of pumping, the 
experiment was performed with a 132Xe+ beam. The n+ 
signal was found by applying the potential, calculated 
with SIMION, on the two electrodes of the double Einzel 
lens. It is interesting to notice that better efficiency than 
the ones obtained in the last experiments was almost 
immediately obtained with a power of 85 W (compared to 
the 400 to the 600 W generally injected to get a 
reasonable efficiency). The drain current of the high 
voltage was much lower than in the configuration with the 
grounded tube (400 μA versus 2 mA), the plasma was 
much more stable and easier to tune like a standard ECR 
ion source. The preliminary 132Xe charge breeding 
spectrum is presented Fig. 9. 

This new configuration is promising. Much lower MW 
power being necessary for operation, the use of a solid 
state MW generator could be possible. The separation of 
the injection optics from the ECR charge breeder can 
simplify the maintenance in the context of radioactive ion 
production.  

Moreover, the HF cavity has no more electrical 
discontinuity when the grounded tube is removed, thus  
 

 
Figure 9: Preliminary charge breeding spectrum obtained 
without grounded tube 

allowing studying properly fine frequency tuning effects. 
This new configuration has to be tested with alkali and 
metallic ions in the near future. 
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PRELIMINARY RESULTS OF SPATIALLY RESOLVED
ECR ION BEAM PROFILE INVESTIGATIONS∗

L. Panitzsch, M. Stalder, R.F. Wimmer-Schweingruber, CAU, Kiel, Germany

Abstract

The profile of an ion beam produced in an Electron Cy-
clotron Resonance Ion Source (ECRIS) can vary greatly
depending on the source settings and the ion-optical tun-
ing. Strongly focussed ion beams form circular structures
(hollow beams) as predicted by simulations [1] and ob-
served in experiments [2] and [3]. Each of the rings is
predicted to be dominated by ions with same or at least
similar m/q-ratios due to ion-optical effects. To check this
we performed a series of preliminary investigations to test
the reqiured tuning capabilities of our ion source. This in-
cludes beam focussing (A) and beam steering (B) using a
3D-movable extraction. Having tuned the source to deliver
a beam of strongly focussed ions of different ion species
and having steered this beam to match the transmittance
area of the sector magnet we also recorded the ion charge
state distribution of the strongly focussed beam profile at
different, spatially limited positions (C). The preliminary
results will be introduced within this paper.

EXPERIMENTAL SETUP

Within this section a short overview of the ECR ion
source including the beam line and the profile measuring
device, the Faraday Cup Array (FCA), will be given.

∗Work in parts supported by the German Science Foundation,
DFG/HBFG

                      Sector magnet                                            
Cube 3:

                       -

                       -FCA

                         

Cube 2:

  -Slits

  -FCA

  -KBr or Ta

   screen

Cube 1:              Diagnostics provided by the FCA:

  -Slits      

  -FCA                Cube 1 and 2: 
Profiles and total current

                 Cube 3: 
  Spectra (total current)

HV-Isolator

ECRIS

Figure 1: overview of the setup

ECRIS and beam line

The ion source we use to generate the ion beam is an
all-permanent magnet ECR ion source. One special feature
of this source is the extraction electrode that is movable
in three dimensions, along the beam axis and perpendicu-
lar to it. After the extraction the ions pass two cubes pro-
viding access to the beam (see figure 1). The cubes are
equipped with s to limit the beam and with a profile-
measuring device described in the following subsection. A
90◦ sector magnet is used to separate the ions according to
their m/q-ratio. Sweeping the magnetic field we are able
to record m/q-spectra using the detector placed in the third
cube along beam line.

The tuning of the source was similar during all tests. At
a comparatively high pressure in the vacuum chamber of
10−5 mbar we axially guide microwaves at a power of 50 W
into the plasma.

Faraday Cup Array (FCA)

In order to monitor the ion beam from the source to the
experimental chamber we have developed a new kind of
beam profile monitor. Its working principle is based on
the well-proven Faraday cup (FC). Having arranged a total
number of 44 tiny (Ø = 0.3 mm) FCs to an array and driving
this arrangement through the beam we record the position
and the current for each tiny cup in a repetitive measure-
ment. This allows the reconstruction of the beam profile.
We have combined this detector with a standard FC to be
able to also determine the total beam current. This detector
is characterized by its sensitivity in combination with high
durability. The spatial arrangement of the tiny cups allows
the detection of profile-structures on mm-scale in a large
range of current densities. More detailled information can
be found in [4]. A CAD-view of the detector is presented
in figure 2.

cut view of the detector

with mounted front cover detection systems in detail

FC

repeller

repeller

apertures

Macor

housing tiny FCs

Figure 2: different CAD-views of the FCA

Slits

slit
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Figure 3: beam profiles recorded at different positions of the extraction electrode along the beam axis show different
focussing properties
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Figure 4: beam profiles for different positions of the extraction in the horizontal direction perpendicular to the beam axis;
the stronger focussing in comparison to figure 3 is achieved by additionally lowering the extraction voltage

PROCEDURES AND RESULTS

A Beam focussing

For the beam-focussing investigations we move the ex-
traction electrode along the beam line at a constant accel-
eration voltage and record beam profiles for different dis-
tances. A selection of the recorded profiles is shown in
figure 3 in the same current density scale. As visibe, the
beam is being focussed with increasing distance between
the plasma electrode and the extraction electrode. As a re-
sult for our beam-focussing investigations we can state that
we can focus the beam at a constant acceleration voltage by
moving the extraction along beam line. To even increase
the focussing effect we additionally can lower the extrac-
tion voltage. The higher focussing results in beam profiles
similar to those shown in figure 4. We see that the triangu-
lar structure changes its shape and more hollow rings ap-
pear.

B Beam steering

In order to investigate the beam steering capabilities of
our source we tuned the source to deliver a strongly fo-
cussed beam. Moving the extraction in the plane perpen-
dicular to the beam axis we recorded the movement of the
beam in both cubes, again using our profile monitoring de-
vice, the FCA. The resulting profiles shown in figure 4 are
recorded in cube 1. As we can see the beam moves roughly
downwards when the extraction is moved horizontally from
left to right. This corresponds a rotation of roughly 90◦ in
the clockwise direction. We can observe the same effect

(a rotation of roughly 90◦ clockwise) when moving the ex-
traction vertically in the same plane. In conclusion we can
state that we can effectively steer the beam by changing the
position of the extraction in the plane perpendicular to the
beam axis. This technique can be used to match a certain,
non-central region of the beam into the transmittance area
of the sector magnet, i.e. for subsequent m/q-recordings.

C Spatially resolved charge state distribution

To check the feasibility of determining the spatially re-
solved ion charge state distribution of a strongly focussed
ion beam we additionally perform this third preliminary
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Figure 5: profile with marked positions for m/q-spectra
recordings
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a O1+→4+

N1+→4+

b N2+

O2+

c N2+

O2+

d O2+

e O2+

Table 1: dominant m/q-ratios at the marked spots of
figure 5

measurement. Therefore, we keep the source tuned to pro-
vide a strongly focussed beam of multiple ion species
forming the characteristic ring-like structures. We use

indicated in figure 5. Only the transmitted beam can pass
the sector magnet allowing the determination of m/q spec-
tra or charge-state distributions. For this first feasibility
check we only chose a limited number of characteristic
points marked ”a-e” in figure 5. To match point ”b” into
the transmittable area of the sector magnet we needed to lift
the beam slightly by applying our beam steering technique.
The results of the different m/q-spectra are summarized in
table 1.

From these preliminary results we could assume that the
outer ring measured at positions d and e is (under current
source settings) dominated by twice ionized oxygen atoms
(O2+). Since at position b the dominant ion is N2+ with a
not negligible amount of O2+ one could (assuming a slight
misadjustment of the slits) presume that the inner ring
mainly consists of twice ionized nitrogen atoms. At po-
sition c both hollow rings seem to overlap or at least lay
close to each other as visible in figure 5. This is in agree-
ment with the results of the charge state measurement for
this point since here the prominent ion species are N2+ and
O2+. At central position a the higher ionized charge states
of nitrogen and oxygen are present.

From these preliminary vaild results we can state that
we in principle are able to determine the spatially resolved
charge state distribution of a beam profile. However, for re-
liable data a profile with sharper ring structures should be
chosen and the charge state distribution of a higher amount
of characteristic points should be determined. This tech-
nique can be used to check the theory that the hollow rings
often found in strongly focussed ion beams are dominated
by ions of the same or at least similar m/q-ratio.

CONCLUSIONS

In conclusion we can state that using our 3D-movable
extraction we can effectively steer and focus the ion beam.
In combination with our high-resolution beam-profile mon-
itoring device we are able to focus the beam to a strongly
focussed beam, steer the regions of interest of the beam into
the transmittable area of the analyzing magnet and record a
profile of this setting. Using  the slits  to limit the beam to
small areas we are able to determine the spatially resolved
ion charge state distribution of the beam profile in the plane
perpendicular to the beam axis.

For the final measurements validating the theory men-
tioned above we tuned our source for multiple ion species
whose particular m/q-depending focussing varied from
strongly focussed to over-focussed. Then a series of hol-
low concentric rings appeared that were superimposed by
a triangular structure. Using the technique described above
we performed more accurate measurements in order to de-
termine the spatially resolved ion charge state distribution
of a strongly focussed beam of multiple ion species [5].
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A CORRECTION SCHEME FOR THE HEXAPOLAR ERROR OF AN ION
BEAM EXTRACTED FROM AN ECRIS

P. Spädtke∗, R. Lang, J. Mäder, F. Maimone, J. Roßbach,
K. Tinschert, GSI Darmstadt

Abstract
The extraction of any ion beam from ECRIS is deter-

mined by the good confinement of such ion sources. It has
been shown earlier, that the ions are coming from these
places, where the confinement is weakest. The assumption
that the low energy ions are strongly bound to the magnetic
field lines require furthermore, that only these ions start-
ing on a magnetic field line going through the extraction
aperture can be extracted. Depending on the setting of the
magnetic field, these field lines may come from the loss
lines at plasma chamber radius. Because the longitudinal
position of these field lines depends on the azimuthal posi-
tion at the extraction electrode, the ions are extracted from
different magnetic flux densities. Whereas the solenoidal
component can only be transferred into another phase space
projection, the hexapolar component can be compensated
by an additional hexapole after the first beam line focusing
solenoid. The hexapole has to be rotatable in azimuthal di-
rection and moveable in longitudinal direction. For a good
correction the beam needs to have such a radial phase space
distribution, that the force given by this hexapole acts on
the aberrated beam exactly in such a way that it create a
linear distribution after that corrector.

INTRODUCTION
The ion beam extracted from an ECRIS suffers from

the magnetic field designed for a good confinement of the
plasma. Both magnetic field components, the solenoidal
part and the hexapolar part have influence on the prop-
erties of the ion beam. Whereas the error caused by the
solenoidal component can only be shifted between differ-
ent projections of the 4d-phase space[1, 2], the negative in-
fluence of the hexapole should be possible to be removed.
The solenoidal component will stay with the beam, because
ions are born within the plasma where the magnetic flux
density is high, and therefore

∫
~Bds 6= 0 which is respon-

sible for twisted trajectories. The experimental evidence
for the density structure within the beam has been demon-
strated by viewing targets and by emittance measurements
with a suitable device[3, 4], showing a typical behavior for
all ECRIS beams[5]. This can be explained when ions are
extracted only on magnetic field lines going through the ex-
traction hole[6]. A picture behind a pepper plate shows also
experimental evidence of a certain structure, see Fig. 1.

The idea of compensation relies on the assumption that
it is possible to set the ion beam profile within the known
field of a hexapole in such a way that the actual field reverse
the aberration of the incoming beam. For the compensation

it is essential that the ion beam can be matched in phase

beam is extracted in cw-mode by a single hole of an accel-
decel extraction system with 15 kV/-2kV. Both axis are
scaled in pixel.

space relative to the hexapole position. The orientation of
the hexapole correction needs to be variable as well.

mrad

 100

   0

-100

cm10-1

divergent linear

convergent linear

angle proportional to r**2
convergent divergent

Figure 2: Both possible beam emittance orientations to re-
move the hexapolar error: divergent emittance in green,
and the convergent emittance in red.

If the angle of the radial profile increases with r2 as
shown in Fig. 2, a hexapolar field can be used to change
it to a linear distribution again. Such a setting should be
possible to create by the help of the focusing force of the
solenoid and its distance to the hexapolar field. However,
this model assumes linear optic without any coupling. If
the radial position of a trajectory changes within the com-
pensation hexapole, the integral focusing force will apply.
To minimize possible errors, the hexapole field should be
as short as possible. The effective length has to be cho-
sen such that the device can be designed with normal con-

 

_____________________________________ 

* p.spaedtke@gsi.de 

Figure 1: Beam spots behind a pepper plate. The 40Ar8+ 
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ducting coils. Additional simulation should verify these
assumptions.

SIMULATION

To perform a simulation of such a system, the 3d code
KOBRA3-INP[7] has been used. The computation has
been made in several steps:

1. Simulation of extraction region including the plasma
chamber for correct starting conditions of trajectories.
The starting location is where the plasma confinement
is weakest. The full charge state spectrum has been
assumed to produce a correct solution of Poisson’s
equation within the extraction system. The electron
density close to the plasma potential has been solved
analytically. Plasma potential, particle density, and
electron temperature have to be defined by the user.
The space charge of the drifting ion beam is assumed
to be compensated by electrons. These electrons are
generated by collisions of primary ions with residual
gas atoms and will be trapped in the space charge po-
tential, whereas the secondary ions are repelled from
this potential. Only one charge state has been saved
for further transport simulation in a second area of
simulation.

2. For the simulation of the optical section of the beam
line, shown in Fig.3 with drift, magnetic solenoid,
hexapole correction, it is necessary to use all six phase
space coordinates for each trajectory (path of the par-
ticle) to take correlation effects into account. The dis-
tribution of the magnetic flux density has been calcu-
lated with an integral method, saturation effects are
neglected. The hexapole is added analytically to the
solenoid field. The hexapole component by its own is
shown in Fig. 4.

3. For diagnostic reason, different projections of the six
dimensional phase space are used. Here we inves-
tigate whether the projection of the six dimensional
phase space can be used, or a more resolved quan-
tity should be used instead. Projections were made
with an additional slit perpendicular to the axis of the
measurement to develop the charge density at a local
spot in space. This is shown in Fig. 5: the first line
shows the integrated emittance, whereas in the follow-
ing lines a slit is moved in perpendicular direction to
obtain spatial resolution. In each line the actual frac-
tion of the beam is shown in real space (y-z) together
with both projections y-y’, and y-z’. The next three
pictures in each line show the same for the perpendic-
ular direction y-z, z-z’, and z-y’. Beam direction x.

4. The assumption of a constant phase space volume
along the beam line is correct, but it is valid in the six
dimensional phase space only. Whether projections
of this phase space show similar behavior needs to be
proven in each specific case. In case of any coupling

between these sub spaces the projection is not neces-
sarily an invariant. Space charge force and magnetic
force are examples for coupling forces.

Figure 3: Top: artist view of the compensation device.

5 cm30-3-5

 5
cm

 3

 0

-3

-5

Figure 4: Cross section of the beam tube at the location of
the hexapole. Arrows show the strength and the direction
of the magnetic flux density.

Different intermediate states of focusing of the extracted
ion beam by the solenoid are shown in Fig. 6. Using the
particle distribution given by the simulation of the extrac-
tion system a slightly different behavior of the ion beam has
been found compared to the experimental results. Whereas
the hollow beam structure is present if the beam is under
focused on the target, the appearance of three arms when
over focused are not as visible in this simulation as experi-
mentally observed.

There is a clear structure on the simulated beam, how-
ever, it does not depend on r2 and this error cannot be
corrected. Possible reasons to fail the required beam pa-
rameter in the simulation could be, that the hexapolar field
combined with the solenoidal field will cause another er-
ror than a sequential application of both fields separately
(coupling), or the initial energy of ions within the plasma
differs from expected values and might depend on the ori-
gin of ions. Assuming higher starting energy of the ions
in simulation seems to increase the effect caused by the
hexapole.
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Figure 5: Different diagnostic: first line: real space, phase
space, mixed phase space projection, for both transverse
directions. Next lines: additional vertical respectively hor-
izontal slit. Behind solenoid at x=0.7 m.

Figure 6: Influence of increasing focal strength of the
solenoid on the ion beam profile. The beam is hollow if un-
der focused (first line, focusing force 76%, 83%, and 90%),
and becomes triangular afterwards (second line, focusing
force 96%, 103%, and 110%).

At that time experiments with frequency ramping were
made with the CAPRICE at the EIS test bench[8], showing
a strong influence of the frequency on the extracted beam.
In these experiments the beam shape on target can be in-
terpreted as fixed surface or volume, containing a local ion
density defined by the frequency. The dependence clearly
verifies the assumption that collisions within the plasma are
not important for the path of the ions. Otherwise these

structures clearly defined within the plasma chamber be-
fore extraction would not be visible after the beam trans-
port.

CONCLUSION
If the beam is correctly matched to a compensation

hexapole, an emittance reduction due to straightening of
the emittance figure seems to be possible. A change of the
radial position of a trajectory within the hexapole modifies
the action of the hexapole. This effect should be avoided,
therefore a shorter and stronger hexapole seems to be more
useful rather than a weaker but longer one. A normal con-
ducting hexapole seems to be sufficient, but this depends
on the required radius.

The simulation of the problem is not an easy task, be-
cause already the properties of the extracted beam depend
on several parameters, which require always the full scan
of computation (variation of each parameter). The optical
matching condition to the compensator again will require
to scan all optical parameters for the full range.

The strong influence of frequency ramping on the ex-
tracted beam indicates that the model in the simulation is
still not perfect; the interaction of frequency, geometry, and
plasma is neglected in the simulation, which is not accept-
able according to the experimental results. The influence
of the microwave on the starting conditions of ions needs
to be formulated.

REFERENCES
[1] J. Reich, H. Beuscher, FA Jülich, R.K. Bhandari, Bhaba
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Abstract 
Designing optimized ECR ion beam sources can be 

streamlined by the accurate simulation of beam optical 
properties in order to predict ion extraction behavior. The 
complexity of these models, however, can make PIC-
based simulations time-consuming. In this paper, we first 
describe a simple kinetic plasma finite element simulation 
of extraction of a proton beam from a permanent magnet 
hexapole electron cyclotron resonance (ECR) ion source. 
Second, we analyze the influence of secondary electrons 
generated by ion collisions in the residual gas on the 
space charge of a proton beam of a dual-solenoid ECR ion 
source. The finite element method (FEM) offers a fast 
modeling environment, allowing analysis of ion beam 
behavior under conditions of varying current density, 
electrode potential, and gas pressure. 

INTRODUCTION 
The first simulation reported here represents proton 

extraction from a hexapole ECR ion source similar, but 
not identical, to an existing 10 GHz source [1], [2] and 
with a magnet system for higher frequency operation. The 
v14 SCALA/TOSCA 3d FEM software [3] is used for 
reasonably fast prediction of ion beam formation with 
automatically generated secondary charged particles from 
gas in the ionization chamber. A second model of a dual-
solenoid ECR ion source [4] is used to simulate space 
charge beam compensation with gas secondary electrons. 

PART 1: KINETIC PLASMA SIMULATION 
The simulation includes space charge interactions of 

electrons and ions in the ionization chamber of a hexapole 
ECR ion source with a solenoid magnet lens (Fig. 1), 
extracting a proton beam from the plasma volume. The 
simulation predicts a three spoke ion beam cross-section. 

 
 

 

Figure 1: Source geometry with solenoid lens. 

 

The source is composed of a magnet system and 
ionization chamber. An extractor is held at -10 kV. An 
einzel lens is also included (Fig. 2). 

 

 

Figure 2: Source and einzel lens. 

SIMPLE PLASMA SIMULATION 
A small current of ions launched from the ECR surface 

initializes emission of volume secondary electrons and 
ions. The plasma fills the magnetic volume in the 
ionization chamber. Electrons and ions can be given 
energy and angular distributions, energy and current loss 
and scattering may be calculated, and surface secondary 
particles may be added as well. 

RESULTS 
The minimum B axial magnetic field is simulated with 

non-linear magnetic materials and has a minimum of 
about 0.47 T on axis (Fig. 3). 

 

 

Figure 3: Ionizer on-axis magnetic flux density. 

 
The space charge distribution in the ionization chamber 

is inhomogeneous due to the magnetic field (Fig. 4). 
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Figure 4: Ionization chamber space charge. 

 
The ionizer plasma is visible by displaying trajectories 

(Fig. 5). 
 

 

Figure 5: Ionizer plasma. 

 
The extracted ion beam contains three spokes and is 

embedded in a partial ring halo (Fig. 6).  Varying 
conditions in the ionization chamber can result in 
variations of the beam profile. 

 

 

Figure 6: Ion beam profile at Z = 140 mm. 

PART 2: BEAM COMPENSATION 
The second simulation illustrates the influence of 

secondary charged particles generated by ion collisions in 
the drift space residual gas on the space charge in a proton 
beam. The simulation predicts a decrease in beam 

divergence with gas secondary electron space charge 
compensation. The finite element model is composed of 
two solenoid magnets, a three-electrode accel-decel 
extraction system and a downstream, partially reflecting 
termination (Fig. 7). 

 

 

Figure 7: Source geometry with non-linear magnetic 
materials. 

The source is held at 15 kV, the extractor at -4 kV, and 
the electron suppressor and reflector at -0 V. 

BEAM INTERACTIONS 
The basic simulation and primary emission method is 

described elsewhere [4]. Secondary emission from 
background gas, with user specified energy and angular 
distributions, is automatically simulated. 

Secondary particles are generated from a volume 
representing the background gas. Volume secondaries are 
generated at a randomized, user-defined characteristic 
length along the primary beam trajectories. 

RESULTS 
The maximum magnetic flux density along the ion 

source axis is about 0.11 T [Fig. 8]. 
 

 

Figure 8: On-axis magnetic flux density. 
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The gas secondary electrons are highly magnetized and 
are confined near the ion beam by both the magnetic field 
and the ion beam space charge [Fig. 9]. 

 

 

Figure 9: Magnetized secondary electrons. 

 
The ion beam envelope divergence is reduced with 

space charge compensation (Figs. 10 and 11). 
 

 

Figure 10: Ion beam without compensation. 

 

 

Figure 11: Ion beam with compensation. 

 
The ion beam axial electric potential is reduced with 

space charge compensation as expected (Figs. 12 and 13). 
 

 

Figure 12: Ion beam axial voltage without compensation. 

 

 

Figure 13: Ion beam voltage with compensation. 

CONCLUSIONS 
The new version of SCALA/TOSCA, v14, permits 

simulation of extraction of a structured ion beam from a 
hexapole ECR ion source as well as simulation of ion 
beam neutralization by trapped gas secondary electrons. 
The simulations run in tens of minutes to a few hours on 
standard computer platforms without the need of particle-
in-cell methods.  This provides a fast means of simulating 
beam optics in the design stage for optimal ion extraction. 
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Abstract

Losses in the low-energy beam transport line from the
KVI-AECRIS to the AGOR cyclotron are estimated to be
around 50 %. Numerical simulations of beam extraction
and transport have been performed up to the image plane
of the analyzing magnet. The simulations show overall
good agreement with measurements of beam profiles and
emittances. It was found that the beam losses are caused
by a too small gap of the analyzing magnet. This mag-
net also suffers from large second-order aberrations caus-
ing a significant increase of the effective beam emittance
in both horizontal and vertical directions. We show that by
increasing the magnet gap and suitably modifying the pole
surfaces the beam losses can be suppressed and the second-
order aberrations significantly reduced. This results in a
substantially lower effective emittance of the transported
beam.

INTRODUCTION

The low-energy beam transport (LEBT) line connecting
the electron cyclotron resonance ion source (ECRIS) with
the AGOR cyclotron at KVI, Groningen suffers from un-
desired beam losses of up to 50%. A program has there-
fore been initiated to improve the transport efficiency of
the beam line. We started with a detailed simulation of
beam extraction from the ECRIS and transport of the beam
through the 110◦ analyzing magnet. The simulations have
been bench marked against measurements of the full 4D
emittance of the beams in the image plane of the analyzing
magnet with a pepperpot [4] emittance meter and measure-
ments of beam profiles at the source exit. The simulations
clearly show that the analyzing magnet is the cause of sig-
nificant beam losses. In addition, aberrations caused by
the magnet’s fringe fields lead to a large increase of the
effective beam emittance. The next step was to start an
improvement program of the ion-optical properties of the
analyzing magnet. By increasing the magnet gap and mod-
ifying the shape of the pole faces of the analyzing magnet
its ion-optical properties can be greatly improved leading
to an increase of the beam transport efficiency of the LEBT
line.

The paper is organized as follows. First we will present
a detailed discussion of the beam extraction and transport

∗This work has been supported by the Rijksuniversiteit Groningen
and by the European Union through EURONS, contract 506065. It has
been performed as part of the research programme of the ”Stichting voor
Fundamenteel Onderzoek der Materie” (FOM), with support of the ”Ned-
erlandse Organisatie voor Wetenschappelijk Onderzoek” (NWO).”
† saminathan@kvi.nl

simulations and comparison with the emittance measure-
ments. Then the first results of the work on the improve-
ment of the analyzing magnet will be presented and dis-
cussed. The paper ends with a summary and outlook.

BEAM TRANSPORT

The ECRIS and the 110◦ analyzing magnet are shown in
Fig. 1. The ECRIS is an ion source of the AECR type of
LBNL, Berkeley with the Al plasma chamber built by the
Jyväskylä group [1]. More details of our source are given
in Refs. [2] and [3]. The analyzing magnet is an unclamped
double focusing magnet with straight 37◦ tilted edges and
a vertical gap of 67 mm. The dipole bends the beam over
110◦ with a bending radius of 400 mm. Two BaF2 viewing

Figure 1: The KVI ECRIS and the 110◦ analyzing magnet.

targets have been installed, i.e. VT1 located directly behind
the extraction system and VT2 located close to the image
plane of the analyzing magnet. Later the viewing target
VT2 has been replaced by a pepperpot emittance meter [4].
There are no optical elements between ECRIS and analyz-
ing magnet.

Several computer codes have been used in the simulation
process including an ECRIS simulation code PIC-MCC
[5], and the particle tracking codes LORENTZ-3D [6] and

DIPOLE MAGNET OPTIMIZATION FOR HIGH EFFICIENT LOW 
ENERGY BEAM TRANSPORT* 
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Figure 2: Calculated spatial distribution of a fully space-
charge compensated He+ beam behind the ground elec-
trode at the location of VT1 (a). Measured He+ beam pro-
file at the same location (b). Calculated horizontal (c) and
vertical (d) emittance plot at the same location.

COSY INFINITY [7]. We used LORENTZ-3D also to cal-
culate the electric field in the accel-decel extraction sys-
tem and the magnetic fields of the ECRIS and the analyz-
ing magnet. All simulations and measurements have been
done for a 24 keV He+ beam. First the initial 5D phase-
space distribution of the He+ ions at the ECRIS extraction
aperture is calculated with our PIC-MCC code. This distri-
bution yields the start values of the spatial and angular co-
ordinates of the ions for the subsequent calculation of the
ion trajectories through the extraction system and analyz-
ing magnet using the LORENTZ-3D code. Previous work
has shown that space-charge forces are not important, so
these have not been taken into account in the present sim-
ulations [8]. Finally, from the calculated ion trajectories
various 2D cross sections of the 4D transverse phase space
are extracted, e.g. 2D beam profiles and emittance plots,
which can then be compared with measurements. Emit-
tance values are always given as effective RMS emittances
incorporating 95% of the beam.

The calculated and measured beam profiles and the cal-
culated horizontal and vertical emittances of the extracted
He+ beam at the location of VT1 directly behind the ex-
traction system and at the location of VT2 close to the im-
age plane of the analyzing magnet are shown in Fig. 2 and
3, respectively. More details about the simulation can be
found in Ref. [8]. As can be seen, the calculated and mea-
sured beam profiles at both locations compare favorably.
The simulations indicate that ≈ 30% of the beam is lost
during the transport through the analyzing magnet, mostly
because of its too small gap. Furthermore, the parabolic
envelope of the beam profile behind the analyzing mag-
net indicates a large second order image aberration caused
by the analyzing magnet. This also leads to a significant
increase of the effective beam emittances. The calculated
horizontal and vertical emittance at the location of VT1 is
65 π mm mrad, which is increased by as much as five times

Figure 3: Calculated spatial distributions of a fully space-
charge compensated He+ beam in the image plane of the
analyzing magnet at the location of VT2 (a). Measured
He+ beam profile at the same location (b). Calculated hor-
izontal (c) and vertical (d) emittance plot at the same loca-
tion.

in the horizontal plane and four times in the vertical plane
at the location of VT2 behind the analyzing magnet.

A more stringent test of the beam transport simulations is
comparing the calculated emittances with measured ones.
We have therefore measured the 4D phase-space distribu-
tions with a pepperpot emittance meter installed at the loca-
tion of VT2 behind the analyzing magnet. Measured hori-
zontal and vertical emittance plots are shown in Fig. 4. The
measured value of the horizontal emittance is 390 π mm
mrad and of the vertical emittance 320 π mm mrad. Since
the agreement between measurements and simulations is
satisfactory we conclude that the most important factors
determining beam extraction and transport are well under-
stood.
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Figure 4: Measured horizontal (a) and vertical (b) beam
emittances at the location of VT2 behind the analyzing
magnet.

MAGNET OPTIMIZATION

As a next step we used our simulation tools to investi-
gate ways to improve the transport and imaging properties
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of the analyzing magnet. To decrease the beam losses the
pole gap is increased from 67 to 110 mm. The second order
aberrations of the analyzing magnet can be compensated by
adding sextupole components to the dipole field of the an-
alyzing magnet. We started with a similar pole face shape
as used in the design of the VENUS analyzing magnet of
LBNL [9]. The pole faces at the entrance and exit sections
are shaped in such a way that a quadratically increasing
field is obtained to correct the vertical sextupole compo-
nent, while the central pole face shape is modified to ob-
tain a quadratically decreasing magnetic field to correct the
horizontal sextupole component. The modified pole face
shape of the analyzing magnet is shown in Fig. 5. First
we used COSY INFINITY to quickly estimate the required
sextupole strengths and then the LORENTZ-3D code for
the fine tuning.

Figure 5: Pole face of the analyzing magnet including the
sextupole correction.

The calculated beam profile and emittance plots for the
optimized pole shape are shown in Fig. 6. As can be seen
in Fig. 6a and 6b a small (≈ 12%) fraction of the beam
particles is deflected too much. The simulation shows that
these particles are also on the left side of the beam before
entering the analyzing magnet. By carefully decreasing the
field integral on the inner side of the magnet we might re-
move this tail without affecting the vertical focusing too
much. This is currently being investigated. According to
the simulations the full beam is transported to the location
of VT2 and the horizontal and vertical emittances are de-
creased with a factor of two compared to the uncorrected
values.

SUMMARY AND OUTLOOK

We have simulated the extraction and transport of a He+

beam from the KVI ECRIS to the image plane of the an-
alyzing magnet. The good agreement between calculated
and measured beam profiles and emittance plots shows that
the basic physics is well reproduced in the simulations. We
have shown that the analyzing magnet causes beam losses
and suffers from large second-order aberrations yielding a
four-fold increase in the effective beam emittance. Finally
we have shown that the beam losses can be prevented by
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Figure 6: Calculated spatial distribution for a fully space-
charge compensated He+ beam at the location of VT2 be-
hind the modified analyzing magnet (a). Calculated hori-
zontal (b) and vertical (c) emittance plots at the same loca-
tion.

increasing the magnet gap and that the second-order aber-
rations can be significantly reduced by modifying the shape
of the magnet poles.

Based on our simulations we will modify the pole face of
the existing analyzing magnet to include the second order
correction optics and extend the simulations to the entire
low-energy beam line.
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Abstract 
The Department of Experimental and Applied Physics 

(IEAP) at the University of Kiel (CAU Kiel) is 

establishing a solar wind laboratory for the calibration of 

space instrumentation. The main item of this facility is a 

11GHz (Plateau) ECR ion source. It can be operated at 

two different radial magnetic confinements, using a set of 

permanent magnets in either hexapole or dodekapole 

arrangement. While beam focussing by moving the 

extraction along the beam line to match the ion beam into 

the analysing magnet is well known, little is known about 

beam steering by moving the extraction in the plane 

perpendicular to the beam line. For the hexapole-

configuration we will present our results about the 

feasibility of ion beam focussing and steering using a 3D-

movable extraction. The beam profiles of these 

measurements will be recorded in comparatively high 

resolution with a Faraday cup array (see paper doi: 

10.1063/1.3246787). This method will be shortly 

introduced within this talk, as well. 
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CLOSING REMARKS FOR ECRIS’10 

T. Nakagawa, RIKEN, Japan

Abstract 
The scientific topics of the ECRIS10 Workshop are 

introduced. New results presented by a selection of 
authors during the sessions are summarized. 

INTRODUCTION 
ECRIS’10, the 19th ECRIS workshop, was held in 

Grenoble, France, from the 23rd through the 26th of 
August 2010 with 100 participants. It is well known that 
Grenoble is the Mecca for ECRIS, as it has already played 
host two previous times (1982 and 1988). The programs 
this year covered the foremost topics related to the design 
and operation of ECR ion sources, including status 
reports, new developments, radioactive ion beam 
production, plasma physics and plasma diagnostics, beam 
extraction and transport, and applications. In this 
workshop, we found several clear trends in the 
development of ECR ion sources: 1) intense beam 
production for secondary beams (including radioactive 
beams); 2) pulsed mode operation for beta-beam projects; 
3) new applications; and 4) plasma diagnostics, beam 
extraction, and transportation. Several highlights in these 
trends are presented in this short report. 

TOPICS 
Several facilities using ECR ion sources for radioactive 

beams are currently in operation. Requirements in this 
field lead us to employ higher magnetic fields and 
microwave frequencies to increase the beam current of 
ions in a medium charge state such as U33–35+. H. W. Zhao 
demonstrated the effect of the microwave frequency (18 
and 24 GHz) on the intensity of beams of highly charged 
heavy ions with SECRAL. D. Leitner presented the 
excellent results of VENUS after the re-commissioning. 
The NSCL team reported the excellent results of their 18 
GHz ECR ion source (SuSI) and the requirements of the 
ECR ion source for the FRIB project. The experimental 
results of these ion sources clearly show that the beam 
intensity is not saturated at the highest RF power (~0.7 
kW/L). This indicates that there is some scope to increase 
the beam intensity. The NSCL team made systematic 
bremsstrahlung and ion beam current measurements to 
examine the production mechanisms of highly charged 
heavy ions in the ion source. For the first time, they 
experimentally demonstrated the effect of the field 
gradient at the resonance zone on the beam intensity and 
bremsstrahlung X-rays. 

For fourth-generation designs, the technical challenges 
in attaining the optimum magnetic field strength at 56 
GHz were independently proposed by D. Leitner and Z. 
Q. Xie on the basis of their own concepts. Two Korean 
teams proposed and designed a new 28 GHz SC-ECRIS 
for the Korean Rare Isotope Beam Accelerator (KoRIA) 

project and a compact heavy ion linear accelerator 
facility. 

ECR ion sources are used for the production of other 
secondary beams. A 2.45 GHz ECR ion source is used to 
produce thermal neutrons for a neutron imaging facility in 
Peking University. The CEA and CNRS have undertaken 
a research and development program on very high beam 
power accelerators, such as the Accelerator Driven 
Transmutation of Waste, a new generation of exotic ion 
facilities, and neutrino and muon production. The CEA is 
also involved in projects such as the European Spallation 
Source and IFMIF. 

Utilizing metallic particles of rubidium, the charge 
breeder CARIBU (ANL) project has reached an 
extraction efficiency of 11.9% from an ECR ion source. 
Multiple-frequency operations also exhibit the potential to 
increase the beam intensity for the charge breeding 
system. The TRIUMF team achieved high-efficiency 
charge breeding for radioactive ions (1.4% efficiency for 
124Cs20+, 1.7% efficiency for 76Rb15+, and 6.2% for 
74Kr15+). T. Lamy reported that grounded tube removal is 
very promising for charge breeding. In the SPIRAL 
project, a new multi-charged ion source, based on an 
asymmetric magnetic structure, was both proposed, and 
designed by L. Maunoury.  

An intense short-pulse beam plays a crucial role in the 
Beta-Beam project. For meeting the requirements, the 
IAP-RAS and LPSC teams both experimentally and 
theoretically investigated the mechanisms behind the 
preglow of a multi-charged heavy ion beam from an ECR 
ion source. They reported that the effective generation in 
the short preglow peak is possible under powerful heating 
at a high frequency. In the study of the time evolution of 
plasma potential, O. Tarvainen concluded that the plasma 
potential is higher during the plasma build-up and decay 
compared with that under steady-state conditions; 
however, the processes explaining the potential 
fluctuations are different for preglow and afterglow. For 
realization of the intense short-pulse beam for the Beta-
Beam project, a 60 GHz ECR ion source (megawatt-class) 
was proposed and tested in Grenoble.  

ECR ion sources have several advantages as ion 
sources for trace element analysis (high ionization 
efficiency, production of stable plasma under the very low 
gas pressure (<10-6 Torr), long plasma confinement for 
multi-charged ion production, etc.). Recently, the ANSTO 
ECR ion source was successfully used for measuring the 
isotopic ratios of elements such as carbon, nitrogen, and 
oxygen. An ECR ion source was successfully used as an 
ion source for AMS at Argonne to detect the noble gas 
elements (39Ar, 81Kr). R. Pardo proposed a new plan for 
laser ablation of actinides into an ECR ion source for 
AMS. P. Sortais fabricated a very small ECR ion source 
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(COMIC) that produces multiple or broad beams for new 
industrial applications (ion implanter, surface treatment, 
etc.). The number of facilities for heavy ion therapy is 
now increasing rapidly. It is clear that the ECR ion source 
is one of the important devices for this purpose. The 
status and development of the ECR ion sources at 
HIMAC, Gunma University, and HIT were reported. A. 
Villari presented the status of their commercial ECR ion 
source, which included the new liquid-He-free SC-ECRIS 
(PK-ISIS).  

The basic studies for ECR plasma, beam extraction, and 
transportation are perennially important to improving 
ECR ion source performance. C. Lyneis reported on 
microwave coupling of the plasma chamber, which is 
interesting not only for the static properties, but also for 
dynamical processes. A new simulation code (PIC + 
Monte Carlo simulation) was developed by D. Mascali in 
order to understand the plasma dynamics, plasma–
microwave interaction, and so on. Visible light emitted 
from a plasma was systematically measured by S. Biri. 
The X-rays from a plasma were carefully measured by H. 
Koivisto and T. Ropponen. In order to investigate the 
heating mechanism of electrons in the ECR plasma, they 
studied the maximum energy of bremsstrahlung and the 
relation between the magnetic field gradient and the 
average kinetic energy of the X-rays. C. Peaucelle 
presented the status of the heavy ion low energy beam 
transport line of SPIRAL 2. The Spiral 2 specifications 
could be met by an increase in RF power (2 kW) and high  
voltage extraction (60 kV). The intense U ion beam from  

VENUS was simulated with the WARP code, and the 
calculated emittance was in reasonable agreement with 
the measurements. The beam extracted from the ECR ion 
source was measured by the KVI4D pepper pot emittance 
meter and it was observed that the dipole magnet induced 
a second order aberration of the beam. At end of the 
workshop, it was announced that O. Tarvainen was 
awarded the Richard Geller Prize for his contributions to 
"physics experiments on ECR plasmas that resulted in a 
deeper understanding of the plasma physics of ECR ion 
sources." 

CONCLUSION 
The performance of ECR ion sources is rapidly 

improving. We do not yet know of any performance 
ceiling for ECR ion sources. Although the ECR plasma is 
especially complicated, we are able to gradually deepen 
our understanding. The applications of ECR ion sources 
continue to expand. It is obvious that the future of the 
ECR ion source is still open. There is a tremendous 
amount of work to be done. 

ECRIS’10 was an enormous success due to the efforts 
of both the participants and the contributors. We thank the 
chairman, T. Thuillier, the local organizing committee, 
and the international advisory committee. The next 
workshop is scheduled for 2012 in Sydney, Australia, 
which is a new world for the ECR ion source community. 
See you there! 
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