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Foreword

The 19" International Workshop on Electron Cyclotron Resonance lon Sources (ECRIS10)
was held in the World Trade Center in Grenoble, France, from August 24" until August 26 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 2" edition of the Geller Prize — a biennial award for promising young scientists in the
field of ECR lon 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. | 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, | would like to thank the local organizing committee and the edition board for their very
helpful contribution to make ECRIS10 a successful edition. | 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. Lu', L. T. Sun, X. H. Guo, X. Z. Zhang, Y. Cao, H. Y. Zhao,
Y.C.Feng, I. Y. Li, D. Z. Xie®
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 lon 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

! Also of the Graduate School of CAS.
2 1MP visiting scientist.
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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 Ty, to T¢;, 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
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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.

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

SECRAL commissioning for stable beam production
was started from Ar'”" and Ar'*". 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 epA of Ar'*,
440 epA of Ar'*".  SECRAL was switched to Ar'®‘and
Ar'7" beam tuning after Ar'*"and Ar'*"beam optimization.
It seems much more difficult to achieve optimum plasma
conditions for Ar'®‘and Ar'" 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 epA of Ar'® and 14 epA of Ar'”" were produced at
about 4 kW RF power. The typical magnetic fields for
Argon beam production are: B;,=3.46 Tesla, By,;;=0.68
Tesla, By=1.6 Tesla and B,4=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 '®Xe*”", "X’ and '¥Xe*
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 '*’Xe””" and
Xe*™ can be easily obtained because of two weeks

Proceedings of ECRIS2010, Grenoble, France

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 epA of
Xe®", 455 epA of Xe?”", 350 epA of Xe™" | 152 epA of
Xe® and 85 epA of Xe’''. Fig2 shows a typical
spectrum to optimize '**Xe?”" at 3.5 kW RF power. The
typical magnetic fields for Xenon beam production are:
Bin=3.3 Tesla, B,=0.67 Tesla, B.=1.54 Tesla and
B.¢=1.63 Tesla. The situation for production of highly
charged Xenon beams such as Xe*>" and Xe*" is similar
to that of Ar'®" and Ar'" 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 '**Xe**" at 3.5kW. Xenon beam test at 24GHz
had to be stopped because SECRAL was requested to
deliver Kr beam for HIRFL accelerator.

nwave: 24 GHz, P : 3.5 kW
HV=22 KV, 1, 7 =450 ey
Slits: 20 mm
optimized on Xe*’*
Gas: "Xe+ 0,

(Conditioning time)

T T T 7
8 12 16 20 24 28
Arbitrary Unit

Figure 2: Spectrum to optimize '*’Xe*’" at 3.5 kW of
24GHz.

)
3 @
3 8
h

3
!

lon Beam Intensity (epA)
&
L

@ & o o
g
!

&
n

2'0 2“ Afiitrary Unit3I2 3I6 AIO
Figure 3: Spectrum to optimize '*Xe**" 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 '**Xe*" 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
epA of Xe™*', 45 epA of Xe™', 17 epA of Xe™" and 3
epA of Xe™". 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.
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Figure 4. Spectrum to optimize '“Xe*" at 5 kW of
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Figure 6: 'Xe™" 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 '®Xe*™" beam intensity variation around 440 epA
during 30 minutes at the coupled RF power 3.5kW at
24GHz recorded in September 2009. Fig.6 shows '*Xe***
beam intensity stability around 37 epA 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
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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 VENUSJ[6].

Table 1. Latest Xe beam results of SECRAL at 18GHz
and 24GHz in comparison with other high performance
ECR ion source (beam intensity: efLA).

SECRAL SECRAL VENUS'
f(GH 18(+14.5) 24 28(+18)
Pkw) <3.2 3-5 5-9
Pxe 20" 505 320

27" 306 455 270
30" 101 152 116
317 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 '¥Xe ?7*, *Kr'"", 2Bi*""and **Ni'"", 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 epA for "Xe *™, ®Kr'", and 50-70 epA for
209831 NI (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

L. T. Sun*, J. Brandon, D. Cole, M. Doleans, D. Morris, G. Machicoane, E. Pozdeyev, T. Ropponen,
L. Tobos, National Superconducting Cyclotron Lab, MSU, East Lansing, MI 48824, USA

Abstract

SuSI ion source, a 3" 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 Kr'*", Bi*"" and
U*"is reported, to demonstrate the performance of SuSl.
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
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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.

Ap.1

EL: Einzel lens
AM: 90° Analyzer Magnet
QOO07FC: Faraday Cup
QO013FC: Faraday Cup
ESS: Allison XY Emittance Scanner

Sol.1

Ap.2

Sol.2

Ap.3

Sol.3

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 QO07FC 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 QOO7FC, 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 QO07FC to align the beam
through the collimation channel. The collimated beam
current is read on a second faraday cup QO13FC 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 QO07FC 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 Kr'*" and 350 epA Xe**":

e 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)

e 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 S0mm. Table 1
shows the results of Test 1. The total drain current and
Kr'*" beam intensity kept decreasing when moving the
ECR zone end point position from SImm 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 Kr'*" 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
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acceptance set at 0.9m.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 Drain Current QO07FC QOI13FC
(mm) (emA) (epA) (epA)
51 5.20 320 203
55 4.61 279 176
60 4.26 287 205
72 3.72 255 186

Kr'*" current on QOO7FC

380

K™ beam intensity (eyA)
g

>
‘otal drain current (emA)

" Total drain current 442

41

20 25 30 35 40
Z (mm)

Figure 2: Kr'*" beam intensity and total drain current
changes as the ECR zone movement (Test 2).

\

~ <
=] ]
! s

@
2
H

™\
A
/

Transmission effieciency Q013FC/QO07FC (%)
@
&

@
3

Ié\ é 1‘D 1'5 2‘0 2r5 E‘D 'jlﬁ 4‘D

Z (mm)
Figure 3: Kr'*" 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. B;,4~1.3T,
Binj~2.6T, Bexe~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/Il. 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® Torr) helps the extraction and transmission of the
high charge state ion beams like Xe**".

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
Xe'", so that higher charge state ion beams such as Xe**",
Xe*" and even Xe**" can be easily distinguished on the
spectrum. At lower power level, the high charge xenon
beams such as Xe™" 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.
0‘;‘ 29

lon beam current (epA)
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81 84 87 90 93 96 99 102 105 108 111 114 117 120
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Figure 4: Typical xenon charge state distribution when

optimizing for Xe**".

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 200epA Ni'?* and 180epA Ni'”" 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 (UO,) 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
UO, powder. The first test indicated that UO, 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
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U**" beam. Within the limit of the inductive oven, 50epA
U**has been produced. The beam intensity was observed
to be stable. Later examination of the experimental setup
shows that there is only 100mg UO, 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 UO,. 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.

704

lon Beam Current(epA)

T T T T T T T T T T 1
120 125 130 135 140 145 150 155 160 165 170
Dipole Current (A)

Figure 5: Spectrum obtained with UO, 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 @10mm 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 1602, 1802, 2Ne and *°Ar have been tried during
the test. Argon gas gives the best efficiency while '*0O, gas
provides higher charge states. U and U**'were the
typical charge states optimized, and more than 86epA
U*"and 95epA U have been detected on QO13FC. 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
0.9r.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, (0.6m.mm.mrad) per charge state. By
using the collimation channel set at 0.9m.mm.mrad or
0.6m.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, 640epA *0°" and 378euA “Ar®" are needed and
the corresponding full geometric emittance s
200r.mm.mrad and 275t.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
400epA of *Kr'*" was measured on QO07FC, but only
250 epA ¥Kr'*" can pass through the 0.9m.mm.mrad
collimation channel to QO013FC, which means a 62.5%
transmission efficiency.

-.L

Figure 6:
700epA O° and 400epA Ar®" 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 380epA
Xe26+, 276epA Xe27+ and 9lepA Xe30+ have been
produced. Good intensity of ion beams of high charge
states have also been produced with SuSI, such as 22 epA
Xe34+, 3.2epA Xe38+and 0.35epuA Xed4+. 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 50epA U33+ has been successfully produced. Also
beam sputtering with a uranium sample has provided a
beam intensity of 86epA 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.
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Table 2: Latest beam results from SuSI

Ky Q I (epA) SBNi Q I (epA)
14 500 12 200
2Xe 20 350 17 180
26 380 2B; 27 180
27 276 28 190
30 91 29 150
34 22 31 76
35 14.5 33 53
38 32 36
39 1.8 41
42 0.95 46 2.5
44 0.35 3y 31 95
32 95
33 86

* obtained with sputtering method

REFERENCES

[1] T. Antaya, S. Gammino, Rev. Sci. Instr. 65 (1994)
1723.

[2] H. Koivisto et al., “ARTEMIS -the new ECR Ion
Source for the Coupled Cyclotron Facility at
NSCL/MSU”, Proceedings of the Workshop on the
Production of Intense Beams of Highly Charged lons,
Catania, Italy, September 2000, Italian Phys. Soc.
Conf. Proc. p.135, 72 (2001).

[3] P.A. Zavodszky et al., Nucl. Instr. and Meth. in Phys.
Res. B 241 (2005) 959.

[4] P.A. Zavodszky et al., “First commissioning results
of the SuSI ECRIS”, Cyclotron’07, Giardini Nexos,
October 2007, p.283 (2007); http://www.JACoW .org.

[5] G. Machicoane, D. Cole and P. Zavodszky,
“Commissioning results of the 18GHz fully
superconducting ECR ion source SuSI”, ECRIS’08,
Chicago, September 2008, MOCO-B03, p.14 (2008);
http://www.JACoW.org.

[6] T. Ropponen et al., “Bremsstrahlung and ion beam
current measurements with SuSI ECR ion source”,
ECRIS’10, Grenoble, August 2010, WECOAKO04,
this proceedings; http://www.JACoW .org.

[71 G. Machicoane et al., “ECR ion sources for the
Facility for Rare Isotope Beams (FRIB) project at
Michigan State University”, ECRIS’10, Grenoble,
August 2010, MOCOBKO1, this proceedings;
http://www.JACoW.org.

[8] T.Nakagawa, Nucl. Instr. and Meth. in Phys. Res. B
226 (2004) 392.

[9] D. Leitner et al., Nucl. Instr. and Meth. in Phys. Res.
B 235 (2005) 486.

[10]H. W. Zhao et al., Rev. Sci. Instrum. 81(2010)
02A202.

[11]T. Nakagawa et al.,
81(2010)02A320.

[12]D. Cole et al., “Early uranium ion production in SUSI
and a low power survey of offset axial sputtering”,
ECRIS’10, Grenoble, August 2010, MOPOT16, this
proceedings; http:/www.JACoW.org.

Rev. Sci. Instrum.



MOCOAKO03

Proceedings of ECRIS2010, Grenoble, France

STATUS OF RIKEN SC-ECRIS
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T. Aihara, M. Tamura, SAS, Ohsaki 1-17-6, Shinagawa, Tokyo 141-0032, Japan.

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 550pA of
Ar'"™ and 350uA of Ar'*" 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
lon 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 Biyj, Bex
and B, 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 B,
“and so-called “flat By,;,,” [6] configurations. For keeping

*nakagawa@riken.jp

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 5SW at 4K, to increase
the cooling power.

SL1 SL2SL3SL4 SL5 SL6

Sextupole

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 Xe**" as a function of
the average magnetic field gradient for several ECR zone
sizes at the RF power of 500W. For investigating these
effects, Biyj, Bex and B, 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

03 Status Report



Proceedings of ECRIS2010, Grenoble, France

temperature. For this reason, we observed the phenomena
shown in Fig.3 a).
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Figure 2: Beam intensity of Xe**" as a function of average
field gradient for several ECR zone size.

Fig. 4 shows the beam intensity of Ar''" as a function
of average magnetic field gradient for several ECR zone
size. We can see the same tendency as Xe? 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 Ar'*
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 Ar 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
enA of Ar''”.
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Figure 4: Beam intensity of Ar''" as a function of average
field gradient for several ECR zone size.
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Figure 8: Beam intensity of Ar''" (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 By, region. Fig. 8 shows the beam intensity of
Ar'", ratio between biased disc current and extracted
current, and heat load for two cases ((I) and (II)) as a
function of RF power.
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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 By,;,. 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
(IT). 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 Nb;Sn 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.

HYV 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

* Corresponding Author: Leitnerd@nscl.msu.edu
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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) Nb;Sn based ECR ion source on the platform.

Cryocooler
Helium Lalx oy
Fill tube b
Servi
wer Plasma

T
ower Chamber

Extraction

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 9"
2010 and the first 28 GHz plasma was ignited on July 21*
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  2/29/2008 10 cm of lead # 1 had

opened 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 6-8/2010

magnet testing

Magnet tested in external  9/12/2008 Reaches full field

dewar at LBNL without quenches

Cryostat reconstruction 11/2009 Transfer to the 88-Inch

complete

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 6/16/2010 Reaches full field

test without quenches

18 GHz 7/9/2010  First plasma and beam

28 GHz 7/21/2010  First 28 GHz opera-
tion, repair completed
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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 '**Xe 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. lon beam intensity of the
SECRAL ECR ion source are reported as reference[3].

VENUS AL
28+18 GHz (24 GHz)
Results
VENUS 2006-2008
O"’* 2860 epA 2300 epA
07* 850 epA 810 epA
2+
Ar 860 enA 510 epA
T+
Ar 270 epA 149 epA
7+
Ar 36 epA 14 epA
27+
Xe 270 epA 450 epA
30+
Xe 116 epA 152 epA
Re -commissioning (3 weeks)
VENUS 8/2010
26+
Xe 480 epA 480 epA
27+
Xe 411 epA 450 epA
30+
Xe 211 epA 152 epA
32+
+
Xe 108 epA 85 epA (31+4)
35+
Xe 38 enA 45 epA
400 =
-l A -
% 3004 N
§ 250 e
3
O 200 s
o o
O 1s0] -
> o
g 100 32+
g
£ sofo”
‘ 3 i ;
M/Q

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 Xe**", 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. Xe*>") 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:

e X-rays can add several Watts of heat load to the
cryostat and are a major challenge for present and
future ECR 1ion sources (see Fig. 3)

e 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])

e The maximum observed electron energy is strongly
dependent on the microwave frequency[4]

e 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.

1 L L
= 80% Bmin
2
S 08 L
= 75% Bmin
3}
®
g 0.6 s
o 67% Bmin
2 o4 e
5 - 60% Bmin |
E
5 0.2
=z -
ncf 48% Bmin

0

0 1 2 3 4 5 6

Power into the plasma [kW]

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
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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 (NbT1i),
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. Nb;Sn 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 Nb;Sn. As a first step, LBNL has proposed to
build a prototype 56 GHz ECR ion source magnet
structure (see Fig. 4) based on Nb;Sn. 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].

Aluminum o
Shell N

Bronze
Bobbin
’d

Yoke
Iron pads

Nb3Sn R

Solenoids:
Injector
Middle
Extractor

; Titanium Pads and
basy  Kers

Sextupole

Figure 4: Assembly layout of the Nb;Sn 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 A/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 180° magnetic bend. A second section with
superconducting A/2 cavities will accelerate ions to 108
Mev/u and again will be followed by a 180° magnetic
bend but without charge stripping. A final accelerating
section will allow the ion beam to reach 200 Mev/u for all

* Work supported by US DOE Cooperative Agreement DE-SC0000661
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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.

T:3.11 Beam Delivery System
T:3.9 Folding Segment 2

T.3.10 Space for Energy Upgrade Linac Segment 3. 5 44 o0 Soqment 3

.
@ .

T3.7 Folding Segment 1

T.3.6 Linac Segment 1
=

T.3.8 Linac Segment 2
738 Space for Energy Upgrade Linac Segment 2.

Figurel: 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 U™, 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
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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.

.._;.;.;—;.;-;—Q.

7}
s, J“y

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 ppA for U
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 puA. The design of the superconducting
linac imposes an initial charge state not lower than U**"*
which leads to an electrical current of 424 euA. This
current exceeds by approximately a factor two, the
highest performance demonstrated for U™ 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
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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- Transmis I-ECR I-ECR

ECR sion (%) (epA) (purA)
Argon 40 18 8 0.8 378 473
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
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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 Kr'*" (~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 ***Hg or ¥’Se. 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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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 °He, ®He 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.

ECR4M

DRIBs-|

Uzoo

IC-100

DECRISSC | |

Ua4oo
N

“\DECRIS-4
DECRIS-SC2

MT-25
TRl

DECRIS-2

MASHA

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
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accelerator is used for the secondary beam production at
the DRIBs facility. Intensive beams of 7Li, g Bc, BN,
80 ions with energies of 35 -55 MeV/nucleon on the
U400M cyclotron provide good possibilities for
generation secondary beams of ®He, B, °Li, ''Li, "Be,
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"“Be, *He. The intensity of light ion beams such as 'Li or

"B on the targets is (3+5)10" pps.
Typical intensities of ion beams,

DECRIS-2 source, are listed in Table 1.

Table 1: Typical intensities of ion beams (epA), produced
by DECRIS-2 source

Ton Li B (0] 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

produced by

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 *®Ca) 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 “*Ca 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 **Ca 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 **Ca’"®" ions for
research on synthesis and investigation of properties of
new elements. The production of the **Ca 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 **Ca'®" ion intensity at the U400 output from
0.91to 1.4 ppA

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
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plasma chamber. The modified magnetic structure of the
ECR4M and the axial magnetic field distribution are
shown at Figure 2.
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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 (CH;)sCsTi(CH;); compound, first used by
Jyvaskyla group [6]. More than 60 pA of **Ti’" were
produced in stable mode, but there is a problem in
synthesizing such a compound from a small quantity of
enriched *°Ti. Also the titanium isopropoxide was tested
with MIVOC method, but the results were very pure, not
more than 1 pA of **Ti>" were produced.

Also TiF, 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 1020 pA of *Ti’" 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 (epA),
accelerated at the IC-100 cyclotron

Ion A/Z Current, pA
2Ne* 5.5 0.7
OArT 5.714 2.5
Ope!t* 5.6 0.5
SR 1" 5.733 2
127y 22 5.773 0.25
H2x " 5.739 1.2
184y 31" 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.
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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.
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ECR ION SOURCES FOR RADIOACTIVE
ION BEAMS

The DRIBs (Dubna RIB) project has been running
since 2002 [9]. The primary ion beams ("Li or ''B) from
U400M are used for production nuclides as “He, *He 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 ("Li) intensity of 3 ppA the
intensity of accelerated °He beam reaches of 5 10 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 lon 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 lon
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
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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 C*, it’s effective to feed hydro-carbonic
CH, gases[8]. However, the deposition is unavoidable
under the use of such gases, and causes serious
unfavourable effects.

Microwave

Cooling water ‘ I

Chamber wall

Carbon deposition <

Wave guide

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].

A) Normal metallic wall  B) Dielectric wall

(wall coating effect)

C) Carbon deposition
(Adverse wall coating effect)

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.

For the production of C

o

o ‘
<@ CH, gas

Figure 3: Cycle of carbon deposition on the wall.

For the production of O For the production of C

e ¢

Y
2

N

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
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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.

e Since the ion sources are almost occupied for the
daily operation, the short development time is only
available.

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

e 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].

0100-120
W80-100
W60-30
040-60
W20-40
W0-20

Output current (microe)
2

00
WA (W) *°

Figure 4: Calibration of microwave power from each
amplifier.

The present experimental data were obtained with '**Xe
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 '**Xe*'" 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 **Xe*'" 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.
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Figure 5: Dependence on total microwave power.
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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 60etA
to 40eplA. 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.

10epA / div.

KLY 900W + TWT300W
= 1200W

KLY only 1200W (unstable)
4 i < KLY only 900W
el

i ¢ KLY only 600W

1ms / div.

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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FACILITY (MIRF)*
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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
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Figure 1: Results for O"® — H electron capture [7].
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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]1[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]

Ton CAPRICE 10 GHz  Platform ECR source
Xe 420 35 uA 52 uA
+26 9 24

+29 -- 3

Ar +8 500 510
+11 70 90

(¢} +6 400 650
+7 50 90

The new permanent magnet ECR source was designed
and built at CEN-Grenoble, and has been previously
described [6]. Table 1 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 O
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.
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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).

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
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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.

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

electronic sequences. Figure 4 illustrates synthesis of D;"
ions, again in the CAPRICE ECR source, from D, 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 D;"
beams from the platform ECR source are typically lower

02 New Development
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in intensity than those produced with the CAPRICE, and,
unlike Figure 4, can’t be tuned to exceed the D, 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

‘hot’ions

Ton Cooling and Characterization End-station
from source

(ICCE TRAP)

32°
deflector

13°
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(switched)

7 mirrer ®)
cold
(npgrade 2010)
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neutral warm

fragments § cap acitive
imaging D N pickup

detector T )

rossed beam
electron or

atomic target

350ms exposures of neutral O, fragments
for 10 keV O;* ions stored in the trap.

Figure 5: Schematic diagram of the ICCE trap [5].

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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PK-ISIS: A NEW SUPERCONDUCTING ECR ION SOURCE AT
PANTECHNIK

A.C. Villari#, C. Bieth, W. Bougy, N. Brionne, X. Donzel, G. Gaubert, R. Leroy, A. Sineau,
O. Tasset, C. Vallerand, Pantechnik, Bayeux, France,
T. Thuillier, LPSC UJF CNRS/IN2P3 INPG, Grenoble, France

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 wused, 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 laboratoriesilike
GANIL and LPSC in Francelland 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
Biyj and 1.32 T radial field in the wall), a larger plasma
volume, variable B,;, 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.

*antonio.villari@pantechnik.com
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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 (RA — electrical)
*He (2%) 2,400
Bc @b >500
Bc (6+) 50

"N (5+) >1,000
%0 (6+) 1,500
0 (7+) 230
DAr (12+) 200
DAr (14+) 100
$Kr (174) 100
9Xe (26+) 100
181Ta (26+) 20
181Tq (30+) 13
181y (32+4) 6

2B (29+) 35
29Bj (31+) 25
29Bj (33+) 15

01 New ECRIS Development
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3D SIMULATION STUDIES AND OPTIMIZATION OF MAGNETIC HOLES
OF HTS-ECRIS FOR IMPROVING THE EXTRACTION EFFICIENCY AND
INTENSITIES OF HIGHLY CHARGED IONS

G. Rodrigues*, P.S. Lakshmy, Y. Mathur, R.N. Dutt, U.K. Rao, D. Kanjilal, A. Roy,
Inter University Accelerator Centre, Aruna Asaf Ali Marg, New Delhi 110067, India
R. Baskaran, Indira Gandhi Centre for Atomic Research, Kalpakkam 603102, Tamilnadu, India

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, Bey,
should be slightly lower than the last closed magnetic

*gerosro@gmail.com
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surface, By, 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, B, within
the plasma chamber, where B, 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.

-

100 -50 0 50

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
Biast- 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
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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 uA of Ar'™).
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Figure 2: Charge state distribution optimised on Ar't*

In addition, the shift in the charge state distribution
(CSD) for argon (CSD peak at Ar'®") 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 Ar®" using oxygen
mixing gas, ~ 25 pA of Ar''), 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 Ar''
(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 41lmm, 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

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
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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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DESIGN STUDY OF A HIGHER-MAGNETIC-FIELD SC ECRIS AT IMP
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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 Nb;Sn 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 ppA of Bi*'" and about the same intensity of
U are to be extracted from the proposed accelerator.

* Visiting Scientist
# Also of the Graduate School of CAS, Beijing 100049, P. R. China
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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
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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—insid'e—golenoid

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

SECRAL SECRAL VENUS
18 GHz 24GHz 28 GHz
Q <32kW 3-4 kW 5-9kW
UA HA HA
%0 6+ 2300 2860
7+ 810 850
“Ar 12+ 510 650 860
16+ 73 149 270
17+ 8.5 14 36
PXe 27+ 306 455 270
35+ 16 45 28
42+ L5 3 0.5
*“Bi 30+ 191 240
41+ 22 15
50+ 1.5 0.5

DESIGN OF ANEW HIGHER-FIELD
SUPERCONDUCTING ECRIS

The studied SC ECRIS reported here is essentially a
scaled-up version of SECRAL using Nb;Sn 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
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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.

mo

Axial magnetic field (T)

600 -400 200 0 200 400 600
Z position (mm)
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.

Radial magnetic field (T)

0 10 20 30 40 50
R (mm)

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.

mpon 22021

nnnnnnnnnnn

nnnnnnnnnnn

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 SECRAL
<50 GHz 24 GHz

Superconducting Nb;Sn* NbTi (F54)
Wire
Critical Jc 400A /14T 197A/9T
Sextupole Coil 1,167,000 627,000
(Ampere-Turns)
Injection Coil 1,540,000 689,000
(Ampere-Turns)
Middle Coil 36,000 162,000
(Ampere-Turns)
Extraction Coil 551,000 272,000

(Ampere-Turns)
Magnet Length (mm) 822 724

Max. Torque (N/M) 69.7 E6 8.9 E6
(a Racetrack Coil)

Magnetic Peak Axial 7 3.6
Field (T)

Magnetic Radial 35 1.8
Wall Field (T)

Plasma Chamber 110/4 126/5
ID/Volume (mm/L)

*: BRUKER NST 11000 A23 @1.0 mm Nb;Sn wire was used in the
design and F54 @1.0 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 Nbs;Sn 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 Nb;Sn 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 Nb3;Sn 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 Nb;Sn wires are
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used in the design of the higher-field ECRIS magnets.
However, using NbTi wire has a number of advantages
over the uncertain Nb;Sn 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 Nb;Sn 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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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

*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.
"melanie.marie-jeanne@lpsc.in2p3.fr
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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. 2mm 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 10V 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.

\‘J-leigl']t'célribrétion piecas”
2) Pre-pregs insertion

i
Current
_ leads

/"“ Bossages to avoid
= rotation

Glued pre-preg shades

4) Final shape 1\ =

3) Windings glued

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.
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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 I/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
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real copper helices, i.e. 10 bars and 12 I/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 I/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.

Step motor jacks

Extraction tank flange

1 vertical measurement axis X
Injection Extraction
coils coils z
[ ] ]
777777777777777 30mm
————————————————————— 15mm
N R DR | T .
{ Central axis Omm
T T 3 horizontal
— — measurement axes
1 1

~100mm between
axial field maxima

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).

0,3 90°
probe HORIZONTAL at angle 90deg
= probe VERTICAL at angle Odeg 0_:"2.1".:'-
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& 1
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-] -0,1 - ‘l:':lv,a'
0,2
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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).

Omm
+ 15mm

4 30mm

B(T)

-200 -100 0

z (mm)

100 200

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.
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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).

—simulation-injection
—simulation-extraction 24
+ measurement-injection Q

\

L5417 )
/ \n
/ \

- measurement-extraction

—simulated sum

sum of measurements

' Bz (T)

200

z (mm)
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.

REFERENCES

[1] F. Debray, J. Dumas, S. Labbé—Lavigne, R. Pfister,
C. Trophime, N. Vidal, F. Wilhelm, M. Enderle
Design study of High Field Resistive Magnets for
Diffraction Experiments, IEEE Trans. on Appl.
Superconduc. Vol.20 Issue:3 664—667 Jun 2010.

[2] L. Latrasse, M. Marie-Jeanne, T. Lamy, T. Thuillier,
J. Giraud, C. Fourel, C. Trophime, F. Debray, P.
Sala, and J. Dumas, “SEISM: A 60 GHz cusp
electron cyclotron resonance ion source”, Rev. Sci.
Instrum. 81(2010) 02A324.

36

02 New Development



Proceedings of ECRIS2010, Grenoble, France

MOCOCKO05

MULTIGAN®: A NEW MULTICHARGED ION SOURCE BASED ON
AXISYMETRIC MAGNETIC STRUCTURE

L. Maunoury”, J.Y Pacquet. M. Dubois, P. Delahaye, P. Jardin, P. Lehérissier and M. Michel
GANIL, Caen, France
C. Pierret, CIMAP, Caen, France
X. Donzel, G. Gaubert, R. Leroy* and A.C.C. Villari, PANTECHNIK, Bayeux, France
S. Biri, ATOMKI, Debrecen, Hungary

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 Monol000
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)

# maunoury@ganil.fr
* also at GANIL
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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).
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Figure 1: calculated magnetic structure w1th 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 50ps. In these conditions the particle
collisions can be neglected (in the case of Multigan 1/v,,
~ 200us [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.

10000

=—NMultigan_S500W_5GHz
Multigan_S00W_6GHz
—NMultigan_S00W_T7GHz
=—NMultigan_500W_8GHz
——NMultigan_500W_8GHz
—NMultigan_S00W_11GHz

Figure 3: Evolution of the non lost electron distributions
with the RF frequency of the injected wave
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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 S00W and 1lus
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 ps.

Comparison of electron energy distributions
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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 ~10E;yyizaton fOr
one charge state [7], it should be possible to ionize
phosphorus atoms up to 5+ (Einizaion = 67.9 V).
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 Nanoganlll 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

01 New ECRIS Development
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(Uineer), biased positively, should have been added (figure
5) in order to get a small beam with an emittance value as
small as possible.

Initial position of the ions

u ace

U inter 1

]
©=7mm ©=10mm  P=10mm Emittance calculation

Figure 5: Sketch of the Multigan extraction geometry

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.
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Figure 6: Evolution of the emittances, ion transmission
and brightness of a phosphorous beam

The figure 6 displays the evolution of the emittances,
ion transmission and brightness with the ratio R = Uy, /
U, 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%).
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CONCLUSION

A development of a new ECR prototype using the
magnetic structure of the Monol000 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 Monol000 and
NanoganlIl 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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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 lon 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
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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 x 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 x 15 cm max.

Dose Rate 5 GyE/min. (1.2x10° 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.
[%] 100
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The CH,4 gas was chosen for production of carbon ions.
There are two reason for choose the CH,4 gas, (1) enough
beam intensity of C** is obtained for medical use under
the CH, 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. C4H;y and C,H,) was better than the CH,4 for
increasing the beam intensity of C*' [9].

T TE

[rem
BIE 4H3s kX

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 C** 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.

_a~Vacuum inj. side

‘ P
HQ—Extraction voltage

_arVacuum ext. side

o Art— —— e B e e e S e —
50 (' r -e-microwave power ‘/C‘” intensty
P R ——re —
A ’J argas flow ™
- I ] .
o
| _arcurrent of extraction power supply
0+ - : : ‘ , : , : ,
0 100 200 300 400 500 600
[sec]

Start time Microwave ON

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 C** beam intensity.
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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 C*" was 230 epA 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

Proceedings of ECRIS2010, Grenoble, France

300 W, respectively. CH,4 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.

300
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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-
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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
Ist 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 N,, Ar, He, O,, 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
Ist 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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Figure 1: Schematic of the normal Bio-Nano ECRIS with
min-B configuration.
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Figure 2: Schematic of the two-chamber Bio-Nano
ECRIS with the optimized axial magnetic field
distribution.
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Figure 3: The second (processing) chamber before
installation

optional. Thus Cgy 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 Csg, Css, Csq, 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
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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 (Igc;), and the ion
beam current for each ion in the analyzed beamline using
a faraday cup FC2 (Igc;). 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 (Piy) is 6.2 x 102 Pa, and that at the
extraction-side (Pey) is 9.1 x 10™* 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 (i) and extraction-side coils (Iex)
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 Vpiasma, respectively), we
observed negative current on both electrodes (electron
flow dominant). These currents on the two electrodes
(Imesh and Ipjaema) increased toward zero with increasing the
negative bias voltages. The Iyeen and Ijjasma became zero at
certain negative bias voltages. Then, we observed positive
values of Iiesn and Iasma at higher negative bias voltages
(ion flow dominant). However we must always consider
the contribution of both electrons and ions. Finally, the
optimized Ve and Vppgne were -1 and -40 V,
respectively which resulted in a near zero (-0.6 mA) Lesn
and 0.27 mA of Ijjasma, respectively. The Igc; is 12 pA. We
could observe the Igc, of 3.5 pA for Ar’, I, of 0.15 pA
for Ar"', and the ion currents due to the impurities such as
H,0', OH", O". If the ECRIS is optimized for the highest
plasma electrode current then the axial magnetic field
distribution changed (Ii,j of 160 A, I¢ of 130 A) and the
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resulted Ijjma Was 0.7 mA. While this value is higher
than the one optimized for FCl1, is still not enough for
macroscopic material collection. It means we need denser
plasma in stage 1.
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Figure 4: Magnetic field variations of the mirror coils.

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 lst 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 Ist 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 Iiy; and I 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 Igc; of 10.8 pA. After that,
the 2.45GHz microwave power could be turned off and
we could still observe the extracted ion beam current. The
Irc; was 0.45 pA. 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 Ipc; from
0.45 pA to 0.86 pA by increasing the microwave power
from 50 W to 100 W. Also we observed the increase of
Igc) from 0.86 pA to 40 pA by increasing the Ly, from 340
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A to 447 A. The Ijum. 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 Cg
powder (99.5% purity, nanom purple SU, Frontier Carbon
Corporation) as fullerene source. We could observe the
Irco of 100 pA for Cy' and the Igc; of 0.4 pA with the
boat current of 37 A. The source conditions are as
follows: Ar gas flow rate of 0.338 sccm, the Py, of 8.7 x
107 Pa, the Py of 1.4 x 107 Pa, the Ij,; of 139 A, the Iy
of 340 A, 10 GHz microwave power of 22 W, the Vs, of
-1V, the Vpjuma 0f -20 V. In order to increase the Igc, for
Ceo', we examined the effect of the 10GHz microwave
power and the .. The Ire, for Cg" did not change with
increasing the microwave power up to 40 W. We could
observed the increase of the Ipc, for Cyy" from 100 pA to
45 nA by increasing the L, from 340 A to 400 A.

SUMMARY

The conclusions of the Ar-plasma and Cgo-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 Cgy 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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STUDY OF POTENTIAL APPLICATION OF COMPACT ECRIS TO
ANALYTICAL SYSTEM *

M. Kidera”, K. Takahashi, RIKEN, Wako, Saitama 351-0198, Japan
Y. Seto, S. Kishi, NRIPS, Kashiwa, Chiba 227-0882, Japan
S. Enomoto, Okayama University, Kita-ku, Okayama 700-8530, Japan
T. Nagamatsu, T. Tanaka, Tokyo University of Science, Shinjyuku-ku, Tokyo 162-8601, Japan

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.

*This work was supported by a Grant-in-Aid for Scientific Research
(KAKENHI: 20310100) from the Japan Society for the Promotion of
Science (JSPS) and ”"R&D Program for Implementation of Anti-Crime
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Special Coordination Fund for Promoting Science and Technology of
the Ministry of Education, Culture, Sports, Science and Technology,
the Japanese Government
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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 TEll 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 TEll 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 0.38T
Extraction side 033T
Minimum field strength 0.16 T
Hexapole magnet

Maximum field strength 0.58 T
Size

Outer diameter 100 mm
Inner diameter 45 mm
Length 150 mm
Weight 7kg

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.
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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.
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Figure 3: Distribution of mirror magnetic field strength.
The region from 0 mm to 150 mm is inside the magnet.
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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 x 200 x 200 mm. The
transportation line for the ion beam from the extraction
electrode to the quadrupole mass spectrometer consists of

47



MOPOT003

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.
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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.

REFERENCES

[1] T. Uchida, H. Minezaki, K. Tanaka, M. Muramatsu,
T. Asaji, Y. Kato, A. Kitagawa, S. Biri, and Y.
Yoshida, Rev. Sci. Instrum. 81 (2010) 02A306.

[2] T. Lamy, J.L. Bouly, J.C. Curdy, R. Geller, A.
Lacoste, P. Sole, P. Sortais, T. Thuillier, J.L. Vieux-
Rochaz, K. Jayamanna, M. Olivo, P. Schmor, and D.
Yuan, Rev. Sci. Instrum. 73 (2002) 717, DOI:
10.1063/1.1429778.

[3] M. Kidera, K. Takahashi, S. Enomoto, Y. Mitsubori,
A. Goto, and Y. Yano, Eur. J. Mass Spectrom. 13
(2007) 239, DOLI: 10.1255/ejms.883.

10 Applications



Proceedings of ECRIS2010, Grenoble, France

MOPOT004

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.lmbar) 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.

Paper not received

# peleikis@physik.uni-kiel.de

10 Applications

49



MOPOT005 Proceedings of ECRIS2010, Grenoble, France

HIGH CURRENT PRODUCTION WITH 2.45 GHZ ECR ION SOURCE

A. Coly”, T.Lamy, T. Thuillier, UJF CNRS-IN2P3 INPG, Grenoble, France
G. Gaubert, A. Villari, Pantechnik, Bayeux, France

Abstract

A new test benchhas 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 a aimants PErmanents et
Extraction Dipdlaire'), 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
CO,), 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, CO,, N, 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 CO,. 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].

02 New Development
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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 SE-
5 mbar (at the extraction) when employing the full
microwave power. However, at higher pressure of to 1E-2
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mbar the ignition can be achieved already at 10 W. After
the plasma is ignited the power can be decreased down to
2.7 W still maintaining the plasma. All the experiments
were performed at ISOLDE off-line mass spectrometer
using 30 kV acceleration voltage. An example of
measured spectrum is shown in Fig. 3.

Bearn current [A)]

Beam current [A]

Figure 3: Spectrum when injecting 11.3 puA of CO, in to
the source with krypton as a buffer gas.

GAS EFFICIENCY

Experiments were performed by a) injecting only one
gas and b) injecting CO, through a calibrated leak
(simulating radioactive CO, from target) and a buffer gas
for igniting and maintaining plasma.

A. Injection of one gas

In order to measure the influence of pressure (leak) on
the gas efficiency, krypton was injected through the
buffer gas dosing valve. The highest gas efficiency
achieved was 6 % when injecting 62 ppA (4E-5 mbarl/s
over 1.2 bar) of natural krypton (where **Kr abundance is
57 %). Comparable measurement was done also for argon
and nitrogen. Results are shown in Fig. 4. In the case of
nitrogen, it should be noted that this is a molecular beam
of N, (atomic nitrogen beam current is typically 10 % of
molecular N, beam with 28 W of forward microwave
power).
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Figure 4: Gas efficiency as a function of injected flux

B. Injection of CO; with a buffer gas

Buffer gases tested with CO, were: nitrogen (N),
argon, krypton and xenon. To verify the origin of
monitored peak, the pressure of CO, injection line was
altered from 0.5 bar to 1.5 bar (corresponding CO,
injection from 5.1 ppA to 15.4 puA). In the case of
nitrogen the “CO, beam” was almost independent of CO,
injection pressure. Possible explanation could be the
formation of N,O molecule having a same mass with
CO,. In the case of argon, krypton and xenon CO, beam
intensity was a function of the pressure and the measured
gas efficiency remained constant. The summary of the
results is shown in table 1.

Table 1: CO, gas efficiency for different buffer gases

Buffer gas CO, gas efficiency

Argon 0.09 %

Krypton 0.12 %

Xenon 0.22 %
DISCUSSION AND SUMMARY

Fig. 5 shows a summary of the gas efficiencies as a
function of mass. All the measurements, except CO,, fit
very well on the dashed trend curve. The values for
helium, neon and xenon were not measured with a single
gas injection, but by injecting a gas-mixture of 20%-
xenon, 20%-krypton, 20%-neon and 40%-helium.
Krypton efficiency in this case was 5.9% (separately
measured 6 %) indicating that the other compounds were
not drastically affecting to the measured efficiency.
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Table 2: Molecule dissociation and recombination

where Vyms o< V(1/M).

- Ton Mass [amu] Beam current [nA]

C 12 2.4

o 16 5.6

0, 32 10

CO, 44 (also N,0) 8.7

*He N 14 1

L e e N, 28 (also CO) 34

Figure 5: Summary of the measured gas efficiencies NO 30 8.7

It seems that the higher masses are ionized and NO, 46 065

extracted more efficiently than lower masses. This

behaviour looks very similar to the kinetic theory of gases K %4 2200
H,O 18 0.47

Figure 6: Gas efficiency as a function
ionization potential

Figure 7: CO, breaking to C

Fig. 6 shows efficiencies plotted as a function of the
first ionization potential of the ion. Also in this case CO,
does not follow the tendency of the other tested gases.
Possible explanation is that the CO, molecule is breaking
in the plasma (C=0 bond energy is only 8.3 eV). This was
studied by measuring the CO, and C ion production as a
function of microwave power. Fig. 7 shows that above 15
W of microwave power, the production of CO, saturates
while the production of C increases with the power.

02 New Development

Table 2 summarizes the relevant peaks of the spectrum
shown in Fig. 3. Calculation of the total amount of
oxygen in peaks O, O,, NO and NO, suggests that some
of the carbon is missing. However, after opening the
source no visible carbon contamination was found on the
quartz chamber.

The next step is to use oxygen (O,) as a buffer gas,
which is expected to improve C + O, recombination and
therefore the CO, beam production. Additional plan is to
test a plasma electrode with 0.3 mm extraction hole. This
should increase the pressure inside the plasma chamber
and reduce the amount of neutrals lost to vacuum pumps.
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HE2+ SOURCE BASED ON PENNING DISCHARGE WITH ADDITIONAL
75 GHZ ECR HEATING

L. Izotov", A. Vodopyanov, S. Golubev, D. Mansfeld,
[IAP/RAS, Nizhny Novgorod, Russia
G. Yushkov, Institute of High Current Electronics, Tomsk, Russia

Abstract

It is 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 lell 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
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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 (17) 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
(*He,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
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transport 1" radioactive ions; ¢) 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 Max Energy Intensity
Product Ty, [MeV/A] [particles/sec]
7S (4.16s) 57 5.4x10°
S%Mn (0.28s) 45 2.1x10*
*#Co (0.19s) 45 5.4x10°
%Ga (2.63m) 45 3.5x10*
Tc (4.25m) 35 3.5x10°*
%1 (6.20m) 28 5.4x10*
'%1n (58.0m) 28 2.7x10%
"°In (4.9h) 26 5.4x10*

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. Y’Al) 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. >’Si from *’Al(p,n)*’Si) )
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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Figure 1: Engineering drawing of the Light Ion Guide coupled with the CB-ECRIS.

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 m’/h
and 1000 m*h pumping speed) and the beam tube is
pumped with a turbo molecular pump (520 I/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 cm’) 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
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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 (“**Th) 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 ***Th
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 ***Th
include *'°Po 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 *'°Po. We measured also the energy of the *'°Po 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
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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.
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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

! Also of the Graduate School of Chinese Academy of Sciences,
Beijing 100049, P. R. China

2 Visiting Scientist

* This collaboration project was supported by the Research Foundation
of Chinese Academy of Sciences.

58

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 8n/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 NSOM 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/mm* 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
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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/mm’ and the magnet power
reaches ~ 400 kW for the production of the maximum
axial fields.
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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.

Figure 4: A cross-section view of the DRAGON’s
sextupole and its easy-axis orientation. There are six
10x2.5 mm® 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.
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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 Xe*’",
Bi**" and U*'. 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 14 GHz: 120 14 GHz: 95 105
Length (mm) 18 GHz: 135 18 GHz: 145
Plasma Chamber L: 480 L: 300 L: 420
(mm) o: 126 o: 80 o: 126
Max. Axial
Injection field (T) 2.7 23 2.5
Max. Chamber
Radial field (T) 1.5 12 14
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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).

INTRODUCTION

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,
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back