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Foreword

The 23rd International Workshop on ECR Ion Sources (ECRIS2018), was held from 10" to
14" September 2018 in Catania, Italy.

The Electron Cyclotron Resonance ion sources (ECRIS) have a wide number of applications both in
the accelerator facilities, increasing the beam energy and intensity, and in the industrial applications,
making more efficient the industrial processes.

The workshop, organized by the Istituto Nazionale di Fisica Nucleare-Laboratori Nazionali
del Sud (INFN-LNS), was aimed to highlight the state of the art in ECR Ion Sources
Science& Technology, and to reinforce the common ground and synergies among the different actors
in the field.

The workshop was held in the halls of the Catania Diocesan Museum, located in the heart of
the old city with several archaeological and cultural attractions situated nearby.

The venue is placed at the foot of the Etna - the highest and most active Volcano of Europe -
in a city that is now experiencing its third millenium of history since its establishment in 730 BC.

The International Advisory Committee (13 members from 10 countries) set up a scientific
program of 45 talks and 22 posters covering themes relevant to the production of beams.

Along with “traditional” applications of ECRIS such as Radioactive Ion Beams and charge
breeders, Production of highly charged ion beams, Controls and diagnostics, Production of high
intensity ion beams, Codes and simulations, Beam extraction and transport, several new
developments in the field were presented at the workshop. Among those are the efforts in the
commissioning of the first 4th generation ECRIS working at 45 GHz at IMP and the progress of the
3rd generation sources at LBNL, IMP, RIKEN and MSU. The results of the commissioning of new
sources named HIISI (JYFL), AISHa (INFN-LNS) and PS-ESS (INFN-LNS) have been presented.
The status and upgades of the ECR based ion sources in use on the major facilities worldwide
(RIKEN, GANIL, CERN, Texas A&M, KVI, CERN, MedAustron, QST NIRS, KBSI, IMP, JYFL,
LBNL, MSU, JINR, TAP-RAS) have been also reported. New ideas have been presented from
different groups, in particular ATOMKI, JYFL and INFN-LNS teams presented innovative plasma
diagnostic methods based on high resolution spectrometers and spectropolarimeters.

Three round tables have been also inserted in the program on subjects covering a key role in
the future evolution of ECR ion sources: “Future magnetic system for ECRIS”, “Future of ECRIS:
beyond the scaling laws?”, “Extraction and transport of intense beams” chaired respectively by D.
Leitner (LBNL, USA), H. Koivisto (University of Jyvaskyla, Finland) and P. Spaedtke (GSI,
Germany). A total of 97 participants from 15 countries have been recorded.

For the sixth successive time Pantechnik awarded the Geller prize. The prize has been
established 10 years ago for the 18th ECRIS workshop in Chicago (2008), and it rewards an
exceptional contribution of young talented researchers (under 41) to the development of ECR sources.
This time the committee chaired by Mi Sook Won (KBSI, South Korea) and consisting of Santo
Gammino (INFN-LNS, Italy), Takahide Nakagawa (RIKEN, Japan), Daniel Xie (LBNL, USA) and
Hog-Wei Zhao (IMP, China) selected Vadim Skalyga (IAP-RAS, Russia) for his outstanding
contribution to the field of ECRIS working in gasdynamic regime.

Luigi Celona
ECRIS 2018 Chairman
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FIRST ION BEAMS EXTRACTED FROM A NEW JYFL 18 GHz ECRIS:
HIISI*

H. Koivistof, T. Kalvas, R. Kronholm and O. Tarvainen, Department of Physics, University of
Jyviskyla (JYFL), 40500 Jyvéskyld, Finland

Abstract

A new 18 GHz ECR ion source HIISI is under
commissioning at the Accelerator Laboratory at the
University of Jyvéskyld (JYFL). The main purpose of
HIISI is to produce high-intensity ion beams for nuclear
physics programme and high-energy beam cocktails for
radiation effects testing of electronic components. The
initial commissioning results in (18+14) GHz operation
mode using 24 segment sextupole (1.3 T) were performed
in autumn 2017. A stronger 36 segment sextupole (1.42
T) was constructed and tested during the spring 2018
demonstrating improved performance of HIISI. As an
example, Ar'?" intensity of 0.57 mA was reached with
19.5 kV extraction voltage and total microwave power of
2.35 kW. In this article we will present the latest
development work, ion beam intensities of oxygen, argon
and xenon, and future prospects of HIISI.

INTRODUCTION

The K130-cyclotron [1] at JYFL is equipped with an
AECR-U type, room temperature (RT) 14 GHz ECR ion
source [2] for heavy ion production. The old 14 GHz ECR
ion source has worked reliably for more than 60000
plasma-on hours since its construction in 1999. Most of
the beams have been produced from natural or enriched
gases or by using the MIVOC method [3]. Typical
requested energy of the projectile is 5 MeV/u, which
requires a g/A-ratio of 0.2. For example, in the case of
argon and xenon ion beams charge states of 8+ and 27+
are often needed. Due to the demand for more intensive
beams of highly charged ions and also for higher energy
for irradiation tests of space electronics the project for a
new ECR ion source was initiated in 2013. At the end of
2013 the Academy of Finland funded the JYFL
Accelerator Laboratory to design and construct an 18 GHz
ECR Heavy Ion Ion Source Injector (HIISI, ref. [4-6]).
The objective of HIISI was two-fold: 1) the intensity of
medium charge state ion beams, such as Ar®* and Xe?’* (E
~ 5 MeV/u), has to be increased by a factor of 5 and 2) the
energy of heavy ion beams (A > 100) has to exceed the
value of 15 MeV/u. The first requirement is set by the
nuclear physics program and the latter one by the
irradiation testing program for the space electronic
components. The testing program requires 10° particles/s/
cm? on the irradiation target station. In the case of xenon,
which is the heaviest element in 16 MeV/u

*The project has received funding from the EU Horizon 2020 research
and innovation programme under grant agreement No 654002 and the
Academy of Finland under the Finnish Centre of Excellence Programme
2012-17 (Nuclear and Accelerator Based Physics Research at JYFL

+ hannu.koivisto@phys.jyu.fi
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cocktail, this corresponds to charge state of 44+, and the
extracted ion beam intensity of about 10 nA when the
total transport efficiency of accelerator facility is taken
into account. In 2013, the presented requirement was
beyond any existing RT-ECRIS, which forced us to
design and construct a new room temperature 18 GHz
ECRIS. In this article the present status of HIISI will be
given.

HIISI SPECIFICATIONS

In 2013 only three ECRISs were able to produce the
xenon ion beam intensity (Xe***/10 nA) required by the
irradiation testing program at JYFL. Those ECR ion
sources are VENUS [7], SECRAL [8] and SUSI [9]. The
experimental data and operation parameters revealed that
SUSI is able to produce the Xe*** ion beam intensity of
about 100 nA in 18 GHz operation mode (Binj = 2.8 T/Bext
= 1.3 T and Bra = 1.35 T) and at the microwave power of
about 4 kW. In addition, it has produced 730 pA of Ar'**
with total microwave power of 3.8 kW. The afore-
mentioned magnetic field configuration can be obtained
by using normal conducting solenoids and permanent
magnets. Consequently, it was decided that SUSI
magnetic field configuration and plasma chamber
dimensions will be used as the design goal of HIISI.

HIISI has two innovative features, which make it
special compared to any other RT ECR ion source: 1) its
permanent magnet array is vacuum insulated and 2)
cylindrical symmetry of the plasma chamber has been
broken. Both features have thoroughly been described in
ref. [4 — 6]. The vacuum insulation allows the cooling of
the permanent magnets, which improves the properties of
the permanent magnets. The intrinsic coercivity Her and
residual magnetic induction B: for the selected magnet
grade (N45SH) increase 0.55 %/°C and 0.12 %/°C,
respectively, when the temperature of the permanent
magnet decreases. The HIISI design allows cooling of the
permanent magnets to -20 C°. This will increase the Hes
and B: values from 1595 kA/m and 1.35 T (at 20 °C) to
about 2100 kA/m and 1.42 T (at -20°C), respectively.
According to demagnetization analysis HIISI is safely
operated as long as the permanent magnet temperature
does not exceed room temperature.

The cooling capacity of the HIISI plasma chamber
allows the use of microwave power of up to 4 kW. The
cooling geometry of the plasma chamber and the
refrigerated PM array have been presented thoroughly in
references [4-6]. Further development of the refrigerated
permanent magnet array could make the construction of
1.5 T ECR ion source sextupole possible. This would

MOA3
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allow plasma heating at the microwave frequency of 21
GHz.

Two complete sextupoles have been constructed for
HIISI: 132 T (24-segm.) and 142 T (36-segm.)
sextupoles. The 24-segment sextupole was constructed for
the testing and mastering of the new technology and
subsequent transfer of the new experience and know-how
for a more advanced and complicated 36-segment
configuration. The magnet grade of N45SH was used in
both configurations. The HIISI specifications are
presented in Table 1.

The layout of the HIISI ion source is presented in Fig.
1. The main design objective, to match the magnetic field
configuration of HIISI with that of SUSI, was met with
the aid of the afore-mentioned innovative solutions for the
permanent magnet array and for the plasma chamber.

The microwave power is injected using 3 separate
waveguide lines: 1) WR-62 waveguide for 18 GHz/2 kW
klystron, 2) WR-62 waveguide for 14.5 GHz/2 kW
klystron and 3) WR-75 waveguide for 8-18 GHz
TWTA/250 W. So far, HIISI has been operated in (18 +
14.5) GHz operation mode at the power of up to 2 kW and
0.4 kW, respectively. In accordance of an updated plan the
TWTA waveguide line will be dedicated for 2™ 18
GHz/2kW Kklystron increasing the total capacity at this
frequency to 4 kW.

The ions are extracted through an 8 mm plasma
electrode aperture and through a 25 mm acceleration gap
at the voltage ranging from 10 kV to 20 kV. Downstream
from the puller the beam is focused by two accelerating
einzel lenses. The beam is further focused and matched

ECRIS2018, Catania, Italy

JACoW Publishing
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into the double focusing, 90-degree, r = 550 mm,
bending magnet using a large aperture (144 mm)

solenoid magnet.

Table 1: HIISI Specifications

Main frequency
Secondary frequency
TWTA
B./B.../B..(nominal)
B.. (24/36-segm.)

V (inside resonance surface)

Resonance length (on axis,
nom. B field configuration)

Plasma chamber dimensions

Cooling capacity of plasma
chamber

HV (presently limited to)
Plasma electrode aperture

Power consumption of coils
(nom. B fields)

Inj./Ext. pressure

18 GHz/2 kW
14.5 GHz/2 kW
8-18 GHz/250 W
2.7/0.43/13T

1.32T/142T

0.36 litres/18
GHz

130 mm
(18 GHz)

d=100mm/L=
400 mm

4 kW

<20kV/5 mA

8 mm in diam.

150 kW

1.7x107/2x10°®
mbar

® ®

751

5: Middle coil for B, tuning

Figure 1: Layout of the HIISI ion source and beam transport line.

1: Microwave injection: 3 waveguide lines
2: Water cooling circuits (6) for plasma chamber
3: Coolant circuit for vacuum insulated PM structure dipole 9: 90° dipole, r = 550 mm, 130 mm gap
4: Injection coil, double wound, double pancake

g Extraction coil, double wound, double pancake

7: Extraction pumps: 1 x 1300 I/s, 1 x 600 1/s
8: Focusing solenoid for beam matching to

10: Plasma chamber: 100 mm/400 mm

11: Injection pump: 600 /s

12: Gas injection
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HIISI PERFORMANCE

The testing of HIISI was started in September 2017 by
producing highly charged ion beams from oxygen and

argon plasmas. During the first days the intensity of 0.5
mA was reached for O”* and Ar'** ion beams
demonstrating a performance of HIISI. The source was
operated with total microwave power up to 2.4 kW (18
GHz + 14.5 GHz). The refrigerated permanent magnet
structure was kept at 10°C. It was also found out that the
cooling of the vacuum chamber, which provides the
vacuum insulation for the permanent magnet sextupole
was inadequate: we were able to operate the ion source
only about 2 hours, at around the microwave power of 2
kW, before the set value for the temperature interlock was
reached. This problem was solved for the 36-segment PM
sextupole. The record intensities for oxygen, argon and
xenon are presented in Table 2. The results were obtained
regardless of relatively high background pressure inside

the injection chamber of HIISI (1.7 x 107 mbar).

Table 2: Record Intensities for Oxygen, Argon and
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HIIST vs JYFL 14 GHz ECRIS

The 36-segment sextupole (1.42 T) and the
modifications for the HIISI injection geometry were
completed in spring 2018. This allowed us to start an
active testing campaign of HIISI to better define its
performance and the subjects for further development.
Figure 2 shows the argon charge state distribution when
HIISI was tuned for Ar'?* ion beam. The figure also
shows the record argon ion beam intensities produced by
the JYFL 14 GHz ECRIS. The comparison demonstrates
that the requirement set by the nuclear physics program
has been met.

The HIISI extraction optics has been designed for the
total ion beam current and the extraction voltage of up to
5 mA and 20 kV, respectively. The first experiments have
demonstrated that the extraction design does not allow to
exploit the full potential of HIISI. The argument is
supported by three observations: the intensity of Ar'** ion
beam increased as a function of 1) the acceleration
voltage, 2) the argon feed rate and 3) microwave power.
The intensity of Ar'>* increased 5-10 pA per an increment
of 0.5 kV. The acceleration voltage was limited to 19.5 kV

Xenon. . 3 .
oxygen argon xenon because a}t hlgher Values. high .Voltage sparking was
observed inside the extraction region. It was also noticed
a TpAl a TpA] q TpAl that the Ar'** ion beam intensity increased with the feed
6+ 1320 11+ 680 26+ 300 rate of argon. After the scanning of the spectrum shown in
Fig. 2, the feed rate or argon was increased by a single
7 620
* 12+ 370 27+ 196 step of the gas valve. The intensity increased about 20 pA
13+ 330 29+ 60 resulting in an immediate high voltage spark destroying
14+ 195 30+ 46 for example a HV power supply. The extraction has to be
upgraded before the high intensity ion beam testing is
16+ 54 31+ 27 continued.
Magnetic field [mT]
Arllt
ol 680 pA Tuned for Ar!?*
2 kW/0.35 kW (18/14.5)
Apl2 19.5 kV/6 mA
570 pA
z 500 Ar9+
=
% 400 Ar13+
£ 330 uA
&

300 -

200

100

W

Ar@JYFL 14 GHz ECRIS

I I .
150 140 130 120

Ve T I I
110 100 90 80

Dipole current [A]

Figure 2: Argon charge state distribution produced by HIISI ion source at JYFL.
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Performance vs Space Electronics lrradiation

In order to meet the other requirement of the project (=
16 MeV/u) the charge state of at least 44+ has to be
produced in the case of xenon. Due to the extremely
challenging nature of the project the ultimate goal set by
the irradiation testing program was decided to be pursued
via an intermediate step (12.5 MeV/u, Xe*'"). The first
tests were realized at the end of 2017 using the 24-
segment sextupole (B., = 1.32 T). Figure 3 shows the
intensity of Xe*’" ion beam, measured at the irradiation
effect testing station, as a function of the microwave
power (18 GHz). As the figure shows the required
intensity level of 10°counts/s/cm? was easily reached. The
figure also shows that the intensity increased vigorously
as a function of the microwave power and does not show
any sign of saturation below the maximum available
microwave power of 2 kW. The test was later realized
with the 36-segment sextupole (B.., = 1.32 T) resulting in
about 3-fold ion beam intensity.

Xe%* intensity at irradiation station: 12.5 MeV/u

5000000

4000000 o
g .
3000000
i) [ ]
c
3
O, 2000000
z °
wv
S requirement
g 1000000 L) q

0

1000 1200 1400 1600 1800 2000 2200

Microwave power [W]

Figure 3: Xe*" particle intensity (12.5 MeV/u) on the
irradiation target as a function of the microwave power.
The red horizontal line shows the intensity requirement.

CONCLUSION AND FUTURE
PROSPECTS

The first experiments have already demonstrated a high
performance and potential of HIISI. The experiments also
demonstrated that HIISI accepts the microwave power of
2 kW (18 GHz) without any sign of saturation.
Consequently, a new 18 GHz/2 kW klystron was
purchased in order to duplicate the plasma heating power.
The experiments have also given valuable information
about the most critical factors limiting the beam
intensities extracted from HIISI. During the coming
months, i.e. during the first half of 2019, two important
upgrades will be realised: 1) the microwave power
upgrade and 2) the extraction upgrade. The new 18 GHz/2
kW klystron has arrived and will be connected to HIISI in
the beginning of 2019. The new klystron will be

MOA3
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connected to the waveguide line originally reserved for
the TWTA. This allows us to measure the intensity of
Xe*" and Xe** ion beams as a function of the total
microwave power up to 4 kW. During the test, the total
ion beam current extracted from the ion source will be
limited to 5 mA. The design work for the extraction
upgrade will be started in the beginning of 2019. The
upgraded extraction has to be capable of extracting the
total beam intensities of up to 10 mA. In addition, the
high voltage capabilities of HIISI will be improved to
make the testing and operation at the acceleration voltage
of at least 25 kV possible. The HIISI waveguide lines and
the injection side will be modified later to maximize the
source performance in 3 and 4-frequency operation
modes.
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Abstract

MedAustron is a synchrotron-based hadron therapy cen-
ter located in Lower Austria. Accelerated proton beams
with energies of 62-252 MeV/u are used to treat patients
since 2016. The carbon ion beam is currently under com-
missioning and will provide treatment in 2019 with ener-
gies of 120-400MeV/u. Two of the four irradiation rooms
are used for clinical treatment while the preparation of the
Gantry beam line is ongoing. Proton beams of up to 800
MeV will be provided for non-clinical research. The Injec-
tor features three identical ECRIS from Pantechnik, two of
which are used to generate the proton and the carbon beam
respectively. The medical environment of the accelerator
puts strict requirements on the ion source long-term stabil-
ity operation. The extracted beam current from the source
allow for maximum current fluctuations on the order of
+2.5% on continuous run. In this work we discuss the im-
pact of the ion source performances on the characteristics
and stability of the entire accelerator. Further, we discuss
the latest progress on carbon commissioning and the future
perspectives with particular emphasis on the source re-
quirements.

INTRODUCTION

The MedAustron is a synchrotron-based therapy center
for cancer treatment. The design of the accelerator is based
on PIMMS and CNAO [1,2]. Currently 26 patients (frac-
tions) per day are treated with proton ion beams since 2016.
Medical treatment with carbon ions is planned to start in
2019 [3]. A proton beam up to 800 MeV/u will be provided
for non-clinical research.

The Injector shown in Fig. 1 features three identical Su-
pernanogan ECRIS from Pantechnik. One is reserved for
proton beams production and one for carbon beams pro-
duction. The third is foreseen as future use for clinical and
non-clinical research. The extracted beam from the source
at 8 keV/u is transported through the LEBT line to the lin-
ear accelerator. The LINAC contains a Radio Frequency
Quadrupole (RFQ) module which accelerates the beam to
400 keV/u followed by a Buncher and an IH-Tank cavity
where the energy reaches 7 MeV/u and finally by a De-
buncher cavity. Through the Mid Energy Beam. Transport
(MEBT) line the beam is then injected in the synchrotron
where it reaches the clinical e non-clinical energies men-
tioned before. A slow extraction 3rd order resonance
method via Betratron Core is used to extract the particles

T nadia.gambino@medaustron.at
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from the synchrotron. Through the High Energy Beam
Line (HEBT) the beam is sent to four available irradiation
rooms: IR1 with horizontal beamline for non-clinical re-
search, IR2 with a horizontal and a vertical beamline, IR3
with a horizontal beamline and IR4 with a proton Gantry.
The weekly machine uptime during clinical operation be-
tween 90% and 97% [4].

THE IONS SOURCE

The identical design and the availability of three inde-
pendent source lines allows for parallel running of the
sources and for source switching in case of emergency. The
ion beam in the source is produced through the Electron
Cyclotron Resonance (ECR) heating mechanism [5]. The
neutral gas is brought into a state of plasma magnetically
confined in the vacuum vessel and the ions are extracted
from the chamber with a dedicated extraction system. The
Supernanogan of Pantechnik has been described in detail
in [6]. It operates at 14.5 GHz heating frequency and is it
entirely equipped with permanent magnets both for the ra-
dial magnetic field than for the longitudinal magnetic field
with a Bgcr of 0.5 T. An axial mirror ratio Buax/Bmin about
two times higher than the ECR resonance magnetic field is
obtained [5].

The plasma has limited contact to the chamber walls and
the high charge state ions concentrate in the center of the
extracted beam with a triangular intensity distribution. The
longitudinal beam profile depends mainly on extraction pa-
rameters with respect to the plasma potential. The source
body is placed at 24 kV, while a puller electrode is placed
at negative potentials of about 2 kV to accelerate the beam
towards the focus. The focus electrode on the order of 1.5
kV is fine tuned to adapt the beam size to the focal point of
the dipole magnet for a good transmission into the beam
line and further matching into the RFQ. The DC Bias tip,
introduced from the backside of the vacuum chamber into
the plasma, reduces the ion losses towards the injection.
The RF tuner position is used to reduce the reflected power.
The typical source parameters used for the proton and the
carbon source are indicated in table 1:
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Table 1: Typical Source Parameters for Medical Treatment

Parameter Proton Carbon
Source Source
RF Frequency (GHz) 14.451 14.464
RF Power (W) 8-10 90-160
Gas Type H, CO,+He
Extracted Current (HA) 660 95-150

SOURCE PERFOMANCES VERSUS
ACCELATOR STABILITY

The stability of the extracted source current is fundamen-
tal for medical treatment. The commissioning of the source
occurs according to the main requirements of the entire ac-
celerator (i.e. acceptance window of the RFQ, required in-
tensity into the treatment room etc.). For the acceptance
tests, once the stable source settings are found, the ex-
tracted current needs to be monitored for more than 24
hours [6]. The extracted current stability needs to be on the
order of + 2.5%. The source performances are constantly
monitored via a current transformer (CTA) located into the
LEBT (non-destructive BD device) during the daily beam
quality assurance before clinical treatment starts (i.e. the
daily QA) (mainly for the proton source) or via destructive
devices (Faraday Cups) during beam commissioning (cur-
rently mainly for the carbon source). Figure 2 shows the
daily recorded current from the proton source with the
LEBT-CTA and the current recorded with the current trans-
former in the MEBT line. One can observe how the current
is slowly drifting over months towards higher values for
fixed source parameters (within 6 months from 675 uA to
700 uA, i.e. of 4%). Also, it was measured that the source
emittance slowly drifted towards bigger values with re-
spect to the reference. In turn, this drift influences the in-
tensity into the room, which slowly decreases over time
and leads to longer treatments times. Longer treatment
time, i.e. the in-room time is not beneficial for the patient
neither for an efficient treatment and this is why to eventu-
ally recover the intensity by recommissioning the source.
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S
Figure 1: Injector Hall at MedAustron. The source is located w1th1n the lead protected cabinet visible on the r1ght s1de
of the figure. The complete layout of the source is shown in [6].

After the source recommissioning, the MEBT-CTA recov-
ers of about 20% and also the shot to-shot reproducibility
improves. It is also interesting to note that while the
MEBT-CTA increases, the LE-CTA decreases before and
after the recommissioning. During recommissioning it was
needed to find a complete new set-point for the source due
to a drift of emittance which was increasing towards higher
values with respect to the reference. The source recommis-
sioning occurs within a strict release process, which has to
be planned in advance. It is not possible to change or adapt
the source parameter during clinical treatment without hav-
ing first a detailed impact of analysis of the change and the
by having the approval from the QA department. Once a
stable set-point is found it is not possible to adapt any pa-
rameter in case of need, but a new release has to be
planned.
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Figure 2: LEBT (top) and MEBT (down) current versus
time measured during the daily quality assurance of the
beam before medical treatment, i.e. during beam QA. The
main source parameters that are tuned are: the RF Fre-
quency and the forward RF power, the extraction voltages
such DC Bias and Focus Voltage, the gas amount injected
into the plasma chamber, the RF Tuner position and the
solenoid current placed at the entrance of the RFQ.

The overview on how the source recommissioning impacts
over the whole machine performances is visible in Fig. 3.
In this figure, the transmission over the different sections
of the accelerator is shown. The LEBT to LINAC transmis-
sion is improved of almost 10%, and, overall the transmis-
sion is improved in the entire accelerator. The number of
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extracted particles increases from about 1.1-10° to 2.1-10°
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Number of particles [80% degradation]
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Figure 3: Transmission efficiency in the different sec-
tions of the accelerator before and after source recommis-
sioning from LEBT to LINAC, from LINAC to MEBT,
from MEBT to synchrotron injection (MR-injection),
from injection to capture (MR-Flatbottom), from start to
end acceleration (MR-Flattop), from end acceleration to

extraction (MR-extracted).
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First carbon source commissioning occurred at the end
of 2017 together with the rest of the injector (LEBT and
LINAC) [6]. Source was recommissioned at the end of
May 2018 after the plasma chamber was exchanged due to
carbon deposition on the chamber wall. Since end of May,
the carbon source runs continuously over 24 hrs end will
be used for clinical treatment in 2019. Current studies fo-
cus on source degradation and long-term maintenance
strategies. As it can be seen in Fig.4, after the plasma cham-
ber was exchanged, the source current could not be stabi-
lized immediately and exponentially dropped from 163 uA
to 145 uA within about 45 days under the circumstances of
not changing or adapting any source parameter. This strat-
egy aims to have a realistic view of the source behavior
during the future clinical treatment. Since end of July the
source reached a stable point at around 143 uA. This drift
of course cannot be accepted once the source will be used
for clinical treatment due to the stability requirements.
Therefore, the latest studies focused on finding a stable set-
point where the extracted current can be decreased or in-
creased according to the intensity requirements into the
treating room and to make the RF power as a clinically
modifiable parameter. Ideally, this will be done by only
adapting the RF forward power without necessarily tuning
the other source parameters out of an official release pro-
cess.

® e < .

% % %
s o™ o1
o\¥

412 @\

Time

Figure 4: Extracted current vs. time recorded with a Faraday Cup since last plasma chamber exchange. It is not possi-
ble to record the current with the Faraday Cup continuously due to ongoing beam commissioning with carbon.

To be able to investigate such scenario we first of all per-
formed a frequency tuning and measured the extracted cur-
rent versus the resonance frequency below 14.5 GHz. The
results are shown in Fig. 5 together with the reflected
power measured at 30 W of forward RF Power. Even if dif-
ferent resonance peaks can be found within 14 GHz and
14.50 GHz we defined as “unstable range” the one between
14 to 14.4 GHz. The unstable range is hardly tunable due
to high reflected powers when ramping up the RF power
even by tuning the other source parameters at the detected
resonance points. In the stable range instead, it is possible

Applications

to ramp up the RF power while keeping a low reflected
power.

In the stable range it is also possible to keep a low signal
to-noise ratio for a large range of powers as shown in Fig.6
where the extracted current versus the RF power is plotted
for three different frequencies. As it can be seen from this
figure, the best results in terms of low signal to-noise ratio
in a large range of RF powers are obtained around 14.46
GHz. Also, the emittance does not change while ramping
up the power in the stable range [7].
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Figure 5: Extracted current and reflected power vs. fre-
quency performed at low RF power (30 W).
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Figure 6: Extracted Current vs. RF Power for three dif-
ferent frequencies.

Once the stable set-point is found, the intensity into the
room is measured as a function of the RF power. The high-
est intensity into the room that was measured so far is of
1.6-10° particles with an RF power of 163 W and an ex-
tracted current from the carbon source of around 150 HA
as shown in Fig. 7a. We then reduced the source power due
to our target intensity target at flattop (CTS-target) and into
the room (DDS-target), i.e. measured through the Dose De-
livery System developed from CNAO [8]. With a RF fre-
quency of 14.455 GHz the target is reached with about 98
W. With a RF frequency of 14.464 GHz the target is
reached with 89 W as shown in in Fig.7b. In this case we
also decreased the DC Bias Voltage of 100 V to reduce its
degradation over time and adapted the focus voltage. The
limitation of intensity is due to safety reasons related to the
maximum intensity allowed into the synchrotron for med-
ical treatment.

It is very important to emphasize that for this stable set-
point it is possible to increase or decrease the RF power
without affecting the transmission from LEBT to LINAC
which is kept at a constant value of around 60% as shown
in Fig.8. Thus, the goal of just tuning the RF power accord-
ing to the needed intensity into the room is reached without
necessarily tuning the other source parameters. This is ben-
eficial to compensate for the current decrease shown in
Fig.4.
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Figure 7: Particle intensity measured into the room with
the Dose Delivery System (DDS) and at flattop (CTS) for
carbon at 400 MeV and for carbon at 120 MeV with no
degradation as a function of source RF Power for 14.455
GHz (a) and 14.464 GHz (b). The current target for the
CTS and DDS are also indicated in the figures which cor-
responds respectively to 1.25-109 and 1-109 particles

maximum.
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Figure 8: Transmission from LEBT to LINAC versus RF
Power for 14.455 GHz and 14.464 GHz.

CONCLUSIONS AND
FUTURE PERSPECTIVES

In this work it was shown how the source operation and
stability over long term impacts on the performances of a
medical accelerator. By retuning the proton source, it is
possible to compensate for intensity drifts into the treating
room, but to get a full picture of the source behavior, the
extracted current trend has to be correlated to the measure-
ments in the different sections of the accelerator. Due to the
strict requirements of needed source stability and intensity,
which need to be fulfilled on continuous run, a proper
maintenance is another key factor for the proper operation
of the source. This includes planned slots for re-commis-
sioning which are only possible within official release pro-
cesses. On the other hand, for the carbon source, it would
be beneficial to make the RF power as a clinically modifi-
able parameter as it is not possible to wait for long stabili-
zation time of several days. Towards this strategy, a stable
source set-point was found for which it is possible to have
the RF power as unique parameter to tune the intensity into
the treating room without affecting the performances of the
rest of the machine. Future studies will focus on long term
carbon coating effects and needed cleaning scenarios. In
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the next future it is also planned to start with the commis-
sioning of the spare third source that could be used as a test
stand for plasma physics studies using Langmuir Probes,
Optical Spectroscopy or for the production of different ion
species such as oxygen and helium.
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Abstract

The AISHa ion source has been designed to generate
g high brightness multiply charged ion beams for
5 hadrontheraphy applications, with high reliability, easy
2 operations and fast maintenance. In order to get a compact
E machine, the radial confinement is provided by a Hallbach-
£ type permanent magnet hexapole structure, while axial
5 £ confinement is allowed by four high field He-free
superconductlng magnets, allowing the optimization of the
magnetic field gradient at ECR resonance. The present
work shows the results of ion source commissioning along
with next developments.

thor(s), title of the work, publisher, and D

INTRODUCTION

The AISHa [1] ion source was funded within the
framework of the program of Sicilian Government named
= PO FESR 2007-2013 and a pool of Sicilian small
5 enterprises was associated with INFN for the realization of
g this new source. It was designed considering the typical
2 requirements of hospital facilities, in order to provide
£ highly charged ion beams with low ripple, high stability
S and high reproducibility. The minimization of the mean
é time between failures is also a key point together with the

- maintenance operations that should be fast and easy. The
~ features included in the design exploit all the knowledge

N acquired from INFN-LNS in last decades in the ion source
5 design and realization [2]. The assembly of the source and
% of the first part of the LEBT has been carried out in the fall
= of 2016 and it has been completed in the first months of
< 2017. The main features of the source are listed in Table 1.

f this work must maintain attri!

n

buti

THE EXPERIMENTAL SETUP

The analysis of the costs and risks, taking into account
the main beams of interest for such kind of application,
2 clearly indicated that the optimal solution is a hybrid
S magnetic system. It consists of a permanent magnet
E hexapole and of four superconducting coils to minimize the
+ hot electron component (to keep the superconducting
3 magnets safe) and to optimize the ECR heating by a fine
= control of the field gradients and of the resonance length.
§ The compact cryostat is equipped with two double-stage
8 cryocoolers that allow reaching the operating conditions in
z around 40 hours, the magnetic field generated on axis is
Z shown in fig. 1.

f the CC BY 3.0
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COMMISSIONING OF THE AISHA ION SOURCE AT INFN-LNS

L. Celona, G. Castro, F. Chines, S. Gammino, O. Leonardi, D. Mascali, S. Marletta, M. Mazzaglia,
A. Miraglia, E. Naselli, L. Neri, S. Passarello, G. Torrisi, INFN-LNS, 95123 Catania, Italy

Parameter Value
Axial field 2.7T-0.4T-1.6T
Radial field 13T
Operating frequency 17.3-18.5 GHz
Operating power 2 kW (max)
Extraction voltage 40 kV (max)
Chamber dimensions @ 92 mm/360 mm
Warm bore diameter 274 mm
Weight 1400 kg

Table 1: AISHa Main Parameters

The RF injection system was designed to operate in both
single and double frequency mode in order to exploit at the
same time the Frequency Tuning Effect (FTE) and the Two
Frequencies Heating (TFH) mechanism.

The 2400 cm® plasma chamber is placed at high voltage
(up to 40 kV). It was designed to operate at a maximum
power rate of 2 kW. A 20 mm thick glass and carbon fiber
tube, surrounding the hexapole, allows insulating the
chamber in order to keep the superconducting magnets and
the yoke at ground potential [3]. The microwave amplifier
located at ground is insulated from the plasma chamber by
a waveguide DC break, designed to permit reliable
operation up to 40 kV [4].

The beamline consists of a focusing solenoid placed,
downstream the source, a 90° bending dipole for ions
selection and two diagnostic boxes. A Faraday Cup, a beam
wire scanner and slit allow the beam characterization.

Figure 2 shows a view of the experimental area
containing the source together with the low energy beam
transfer line for its characterization.
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Figure 1: AISHa magnetic field profile
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COMMISSIONING RESULTS

The beam commissioning has been slowed down from a
number of minor obstacles during the phase of functional
check of individual ancillary equipment; this was
particularly evident when the plasma generator was
operated above 1 kW at larger gas load, in order to
understand their limits. Some mechanical components
demonstrated to generate outgassing, which obliged to
open and clean the inner parts twice.

After the refurbishment and minor changes, the base
vacuum was always in the 10® mbar range and the
optimization started satisfactorily.

The magnetic trap magnets have been operating
routinely at their operational design current without
quenching and the measured full axial magnetic field
profile confirmed the design specifications [1]. The
maximum operational current for the 4 coils is 130A.

Particular attention has been paid to the Quench
Detection System of the He-free magnets. The system is
fully operative and embedded inside the coil power
supplies, but it took some time in order to test different
solutions.

The microwave matching was tested with high accuracy
by means of a high directivity (40 dB) directional coupler
for an accurate measure of the forward and the reflected
power. Typical reflected power exceed 2% but after a fast
optimization it was 0.1 to 1%.

At the same time, the parameters of the cooling system
are interlocked with the klystron to avoid increase of the
plasma chamber temperature (permanent magnets are 0.2
mm far from the chamber).

The RF injection system consists of one high power
klystron amplifier operating in the 17.3-18.4 GHz
frequency range that allows to finely tune the frequency by
a Digital Fast Tuner System (DFTS). The operative
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Figure 2: The Advanced Ion Source for Hadrontherapy at INFN-LNS in Catania.

microwave frequency will be upgraded to higher frequency
in the second phase of commissioning.

The control and safety systems were debugged
continuously to provide the highest security and the highest
detailed description of all issue events.

During the last six months, to gain experience on the
source, it has been decided to begin the operations with Ar
and O, gases at 20 kV, at the fixed frequency of 17.3 GHz
and with 1kW of microwave power. We focused operations
on the optimization of gas pressure and magnetic field to
better understand the effect of the new approach to
microwave-to-plasma coupling and to evaluate the stability
of'a plasma which is confined by a relatively high magnetic
field ("High B mode" [4]) in a quite short plasma chamber.

Figure 3 shows the typical Charge State Distribution
(CSD) measured after the 90° analysing magnet in a biased
Faraday cup for O and Ar, in the first case He was used as
mixing gas while in the second case O was used. The two
configurations have different magnetic field profile,
microwave power and neutral pressure.

The Oxygen and Argon currents achieved in such
conditions are reported in table2.

Table 2: Oxgen and Ar currents @ 1kW power. the
optimized values are marked with (*).

Parameter Value [uA]
06+ (*) 846

o7+ 320

Arll+ 190

Arl2+ 140

Arl3+ 80

Arl4+ 40

Arl6+ 2
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Spectrum x

Figure 3: Charge State Distribution (CSD) measured for O and Ar,

source is well functional even if several steps are needed to
optimize its performances for different species.
CONCLUSION AND NEXT STEPS The first priority is to evaluate systematically the
The first results obtained in the early commissioning ~frequency tuning effect together with the possibility to heat
phase of the AISHa source permitted to understand that the ~ the plasma with a second frequency up to 22 GHz.
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The bias disk as well as the use of gas mixing will
certainly allow to enhance the mean charge state of the
extracted beam.

The transverse emittance will be measured by means of
an Allison emittance scanner, already installed in the Aisha
beam line. Its commissioning is planned before next
summer. Systematic studies of the extracted beam and
emittance are planned with the aim to optimize the
brightness of the beam as a function of the different ion
source parameters.

The exceptional flexibility of AISHa trap and RF system
is moreover suitable for implementing multi-diagnostics
measurements in order to evaluate the impact of the mirror-
ratios, of the magnetic field gradients and the interplays
with the RF power and frequency on the main plasma
parameters such as density and temperature.

The “tool-box” of diagnostics already developed at LN'S
[5] such as optical spectrometers, X-ray pin-hole cameras
[6] and interferopolarimeters [7], will be mechanically
adapted to be matched to AISHa setup, thus making this
source the first one — among the new generation ECRISs —
to be deeply characterized in terms of impact of plasma
heating on the plasma properties.
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Abstract

Electron cyclotron resonance charge breeder (ECR CB)
= is one of the instruments used to boost the radioactive ion
< beam (RIB) charge state in isotope separator on-line
S (ISOL) facilities. While the ECR CB can manage intense
S 1+ RIB without difficulty, the present CB generation co ex-
*2 tracts significant amounts of impurities which can be det-
.2 rimental to the study of very low intensity N+ RIB in today
4: facilities if no downstream high mass resolution separation
S is available. This work investigates the improvements
£ achievable with a new generation 18 GHz ECR CB appli-
: cable to future facility like EURISOL. The study shows
E that with a modified ion source geometry, an optimized
2 magnetic confinement, a careful wall metal choice like be-
E ryllium, a UHV vacuum technology, the charge breeder
& performance will improve as follows: 20 % higher capture
» efficiency, -40% charge breeding time, charge state ion
= S production with mass over charge of 3 up to xenon and over
g 6 up to uranium, co-extracted contaminant density reduc-
g tlon by a factor 60 to 600. An 18 GHz ECR CB ion source
2 layout is finally proposed for EURISOL.

(9), title of the work, publisher, and D
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STATUS OF ECR CHARGE BREEDING

Ion source charge breeders are used in Isotope Separa-
% tion Online (ISOL) facilities to boost the 1+ radioactive ion
& beam (RIB) charge state produced by target ion source
@ (TIS) to N+ high charge state. The RIB beam is next fil-
g tered by a mass separator and finally injected into a post
8 accelerator. Figure 1 presents the layout of such ISOL in-
stallation. Among the numerous key parameters of ISOL
facilities, one can cite the:

e reliability and selectivity of the TIS,

e quality of the 1+ RIB purification,

o charge breeding time,

o charge breeding efficiency and
achievable ion charge state of the charge breeder,
downstream mass separation of the N+ RIB after the
ion source CB.
Two types of charge breeders applicable to ISOL have
been developed: the electron beam ion source charge
breeder [1] (EBIS CB) and the electron cyclotron reso-
nance ion source charge breeders (ECR CB)[2]. Table 1
presents the majors characteristics of the two ions
sources type. Experiments done at CERN and later on
both technologies concluded that EBIS CB and ECR CB
are complementary[3]. Recently, the ECR CB installed
at the CARIBU facility (Argonne National Laboratory,
ANL) was stopped and replaced by an EBIS CB[4]. The
origin of this decision is as follows. The 1+ RIB signal

. Any distribu
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CHALLENGES AND PROSPECTS OF ELECTRON CYCLOTRON RESO-
NANCE CHARGE BREEDERS

T. Thuillier’, J. Angot, M. Baylac, B.S.B. Bhaskar, J.B. Cully, J. Jacob, T. Lamy, A. Leduc, P. Sole
LPSC, Grenoble, France

intensity of CARIBU was in the range 10%-10%s, lower
than expected. The downstream mass resolution after the
CB was M/AM~300, resulting in a large N+ RIB signal
contamination > 97%. The downstream linear accelerator
could not purify further the RIB and experiments were
eventually not possible.

Electrostatic
DC acceleration
Isotope/

lon source Isobar
Separator
Production j . :[ 'S_ -~
accelerator s N
Thick, hot ’ : ‘ 1 +
Light and heavy target - Lowene gy1 fons \ |
jons,p,ne spallation : |
fission ' Charge L
fusion | b d . i
fragmentation feadal I
¥
N Lowenefgy Q* ions_« N+
Secondary N - -
beam ‘T
{ Post- e
Ex| nt accelerator AlQ
analyser

High energy Q* ions

Figure 1: Layout of isotope online (ISOL) accelerator.

Table 1: Today EBIS and 14 GHz ECRIS CB Features.

EBISCB today ECRIS CB
Max. 1* RIB in- <10'%s >10'/s
tensity
CB time to N+ 10-100 100-300
(ms)
robustness medium High
1+N+ conversion 25% 5-20%
efficiency
Operation mode pulsed CW or pulsed
RIB total contami- ~10° /s ~10°-10'Ys
nation rate ex-
tracted
Downstream mass  ~300 > 1000
resolution M /AM
Upstream require-  lon cooling None
ment
Highest charge Bare ions A/Q=3—->A~60
state A/Q=T—>A~150

The same situation with low RIB intensity and low
downstream mass separation condition also exists at the
TRIAC facility (TRIUMF, Canada), but possibilities to pu-
rify the beam after the linac with thin strippers save some

Charge breeding
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experiments[5]. There, an EBIS CB will be installed to
complement the ECR CB[5]. More recently, SPIRAL1 fa-
cility (GANIL) was upgraded with a PHOENIX CB.
Thanks to the RIB post-acceleration in the CIME cyclo-
tron, a very high mass separation M/AM~10000 is ex-
pected [6] granting an efficient cleaning of the N+ RIB sig-
nal, making it suitable for final RIB experiments. The
SPES facility (LNS), under construction, is also equipped
with a medium mass separator M/AM~1000[7]. With a RIB
signal intensity of 10%s and specific background reduction in
the ECR CB, a clean N+ RIB signal is also expected.

POSSIBLE ECR CB UPGRADE

Ion Capture

Experimental data, confirmed by calculation and simu-
lation, shows that the 1+ beam capture in existing 14 GHz
ECR CB is not optimized: nearly 20% of the incoming ions
are ionized on flight to 2+, 3+ and 4+ while crossing the
plasma but are not trapped.[8] These ions are directly ex-
tracted and are then lost as N+ signals. Figure 2 presents the
plasma length required to capture 99% of the 1+ signal as a
function of the ECR frequency. One can see that at 14 GHz, a
booster with the present measured plasma density [8] would
require a 40 cm long plasma to grant a high cap-ture
efficiency, while the existing CB plasma is ~14 cm (red
cross). Because the plasma density is proportional to the ECR
frequency to the square (n,~ f2-r), an 18 and 28 GHz ECR
CB would need 25 cm and 10 cm plasma length respectively to
capture all the 1+ beam.

1000
g/ 99% capture efficiency
2 100
£
g
=
<
B
s 10
2
unefficient capture
1
0 10 20 30 40 50 60
ECR frequency (GHz)

Figure 2: Plasma length required to capture efficiently an
incoming 1+ beam as a function of the ECR frequency in
an ECR CB (blue line). The existing PHOENIX Booster
plasma is located by a red cross.

Charge Breeding Time

Another promising feature of the ECR frequency scaling
(n,~ fcr) is the associated reduction of the charge breed-
ing time T¢g since T¢p « 1/ny,. As an illustration, Figure 3
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shows how fast the charge breeding time theoretically de-
creases with the ECR frequency. Table 2 gives an example
for the ECR frequency effect on **K!'%" CB time.

Table 2: Theoretical evolution of the charge breeding time
for 3¥K'%* as a function of the ECR frequency, using
14 GHz data as a reference. The subsequent effect on ma-
terial sputtering from the wall is indicated for convenience.

fEcr TcR Relative Relative density of
[GHZz] [ms] Tcp contaminants
245 262 32 0.03
14 82 1 1
18 33 0.60 1.65
28 21 0.25 4
2 8.3
-
¥
1.5 6.1 —
~ =
2
S 1. 39 T
: -
a £
=
0.5 1.7 §
=
S
o
10 15 20 25 30 35 40
GHz

Figure 3: Blue curve, left axis, relative evolution of the
charge breeding time as a function of the ECR frequency.
The blue point is today 14 GHz ECR CB reference. Purple
curve, right axis, concomitant evolution of the contaminant
density in the plasma.

On the other hand, when the ECR frequency is increased,
the sputtered materials from the walls follow the plasma
density, leading to a higher contaminant density in the
plasma for a given ECR plasma volume (see Figure 3).
Mitigating such an increase of contaminant density would
require a high downstream mass resolution M /AM~10000
and also other source of background reduction as discussed
in the next section.

Background Reduction by Volume Effect

A way to reduce significantly the contaminant density is
to increase the plasma chamber dimension. The reason for
this effect is as follows. The contaminant flux @ from the
wall is proportional to the plasma chamber cylindrical sur-
face (with radius r and length L):

® « 2nrL + 2mr? (N
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D

el
% While the ECR plasma volume Vi is proportional to the
g cylinder volume:

Vecr X L )

Leading to a contaminant density C:

® 242 3)

VECR r L

C x

Figure 4 shows how the ECR CB geometry can be opti-
mized to reduce the contaminant density in the plasma. For
instance, a plasma chamber with a 10 cm radius and a 80
cm length would divide the contaminant density by a factor
of 4 with respect to the existing booster. Such a geometry
would compensate the increase of contaminant yield due to
a 28 GHz ECR frequency (see table 2).

3.0
L=20cm
23— % =sms L=30 cm
L=50 cm
200 w00 - - L=80cm

. PHOENIX BOOSTER

.
th

-
=

relative contaminant densi

2 4 6 8 10 12 14
radius (cm)

= Figure 4: relative contaminant density evolution versus the

i plasma chamber cylinder radius for various plasma cham-

Z ber length. The existing PHOENIX ECR CB geometry is
S indicated with a red dot.
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= Background Reduction by Wall Material
2 Optimization

A careful ion spectrum analysis of contaminants shows
that it is first composed of the chemical species included
in the wall metal alloy and second with other elements
present as traces in the ore used to build the metal.
Further compli-cation comes from the presence of natural
isotopes for each
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element. Since ECR CB generates multi-ionized ions, the
resulting mass over charge ion spectrum includes a very
large number of peaks with various intensities. The diffi-
culty for ISOL facility using ECR CB with low down-
stream mass separation is to find a RIB mass over charge
ratio suitable for post-acceleration where the local mass
contamination is low. Because high mass elements have
more electrons than light ones, the use of material contain-
ing heavy masses like stainless steel must be avoided as
plasma chamber metal. Several laboratories performed re-
search and development to investigate, reduce or redistrib-
ute the contamination sputtered from the plasma chamber
wall. LPSC shown that an unstable plasma multiplies by
10 the atom sputtering rate from the walls[9]. KEK con-
verted the material exposed to the plasma to Al [10], while
Argonne and TRIUMF laboratories extended the use of
this material to ion injection and extraction areas [5,11,12].
Aluminum features interesting advantages for ECR plasma
as it is a light metal with a few electrons, it has no stable
isotope and the secondary electron emission from the alu-
minum oxide layer naturally covering the metal surface
boosts the electron density. The aluminum deposition at
TRIUMEF helped reducing background at specific places in
the ion spectrum allowing post-acceleration of RIBJ[S5].
ANL will test in a near future conformal coating by atomic
layer deposition (ALD) technique [13]. ALD enables to de-
posit a thick homogeneous Al203 layer in the ion source.
The drawback with layer deposition is that it degrades with
time and there is no warranty to keep the contamination
level from one layer deposition to another. SPES team has
planned to test liners made of monoisotopic materials
(Nb,Ta,W) in collaboration with LPSC[14]. Pure alumi-
num is a soft material with poor mechanical properties and
it is unfortunately not possible to machine a whole ECR
CB plasma chamber with it. A set of two new materials are
proposed in this study to build a plasma chamber: beryl-
lium and AlBeMet©. Beryllium is a very light monoiso-
topic metal with a melting temperature of 1287°C and high
mechanical properties suitable to machine a whole plasma
chamber. AlBeMet© is a mixture of aluminium and beryl-
lium which allies the good thermal conductivity of alumin-
ium and the good mechanical properties of beryllium. Fig-
ure 4 presents the simulated contaminant spectrum of stain-
less steel (excluding extra element contamination coming
with the stainless steel compounds) and pure beryllium (in-
cluding all possible trace contaminants). One can see that
the beryllium spectrum concentrates the impurities on Be
peaks (A/Q=4.5, 3 here) and the impurity intensities are a
factor 10% to 10° lower elsewhere.
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Figure 5: Ton Mass spectrum simulated for stainless steel (black) and pure beryllium (red) plasma chamber.

Gas Background Reduction

Today ECR CB are based on 20 years old technology
including plastic o-rings and no bake able assemblies. The
base vacuum in the ion source is of the order of 10 to 10
8 hPa at best. The probability of gas ionization being very
high in an ECR plasma, a zlgh gas contamination yield
comes with the N+ RIB of interest. The contaminants come
either from the permeation through o-rings or by the buffer
gas injection system used to sustain the ECR plasma. Both
source of gas contaminant can be efficiently reduced as fol-
lows. A careful new ion source design using ultra high vac-
uum (UHV) technology and an online system to bake the
plasma chamber and the surrounding vacuum chambers up
to 300°C would give a base vacuum in the range 10~ to 10-
10 hPa. A special care must also be taken to the buffer gas
injection where a gas purity of 99.999% still brings a large
amount of impurities. When limiting buffer gas to H> and
He, it becomes possible to purify online the injected helped
with a 4K cryopump. Completed with a fully bake able gas
injection system, the gas contamination from the buffer gas
injection will decrease significantly by several order of
magnitude at least. Such a clean gas injection system has
been successfully implemented on the CARIBU gas
catcher at ANL.[15]

High Charge State Improvement

The ECR ion source know how improved a lot since
twenty year. Today high efficiency and highly otimized
ECR ion sources can produce Xe*' (A/Q~3) and U**
(A/Q~6) on a daily basis.[16,17]. The key for such im-
provement are an optimized magnetic confinement [18]
and a large plasma chamber radius[16,17,19]. When in-
creasing the plasma chamber radius, the ion confinement
time is mechanically increased and it can be argued that the
CB time should increase which can be detrimental for an
efficient N+RIB post acceleration. But the CB time can
also be reduced by adapting the extraction magnetic field
intensity which controls the ion extraction. So a flexible
ion magnetic confinement produced by hexapole coils and
a set of axial solenoids would allow to adapt the ion con-
finement time and charge state to a specific RIB element.

PROSPECT WITH A NEW GENERATION
ECR CHARGE BREEDER FOR EURISOL

The last section demonstrates that there is a clear interest
to develop a new generation ECR CB. Table 3 summarizes

Charge breeding

the possible set of improvements of ECR CB as a function
of the ECR frequency. Depending on the physics needed, a
28 GHz ECR CB can be considered if an important CB
time reduction is expected (-75%), the condensable con-
taminant reduction could reach a factor 20-200 and the gas
contaminant a factor 1000 with respect to today ECR CB
operated at 14 GHz with a stainless steel plasma chamber.
In this case a downstream high mass resolution of ~10000
is mandatory, along with a RIB signal > 10>-10° pps. An-
other possibility is to choose an 18 GHz upgraded ECR CB
which would reduce the CB time by -40% and offer a con-
densable and gas background reduction in the range ~60-
600 and 1000 respectively. The wide know-how on 18 GHz
ECRIS would make this latter choice very safe as far as the
magnetic field operation safety and ion source perfor-
mance are concerned.

Table 3: Possible Booster improvements vs ECR fre-

quency. The existing 14 GHz booster being considered as
a reference.

fecr [GHZ] 14 18 28
1+/N+ RIB efficiency +20% +20% +20%
Relative t.5 0% -40% -75%
Higher N+ charge state ~ +20%  +20%  +20%
sputtered contaminant -80% -67% -20%
density in plasma
Gas contaminant den- + 1000 -+ 1000 -+ 1000
Sity
ion spectrum sputtered  + 100 + 60 +25
contamination +=1000 +600 =+ 250

Figure 6 proposes the layout of a new generation 14-18
GHz ECR CB suitable for a facility like EURISOL. The
magnetic field is generated by a set of 8 NbTi supercon-
ducting coils. Two large coils are present at each end to
pilot the injection and extraction peak field, while 6 smaller
coils located in between control the axial magnetic field
profile. This results in the possibility to generate very flex-
ible axial magnetic profile, including flat field geometry
[20,21], or even two consecutive closed ECR zones. Very
long ECR plasma zone can be created up to 500 mm for 14
GHz or 450 mm for 18 GHz. Such a long ECR zone will
grant an optimum RIB capture efficiency. Typical axial
magnetic field mirrors are displayed in Figure 7. The grey
plot indicates a 400 mm long 14 GHz ECR zone, while the
black plot shows a 330 mm long 18 GHz ECR zone. The
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radial confinement is done with an NbTi hexapole deliver-
ing up to 1.4 T at the plasma chamber wall. The possibility
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fields will enable to control the ion confinement time and
thus find more easily ion source tuning providing short CB

CRYO
PUMP
heater wire to bake

The plasma chamber
online up to 300°C

enhanced performances.

25
20
15F

1.0F

Magnetic Field (T)

0.5/

-500 0 500
Z (mm)

Figure 7: Typical axial magnetic field profile obtainable
with the 8 coils proposed for the booster upgrade. Black:
18 GHz profile, Gray: 14 GHz profile. Dashed line: 0.5T
(14 GHz resonance). Dotted dashed line: 0.64 T (18 GHz
resonance).

The plasma chamber inner bore diameter is 200 mm and
its length is 800 mm. The magnet warm bore has a diame-
ter larger than the UHV flanges ones located at each end to
ease the assembly/disassembly. The plasma chamber tem-
£ perature is both controlled by a heating wire and an air
g cooled tube in order to control the wall temperature from
g 20°C to 300°C during operation. The heating/cooling
O
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to control independently the radial and axial magnetic  time and/or high charge state beams.
diaphragm for |plasma chamber superconducting magnets
differential pure metal or light hexapole : 1.4 T max. @ plasma chamber wall Plasia chambas:
pumping alloy Axial peaks field: 2.4T- 1.5T @200 mm diaphragm for
L~800 mm differential

ECR Zone ~400 mm |pumping

CRYO
PUMP

Thermal screen and water
cooled 300°Surface

high voltage insulator

Figure 6: Sketch showing the general features of a new generation ECR CB suitable for EURISOL facility with highly

plasma chamber system is surrounded by a radiation shield
screen and next a water cooled layer fixing the temperature
to ambient. The magnet cryostat is set to ground and sepa-
rated from the high voltage part by a thick plastic insulator
in PEEK or high density polyethylene. The UHV is main-
tained by a set of cryogenic pumps located on both ion
source ends. The surrounding vacuum chambers are fully
bake able. Diaphragms are placed around the beam axis to
limit any contamination coming from downstream of up-
stream beam line. The whole parts facing the ECR plasma
and composing the vacuum chambers in sight of ion injec-
tion and extraction system (not represented in Fig. 7) are
made with the same material to minimize the chemical spe-
cies contamination of the plasma due to sputtering. A can-
didate for the chosen material is pure beryllium (see former
section). Insulators can be done with beryllium oxide or
alumina.
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Abstract

Singly charged, radioactive ions produced by high-
energy protons in an ion-guide on-line target-cell have
been charge-bred in an electron cyclotron resonance ion
2 source (CB-ECRIS) and subsequently accelerated to high
£ energy by the K500 cyclotron at Texas A&M University.
2 The I+ ions were accelerated to near the extraction
& voltage of the ECRIS and then decelerated through the
E injection-end magnetic mirror field of the ECRIS. The
'E charge-breeding efficiency was only at most 1% into one
g high charge-state, and as a consequence another method
£ of injection into the ECRIS is being attempted. Direct
EE injection from a 1+ ion source via an rf-only sextupole

 ion-guide or SPIG has been accomplished with no high-
E voltage deceleration of ions through the mirror field into
5 the ECRIS. Direct injection of 1+ radioactive ions via a
s ® longer (2.5 m) SPIG transporting products from the

£ target-cell to CB-ECRIS is now being implemented.

INTRODUCTION

Reference [1] gives a complete description of the Texas
2 A&M upgrade. As part of the upgrade the K150 cyclotron

> has been re-commissioned to use as a driver for the
é production of radioactive ions. The primary method is to
& first stop radioactive products from beam-target collisions
§ and transport them as low-charge-state ions using the ion-
© guide on-line technique. This technique was pioneered
g and continues to be developed at the University of
8 g Jyviskyld Cyclotron Laboratory [2]. Using this technique
= both a light-ion guide (LIG) for reaction products

resultmg from energetlc light-ion beams (p. d, *He, or )
E and a heavy-ion guide (HIG) for reaction products
O resulting from energetic, heavy-ion beams are being
o developed. These ions are then injected into CB-ECRIS
& for charge-breeding to higher charge states. A low-energy
« beam of ions of one selected charge-state is then
5 transported to the K500 superconducting cyclotron for
acceleration to high energy. Figure 1 illustrates the
scheme. Now only the LIG will be considered.

thor(s), title of the work, publisher, and D

tribution of thi

LIGHT ION GUIDE

be used under the terms of the C

For LIG an energetic beam of light ions impinges on a
= thin target to produce radioactive products (via (p,n) for
o example) that then exit the target to encounter a rapid
S flow of helium gas, The products are mainly in the
.2 ionized state, and in the helium this ionization is reduced

= .

‘é to the 1+ charge-state, taking advantage of the
£ unfavorable energetics of neutralization of 1+ heavy ions
% *Work supported by U. S. Dept. of Energy Grant DE-FG02-93ER40773
‘g + may@comp.tamu.edu
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CHARGE-BREEDING OF RADIOACTIVE IONS AT THE TEXAS A&M
CYCLOTRON INSTITUTE

G. Tabacaru, J. Arje, F. P. Abegglen and D. P. May®, Texas A&M University, Cyclotron Institute,
Texas A&M University, College Station, TX 77845, USA

colliding with neutral helium. The flow of helium through
the target cell ushers the 1+ ions through an orifice into a
highly pumped region where the helium can be pumped
away. The ions are guided by a small electric field
through an aperture in a skimmer electrode after which
they can be accelerated to form a low energy (~10kV)
beam.

K500 CYCLOTRON
/

ECRION ~

SOURCE
INJECTION
___—— LINE
BEAM
LIGHT DUMP
ION GUIDE \
H-
SOURCE SOURCE ~
Bad
ECRION Y /
SOURCE HEAVY
ION GUIDE
BIGSOL
SPECTROMETER

~~ K150 (88")
CYCLOTRON

Figure 1: Simplified Layout of the Texas A&M
Radioactive Beam Facility.

One disadvantage of this technique is that the ions
encounter a significant pressure of helium in the
acceleration region which introduces an energy spread in
the beam. In order to counter this, a system was
introduced where before acceleration the thermalized ions
travel along an rf-only sextupole ion guide through a
sequence of pumping baffles before being accelerated
[3]. References [4] and [5] detail the development of the
rf-only ion guide which consists of a parallel array,
usually sextupolar, of conducting rods or vanes with
low-power,
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high-frequency rf impressed. The rods are alternately
phased by 180° so that rf fields of parabolic increasing
intensity are set up in the interior of the sextupole. Ions
travel through the channel between the rods contained by
the rf fields while the helium is pumped away.
In reference [3] it is shown that ions accelerated by
some initial voltage of several hundred volts are
thermalized by collisions with the high pressure of
helium before the first pumping baffle and even cooled.
As a consequence the ions exit the SPIG into the low
pressure region with only a thermal energy spread.

INITIAL SET-UP

Figures 2 and 3 illustrate the LIG-to-CB-ECRIS
geometry and the target-cell. Three large Roots blowers
are used to handle the large flow of helium gas exiting
the target-cell. The SPIG, modelled after reference [3],
consists of two sections with two pumping baffles, the
first and second sections approximately 8 cm and 40
cm long, respectively, and using 4 mm diameter
stainless steel rods arrayed around a 10 mm inner
diameter. The exciting frequency is approximately 2
MHz and tuned to minimize reflected power. The target-
cell and SPIG are held near the extraction voltage of
the CB-ECRIS, and the 1+ beam subsequently
accelerated to ground immediately after the SPIG. Table
1 lists four reactions that were focused on.

Reaction [Incbr]ozg'%ig\‘/f:v] Half life
*Zn(p,n)*Ga 161 @ 14.3 2.6m
**Ni(p,n) **Cu 40 @ 14.3 32s
“Ti(p,n) *V 124 @ 14.3 422 ms
"Cd(p,n) "In 510 @ 10.3 719s

Tablel: Reactions.

ROOTS BLOWER 6000 m*/h
= ROOTS BLOWER 1000 m*/h

CB-ECRIS

GAS CELL

Il =
b n
ROOTS BLOWER 2000 m*/h

Figure 2: LIG and CB-ECRIS.

The 14 GHZ CB-ECRIS [6] is located 2.5 meters from
the target-cell. Since it is constructed with a totally
surrounding hexapole, it is difficult to achieve a
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symmetric geometry on the injection end due to
microwave and gas injection. This symmetry is important
in the volume where injected beams are encountering the
electric field that decelerates the beam into the plasma
chamber [7]. Various injection geometries have been
tried, including one where the plasma chamber was
opened up and extended on the injection end and the
microwaves injected into the extension. Charge-breeding
was observed for 64Ga, BCu, and "“In with the highest
efficiency obtained (approximately 1%) for "“In'** ions
which were reaccelerated in the K500 cyclotron [8]. The
number of radioactive ions injected into CB-ECRIS
ranged between approximately 2x10* ions/uCoulomb
(**Ga and "*In) to 3x10? ions/uCoulomb.

Figure 3: The target-cell and first SPIG section.

DIRECT INJECTION

The short distance (2.5 m) between the target-cell and
the CB-ECRIS makes aligning and properly focusing the
1+ beam difficult. Also larger target-cell apertures and
higher target-cell pressures cause higher concentrations of
helium to migrate into CB-ECRIS. Finally, there is the
possibility that a portion of the plasma is back-extracted
by the presence of grounded elements in the injection
region. With these considerations in mind, in the next
phase a method of direct injection of the radioactive ions
produced by the ion-guide on-line system is being
investigated. With this method the ions travel along an
extended SPIG directly into the CB-ECRIS plasma
chamber, and these problems can be more easily avoided.

As a first test a 1 meter long SPIG was positioned
through the center of a Glaser lens that was similar to the
coil on the injection end of the CB-ECRIS and capable of
producing a comparable magnetic field. Transport of ions
along the SPIG was little affected by the full field of the
Glaser as its coil current was increased to its maximum.

Next an aluminosilicate ion gun fabricated by
HeatWave Labs, Inc. for the production of singly-charged
alkali ions was placed at the entrance of 40 cm long
SPIG, and the exit end of the SPIG placed on axis near
the maximum axial magnetic field at the injection end of
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5 the CB-ECRIS (Fig. 4). This arrangement resulted in
5 a good charge-breeding efficiency (Fig. 5), although
Z this was difficult to precisely quantify due to the

, title of the work, publ

Figure 4: 40 cm SPIG injecting directly into the plasma
chamber of CB-ECRIS.

difficulty of measuring the output from the SPIG
directly. An estimate of the output was made using a
measurement of the current hitting the plasma
Z chamber added to the current measured hitting a
€ faraday cup down-stream of the CB-ECRIS with no
f‘; high voltage applied to the plasma chamber or
iSPIG. This measurement indicated an efficiency
£ as high as 10% into one charge-state (8.4 pnA of Cs***
Eout of 70 pnA of Cs'"* measured hitting the plasma
.S chamber and 15 pnA hitting the down-stream faraday
Bcup). The efficiency peaked at a difference
Z between the source voltage and the CB-ECRIS voltage
T of 8.5 volts with 5.8 volts FWHM. Charge-breeding
Z of potassium was also attempted with similar results.
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£ Figure 5: Spectrum of charge-bred Cs. The red and green
—g peaks are Cs charge-states resulting from different 1+
2 source power levels. The blue is background. 370 enA full
2 scale.

E

£  One observation is that the efficiency of charge-
5 breeding continued to improve as the vacuum improved,
B
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although as shown by Fig. 5 there was still the presence
of oxygen (from water vapor) and nitrogen (from
small leaks). The vacuum never improved at the
injection end of CB-ECRIS to below 1x107 torr, and
the introduction of support gas only served to depress
the charge-breeding efficiency. The charge-state
distribution was quite high even though the microwave
power was low (88 watts as measured at the transmitter
above the cave shielding). The total extracted current was
less than 80 epA.

Figure 6 illustrates the direct injection scheme and
Fig. 7 shows the installed SPIG positioned in the
injection end of CB-ECRIS (opposite extraction). The
SPIG is made up of vanes instead of rods for
more structural stability. In addition to the two pumping
baffles from the former scheme, there are two additional
baffles with pumping by turbomolecular pumps in
between. The entire LIG to CB-ECRIS system will be
tested first using a radioactive thorium source placed
in the target cell. Later a proton beam will be used to
create products for eventual acceleration by the K500
cyclotron.

Figure 7: Vaned SPIG and pumping baffle.
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FUTURE PROGRESS

The vaned SPIG assembly has been installed,
and connections are now being made. It is hoped that
injection by an rf-only ion guide will prove an efficient
and easily tuned alternative to the accel-decel scheme. If
this method proves feasible future progress will focus on
a mechanism for moving a section Of the SPIG out of
line so that a detector station can be positioned in-
line in order to accurately measure the output of
radioactive products from the LIG. Finally strategies for
increasing efficiencies for all species and decreasing
breeding times and contamination can be explored.
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Abstract

Investigations on the Charge Breeding (CB) time have
& been done with the PHOENIX ECR Charge Breeder. The
2 traditional measurement method consists of generating a
£ 1+ ion beam rising front and measuring the time to reach
o 90% of the final N+ ion beam intensity. In order to study
2 2 the possible self-consistent effects of the accumulation of
= S injected ions in the plasma and to better understand the
g 1+N+ process, short Rb* pulses were injected and the
£ time resolved N+ beam responses were measured. The
E new short pulse CB time method and the experimental
g results are presented. The effects of several parameters
E such as the amplitude and the width of the pulse are stud-
$~ ied. Calculation methods are proposed for the efficiency
3 and CB time in pulse mode. Compared with the tradition-
ﬂ al values, the efficiencies are found to be equivalent and
S CB time shorter by -10% in the case of short pulse injec-
; showing that the accumulation effect is low in the
studied configuration.

The short pulse method was used to study the influence
of Bmin on the plasma behaviour. An increase of Bpin leads
Z to an increase of the Rb'" efficiency that is found to be
& caused by a higher ion confinement time. The results are
= also used to estimate the 1+N+ efficiencies in the case of
8 Radioactive Ton Beam (RIB) species, showing how the
3 ‘& RIB efficiency is reduced as a function of the half-life and
== charge state.
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INTRODUCTION

ECR charge breeders (ECR CB) are used in ISOL facil-
O jties to increase the charge state of a Radioactive Ion
2 Beam (RIB) from 1+ to N+. They operate in continuous
« mode and can accept the injection of high particle flux,
» more than 10" pps. They are mainly characterized by 3
parameters.

The first one is the Charge Breeding Time tcp of the
harge state of interest N. It is traditionally measured by
switching ON the injected beam and measuring the 90 %
rise time of the N+ response [1-4]. In order to improve the
5 signal over noise ratio, the time response is averaged over
43 several measurements, the 1+ beam being pulsed ON /
& OFF at low frequency (about 0.5 Hz) with a duty cycle of
2 50%. This method is called here Long Pulse Injection
S (LPI). Figure 1 illustrates the principle of the tcp meas-

urement with LPI.
The second is the ionization efficiency. It is the ratio
between the extracted particle current of charge state N
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and the injected particle current. Using the LPI, the N+
particle current is determined taking into account the
background level (1+ beam OFF).

The third parameter is the contaminant rate defined as
the percentage of contaminants included into the N+ re-
sponse measurement. It depends on the charge breeder
cleanness, the RIB production yield and the resolution of
the downstream spectrometer. In the case of low RIB
production yield (10? to 10° pps) and low spectrometer
resolution (AM/M of about 1/200), the beam of interest
may represent a fraction that can be very small (some %),
which has dramatic consequences for the physics experi-
ments [5].
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Figure 1: Principle of the traditional 7tcp
measurement. The dashed lines are the references of
the pulse start (black) and 90% level of the Rb*** beam
intensity (red).

Motivations for Short Pulse Injection

Previous experiments have shown that the 1+ beam in-
jection can i) modify the CB plasma Charge State Distri-
bution (CSD) [6] and ii) trigger instabilities in a time
scale comparable to the CB Time [7].

In addition, the LPI method can appear to be
ambigu-ous because the rise of the N+ response is
simultaneously affected by the injection and capture of
the 1+ ions and the extraction of the N+ ions.

Finally, large discrepancies were reported in the tcp
measurements [8] with only small variations of CB pa-
rameters.

For these reasons it was proposed to measure Tcs
inject-ing the 1+ beam with very short pulses [9]. This
method is called here the Short Pulse Injection (SPI).
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EXPERIMENTAL SETUP

The SPI was tested with the PHOENIX Charge Breeder
on the LPSC 1+N+ test bench. The 1+ ion beam
was generated by an ion gun source [10] and the pulse
timing system was based on a signal generator to ensure a
pre-cise pulse duration and triggering.

The charge breeder wasn’t in the configuration offering
the best efficiencies [11]. At injection it was equipped
with a large diameter decelerating electrode, the HF
blocker electrode [12] while the additional soft iron plug
that increases the injection axial magnetic field peak was
removed [11]. In this configuration, the maximum axial
magnetic field was 1.2 T at injection (injection coil cur-
rent of 1200 A), and 0.9 T at extraction (extraction coil
current of 800 A). The charge breeder was equipped with a
permanent magnet hexapole generating a 0.8 T radial
magnetic field at plasma chamber wall.

Similar to the LPI, the 1+ and N+ beam intensities were
measured with 1+ and N+ mass analysed Faraday cups.

RESULTS

N+ Response

The SPI method was tested injecting a Rb* beam into
an He plasma. The CB was configured as follows. The
microwave power level was 510 W. The injection, mini-
mum and extraction axial magnetic field strengths were
simulated to be 1.19 T, 0.44 T and 0.84 T, respectively
(injection, median and extraction coils were set to 1185 A,
320 A and 726 A respectively). The pulse duration was
reduced until the temporal N+ response becomes constant
in shape. Figure 2 shows the Rb'" time response
corre-sponding to a 2.5 ms SPI together with the integral
of this signal i.e. the cumulative distribution function.

1.17
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Figure 2: Rb19+ response to a 2.5 ms injected pulse and
the corresponding integral function. The dashed lines are
the references of the pulse start (black) and 90% level of
the Rb19+ integral function (green).

With the SPI method, the efficiency is defined as the
ratio between the number of injected particles over the
number of extracted particles. It can be calculated by
integrating both the 1+ and N+ signals.
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The CB Time is defined as the time between the rise
front of the 1+ pulse and the necessary time to extract
90% of the N+ ions (Fig. 2).

To compare the values, the Rb!*" efficiency and CB
time were measured with both the LPI and SPI methods.
The efficiency was found to be the same with both meth-
ods at 4.8 %. The CB Time with SPI (178 ms) was found
to be shorter than with LPI (191 ms) by -10%, which
means that the accumulation effect of the 1+ ions injec-
tion into the CB plasma is low in this configuration.
Moreover, it can be seen that the N+ pulse is strongly
asymmetric, which implies that a large fraction of the ions
are produced and extracted at significantly shorter time.

Effect of the 1+ beam intensity

The influence of the 1+ beam intensity on the N+ re-
sponse was studied in the range of 177 — 644 nA, the
other experimental conditions (CB tuning, pulse dura-
tion...) being unchanged with respect to the previous
measurement. The normalized N+ responses correspond-
ing to several 1+ beam intensities are compared in Fig. 3.
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Figure 3: 1+ injection pulse and Rb'** normalized signal
responses to several 1+ beam pulse intensities.

In the studied beam intensity range, the N+ responses
are the same, which means that the perturbation caused by
the 1+ beam injection on the CB plasma is relatively
small.

Influence of the N+ Charge State

Keeping the same configuration and with the same
pulse duration, several N+ responses were measured for
Rb charge states between 4+ and 19+. The time responses
are plotted in Fig 4. These measurements illustrate the
step by step ionisation process existing in ECR ion
sources plasmas.

Similar results were obtained by several laboratories in-
jecting short pulses of neutrals [13-16]. The goal of these
earlier experiments was to study the plasma behaviour
and estimate some plasma parameters (ion temperature
and density, electron temperature and density...) by using
0 dimension model simulations.
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intensity responses to a 2.5 ms injection pulse.

Plasma Behaviour Study Example with Bmin
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study the CB plasma behavior. As an example, this was
2 done by varying Bpin. During the experiments, it was
iy noticed that a linear variation of Bmin in the range 0.432 -
° 0.444 T induced a linear variation of the Rb'" efficiency.
; N+ responses were measured for several intermediate Buin

=]

< values, see Fig. 5.
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Figure 5: Rb!°" signal responses at several median coil
currents.

From the N+ response, some parameters can be de-
fined:

i) In+ which is the beam intensity peak value ii) <tcg>

which is the time average of the N+ response and iii) t
2 Wthh is a time constant when fitting the N+ response

cu decay with a function of the form i(t) = I/t

"> Figure 6 shows the relative evolutlon of these
parameters together with the LPI and SPI efficiencies as a
function of Buin.
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Similar to the neutral injection, the SPI can be used to
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Figure 6: Variation of the time characteristics,

maximum current and Rb!*" efficiency as a function of
the median axial field.

In the studied range, the LPI and SPI efficiencies
are the same. In+ passes by a maximum value at the
middle of the range (+16% at Bmin = 0.438 T) when <
tcg> and t first experience a decrease of about 10%
before substan-tial increase of respectively 30% and
50%. Since the decay time can be considered to be
directly related to the confinement time of the high
charge state ions [17], the result implies that at
stronger B-minimum the ion con-finement is improved.

IMPLICATION ON THE RIB CB EFFI-
CIENCY

Efficiency as a Function of the Half-life

For stable elements, the SPI N+ response can be
pro-vided during preliminary RIB experiments done
with the stable isotope or by earlier CB characterization
measure-ments. If the RIB population decay is considered
to be of the form of N(t) = Noe/71 with Ty, = 71 *In
(2) and Ti, being the half-life, it becomes possible to
estimate the actual RIB efficiency with the stable SPI
N+ response more accurately than with the LPI method.
This was done for Rb isotopes from **Rb (T2 5840 ms)
to PRb (Ti2 50.3 ms), using the **Rb'** SPI N+ response
shown above. Figure 7 shows the evolution of the Rb"
* RIB efficiency over Rb'®* stable efficiency ratio as a
function of T .
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Figure 7: Evolution of the Rb'"" RIB efficiency over
Rb'" stable efficiency ratio as a function of Ty.

Down to a half-life of about 380ms, corresponding to
%Rb!%* the reduction of efficiency is limited to about
15% but at shorter half-lives the” CB efficiency starts
decreasing rapidly for this charge state. An efficiency
reduction of 65% is estimated for ®Rb'** in this case.

Efficiency As a Function of the Charge State

N+ responses are different depending on the charge
state (Fig. 4). The RIB efficiency estimation can be done
for each charge state like done in the previous section for
Rb'®*. Figure 8 shows the estimated efficiency CSD of the
radioactive Rb isotopes between *>Rb and *’Rb together
with the stable *Rb one.

7

6

- v

w

Efficiency (%)

4 9 14 19
Charge state

Figure 8: Rb isotope efficiencies as a function of the
charge state.

From Fig. 8, it can be seen that the high charge state
RIB ions are more affected by decay losses than lower
charge state ones leading to a shift of the CSD toward
lower charge state. It is clearly visible by plotting the
average charge state as a function of Ty, see Fig. 9.

In the presented configuration, the mean charge state
shift is of -1.6 when comparing *Rb with #Rb.
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Figure 9: Evolution of the average ion beam charge state
as a function of the half-life.

CONCLUSION

Using the SPI method, the temporal distribution of the
N+ beam extracted from the CB was measured. The effi-
ciencies in SPI and LPI were compared and found equiva-
lent. The CB Time with SPI was found shorter than with
LPI by -10%.

SPI N+ responses provide information on the plasma
behavior and this method will be of interest to study the
influence of the different CB parameters on the efficiency
and charge breeding time and more generally on the ECR
plasma behavior.

Finally, the N+ response curves will allow more precise
estimation of RIB efficiency as a function of the half-life
and charge state which is crucial for ISOL facilities. The
method of predicting the RIB efficiencies could be
vali-dated by RIB experiments.
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Abstract

SPIRAL1 Upgrade hardware is now almost com-
pleted. The FEBIAD 1+ source has been tested for the pro-
duction of new radioactive isotopes, the SPIRAL1 Charge
Breeder (SP1 CB) is in place reproducing nearly the charge
breeding efficiencies measured at LPSC laboratory and the
infrastructure is operational. The commissioning phase
started in the first semester of 2017. It has consisted of a
stepwise process to test the upgrade of the SPIRALI facil-
ity from simple validation (operation of SP1 CB as a stand-
alone source) up to the production of the first 1+/N+ Radi-
oactive Ion Beam (RIB) with the 3K®* ion.

This contribution will summarize the different steps
completed successfully and especially the measurements
performed to validate each of the commissioning stages.
These include e.g. ionization efficiency measurements for
CB; beam line optics for 1+/N+ and charge breeding tun-
ing. The remaining effort required to ensure the reliability
of the complete system for routine RIB operation is also
presented. A section will be dedicated to the coupling of
SP1 CB to the CIME cyclotron, leading to the delivery of
stable beams at unprecedented energies at GANIL.

INTRODUCTION

SPIRAL 1 is in operation since 2001 [1]. Radioactive at-
oms are produced by fragmentation of heavy ions up to
95MeV/u on a graphite target, and ionized in a multi-
charged ECR ion source before post-acceleration in the
CIME (Cyclotron d’Tons de Moyenne Energie) cyclotron
[2]. This original Target Ion Source System (TISS) [3] was
designed to provide mainly gaseous radioactive beams
thanks to a cold transfer tube between the target and the ion
source, trapping the radioactive condensable elements. The
natural extension is to expand the radioactive beam pro-
duction capability to condensable elements with masses up
to 90 a.m.u.; hence, an upgrade of SPIRAL1 has been un-
dertaken. The new configuration is based on the use of the
1+/N+ method developed at LPSC [4]. The aim is to have
a larger palette of 1+ TISS devoted to other chemical ele-
ment families. In this framework, a development of a TISS
containing a FEBIAD (Forced Electron Beam Induced Arc
Discharge) type ion source [5] is realized and some opti-
mizations are requested to increase the longevity of such a
system as well as the global efficiency. Moreover, the

¥ maunoury@ganil.fr

Charge breeding

charge breeder has been modified to increase its efficiency
based on the conclusions of the Emilie collaboration stud-
ies [6]. More adjustments have been achieved during the
commissioning phase at GANIL to enhance the production
of highly charged ions. It started in June 2017 and ended in
July 2018. During this period, numerous tests regarding
beam optics, charge breeding efficiencies and coupling
with the CIME cyclotron have been investigated to validate
the whole system. This paper aims to present the outcomes
and demonstrate that the SPIRALI facility is far beyond a
unique 14+/N+ system.

SPIRAL1 CHARGE BREEDER

Figure 1 displays a scheme of the SP1 CB. It is mainly
composed of an electrostatic quadrupole triplet aiming to
focus the 1+ incoming beam into the SP1 CB injection part,
the SP1 CB itself and an extraction system based on a mov-
able grounded electrode connected to an Einzel lens. The
SP1 CB is a version of the PHOENIX charge breeder de-
veloped at LPSC laboratory and built by the Pantechnik
[http://www.pantechnik.com/] Company. During the com-
missioning, two main changes and one optimization have
been done following the tests of this device done at LPSC
in 2015. For the beam injection, an inner part of the injec-
tion iron plug, which acts as an RF blocker, was previously
made of aluminium; it has been replaced by a soft iron
piece having the same design to boost the maximum field
at injection from 1.19T to 1.38T.

ittt
""?E!:H\\’l‘\il‘h' il

Figure 1: SPIRAL1 Charge Breeder.

At extraction, the plasma electrode has been moved
closer to the maximum axial field by 10mm to reduce its
interaction with the ECR plasma. The two soft iron rings,
existing in the early design of the charge breeder, are
placed on each side of the hexapole shaping the minimum
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@)

% B axial magnetic profile. An optimization of their location
5 allowed optimizing the charge breeding efficiency. The
%’ benefit of these modifications can be seen in the Fig. 2.
2 Two charge state distributions of “°’Ar?" extracted at 20kV
+ are displayed: left side (blue) the charge state distribution
g as measured during the LPSC test in 2015 and right side
2 (orange) as recorded after the adjustments. It is clear that
% the highly charged ions are enhanced drastically.

1 m LPSC 2015
GANIL 2018
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Figure 2: *Ard" charge state distributions.

MULTIMODE FACILITY

The upgraded SPIRALI facility will not use only the
1+/N+ method but other modes will also be available for
providing beams to physicists: shooting through modes
and SP1 CB as injector.

Z Figure 3 shows the four possible ways to use the
> facility. The two first modes (Fig. 3a and 3b) concern the
< shooting through modes. The SP1 CB is switched off. In
% the produc-tion cave, either NANOGAN3 TISS or
§ FEBIAD TISS can be used. In the case of the
© NANOGAN3 TISS, a require-ment in the project was to
g keep the possibility to use this previous system to provide
§ multi-charged RIB’s of gaseous elements especially for
'g their post’acceleration by CIME. For the FEBIAD TISS,
i the monocharged RIB can be either sent towards a tape
E station to be qualified (intensity and purity) or sent
8 towards the LPCTrap device [7]. In the fu-ture, this 1+
2 beam line will connect SPIRALL1 to the SPI-RAL 2 low
% energy beam facility DESIR (Désintégration, Excitation
2 et Stockage d’lons radioactifs) [8]. For cleaning up the
& low energy RIB, a high resolution spectrometer un-der
o development at CENBG [9] will be installed before de-
= livering the beam to the new experimental area.

The third mode (Fig. 3c) is the 14+/N+ method. It in-
< volves the FEBIAD TISS combined with the SP1 CB,
2 which is switched on. The stable or radioactive beam is
& then transported to the CIME cyclotron to be post-acceler-
zated and finally delivered to the GANIL experimental
. ar-eas.

§ Finally, a new mode (Fig. 3d) is to use the SP1 CB as
.2 an injector since it is by itself an ECR ion source capable
‘é to provide highly charged ions on its own. In this mode
£ ions are characterised by their M/Q ratio suitable to be
= acceler-ated by the CIME cyclotron. Consequently, it
% opens up a

: MOC4
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new way to provide stable beams for users in an energy
range from few MeV/u up to around 20MeV/u.

Figure 3: Four modes available at SPIRAL1 facility. a)
Shooting through 1+ b) Shooting through N+ c¢) 1+/N+ d)
SP1 CB as injector.

COMMISSIONNING PHASE

The commissioning phase started beginning of June
2017. A major part of the commissioning was dedicated to
find out the new optic settings as the beam transport line
between the TISS and CIME has been largely reshuftled.

Post-accelerated
beam

Figure 4: Location of the faraday cups along the SPI-
RALI facility.

A first study was performed regarding the 1+ beam
line between the TISS and the entrance of the SP1 CB
(switched off). The goal was to transport 1+ beams from
the production cave up to the Faraday cup CF31 (down-
stream the SP1 CB, see Fig. 4, with the highest possible
transmission. For this goal, an ion gun has been developed
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based on a surface ion source using pellets from the Heat-
Wave Labs company [10]. It can deliver stable alkali 1+
beams with an intensity up to several A over weeks.

Benchmarking the beam characteristics (beam
profiles in X and Y at several places and beam
currents) using TraceWin code, a set of parameters was
found to achieve 79% and 80% transmission for 2*Na'*
and *’K!*. Doing the same work using the NANOGAN?3
TISS but for a mul-ticharged ion beam (*°Ar®"), the
best measured transmis-sion was 62%, lower than those
obtained with 1+ ions.

One explanation might come up from the emittance
of the beam: In the case of the ion gun (1+ source), the
beam emittance is around 30m.mm.mrad instead of, at
least, 80r.mm.mrad for the NANOGAN3 (N+ source).
The de-celeration tube at the entrance of the SP1 CB
complicates the tuning of the beam optics through the
charge breeder. It has an inner diameter of 24mm over
80mm length, limiting the size of the beam and the
quadrupole triplet produces a strong focusing effect. To
overcome this issue, a new de-celeration tube with a
larger inner diameter of 48mm will be tested.

To verify the operation of the SP1 CB was conform
to expectations, some charge breeding efficiencies were
rec-orded, which are presented in Table 1. Even for the K
and Ar cases, values are close to the one formerly
obtained in 2015 [11]. A larger discrepancy exists for the
Na case with a decrease of 47% and 32% for the 7+ and 8
+ charge states, respectively. Additional investigation is
needed to explain these differences, which are amplified
regarding the num-bers obtained recently by the LPSC
team [12]: 12.9% charge breeding efficiency for the 8+.

Table 1: Charge Breeding Efficiencies.

Ion Charge breed-  Charge breed-
ing efficiency ing efficiency
LPSC 2015 GANIL 2018

BNa’* 6% 3.2%
BNa¥* 5.3% 3.6%
PR 13.0% 11.6%
HOAr!* 12.9% 9.7%
ST 5.3%

(T1/2 = 1.245)

For the first time at GANIL, a charge breeding effi-
ciency of 5.3% has been recorded for one radioactive ion:
37K®* with a half-life of 1.24s. As compared to the charge
breeding efficiency of the stable isotope, it represents
around half of the expected value. As the 3K half-life is
long regarding the physics processes involved into the
charge breeder, it cannot explain this discrepancy. Never-
theless, this measurement lasted only four hours, including
preparation with stable “°Ar, which was not enough to op-
timize properly such efficiency. More TISS to SP1 CB cou-
pling tests should be done in on-line conditions to improve
the overall efficiency.
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The parameter, which drives the tuning of the com-
plete system, is “efficiency”. As the yield of radioactive at-
oms produced in the hot carbon target are limited espe-
cially for the very exotic species having short half-
life <100ms, it is mandatory to maximize, for each section
of the installation, this parameter. Table 2 shows typical
num-bers measured and used to predict what will be the
radio-active ion beam intensities available on the physicist
target. Two modes are compared: the new 1+/N+ mode
and the shooting through N+  mode using the
previous NANOGANS3 TISS.

It is clear that the new mode 14/N+ is, globally, less
efficient due to the dissociation of the NO = N+
ionization scheme into two separated processes: NO = 1+
followed by 1+ = N+. There is a range (0.31%
-1.37%) where the 1+/N+ system is equivalent, in terms of .S
efficiency, to the previous system operating at.2
SPIRALI. In addition, the global acceleration efficiency of £
CIME is enhanced (35-42%) for the mode using.g
NANOGAN3 TISS regarding previous values recorded =
before the upgrade of the SPI-RALI facility (around £
20%). It might be due to the insert of the SP1 CB, which, &
thanks to its plasma electrode aper-ture of 6mm, defines €
better beam characteristics. Coming back to Table 2, the &
major bottleneck limiting the total effi-ciency of the >
complete system is the charge breeding effi-ciency and, to a
lesser extent, the ionization efficiency of the FEBIAD
source, which is currently around 5-10%. As the R&D
program is pursued by a part of our group [13], some new
discoveries have been done such as the addition of a
heavy buffer gas Xe pulling up the ionization -effi-
ciency to higher values [12]. Concerning the charge
breed-ing efficiency, more work will be undertaken on the
injec-tion magnetic field profile as it was the major
modification done at the LPSC CB leading to the great
values obtained [12].

n to the author(s), title of the work, publisher, and DOI.
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Table 2: Efficiencies Measured Aong the Pathway of the
Beam at the SPIRALI Facility. See Fig. 4 for the Faraday
cups Positions.

Section 1+/N+ mode Shooting through
(FEBIAD) mode N+
(NANOGAN3)
EN0 = charged ion 2.5%-50% 5-20%
SBeam transport = FC13 >8O% 40'70%
S1N: 5-15% -
Beam transport FC13 = FC31 >80% 60_75%
EBeam transport FC31 = FC81 70'95% 75%
EBeam acceleration FC81 = 15-30% 35-42%
FC11
Total 0.01-1.4% 0.3-3.3%

The new mode “SP1 CB as injector” has been investi-
gated during this commissioning phase. It should be men-
tioned there that the maximum current accepted by the
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& CIME cyclotron is around ~80pnA which allows the oper-
g ation of a wide range of charge states produced by the SP1
% CB. Table 3 summarizes the stable beams delivered to
2 physicists for performing physics experiments. The ad-
4 vantages of this operation mode are the following:

e  Less cost than using the full GANIL machine

e High versatility especially for delivering beams
based on gaseous elements

e  Shorter time for tuning the accelerated beam

ONGOING R&D

Obviously, constant R&D is carried on to improve the
whole system. It is mainly focused on the two following
= devices: TISS systems and SP1 CB. Regarding TISS, a
R&D has been done to develop a new compact one [14,
15]. In the same hot vacuum vessel, the radioactive atoms
are created by fusion-evaporation reactions and ionized
through the surface ionisation process. Off-line tests are
‘5 encouraging and on-line tests are scheduled by spring 2019
E at IPNO laboratory to validate the new TISS principle.

Regarding the FEBIAD TISS [13], one of the features
for its operation is to have a lifetime of one month includ-
ing the off line measurements to validate the TISS before
installing it inside the production cave. Mostly, R&D tar-
gets the protection of insulation against degradation by ei-
ther the global heat of the system or the carbon vapour
coming out from the hot graphite production target.

It is known that the radioactive atoms yields, for specific
5 isotopes, can be enhanced by choosing carefully the mate-
2 rial constituting the thick target. Henceforth, R&D related
< to the development of new targets based on SiC and/or Nb
% elements are under progress.
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Table 3: Stable Beams Produced by the SP1 CB and
Accelerated by the CIME Cyclotron.

Element Charge Extraction Final energy
State voltage (MeV)

(kV)

3Ar 7 15 3.2

$4Kr 11 14.3

$4Kr 17 21.5 5

8Kr 20 28.8

8Kr 23 27.2 15

129Xe 22 13.3

129Xe 22 26.6

129Xe 27 32.7

129Xe 29 29.5 13

About the SP1 CB, three topics are investigated. First,
the exploration of the ECR plasma properties is needed to
get more insights of the physics processes underlying the
capture as well as the confinement time processes acting
on the global yields of the radioactive ion beams [16]. Sec-
ondly, it is of prime importance to improve as much as pos-
sible the charge breeding efficiency of light elements
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(A<50 a.m.u.). For this purpose, it is foreseen to study the
magnetic field at the injection of the SP1 CB in close col-
laboration with the LPSC team as they obtained [12] values
that are the highest for such a device. Finally, a RF ampli-
fier (TWTA type) with a frequency range from 8 GHz up
to 18 GHz will be installed close to the SP1 CB. The aims
are three- folds: enhancing the highly charged ion creation
especially for the new SP1 CB operation mode described
above (SP1 CB as injector), improving the charge breeding
efficiency [17] and getting a more stable beam during op-
eration.

CONCLUSION

The upgrade of the SPIRALI facility is now over. The
infrastructure has been modified to fulfil the safety — secu-
rity requirements as the radiation area is extended by the
use of the charge breeder. Ancillaries for the SP1 CB are
installed in the adjacent rooms: RF klystron, power sup-
plies for coils, AV platform etc.

The FEBIAD TISS has demonstrated its ability to pro-
duce monocharged radioactive ion beams with intensity up
to 2 10°pps. lonization efficiency and durability should be
improved to match regular operation requirements.

The SP1 CB boosts the monocharged incoming beam
with an average charge efficiency beyond 7%. However,
this efficiency should be enhanced regarding light ele-
ments, which are requested by users. The new optic (set-
ting) has been achieved and well understood for the section
upstream the SP1 CB (1+ LEBT) while downstream (N+
LEBT) more investigations are needed using codes like
TraceWin to get a better understanding of the parameters
found experimentally.

Finally, one can conclude that commissioning phase is
over, leaving the way open for the operation phase. A con-
tinuous R&D is under progress regarding hot production
target materials, new TISSs, SP1 CB and beam optics to
improve, at the end, the yields as well as the palette of RIBs
available for the users at the SPIRALI facility.
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> Abstract

In the framework of the SPIRALI facility, the R & D
o of charge breeding technique is of primary interest for op-
- timizing the yields of radioactive ion beams (RIBs). This
g technique involves the transformation of mono-charged ion
'S beams into multi-charged ion beams by operating an Electron
’}% Cyclotron Resonance (ECR) charge breeder (CB). During
§ the SPIRAL1 commissioning, experimental studies have
§ been performed in order to understand the transport of the
‘F beam through the CB with and without ECR plasma. Nu-
- merical simulations including ion optics and some ECR
£ plasma features have been developed to evaluate ion losses
<% during the ion transport through the CB with and without a
simplified model of the ECR plasma.

author(s), title of the work, publisher, and D

INTRODUCTION

The SPIRALI facility at GANIL is dedicated to produce
and accelerate the stable and radioactive ion beams which
are delivered to physicists for nuclear experimental studies.
Extending their research on exotic nuclei properties far from
stability, an upgrade has been undertaken at SPIRALL1 to
X extend the range of post-accelerated exotic beams as well
AN as to provide low energy (keV) radioactive beams to the fu-
~ ture DESIR (Désintégration, Excitation et Stockage d’Tons
% Radioactifs) experimental area. Different Target Ion Source
2 System (TISS) based on a forced electron beam induced arc
< discharge (FEBIAD) type mono-charged ion source [1] has
; been chosen to provide 1+ beams of condensable elements
© with high efficiency. The 1+ beams from TISS are mass
(;f analyzed and transported to the 14.5 GHz SPIRAL1 ECR
f charge breeder (CB), which increases the charge state charge
2 of the radioactive ions from 1+ to N+. The extracted high
5 charge state ions are mass analyzed and post accelerated to
é CIME cyclotron (Cyclotron d’Tons de Moyenne Energie) [2].
: Figure. 1 shows the 3D cross-section of the charge breeder
: placed in the Low Energy Beam Transport (LEBT) between
-c the TISS and the CIME. In the injection side of the CB the
: beam is focused with an electrostatic quadrupole triplet and
@ the extracted beam is focused with an einzel lens. The charge
g breeder has gone through several modifications which are
= reported in [3,4], and experimental charge breeding results
s are presented in [5]. During its operation, a few technical
‘2 changes have been done in the configuration of the charge
E breeder: the position of two soft iron rings has been modi-
2 fied to optimize the axial magnetic field and the optimiza-
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1+ / N+ METHOD: NUMERICAL SIMULATION STUDIES AND
EXPERIMENTAL MEASUREMENTS ON THE SPIRAL1 CHARGE
BREEDER

A. Annaluru®, P. Delahaye, M. Dubois, P. Jardin, O. Kamalou, L. Maunoury, A. Savalle,
V. Toivanen and P. Ujic, GANIL, F-14076 Caen, France
E. Traykov, IPHC, F-67200 Strasbourg, France

Electrostatic

quadrupoles [ ||
lens

Figure 1: 3D view of ECR charge breeder connected with
injection and extraction systems.

tion of the deceleration tube position to study its effect on
beam stability and charge breeding efficiency. Experimental
studies on LEBT transport and charge breeding efficiencies
for 2Na* and *Na®* have been carried out to understand
the ion losses and 1+ capture processes by ECR plasma.
A rough analysis on the experimental studies is described
in the following sections by introducing a simplified ECR
plasma model utilizing SIMION 3D. The results obtained
from the simulations are presented and compared with the
experimental ones.

EXPERIMENTAL ACTIVITIES WITH
SPIRAL1 ECR CHARGE BREEDER

Modification of Axial Magnetic Field

In ECR ion soruce based charge breeders, the “Minimum-
B” magnetic field structure is created by 2 or 3 independent
solenoids (axial field) and hexapole (radial field) magnets
enclosed in an iron yoke. In this configuration, the magnetic
field is minimum at the center of plasma chamber and in-
creases in all directions. The Minimum-B configuration is
essential to form a closed resonance surface in the plasma
chamber where ECR condition is fulfilled.

In SPIRAL1 charge breeder, the axial magnetic field (B)
can be adjusted with the center coil and two movable soft
iron rings (R1 and R2) placed around the hexapole as shown
in Fig. 2. Magnetic field calculations were performed with
RADIA [6] to study the axial magnetic field profile by adjust-
ing the rings to different positions. Before the modification,
the two rings were placed at extraction end of CB. When the
rings are pushed to different positions, significant variations
were observed in the size of ECR zone in axial direction.
Axial magnetic field profiles for different rings position are

Charge breeding



23th Int. Workshop on ECR Ion Sources
ISBN: 978-3-95450-196-0

Hexapole
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iron plugs

Figure 2: Position of two soft iron rings (R1 and R2) around
the hexapole.

shown in Fig. 3. From these B field plots, the soft iron rings
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Figure 3: Axial B fields with different positions of the two
soft iron rings. a) two rings touched at center (purple) b)
rings separated by 10 mm from the center (Blue) c) rings
separated by 20 mm from the center (Red) d) two rings at
the extraction of CB. Center refers to the center of plasma
chamber (320 mm).

Table 1: 3°K°* Efficiency Measured at Different Rings
Positions. Center Is referred As Center of Plasma

Chamber (320 mm)

Rings position PKO* efficiency

R1 and R2 at extraction 7.44 %

R1 and R2 touched at center 10.08 %
R1 and R2 separated by 20mm 10.88%
from center

R1 and R2 separated by 10mm 11.6%

from center

separated by 10 mm from the center of the plasma chamber
has been chosen as the best configuration. Because, the size
of the ECR zone is larger, compared to the other configu-
rations. Implementing this configuration can increase the
ion and electron confinement times in the plasma volume
consequently enhance the production of highly charged ions.
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To test the theoretical hypothesis, this modification has
been executed during the charge breeding of 3°K°.
During these measurements, Helium was used as buffer
gas in CB. Ta-ble 1 shows the charge breeding efficiency
of 3K°* with different positions of the two iron rings. As
a result, with the best configuration charge breeding

efficiency of 3°K°* has been increased by a factor of 1.5
when compared with initial position of the rings.

Transmission Efficiencies of *°K* and >*Na*
The thermionic ion gun was used to produce the 1+

ion beams of *°K* (420 nA) and 2*Na* (550 nA) at 10 kV
and 15 kV respectively, with emittance (4 o) of 50

rm.mm.mrad (non-normalized) through the 14.5 GHz
SPIRALI1 ECR charge breeder at SPIRALI. The 1+ and n

+ beam lines have been tuned to achieve maximum ion
beam current, up to the Faraday cup (FC;,) and likewise

to the Faraday cup (FC,), which is placed after the
charge breeder. The starting point for the optics tuning

was defined from TraceWin simulation in order to achieve
high transmission efficiencies in LEBT. By turning OFF
the charge breeder (without plasma and high voltage),
the transmission efficiency of 80% and 78%on **K* and
23Na* were recorded at faraday cup (FC,.). The axial B
field configuration was: at injection B;,;= 1.41 T, at center
Bin=0.42 T, at extraction By, = 0.5 T.

Charge breeding of *Na

Table 2: Parameters Used in Charge Breeding of Sodium

Parameters Charge breeding
of Na
Magnetic field at injection (B;,,;) 141 T

Magnetic field at minimum (By,;,) 0.42 T
Magnetic field at extraction (Bgy;) 091 T
RF power (Watt) 540 W

Hereafter, the experiments were performed with helium as
buffer gas in ECR charge breeder, which is observed to be the
best for optimizing the charge breeding efficiencies of high
charge states of K and Na [7]. Please refer to Table 2 for typ-
ical values used for charge breeding of Na. The thermionic
ion gun was used to produce the >*Na* beam which was in-
jected into SPIRAL1 charge breeder with an intensity of 550
nA at 20 kV. The emittance (40°) value for injected BNa* is
30 7.mm.mrad (non-normalized). By proper tuning of AV,
the charge breeding efficiencies of 0.82%, 3.23%, 3.57%
and 1.2% were recorded on Na?*, Na’*, Na8* and Na°+,
respectively. AV was tuned between 6 V and 8 V. During
the measurements, the tuning was observed to be very sensi-
tive with the potential difference (AV) between 1+ source
and charge breeder. The AV value for maximum achieved
efficiency is same for high charge states of sodium, which
was similar when compared with results obtained for sodium
with LPSC PHOENIX charge breeder [8].
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[a)
)
8 Effect of Deceleration Tube Position on Charge
8 Breeding Efficiency
: In SPIRAL1 charge breeder, the charge breeding

~efficien-cies for 2*Na* and 2’Na®* were recorded at
g different po-sitions of the deceleration tube. Observing the
o geometry sub-plot in Fig. 4, the optimum position is found
% at a dis-tance of 21 mm from the injection plug of CB. The

1S

k, publ

9 Na* beam measured downstream from the charge breeder
'E was stable at the optimum position and became unstable

= when the tube was moved to the ends. It is also clear that,
Na®* plot shows the similar tendency with the position of

the de-celeration tube when compared with Na*. To
summarize, this parameter is critical for the beam stability

and has shown a clear effect on charge breeding efficiency.

Effect of Deceleration tube on charge breeding efficiency
] s .
0.9 1 * Nal+
0.8 : ¢ Na8+
0.7

0.6 .
o ded tuby
04 Grounded tube .
21m Plasma chamber .
03 °
0.2

0.1

Normalized efficiency

0 10 20 30 40 50 60 70 80 £ 100

Deceleration tube position (mm)

Figure 4: Effect of deceleration tube position on Na* and
Na3* charge breeding efficiency. At 0 mm, the position of
2 the tube is inside the charge breeder. Measured Na™ and
Nad* curves are normalized to 1 from 8.14% and 3.65%.
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S Effect of Injected Beam Emittance On Charge
@ Breeding Efficiency

The 20 kV ?*Na* beam was injected into SPIRALI
charge breeder with an emittance of 30 7.mm.mrad (non-

normalized). The AV was optimized in order to reach a
Charge breeding efficiency of 3.53% on 2*Na®*. The in-

Effect of beam emittance on 2Na®* efficiency
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Figure 5: effect of beam emittance on Na* and Na3* charge
breeding efficiency.

jected beam emittance was then varied from 5 7.mm.mrad
to 80 7.mm.mrad by adjusting a set of slits between the 1+
source and the CB. Figure. 5 depicts influence of injection
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beam emittance on 2>Na®* efficiency and n+ intensity. Ob-
serving the intensity plot, a significant drop in beam currents

is recorded at low emittance. This drop correlates with the
collimating parts of the beam that are actually injected into
plasma. Beam currents steadily increases with increase in
emittance, which correlates parts of the beam that cannot
be injected into the plasma are collimated away by the slits.
At higher emittance (> 60 7.mm.mrad), a small drop in
beam currents has been observed. It suggests that perhaps
increased ion losses in the injection region effecting the in-
jection efficiency. The observed charge breeding efficiency
trends steadily decrease with increase in emittance and n+
beam currents.

NUMERICAL SIMULATION STUDIES ON
ECR CHARGE BREEDER

Simulation Description

Numerical simulations were performed using SIMION 3D
[9] to evaluate the ion losses during the transport of 1+ beam
through the charge breeder with and without a simplified
model of the ECR plasma. These cases correspond with the
situations where the CB is switched off (shooting through
mode) and on (charge breeding mode).

The main ingredients of this simulation are; precise ge-
ometry of SPIRAL1 charge breeder, ion optics (deceleration
tube, electrostatic quadrupole lens, CB extraction einzel
lens) and 3D magnetic field of the charge breeder (calcu-
lated from RADIA). The electric fields are calculated in
SIMION by applying potentials to the geometry electrodes.
The geometry is arranged according to the LEBT line in SPI-
RALLI as shown in Fig. 6. Additional features are added to
the simulations according to our requirements (e. g., plasma
potential). For initiating the ions in the simulation, a Matlab
code has been developed, which can generate the initial ions
using twiss parameters. The energy and mass of 1+ ions can
be changed in the code according to our requirements. Fur-
thermore, ion losses in the simulated system are monitored
with a dedicated Lua user program.

lon Transport Through Charge Breeder Without

Plasma
In this case, 3°K* and >*Na™ ions at energy of 10 keV and
15 keV are injected into the charge breeder with emittance of

50 7.mm.mrad. The emittance used for this case is similar
to the experimental once. Figure. 6 shows the simulation of

3K+ ions transported through the CB. In both cases ( K*
and Na™), It was observed that up to 20% of the initial ions

were lost at the extraction aperture.

lon Transport Through Charge Breeder Plasma

To investigate this process, a simplified plasma model has
been introduced in the simulation, which allows to repro-
duce the trends of experimental AV curves. A few regions
of fixed potentials are included inside the plasma chamber
to approximate the potential distribution in the plasma vol-
ume, including the potential dip in the core plasma (see

Charge breeding
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Figure 6: The geometry of electrostatic quadrupole lens (a), decleration tube (b), ECR charge breeder (c) and extraction
einzel lens (d) used in the ion transport simulation. At the point E, 10000 3°K* ions are initiated with the energy of 10 keV
and simulated through ECR charge breeder. The total ions extracted from charge breeder are counted after the extraction

system.
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Figure 7: The geometry of ECR charge breeder with the
ECR plasma features and ion optics used in the study of 1+
capture processes.

Fig. 7). The plasma potential (V},) and potential applied at
ECR zone (Vgcr)are always equal in all cases in order to
confine the potential dip inside the resonance zone. The
simplified plasma model presented in this paper does not
include collisions or other interactions between the ions.

Before initiating the ions in the simulation, the plasma
potential (V},) and potential applied at ECR zone (Vg cR) are
adjusted to higher value than the potential of charge breeder
(Vep) so that the incoming ions are decelerated due to posi-
tive plasma potential. The potential dip is always considered
as Vgip = VEcr -1 V. The plasma potential of 10 V has
been chosen in order to reproduce the AV curves. However,
based on experimental optimum AV results we know that
the plasma potential in reality is lower, most likely below
8 V. But in order to simulate the trends, this discrepancy
should not be critical.

Ions are initiated with an emittance of 30 7.mm.mrad at an
energy of 20 keV. The AV curves in the simulation is defined
as the potential difference between the charge breeder and
injection energy of 1+ ions. In order to initiate Na>* ion
beam in this simulation, a Lua programme has been written
to change the charge state of Na* to Na>* after entering into
ECR zone without disturbing the kinetic energy of ions.

SIMULATION RESULTS AND
DISCUSSION

With the transmission simulations (CB off), Transmission
efficiencies of 84% and 79% for K* and Na* were recorded
after the extraction system, which are very similar to the
experimental results reported in the previous sections. From
the observations, 100% transmission has been achieved up
to the entrance of CB. The ion losses were observed only
at the extraction aperture. Ion losses significantly increase
with increase in V.

Charge breeding
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Figure 8: Normalized efficiencies of Na* as a function of
AV. Measured and simulated curves are normalized to 1
from 28% and 24%.

The second part of the numerical simulation concerned
the extraction of Na* and Na** through CB plasma vol-
ume. From the observations, the recorded simulated curve
seems to shift towards higher AV when compared with exper-
imental curves. In order to find the best agreement with the
experimental curves, the emittance of 1+ beam has been var-
ied to 20 7.mm.mrad by keeping the same twiss parameters.
Observing Fig. 8 and Fig. 9, similar trends were recorded
for Na* and Na?*. Atlow AV, most of the ions are reflected
back to the deceleration tube due to positive plasma potential
(e.g. 85% of ions with AV between 9 - 10 V). When AV
is at 55 V, the maximum of the Na* is obtained, and the
ion losses at the entrance of plasma chamber significantly
decreased to 15%. Moreover, real discrepancies can be seen
after 50V and higher, which was also observed in Na* ex-
perimental curves. In case of N a?*, the ions are initiated at
the core of ECR zone. The observed trends between the sim-
ulated and measured data agree, but the simulation seems
to significantly over-estimate the efficiency compared to the
measured values. This is probably due to the very simplified
1+ — 2+ conversion model implemented in the simulations.

The discrepancies observed in the simulations shows that
the 1+ (and maybe 2+) beam traversing through the plasma
chamber exhibits a periodic focusing/defocusing behavior
due to the solenoid field [10], and consequently the phase of
this motion at the extraction aperture influences the transmis-
sion. Furthermore, as this motion is ion energy dependent,
varying AV or V., influences the phase at the extraction aper-
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igure 9: Normalized breeding efficiency of Na’* as a func-
tion of AV. Measured and simulated curves after are normal-
ized to 1 from 0.9% and 21%.

ture and therefore the transmission. Thus this phenomenon
can explain some of the features seen in the simulation re-
sults (oscillating transmission). As similar oscillations are
present in measured data, it suggests that perhaps similar
effects takes place in reality.

SUMMARY AND PERSPECTIVES

Simulations revealed that the ion losses at the extraction
aperture are mostly due to the beam oscillations in the charge
= breeder. The transmission efficiencies obtained from the sim-
£ ulations show good agreement with the experimental results.
= The AV plots for Na* and Na** obtained from a rough anal-
= ysis performed with the simplified ECR plasma model has
£ shown similar trends when compared with the experimental
_- curves. In future, the simulation model presented in this pa-
g per will be improved by distributing the Na>* ions randomly
< in the core of ECR plasma instead of using a conversion from
o 1+ to 2+ at a fixed axial position. Simultaneously, the AV
£ plots for Na* and Na>* will be calculated with a numerical
simulation code called MCBC (Monte Carlo Charge Breed-
ing Code) which can model the capture and charge breeding
of a beam of ions injected into a plasma [11]. The AV plots
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obtained from SIMION 3D and MCBC will be compared
for further investigation regarding the 1+ capture process
by ECR plasma. To complete this analysis, additional ex-
perimental data will be gathered from Mg (using He buffer
gas) and K (using He and O, buffer gas) charge breeding
efficiency (also charge breeding time) measurements. This
approach can show a possible way to determine the tendency
of charge breeding parameters which influences the 1+ ion
capture efficiency by the ECR plasma.
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REDESIGN OF THE GANIL GTS ECRIS FOR 1+/N+ STUDIES
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Grand Accélérateur National d’Ions Lourds (GANIL), F-14076 Caen Cedex 05, France

Abstract

More than half of the beams produced at GANIL are
metallic elements, underlining the importance of their con-
tinuing development. Compared to the conventional tech-
niques (oven, sputtering, MIVOC), the 1+/n+ method has
demonstrated superior ionization efficiencies, suggesting the
potential for improved metal beam production. Dedicated
studies are required to assess the feasibility of this approach.
The SPIRAL1 Charge Breeder is now in operation at the
GANIL radioactive beam facility SPIRAL1. Operation in
high radiation area poses challenges for its future develop-
ment. A separate test stand supporting charge breeder and
metal ion beam R&D is thus desirable.

The GTS 14.5 GHz ECRIS has been chosen as a platform
for 1+/n+ studies. After the upgrade program of 2017-2018,
the GTS provides good performance and versatility, making
it well-suited for ion source R&D. A new injection module
has been designed for 1+ injection into the GTS plasma to
be used in the 1+/n+ studies. It can be easily replaced with
the conventional system for normal ion source operation.
The design of the new injection system will be presented in
detail with ion optical simulations of the 1+ beam injection.

INTRODUCTION

The GTS 14.5 GHz Electron Cyclotron Resonance (ECR)
ion source has undergone a substantial upgrade program in
2017 - 2018. As part of this upgrade, the ion source beam ex-
traction system was refurbished, a new center coil was added
to improve the magnetic field control and the injection side of
the source was redesigned to reach higher injection magnetic
fields and to allow double frequency operation in a wide fre-
quency range. These changes are discussed in more detail in
Ref. [1]. As presented there, the extraction system and center
coil upgrades yielded an improvement of up to a factor of
three for the delivered beam currents in 2017. In 2018 the
new injection system has been commissioned for operation,
which has provided further performance improvements, es-
pecially for the high charge state beams. For example, with
double frequency operation (14.5 GHz + 11.215 GHz) the
GTS has recently produced a 17.5 pA beam of '2*Xe3%+,
which is over eight times higher intensity than before the
upgrade program.

The motivation for the GTS upgrades has been two-fold.
First, the goal was to improve the beam capabilities available
for the multidisciplinary low energy beam facility ARIBE
(Accélérateurs pour les Recherches Interdisciplinaires avec
les Ions de Basse Energie), which is the primary user of
the GTS beams. The second goal was to establish a good
baseline performance for continued ion source R&D with
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the GTS. As these goals have now been achieved, the next
phase for the GTS is to utilize it for charge breeding (or
1+/n+ method) research. This will be a second role for the
GTS, as it will also continue to serve the ARIBE facility in
its conventional ion source configuration.

One potential future application of the 1+/n+ method is en-
hanced metal ion production. Metal ion beams are currently
widely used in the accelerator facilities around the world,
and as an example, more than 50 % of the beams delivered
at GANIL are metallic elements. This highlights the impor-
tance to continue metal ion production development with
ECR ion sources. With conventional techniques like sput-
tering, miniature ovens and MIVOC, the global ionization
efficiencies of metal beams is low. Here, the global efficiency
is defined as the ratio of the extracted ion flow (all ion species
of the element) over the injected neutral flow. Based on the
data collected from GANIL operation, published in Ref. [2],
the typical measured global efficiencies for sputtering are
around 1 Y%, oven beams around 10 % and MIVOC beams
around 20 %. In total, all measured efficiency data is be-
low 30 %. In contrast, experience with charge breeders has
shown that with 1+ injection global efficiencies around and
in excess of 50 % are achievable (see e.g. Ref. [3]). The
higher efficiency would first of all reduce the material con-
sumption, which is not an insignificant consideration for rare
and expensive elements and isotopes. Secondly, decrease
in injected material would reduce the plasma chamber con-
tamination. Furthermore, decoupling the initial metal ion
production and the stepwise multi-ionization allows both of
these processes to be optimized independently.

However, dedicated studies are necessary to validate the
feasibility of these ideas. One of the main challenges that
needs to be assessed is the high intensity operation. Al-
though several measurements performed so far suggest a
weak relationship between the 1+ capture and ionization
efficiencies and the injected 1+ current, this effect has been
mainly studied with low currents up to only a few pA (see
e.g. Refs. [4-7]). In order to make 1+/n+ method a realistic
alternative for the conventional techniques, it must be demon-
strated that the high efficiencies can be retained also with
significantly higher current levels. The GTS can provide a
suitable test bench for these studies.

The GTS will be used also for studying other aspects of
charge breeding. The SPIRAL1 Charge Breeder has been
recently installed and commissioned at the GANIL radioac-
tive ion beam facility SPIRALI [8]. The role of the machine
is to charge breed the singly charged radioactive elements
produced by the Target Ion Source Systems (TISS) and de-
liver the multiply charged ions for post-acceleration and
experiments. As an operational machine in a high radiation
dose area, the access to the charge breeder will be limited

MOC6
39

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



23th Int. Workshop on ECR Ion Sources

) ECRIS2018, Catania, Italy JACoW Publishing
O ISBN: 978-3-95450-196-0

doi:10.18429/JACoW-ECRIS2018-M0OC6

B, (T)
14

il
1.0
0.8
0.6

04

0.2

Pl 2 2 I‘ISOO
Figure 1: Cross section view of the 1+ beam injection module connected to the GTS. The main parts include (1) a 1+
source, (2) an insulator, (3) a 1+ beam extraction system (a puller electrode and an einzel lens), (4) an isolating valve, (5)
horizontal and (6) vertical steerers, (7) two-sided Faraday cup, (8) a beam dump, (9) a grounded guiding tube, (10) a main

insulator, (11) an ARMCO cylinder, (12) an ARMCO injection aperture electrode (IAE), (13) the GTS plasma chamber,
(14) a WR62 waveguide and (15) a gas injection tube. The second WRD750 wave guide is not visible in this view. The
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GTS axial magnetic field is also presented.
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£ in the future, which will set restrictions to its development.
& As such, it will be beneficial to have access to an offline
2 test bench to perform charge breeder specific R&D. The
< operational experience and mechanical upgrades developed
% with the test bench can then be transferred to the SPIRALI
S Charge Breeder.

In order to use the GTS for the charge breeding (1+/n+
% method) studies, it needs to be modified to allow 1+ beam
.2 injection into the ECR plasma. These modifications are
> presented in the following chapter.

tr]

e (©

INJECTION MODULE DESIGN

One of the main principles of the GTS modifications is
¢ the ability to transition from normal ion source operation
é to 1+/n+ operation (and vice versa) in a relatively short
f time. To accommodate this requirement, a new injection
4.» side module has been designed which completely replaces
the conventional ECRIS injection system hardware when the
_:» GTS will be operated with 1+ beam injection. The existing
% injection system can be pulled out of the ion source on rails
2 and lifted off as a single unit. The dedicated 1+ injection
> hardware can then be lifted on the rails and connected to the
E ion source. Including the pumping time, a beam-to-beam
8 time of a few days should be realistic with this approach when
@ the GTS is transitioned between conventional ion source
operation and 1+/n+ studies.
The design of the 1+ injection module is presented in Fig.
. The 1+/n+ studies will start using an existing alkali ion
ource as the source of singly charged ions. It is based on
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thermal ion emission from a heated porous tungsten pellet
that is doped with the alkali element of interest. Based on
past experience, the source can deliver 1+ ions from nA
levels up to around 1 mA, offering a wide current range for
experiments. The 1+ source is electrically separated from
the rest of the system, and it will be operated at a potential of
Vi+ = Vgrs + AV, where Vgry is the potential of the GTS
plasma chamber and AV is an adjustable voltage to allow
the ions to overcome the positive plasma potential to enter
the GTS plasma volume. The transport section between the
1+ source and the GTS plasma chamber is grounded, so the
ion kinetic energy in this region is e(Vgrs + AV).

The 1+ source features a Wehnelt electrode to control
the beam formation from the heated pellet. Normally the
Wehnelt is biased negatively to some hundreds of Volts with
respect to the pellet potential. The 1+ source is followed by
a beam extraction system consisting of a puller electrode and
a positive (decelerating) einzel lens. The pellet source and
the extraction system can be separated from the rest of the
injection module with a gate valve. This allows manipulation
and exchange of the 1+ source without compromising the
GTS vacuum.

The design features two independent steerers (horizontal
and vertical) which can be used to manipulate the beam as it
passes through the injection system. With low steerer volt-
ages the beam alignment with respect to the optical axis can
be varied. This can be used to correct beam misalignments
or to study the effects of varying the transverse insertion
location of the beam into the GTS plasma chamber. The ver-
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Figure 2: GTS axial field profile with different injection soft iron configurations. The 2018 design corresponds to the new
injection system installed in 2018 for conventional ion source operation. In all cases the injection, center and extraction coil

currents are 1200 A, 0 A and 1100 A, respectively.

tical steerer is designed to be used also for beam pulsing. In
this operation mode the 1+ beam is deviated into a dedicated
beam dump. In principle any desired pulse pattern can be
created for the of 1+ beam by varying the vertical steerer
potential as a function of time. This feature is especially
important for the studies involving measurements of charge
breeding time.

After the steerers the beam enters a grounded tube that
guides the ions inside the GTS high voltage enclosure. The
1+ ions are decelerated into the GTS plasma volume between
the end of the grounded tube and a conically shaped injection
aperture electrode (see (12) in Fig. 1). The injection aperture
electrode can be biased with respect to the plasma chamber
potential. In this configuration it can be used in a similar
fashion as the biased disc of a conventional ECR ion source.
However, as the electrode is situated only around the axis,
experimental work is required to determine its effectiveness
in 14/n+ operation.

For beam diagnostics the injection design features a two-
sided Faraday cup, which can be moved on an actuator to
replace the vertical steerer. The Faraday cup can be used
to measure both the 1+ beam current from the 1+ source
as well as the beam current of the ions extracted from the
GTS plasma chamber towards the injection. In addition, the
current collected on the beam dump and on the grounded
guiding tube can be measured.

The injection design features two wave guides for mi-
crowave injection; a WR62 for nominal 14.5 GHz operation
and a double-ridge WRD750 with a wide 8 — 18 GHz range
for varied or double frequency operation. Gas injection is

Charge breeding

performed through a dedicated gas tube. Due to the Halbach-
style hexapole, access through the injection is the only option
for microwave and gas insertion. The wave guides and the
gas pipe enter the GTS plasma chamber through the edges of
the injection aperture electrode with a 120° azimuthal sym-
metry. This is done to ensure symmetrical cuts on the soft
iron pieces to minimize asymmetry in the injection magnetic
field. Field asymmetry in this region can lead to unwanted
steering of the incoming ions, degrading the injection effi-
ciency [3,6,9]. In addition, this solution places the wave
guides and the gas pipe between the arms of the star-shaped
axial plasma loss pattern.

To allow access for the 1+ beam, the solid soft iron plug
that boosts the injection axial magnetic field in conventional
ECRIS configuration is not possible in the 1+/n+ operation
mode. This unavoidably leads to decreased magnetic field
in this region. However, the removal of the injection plug
is partly compensated with a new soft iron structure around
the space that is required for the beam injection.

The magnetic design calculations were performed with
the Radia software [10]. After studying several geometrical
options within the boundary conditions set by the GTS struc-
ture, a design featuring a hollow ARMCO cylinder located
around the grounded tube and a conical ARMCO tip with
a smaller 25 mm aperture was chosen (parts (11) and (12)
in Fig. 1). The conical piece also fulfills the role of the
injection aperture electrode discussed previously. The cho-
sen design provides a 1.32 T axial field maximum, which
is located at the injection end of the GTS hexapole magnet.
This value is comparable with the injection field of the SPI-
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600 V and the einzel electrode (4) at 11 kV. The puller (5) and the last extraction electrode (6) are grounded.

£ Both steerers (7 and 8) are off, i.e. grounded. The injection aperture electrode (IAE) (9) is at GTS chamber potential;

t
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© RAL1 Charge Breeder and is close to the 1.4 T value of the
.2 ECR Charge Breeder at ANL [9], which further increases
3 the confidence to the design. The calculated axial magnetic
Z Z field is presented in Fig. 2, compared to the current GTS
2 axial field in conventional ion source operation mode. A
< case without any added soft iron in the injection side of the
% GTS is also shown. The measured field values with the cur-
& rent injection system are also included, demonstrating the
© good correlation between the field calculated with the Radia
§ model and the reality. In Fig. 1 the axial field is overlaid
& with the mechanical design of the injection module and the
S GTS.

n of this w

ION OPTICAL SIMULATIONS

The injection module design was developed with the aid
of ion optical simulations. The simulations were performed
with the code IBSimu [11], utilizing the 3D magnetic field
maps calculated for the system with Radia. The simulation
model includes the magnetic field present inside the ion
8 source as well as the fringe field that extends into the injec-
S tion module region. The field map contains both the solenoid
%’ and the hexapole field components of the ion source.

2 A simplified plasma volume is implemented in the sim-
zulation model to approximate the influence of the plasma
E to the 1+ ion trajectories at the entrance to the GTS plasma
S chamber. The plasma volume is modeled with an analyti-
.« cal electron background which compensates the ion space
= charge. A constant plasma potential of 10 V is imposed in-
£ side the plasma volume and its boundaries are kept constant,
= as the plasma is assumed not to be significantly influenced
‘q"é by the injected 1+ ions. The axial boundary is set at the
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15 kV. The 1+ beam transmission from the 1+ source to inside the GTS plasma chamber is 92 %. Case (b):
An example of beam deflection with the vertical steerer for pulsed 1+ beam operation. The steerer plates are set to +3 keV.
S The location of the beam dump (10) is presented with a dashed line.

plasma facing surface of the injection aperture electrode.
Collisions between injected 1+ ions and plasma particles are
not included in the simulation model.

In order to keep the simulation volume at a manageable
size and to reduce the system memory requirements, the
simulations were performed in two parts. The system is
divided in the axial direction with the hand-over point at
z = 0.511 m in simulation coordinates (see Fig. 3). This
location was chosen as it provides a potential free region
and thus omitting the geometry on one side of this position
does not influence the ion behavior.

The main baseline beam used in the simulations is *°K*,
extracted from the 1+ source with voltages around 15 kV.
An example of 3K* injection into the GTS plasma chamber
is presented in Fig. 3(a). The extracted beam current is
10 pA and the 4rms-emittance is 20 mm mrad. The relevant
potential values are presented in the figure caption. It is ob-
served that the einzel lens provides a small diameter parallel
beam through the injection module. 100 % of the 1+ beam
is transported through the module and the beam enters the
plasma chamber on the optical axis of the system. The beam
is decelerated in a controlled manner, though some particle
losses are observed here due to ions being reflected back by
the plasma potential. This process is mainly dictated by the
magnitude of the ion velocity component perpendicular to
the plasma sheath with respect to the plasma potential value.
In the presented case with AV = 30 V the transmission from
the 1+ source to the inside of the GTS plasma chamber is
about 92 %. However, it is pointed out that these transmis-
sion numbers should be taken only as guiding values, as
in reality the ion motion in this region is influenced by the
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presence of the plasma particles (collisions, thermalisation,
diffusion and ions extracted towards injection), which are not
included in the current model. Inside the plasma chamber
the magnetic field of the GT'S has a strong influence on the
low energy ions, forcing them into a corkscrew motion.

The effect of varying the bias voltage of the injection
aperture electrode ((9) in Fig. 3) was studied with simula-
tions. The bias voltage was varied between 0 V and —500 V
with respect to the plasma chamber potential. Based on the
simulations the influence of the varied bias on the 1+ beam
transmission into the GTS plasma chamber is negligible
(< 0.5 %-point). This suggests that the bias can be tuned to
optimize plasma processes without compromising the ion
injection efficiency.

The vertical steerer is designed to be used for beam puls-
ing. A simulation demonstrating the redirection of the 1+
beam into the dedicated beam dump is presented in Fig.
3(b).

One of the potential sources of issues with 1+/n+ opera-
tion is the ion beam extracted from the GTS plasma chamber
towards the injection and the 1+ source. The aperture that
allows the injection of 1+ beam into the plasma chamber
also unavoidably acts as an extraction channel for the plasma
ions. If high amounts of ions are extracted from the plasma
through the grounded guiding tube, it could have adverse
effects on the operation of the injection module and the 1+
source. In order to study this scenario with simulations, the
GTS plasma chamber was populated with oxygen ions and
0.9 mA of ionic current was extracted towards the injection.
The oxygen ion population consisted of charge states rang-
ing from 1+ to 8+ following the shape of a typical oxygen
charge state distribution produced with the GTS, peaking
at the '°0%*. Based on the simulations over 90 % of the
ions escaping from the plasma chamber are lost inside the
grounded tube and only 0.6 % of them reach the 1+ source,
amounting to about 5.4 pA in this case. These surviving ions
are almost exclusively collected on the Wehnelt electrode,
for which this level of additional current will not cause any
issues. Similarly, the grounded outer bodies of the steerers
will collect a few tens of HA of current, as well as the last
grounded electrode of the einzel lens assembly. Based on
these results it is not expected that these ions will cause
any significant issues for the operation of the 1+ injection
module.

CONCLUSIONS

Due to its diverse features, the presented injection module
design demonstrates a good potential for 1+/n+ operation
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and the related studies. The similarities in the injection
magnetic field between the GTS and the SPIRAL1 Charge
Breeder and the results of the ion optical simulations give
confidence for the design choices. The ion deceleration and
insertion into the ECR plasma is a critical part of the system,
and the most challenging to model reliably. This is taken
into account in the mechanical details of the design to make
it easier to vary the system geometry in this location (e.g.
the grounded tube dimensions and position, replacement of
the injection aperture electrode). This gives flexibility for
geometry optimization, as the operational experience with
the system increases.

The installation of the injection module and the first mea-
surements with the GTS in 1+/n+ operation mode are ex-
pected to take place in 2019. The experiments will start
with the existing alkali source to produce the 1+ ions. As
the features of this source are well known, it is well suited
for the commissioning of the 1+ injection system and its
features. The GTS performance can also be benchmarked
and compared to the SPIRAL1 Charge Breeder, which has
been operated with the same 1+ source. Later the alkali
source can be replaced with other 1+ sources to expand the
studies to other elements.
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Abstract

To produce intense metal ion beams (e.g., Ti
= V125137 Cr13Y) for synthesizing new super heavy clements
z 5 (Z= 119 ,120) at RIKEN, we tried to optimize the perfor-
£ mance of RIKEN 28 GHz SC-ECRIS. Based on the “scal-
ﬁ ing law” and the “high B mode” operation, we systemati-
= = cally measured the beam intensity of various heavy ions
;:: as a function of Binj, Br and B with 28 and 18 GHz
£ micro-waves. We observed that Bex is dependent on the
= = charge state of heavy ions as predicted by the “scaling
m law”. Using these systematics, we obtained ~400 epA of
= V13+ at the mi-crowave power of 2 kW (28 GHz) and Bex
£ £ of ~1.4 T with 28 GHz. For long term operation, we
E produced very stable beam of 100-200 epA of V!3* ion
2 Following this, we con-structed new 28 GHz SC-ECRIS
for new elements synthe-sis.

13+

), title of the work, publisher, and D

INTRODUCTION

At RIKEN, we planned to synthesize new elements,
which have atomic number higher than 118, after the ex-
periments for synthesizing the super-heavy element
(atomic number of 113).[1] For this purpose, production
of intense and stable highly charged metallic ion beams,
such as V!*3* jons, is required. Therefore, we
conducted test experiments to produce these beams and
studied the opti-mum structure of the ion source to
increase the beam in-tensity and, especially, the effect of
magnetic mirror ratio on plasma confinement, for several

years. It is well-known that the “scaling law” [2,3] and the

“high B mode” opera-tion [4-6] provide some of the
< important guidelines to op-timize the magnetic mirror

> ratio of ion sources for produc-tion of various charge
A states of heavy ions. Model calcula-tion based on the
Lo) Fokker-Planck equation also shows the same tendency as

S the “scaling law”. [7,8]
° As a first step to improve the ion source performance

E for production of these metallic ion beams, we also con-
£ - ducted a systematic study to optimize the magnetic mirror
£ ratio using the RIKEN 28 GHz SC-ECRIS and the liquid-
8 He-free SC-ECRIS on the bases of these laws. Using the
S results of the systematic study, we attempted to
2 produce intense metallic ion beams last year.
In addition, to further expand this project, new super-
> conducting RF cavities are now under construction in the
€ downstream of RIKEN heavy-ion linac (RILAC) to in-
% crease the beam energy. [9] In this project, we also
i planned to construct a new 28 GHz SC-ECRIS. Based on

£ the experimental results, we completed the design and the
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> DEVELOPMENT OF RIKEN 28 GHz SC-ECRIS FOR PRODUCTION OF IN-
TENSE METAL ION BEAM

Y. Higurashif, T. Nagatomo, J. Ohnishi, and T. Nakagawa,
Nishina center for accelerator based science, RIKEN, Wako, Saitama 351-0198, Japan

construction last year. The ion source, the low energy
beam transport line and first results for the ion source
have been reported in ref. [10]. In this contribution, we
present in de-tail the results of the systematic study and
production of highly charged V ion beam.

SYSTEMATIC STUDY

In the test experiments, we used two different types
of ion sources, Liquid-He-free SC-ECRIS [11] and
RIKEN 28 GHz SC-ECRIS [12]. The main feature of the
RIKEN 28 GHz SC-ECRIS is that it has six solenoid
coils to pro-duce a flexible mirror magnetic field in the
axial direction
and can produce both “classical” and “flat” Bmin. [13,14]

In the middle of 1980s, the “scaling law” was pro-
posed for describing the effect of the main ion source pa-
rameters (microwave power, magnetic field strength, mi-
crowave frequency, mass of heavy ions, etc.) on the output
beam of highly charged heavy ions. In these papers [2,3],
it was reported that the strength of the magnetic mirror af-
fects the optimum charge state, i.e., a higher mirror ratio
yields higher charge states of the output ion beam.

It is obvious that the maximum magnetic mirror field
at the microwave injection side (Biyj), the maximum mag-
netic mirror field at the beam extraction side (Bex:), and the
radial magnetic field (Br) work as parts of the magnetic
mirror to confine the plasma. In the middle of 1990s, the
“high-B” mode that employs a high magnetic mirror ratio
to confine the plasma was proposed to increase the beam
intensities of highly charged heavy ions. This principle was
adopted by many laboratories in the design of their ECR
ion sources. Intense beam of highly charged heavy ions
was successfully produced using this method.

In this section, the experimental results (effect of Biy;,
B: and By on the beam intensity of highly charged heavy
ions), which were obtained on the bases of these laws, are

presented.

Binj and B, Effect

Figure 1 a) and b) show the two-dimensional contour
plots (Br vs. Bex and Binj Vs. Bex) for the beam intensity of
Xe?** produced with RIKEN 28 GHz SC-ECRIS. In these
figures, red and blue colors indicate the highest and lowest
beam intensity, respectively. In this study, we used the 18
GHz microwave instead of 28 GHz. The minimum strength
of the mirror magnetic field (Bmin) Was set to ~0.5 T. The
extraction voltage and the microwave power were 21 kV
and ~500 W, respectively. The gas pressure and biased disc
condition (negative voltage and position) were slightly
changed to maximize the beam intensity at the measure-
ment points.
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As shown in the figures, the beam intensity increases
with increasing both B; (or Bjj) and Bey and becomes max-
imum at certain values of these parameters. The values of
B: and Bex to maximize the beam intensity were ~1.5 and
~1.2 T, respectively (Fig. 1 a)). The corresponding Biyj and
Bey values were ~2.2 and ~1.2 T, respectively (Fig. 1 b)).
As mentioned in ref. [6] (High B mode operation), Bex~
B~2.0Bcc; and Binj~4B..;. Therefore, we obtain Biyj/Bex~2.0
and B,/Bex~1.0, which is almost the same as the results ob-

tained in the test experiments (By/Bexi~1.2 and Binj/Bex~1.8).

a)

Xe22+ (18GHZ) Byyin~0.5T
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Fig. 1. Two-dimensional contour plot of the beam inten-
sity of Xe?** ion: a) Br vs. Bex and b) Biyj vS. Bex..

To study the relation between Bex and Biyj (or B;) in
more detail, we measured and plotted the beam intensities
for various charge states of heavy ions as a function of
Binj/Bexc and Bi/Bex. Figure 2 a) and b) show the normalized
beam intensities as a function of Bjyj/Bex. and Bi/Bex with
RIKEN 28 GHz ECRIS (18 and 28 GHz microwaves) and
Liquid-He-free SC-ECRIS (18 GHz microwave). In Fig. 2,
it appears that the beam intensity of various charge state
heavy ions produced with our ECR ion sources are satu-
rated at B;=1-1.2Bcx and Biyj=1.6-2.0Bcx. The tendency
for the results of RIKEN 28 GHz SC-ECRIS looks similar
to that for liquid-He free SC-ECRIS. These results are
well-reproduced in the “High B mode” operation
(Binj/Bexi~2.0, Bi/Bexi~1.0).
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Fig. 2. Beam intensity of highly charged heavy ions as a
function of Biy/Bex: (a) and By/Bex (b).

Bex Effect

To investigate the effect of B.x on the beam intensity,
we measured the beam intensity under various combina-
tions of B; (or Biyj) and Bex. Figures 3 a) — c) show the two-
dimensional contour plots of the beam intensity (B: vS. Bext)
for highly charged Xe ions. Similar to Fig. 1, the beam in-
tensity increases with increasing B; and B.x and becomes
maximum at certain values of these parameters. As shown
in these figures, the beam intensity gradually changed in
the highest beam intensity region; therefore, it is difficult
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el
& to determine Bey for maximizing the beam intensity accu-
& rately. As a reference, we choose the Bex value, which

£ yields ~95% of the maximum intensity, as the optimum Bey:.

%The optimum Bex for Xe?’* is higher than that for Xe??*
+ with 18 GHz microwave. It is also shown that the optimum
g Beu becomes higher with higher frequency (28 GHz). In
2 this experiment, we choose Bmin as ~0.5 T for 18 GHz and
as ~0.63 T for 28 GHz.
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Fig. 3. Two-dimensional contour plot of the beam intensity
(B: vs. Bex): a) Xe?** ion with 18 GHz, b) Xe?’* ion with 18
GHz, and c) Xe?** ion with 28 GHz.

B (T)

Using the same procedures as that for Fig. 3, we meas-
= ured the optimum Bex: for various charge states of Ar and
S Xe ions with 18 and 28 GHz. Figure 4 shows the optimum
g Bey for RIKEN 28 GHz SC-ECRIS with 18 GHz micro-
= wave as a function of the charge state of Xe ions. The op-
& timum Bey increases from 1.2 to 1.6 T with increasing the
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charge state from 22 to 30. We observed the same tendency
for the highly charged Ar ions with the liquid-He-free SC-
ECRIS. The optimum Bey increases from ~1.1 to ~1.25 T
with increasing the charge state from 8 to 13.

t Xeion 18GHz ﬁ
L ~95% |
LS 1

E 7 ~70%
ﬁa L 4
1.0+ -

1 1 1 1 1 1 1 1 1 1
20 25 30

Charge state
Fig. 4. Optimum Bex: for the highly charged Xe ions. Open and
closed circles indicate the Bex: value, which yields 70 and 95% of
the maximum beam intensity, respectively.
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Fig. 5 Optimum mirror ratio (Bex/Bmin) for highly charged
Xe ions as a function of charge state.

As described in ref. [2, 3], the optimum charge state is
dependent on the mirror ratio, when B, is fixed. There-
fore, we plotted the experimental results of Xe for 18 and
28 GHz microwave (Fig. 5) and Ar ions (Fig. 6) as a func-
tion of the charge state. The mirror ratio increases with in-
creasing the charge state. In Fig. 5, the open and closed
circles are the results obtained for 28 and 18 GHz micro-
wave, respectively. The mirror ratio increases from ~2.2 to
~3.2 for both 18 and 28 GHz microwaves with increasing
the charge state from 22 to 30. Figure 6 shows the results
for Ar ions produced with liquid He-free SC-ECRIS. We
also observed that the optimum mirror ratio increases with
increasing the charge state. These results can be qualita-
tively reproduced with the “scaling law” [2, 3].

Status reports and new development



23th Int. Workshop on ECR Ion Sources
ISBN: 978-3-95450-196-0

3 Liquid-He-free SC-ECRIS

T T T T T T T T

r Arion @ 18GHz 1

2
§ L 4
[

.g 2.5 1
E 4
2 n " . n 1 . . n "

5 10 15

Charge state

Fig. 6. Optimum mirror ratio (Bex/Bmin) as a function of
charge state of Ar ions.

However, these experimental results were obtained
for a low microwave power density (below several 100 W/
L). At a higher RF power (~1 kW/L), we may observe dif-
ferent tendency.

VANADIUM ION BEAM PRODUCTION

We tried to produce intense beam of highly charged
vanadium (V) ions on the bases of the results described in
the previous section. For production of the V vapor, we
used the high-temperature oven [15]. For long-term opera-
tion, we fabricated a new crucible, which has almost two
times larger volume than the old one [16]. To obtain suffi-
cient temperature for evaporating the materials, detailed
simulation was carefully performed and sufficiently high
temperature was obtained to produce the vapor. The de-
tailed results are presented in ref. [15]

As described in refs. [2,3,17], the optimum charge
state of the heavy ions is strongly dependent on the electron
density (n.), ion confinement time (7) and electron temper-
ature. For these results described in refs, [2,3,17], it is as-
sumed that V!** jon is in the same region of Xe?*?’* ions.
As described in ref. [18,19], n.7 is dependent on the mirror
ratio. The magnetic mirror ratio (Bex/Bmin) for 18 and 28
GHz microwaves is assumed to be 2.2-2.7 from the results
described in the previous section and these papers. If we
choose Bin ~0.6 T for 28 GHz, the optimum B,y might be
1.3-1.6 T for V3*, Figure 7 shows the beam intensity (up-
per figure) and X-ray heat load (lower one) as a function
of Bex. The extraction voltage was 12.6 kV. Oxygen gas
was used to produce plasma. The beam intensity was
slightly changed from Bex~1.6to ~1.4 T.

Figure 8 shows the typical charge state distribution of
highly charged V ion beam at a microwave power of ~2
kW(18+28GHz). The ion source was tuned to produce V!3*
ion beam. Figure 9 shows the beam intensity and X-ray
heat load as a function of microwave power for Bex~1.4 T.
We used the double frequencies (18GHz (several 100 W)+
28GHz) injection [20] for obtaining the stable beam. Both
the beam intensity and heat load increase with increasing
microwave power. At 2 kW, the X-ray heat load was ~1.2
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W, which is sufficiently low for safe operation of our ion
source. The oven power was tuned to maximize the beam
intensity at each microwave power. Generally, to maxim-
ize the beam intensity, the oven power increased with in-
creasing microwave power. At the microwave power of 2
kW, we need almost 1 kW of the oven heating power. For
lower microwave power (~1.2 kW), lower oven power was
sufficient to maximize the beam intensity; in this case, the
consumption rate of the material was ~2.4 mg/h, which is
sufficiently low to operate the ion source for long term.
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Fig. 7 a) Beam intensity of V'3* as a function of Bex:. b) X-
ray heat load as a function of Be:.
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For long-term operation, we successfully produced an
intense beam (100-200 epA) of V'3*. However, we still
need to achieve improvement of the high-temperature oven
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performance at higher material consumption for long-term
operation, as described in ref. [16].
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Fig. 9 a) Beam intensity of V!** as a function of microwave
power. b) X-ray heat load in the cryostat as a function of
microwave power.

CONCLUSION

We systematically studied the effect of the magnetic
mirror ratio on the beam intensity of various charge state
heavy ions with 18 and 28 GHz microwave. The beam in-
tensity was saturated at Binj=1.6-2.0Bcx and Bi=1-1.2By,
which is the same tendency as in the “high B mode” oper-
ation. The optimum By to maximize the beam intensity is

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and D

y TUA1
o 48

[0)

doi:10.18429/JACoW-ECRIS2018-TUAL

dependent on the charge state of heavy ion. It can be qual-
itatively reproduced by the “scaling law”. We produced in-
tense V'** ion beam on the bases of the systematic study.
We obtained ~400 epA of V!3* ion beam with microwave
power of ~2 kW and Bex~1.4 T. For long-term operation,
we produced 100-200 epA of V!3* ion with the new high-
temperature oven.
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PRESENT STATUS AND FUTURE PROSPECT OF HEAVY ION
RADIOTHERAPY

A. Kitagawa', T. Fujita, and M. Muramatsu, National Institute of Radiological Sciences, National
Institutes for Quantum and Radiological Science and Technology (QST-NIRS), 4-9-1 Anagawa,
Inage, Chiba 263-8555, Japan

Abstract

Heavy Ion Radiotherapy (HI-RT) is one of important
applications of an electron cyclotron resonance ion source
(ECRIS). At present, ten facilities are under operation
and eight are under commissioning or construction. All
of them utilize ECRISs for the production of carbon ions,
mainly. Heavy ion radiotherapy has been approved to
cover by the National Health Insurance in Japan since
2016. In April 2018, fees for treatment in Japan were
revised to 1,600,000 Yen for ‘prostate tumor’ and
2,375,000 Yen for ‘bone and soft tissue tumor’ and ‘head
and neck tumor’, respectively. The expectation of wide-
spread use has accelerated sharply. There is no failure
that disturbs daily treatment due to ECRISs in facilities.
The ECRISs have effectively contributed to the stable
operation of the present facilities. On the other hand, the
cost reduction for a facility has been urged too. Laser ion
acceleration has a potential to take over the role of ECRIS
in the future. However ECRIS still has a scope of re-
search and development to improve clinical dose distribu-
tion for intractable radioresistance tumors at present.

INTRODUCTION

In order to treat a deep-seated tumor with the good lo-
calized dose distributions, carbon ion was predicted as
one of good candidates for heavy-ion radiotherapy by
Rovert R. Willson even in 1946[1]. Based on physics,
lighter ion species cause larger multiple scattering in the
deep side, and heavier ion species give unexpected dose
over the end-point due to projectile fragmentation. In
addition, the biological dose distribution depends on the
depth and thickness of a tumor. In the case of ten and
several cm depth and several cm thickness, the linear
energy transfer of neon ions is too high than that of car-
bon ions shown by Lawrence Berkeley Laboratory, Uni-
versity of California in 1980°s[2]. Although heavier ions
shows other biological advantages like oxygen enhance-
ment ratio, the National Institute of Radiological Sciences
(NIRS) chose carbon ions for the clinical trial at the
Heavy-Ion Medical Accelerator in Chiba (HIMAC) [3] in
1994. Figure 1 shows biological depth-dose distributions
of the Spread-Out Bragg Peak in the case of a depth of 16
cm and a thickness of 6 cm with different ion species. By
HIMAC'’s success, the existing and almost all the planned
heavy-ion radiotherapy (HI-RT) facilities require a carbon
beam at present.
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Applications

Optimal

CO

Biological Dose (GyE)
|
k]

Tumor

Normal tissue

5 15 20

10
Depihin Water

Figure 1: Biological depth-dose distributions of a 6cm
Spread-Out Bragg Peak with a depth of 16cm.

The requirement of carbon-beam intensity strongly de-
pends on the facility design, i.e. the volume and shape of
the target, the efficiency of the irradiation method, the
transmission of the accelerator complex and so on. In
order to obtain the biological dose rate of 5 GyE/min. (it’s
roughly equals to a physical dose of 2 Gy/min.), a few 10
particles per second are required at a typical present facil-
ity. Long-term stability and reproducibility are important
for daily treatment. On the other hand, the short-term
stability of the ion sources is not so sensitive. Because
the existing facilities consist of a synchrotron and any
injector and the fine structure of the beam pulse will al-
most disappear during the acceleration in the synchrotron.
Moreover easy operation and maintenance are also impor-
tant to reduce the operation cost. An ion source should
satisfy these requirements. An electron cyclotron reso-
nance ion source (ECRIS) was expected to realize these
requirements. The details and the history of the develop-
ment of ECRISs have been described in Ref. [4]. As a
result, ECRISs have been adopted at all existing carbon-
ion radiotherapy (C-RT) facilities.

STATUS OF CARBON-ION
RADIOTHERAPY

Clinical results

Clinical data of HIMAC have been accumulated under
prescribed clinical protocols since 1994. All the clinical
protocols and their results have been reported routinely
through an authorities’ committee. Since 2016, other
Japanese C-RT facilities have gathered their data into a
unified clinical database at the National Institute of Ra-
diological Sciences, National Institutes for Quantum and
Radiological Science and Technology (QST-NIRS, the
former NIRS). At present, the total number of patients in
Japan exceeded 20,000. The summaries for various dis-
eases have clearly demonstrated the advantages of C-RT.
There are three remarkable advantages of C-RT: lower
toxicity, better local control and survival ratio, and shorter
treatment period, the so-called Hypo-Fractionation.
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el
§ Regarding toxicities, from systematic phase-I/Il dose-
E escalation studies for many kinds of diseases, the safe

iz

doses have been determined and irradiation techniques
2 have been improved with the observation of no further
i severe side effects than have been already observed. The
g dose fractionations have also been determined as optimal
2 in the same dose-escalation studies. Clinical results are
% evaluated by two measured clinical statistics, i.e. local
< control and survival ratios. Good local control ratios have
= ~. been achieved for some intractable tumors, such as inop-
= Z erable bone and soft tissue tumors, postoperative pelvic
s recurrence of rectal cancer, and so on. In these diseases,
g even if the case is operable, HI-RT gave a large benefit to
S prevent a great reduction of the organ function due to the
£ resection and to keep the survival ratio comparable to that
.S obtained by the resection. In addition, the benefit of HI-
2 RT over other modalities has been demonstrated in terms
of a significant reduction in overall treatment time with
acceptable toxicities. Peripheral-type non-small-cell lung
£ cancer has also been very effectively treated by low-LET
E RT, but usually low-LET RT must divide the dose into 20-
2 30 fractions and a few months are needed for the treat-
E ment period. In the case of HI-RT, the number of frac-
5 tions and treatment period were carefully reduced step by
4 -, step from 18 fractions over 6 weeks to one single fraction,
5 thus one-day treatment has been realized. The respira-
° tory-gated irradiation method[5,6] for target organs with
3 respiratory movement and multi-port irradiation from 3-

or 4-field directions were utilized for all patients to reduce
% toxicities. For hepatocellular carcinoma, 2 fractions over

T 2 days have been adopted without severe side effects.
é Some recent clinical results have been described in Ref.
2 [7-12].

, publi

tain attr]
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o
o Spread of Treatment

§ Under the Japanese health insurance system, a new
§medical technology should verify its effectiveness and
= safety with adequate evidence during its clinical trial. A
=} .
o« goal of the technology is the approval to be covered by
; the Health Insurance. However, there is an Intermediate
O phase between the clinical trial and the Health Insurance,
o the so-called “advanced medicine.” In this phase, an
— equitable share and medical economy are carefully dis-
2 cussed. A hospital can ask a fee to patients. In 2003, the
% Japanese Ministry of Health, Labour and Welfare
; (MHLW) approved carbon ion radiotherapy as the “ad-
5 = vanced medicine”. The Japanese government is promot-
< © ing development of new downsizing technologies under
5 < “The 3rd Comprehensive 10-year Strategy for Cancer
§Control (2004 - 2013)”. NIRS designed a hospital-
8 specified carbon ion radiotherapy facility and developed
Z prototypes of various components. The feature of the
. design is an exhaustive optimization for treatment by
8 carbon beams. This realized a cost-effective and sure
= facility’s design. The successful results of developed
= prototypes also certified manufacturing companies of the
£ minimum business risks. Based on these results, MEXT
= funded the project of the Gunma University Heavy Ion

=}
£ Medical Center (GHMC) as a demonstration facility.
O
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GHMC has been successfully operated since March
2010[13]. The facility was approved as a commercial
medical device by MHLW. At present, ten facilities are
in operation and eight are under commissioning or con-
struction worldwide shown in Table 1. Seven of eighteen

are located in Japan as the result of the strategy.

Table 1: Carbon-Ion Radiotherapy Facilities Worldwide.

Institute / Hospital Location Start
(Abbreviation) year
National Institute of Radio- Chiba 1994
logical Sciences (HIMAC) (Japan)
Hyogo Ion Beam Medical Tatsuno 2002
Center (HIBMC) (Japan)
Institute of Modern Physics Lanzhou 2009
(IMP) (China)
Hidelberg Ion Therapy Center ~ Heidelberg 2009
(HIT) (Germany)
Gunma-University Heavy-Ion =~ Maebashi 2010
Medical Center (GHMC) (Japan)
Centro Nazionale Adroterapia  Pavia 2012
Oncologica (CNAO) (Italy)
Kyushu International Heavy- Tosu 2013
Ion Treatment Center (Japan)
(Saga HIMAT)
Shanghai Proton and Heavy Shanghai 2014
Ion Center (SPHIC) (China)
Marburg Ion Therapy Center Marburg 2015
(MIT) (Germany)
Kanagawa Cancer Center Yokohama 2015
(i-ROCK) (Japan)
MedAustron Wiener Neu- -
stadt (Austria)
Heavy Ion Therapy Facility in ~ Wuwei -
Wuwei (HITFiW) (China)
Osaka Heavy Ion Therapy Osaka -
Center (Osaka HIMAK) (Japan)
Heavy Ion Therapy Facility in ~ Lanzhou -
Lanzhou (HITFiL) (China)
Yamagata University Yamagata -
(Japan)
Korea Heavy Ion Busan -
Medical Accelerator (KHIMA) (Korea)
Yonsei University Seoul -
(Korea)
Taipei Veterans General Hospi- Taipei -
tal (Taiwan)

The most recent remarkable epoch of C-RT in Japan is
that some of diseases have been approved to cover by the
National Health Insurance since 2016. In 2016, ‘bone and
soft tissue tumor’ has been approved. The Japanese Na-
tional Health Insurance system is revised every two years.
In April 2018, ‘prostate tumor’ and ‘head and neck tumor’
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have been added too. The medical expenses in Japan are
also revised every two years. The technical fees for C-RT
are 1,600,000 Japanese Yen (JPY) for a common cancer,
‘prostate tumor,” and 2,375,000 JPY for rare cancers,
‘bone and soft tissue tumor’ and ‘head and neck tumor’,
respectively. The 70 % of the fee is covered by the gov-
ernment. So that a patient should pay 480,000 JPY and
712,500 JPY, respectively. The fee for an aged patient is
reduced less. In addition, the Japanese Government put
limitations on a medical expense per month. A patient is
also able to receive a support to an excess of the fee. The
expectation of widespread use has accelerated sharply.
The cost reduction for a facility has been urged. On the
other hand, many diseases like ‘lung tumor’, ‘pancreas
tumor’ and so on are still in the ‘advanced medicine’
phase. The fee of such diseases is 3,140,000 JPY and
patients should pay all of it by themselves. The extension
of diseases covered by the National Health Insurance has
been urged too.

Contribution From ECRISs

The existed ECRISs have been successfully operated in
heavy-ion radiotherapy facilities. GHMC, Saga HIMAT,
i-ROCK, Osaka HIMAK, Yamagata, Seoul, and Taipei
have been dedicated only for C-RT. These facilities have
only one ECRIS due to the reduction of the initial con-
struction cost and the maintenance expense. This means
that a failure of the ECRIS causes a fatal trouble for
treatment. A copy of a compact magnet ECRIS, Kei2[14],
is installed in each facility[15]. Although small leak cur-
rents and discharges were observed in some facilities[16],
these have been almost improved. There was no failure
that disturbed daily treatment due to ECRISs in all facili-
ties in 2017. In addition, the maintenance of the ECRISs
become simple year by year. Some facilities put a longer
interval for the maintenance than one year. The ECRISs
have effectively contributed to the stable operation of the
present C-RT facilities.

FUTURE PROSPECT OF HEAVY ION
RADIOTHERAPY AND AN ECRIS

Downsizing of A Facility

From the point of view of cost reduction, it seems that a
present facility is still too large for a hospital. The size of
facility is roughly 3000 m” and its initial construction cost
will be ten billion JPY. At present the ECR ion source
mainly supplies C** ions. Increasing the charge state can
help to reduce the cost of injector. The research and de-
velopment for the higher charge-state production have
been continued. However it is not expected to give a
drastic cost reduction.

There is a limitation in the present acceleration princi-
ple with electrodes, therefore an innovation to change the
existed accelerator structure has been considered. Laser
ion acceleration is expected to overcome this limitation.
It appears to be closer to realization than it was 10 years
ago. QST has started a new ‘Quantum Scalpel project’ to
develop the combination of a laser ion injector and a
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superconducting synchrotron for HI-RT. Its goal is to
realize a facility with a size of 20 x 10 m[17]. It seems
ECRISs will not have a place in the future.

Scope of ECRIS Development

On the other hand, laser ion acceleration is not easy
technology and is still far from the practical use. A
ECRIS should face current issues for the present HI-RT.
One example of such issues is the production of multiple
ion species. As mentioned in the Introduction section, the
reason why NIRS chose carbon ions for treatment was the
advantage of carbon ions for the better biological
dose distribution shown in Fig. 1. However, this
distribution depends on a depth and thickness of a
tumor. For exam-ple, lighter ions like Li or Be show
the better distribution for a deeper and thinner tumor. In
addition, the biological effectiveness is varied on the
area of the tumor in vivo due to various mechanisms
like the oxygen enhancement effect[2]. In order to
obtain the maximum effect on a tumor and the
minimum effect on normal tissues, various figures of
merits for ion species shown in Fig. 2 should be
considered. As a conclusion, it’s impossible to obtain
the best clinical dose distribution with carbon ion
only. Therefore the multiple ion-species irradiation has
been planed recently. It is specifically a combination
of the carbon irradiation, the irradiation to a
radioresistant part located near the central part of tumor
with a heavier ion which has a large biological
effectiveness, and the irradia-tion to the environs of a
critical organ with a lighter ion which reduce a
toxicity[18].

He «——C — Ne

<Physical>
Logitudinal —--Braggpeak
Distribution

- Projectile fragmentation
Lateral - Multiple scattering
Distribution
<Biological>

- Relative Biological Effectiveness
- Oxygen Enhancement Ratio
- Cold spot problem
Figure 2: Various figures of merits for ion species.

This irradiation technique should be utilized with the
respiratory-gated pencil-beam scanning technique. An
injector system for a synchrotron should provide different
ion beams sequentially. Although the scheme of the in-
jector system has not been fixed yet, it is expected that
one ECRIS produces all necessary ions with different
acceleration voltages, instead of a set of multiple ion
sources for each ions. This is a new challenge in the
ECRIS’s field.

SUMMARY

HI-RT has verified its effectiveness and safety and has
reached to the National Health Insurance phase. The
treatment fees have decreased to affordable price. The
ECRISs have effectively contributed to the stable opera-
tion of facilities. ECRIS will be taken over its place by
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another technology in the future. However, ECRIS still
has a scope of the present research and development to
produce various ion species in order to improve clinical
dose distribution for intractable radioresistant tumors.
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NEW 28-GHz SUPERCONDUCTING ELECTRON CYCLOTRON
RESONANCE ION SOURCE FOR SYNTHESIZING SUPER-HEAVY
ELEMENTS WITH Z >118

T. Nagatomo', Y. Higurashi, J. Ohnishi, A. Uchiyama, K. Kumagai, M. Fujimaki, N. Fukunishi, N.
Sakamoto, T. Nakagawa and O. Kamigaito

RIKEN Nishina Center for Accelerator Based Science, Wako, Saitama 351-0198, Japan

Abstract

The RIKEN linear accelerator is being upgraded to
provide intense metal ion beams, from Ca and Zn for
nuclear structure research to V and Cr for synthesizing
new super-heavy elements with Z >118. In 2017, we
started to construct a new superconducting electron cyclo-
tron resonance ion source (SC-ECRIS) and a new low-
energy beam transport (LEBT). Because of the short
development period, we decided to give the new SC-
ECRIS the same structure as the RIKEN 28-GHz SC-
ECRIS. Although a solenoid and some steering magnets
were not ready yet, during summer 2018, an *°Ar beam
was successfully extracted as the first beam with the 18-
GHz microwave heat source. A pepper-pot emittance
meter estimated the horizontal size of the Ar¥"?"1!* beam
to be about 70 mm at 1,024 mm downstream from the
edge of the analyzing magnet. Furthermore, we success-
fully obtained the four-dimensional phase-space distribu-
tion that is essential for evaluating the validity of the
beam optics devices to improve the LEBT. We plan to
finish the construction of a 28-GHz gyrotron and the
LEBT by the end of 2018.

INTRODUCTION

A project to synthesize new super-heavy elements
(SHEs) having an atomic number (Z) larger than 118 was

18-GHz
Normal conducting ECRIS

o L

(.\
3‘ ﬁl@ Ol wnq\ mn}(mﬁgtn)jn%g. |
A 1

0 10m

~2017
E:5 MeWu Mlq=5

Metallic lon beams to RIKEN ng Cyclotron RRC

28-GHz SC-ECRIS ﬁ E=6.5MeV/ufor M/Q=6
+ LEB?I' 7.5 MeV/ufor M/Q=4

12 MeV/u for M/Q =2

o faee

Intense metallic
ion beams to RRC
Figure 1: Ongoing upgrade of RILAC since 2017. The normal
conducting 18-GHz ECRIS is being replaced with a 28-GHz
ECRIS and LEBT. The new SC-QWRs will be installed at the
end of drift tubes of the RILAC.
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ECR Plasma

Figure 2: Schematic of the new 28-GHz SC-ECRIS.

started in FY2016. To synthesize SHEs with atomic num-
bers of Z = 119 and 120, highly intense and highly
charged metallic ion beams of V and Cr, respectively,
must be provided by the RIKEN linear accelerator (RI-
LAC) [1]. Accordingly, the RILAC upgrade will increase
the acceleration energy from 5 MeV/u to more than 6
MeV/u by installing superconducting quarter-wavelength
resonators (SC-QWRs), as shown in Fig. 1. However, the
RILAC is currently used as a variable-frequency injector
for the RIKEN cascaded cyclotron for the Radioactive
Isotope Beam Factory [2]. In this operation, the new SC-
QWRs will be bypassed because they operate at a fixed
frequency. In wvariable frequency operation, high-
intensity Ca and Zn beams will still be required for nu-
clear structure research, as before. To meet this accelera-
tion scheme without using the SC-QWR booster, the
accelerated ions must be given an electric charge higher
than that used before. For example, a Ca'®" beam is
required at currents of ~100 epA.
Consequently, a wide 7.z; range of ~5 x 108 to ~5 x 10?
cm? s must be covered, where 7. is the electron density
and 7; is the ion confinement time in the plasma [3] in
the ion source. In addition, the development period is
limited to about one year. Therefore, we decided to
construct the new ion source with the same structure as
the RIKEN 28-GHz SC-ECRIS [4,5] and match the new
low-energy beam transport (LEBT) to the RILAC radio
frequency quadrupole (RFQ).
In this paper, we report the current construction sta-
tus and describe the first beam extraction, which was
performed during the summer of 2018.
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THE NEW SC-ECRIS

18-GHz
Microwave

Figure 3: Microwave injection system and high- temperature
oven to create metallic ion vapor.

The new ECRIS comprises fully superconducting
E mirror coils that have the same structure as the RIKEN
5 28-GHz SC-ECRIS [4]. As shown in Fig. 2, it consists of
3 six solenoidal and hexapole SC magnets that are designed
5 to achieve maximum mirror fields of Bi,j = 3.8 T at the
2 microwave injection side and Bey = 2.2 T at the beam
. extraction side, a minimum field of Buin< 1.0 T, and a
2 radial magnetic field at the inside surface of the plasma
Z chamber of B, = 2.1 T. The electron plasma confined in
2 the mirror field is heated with 18-GHz and 28-GHz mi-
Z crowaves by the ECR process. Another feature of the
= ECRIS is that we can use the six solenoidal coils to flexi-
o bly change the shape of the ECR surface to create both
@ the “classical” and the “flat” Bpin structures proposed by
3 5 Alton et al. [6]. The chamber volume is about 10 L.
o Schematics of the microwave- and gas-injection systems
are shown in Fig. 3. We plan to utilize 18-GHz and 28-
GHz microwave heating to generate a high-temperature
electron plasma, and these microwaves are generated by a
1.5-kW klystron and a 5-kW gyrotron, respectively. A
compact high-temperature (HT) oven, which has a cruci-
ble made of thin tungsten and is heated by Joule heating,

ust maintain attribution to the author(s), title of the work, publisher, and D

Diagnostics T0KGM' 4K GM| GM-JT

18-GHz Klystron

Solenoid lens

28-GHz Gyrotron
(under fabrication)

Analyzing Magnet
(under construction)

Figure 4: Current construction status of the new 28-GHz
ECRIS. The 28-GHz gyrotron and the solenoid lens at the
exit of ECRIS is under construction.
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was recently developed by Ohnishi et al. [7], and a high-
intensity V beam was successfully extracted [3]. We plan
to install similar compact HT ovens to create ion vapors
of metals such as Ca, Ti, Cr, and Zn in the future.

EXPERIMENTAL SETUP FOR FIRST AR-
GON BEAM EXTRACTION

The current construction status of the new 28-GHz
ECRIS is shown in Fig. 4. Two 10-K GM, one 4-K GM,
and one GM-JT cryocoolers were installed in the ECRIS
as shown in Fig. 4. The 18-GHz klystron, an analyzing
magnet (AM), and a diagnostics chamber were also in-
stalled. The pole pieces of the analyzing magnet were
specifically shaped to cancel the higher-order magnetic
component proposed by Leitner et al. [8]. In the diagnos-
tics chamber, a pepper-pot emittance meter (PPEM) that
we previously developed [9] is located 1,024 mm down-
stream from the edge of the AM. By using the PPEM,
four-dimensional phase-space information {x, y, x’, y’,
intensity} can be obtained simultaneously. The Faraday
cup is located 420 mm behind the PPEM, and between
the PPEM and the Faraday cup a horizontal slit with a 40-
mm opening is installed. Two steering magnets were
already installed, but their power supplies were not ready
for the first extraction. The 28-GHz gyrotron and a sole-
noid lens that will be placed at the end of the ECRIS are
now under construction, and their installation is planned
by the end of 2018. Thus, we performed beam extraction
with 18-GHz microwave heating with the *°Ar and '°0,
support gas injected into the plasma chamber.

The “°Ar beam was successfully extracted from the
new 28-GHz ECRIS on August 9, 2018, as the first beam,
and the M/Q spectrum was obtained as shown in Fig. 5.
By tuning the ECRIS parameters, we optimized the
“Ar'!" beam current with an 18-GHz microwave power
of 600 W and an extraction voltage of 15 kV. The maxi-
mum “°Ar'"* beam current was about 90 epA, and the
drain current in the plasma chamber was about 1.8 mA.
The beam current was not as high as expected, and we
attributed this to the non-optimized beam transport be-
cause of the missing magnets described above.
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Figure 5: The M/Q spectrum of a “°Ar beam with '°0; sup-
port gas utilizing 18-GHz microwaves with a power of
600 W.
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We used the PPEM to obtain the “°Ar®" %% 1" beam
profiles shown in Fig. 6. From the center column of Fig.
6, the beam size seems to exceed the PPEM scope of an
area 5 cm x 5 cm square. Thus, we changed the magnetic
field of the AM from —2% to +2% with respect to that of
the center trajectory Bo. By accounting for the position
shift corresponding to the magnetic field deviation at the
position of the PPEM, the projections of the intensity on
the horizontal axis x for each charge state are shown in
the right column in Fig. 6. For each charge state, the ob-
tained curves are connected smoothly without any correc-
tion, except for the black curves obtained with B/By = 0%.
This is reasonable because the black curve shows the
signals obtained from the central area of the micro-
channel plate (MCP), which was locally damaged by the
relatively large number of beam irradiations. The MCP
was not new because this measurement was for the pilot
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study and we were concerned about damaging the new
MCP in the case of a beam handling error. In all cases,
the horizontal spreads of the “°Ar®" °% I* beams were
estimated as about 70 mm.

From the PPEM measurement, not only the beam
profile but also the emittances were measured. In Fig. 7,
the three plots from top to bottom in the left column show
the x-y, x-x’, and y-y’ projections of the transverse phase-
space distribution of the *°Ar!'* beam. The top figure
shows the hollow triangular beam profile with three in-
tense areas. These are likely to originate from the plasma
in the ECRIS or an aberration of the beam optics [10], but
further discussion is outside the scope of this report. By
selecting each intense area shown in the top row of Fig. 7,
the corresponding x-x’ and y-y’ emittances are shown
below each of the profiles. It can be seen that each beam-
let occupies specific x-x” and y-y’ areas by gating in the x-
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Figure 7: Contour plots showing the projections of the transverse phase-space distribution of the “°Ar!'!* beam measured by the
PPEM. The top, middle, and bottom rows show the x-y, x-x’, and y-y’ projections, respectively. In the left column, the x-y pro-
jection has a hollow triangular shape with three intense areas. The emittance in each area marked by a red rectangle is illustrated
in the three columns on the right. The red arrows show the directions in which the beam components move as the beam pro-

gresses along the beam axis.
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y area only. Taking both the x-x” and y-y’ emittances into
account, as the beam progresses along the beamline, the
= beamlets are estimated to move in the directions indicated
S by the red arrows shown in the top row of Fig. 7. The

.« four-dimensional phase-space distribution was taken into
= account to simulate the “°Ar'!* beam shape evolution with
% shown in Fig. 8. The movement of the three intense areas
-2 of the beam profile is not as simple as those shown in Fig.
zonto an area 30 mm x 30 mm square at around 400 mm
< downstream from the PPEM. As shown in Fig. 8, the
& information for evaluating the validity of the beam optics
© devices in the immediately downstream LEBT to improve

S respect to the drift length downstream of the PPEM, as
é 7; however, the intense areas are estimated to converge
% transverse phase-space distribution provides essential
8 the transport efficiency in the future.

LOW-ENERGY BEAM TRANSPORT

A new LEBT will connect the new ECRIS to the
RFQ of the RILAC. The LEBT configuration is as fol-
lows: pair solenoid (PSol)-triplet quadrupoles (TQs)first
focal plane (F1)-TQs—second focal plane (F2)-PSol, as
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Figure 8: Contour plots showing the simulated evolution of the shape of the °Ar!!* beam (top), the x-x’ emittance (middle), and
-y’ emittance (bottom) as a function of the drift length from the PPEM. The drift length is provided at the top of each column.
The triangular intense beamlets are estimated to converge at a position about 400 mm downstream from the PPEM.

shown in Fig. 9. The PSol consists of two coils with mu-
tually opposing polarities to cancel out the beam rotation
induced by the axial magnetic field in the lens. By using a
combination of TQs and PSols in the latter half of the
LEBT, the horizontal and vertical acceptances at F1 cor-
responding to those of the RFQ were designed to be an
upright ellipse with spatial and momentum axes of
7.4 mm and 19.6 mrad, respectively. The beam transport
is optimized to easily fit the acceptance ellipse at F1 using
the PSol and TQs in the first half of the LEBT even when
the horizontal and vertical focal points are different from
each other. The envelopes of the optimized beams with
emittances of 145, 200, and 300 mmxmrad are shown at
the bottom of Fig. 9. The typical emittance of the beam
extracted from the RIKEN 28-GHz ECRIS was measured
as ~200 mmxmrad. From the viewpoint of long-term
machine protection from very-high-beam-intensity opera-
tion, the beam located outside of the acceptance ellipse
needs to be blocked. A set of three horizontal and vertical
slits, called triplet slits, will be placed around F1 for this
purpose, as shown in Fig. 10. Of course, a spatial slit only
provides a vertical limitation in phase space; however,
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Figure 9: Schematic of the new LEBT (top) and the beam envelopes for which the emittances are assumed as 145, 200, and 300
mmXmrad (bottom). The beam transport is optimized to fit the acceptance at F1, which corresponds to the RFQ acceptance.
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Figure 10: Emittance limitation imposed by triplet slits. The
horizontal and vertical slits were located at not only F1 (SL2)
but also 500 mm upstream and downstream from F1 (SL1,3).
The phase-space limitations by slits SL1, SL2, and SL3 are
indicated by blue, grey, and red lines, respectively. By colli-
mation, the beam is confined within the corresponding ac-
ceptance at F1 (green dotted ellipse) in Fig. 9.

after a certain drift along the beam axis, the limitation is
tilted in proportion to the degrees of x’ or y’. Also, by
placing a slit at F1, two more slits 500 mm upstream and
downstream of F1, with adequate openings, impose a
hexagonal limitation, as shown on right side of Fig. 10.

To check the validity of the triplet-slit limitation, we
performed 3-D beam tracking with magnetic field map-
ping by the finite element method. The initial beam was
assumed as having a Gaussian distribution in x-x " and y-y’
phase space with an emittance of 200 mmxmrad. The tilt
angles of the emittance ellipses were assumed to be same
as those of the envelop calculation in Fig. 9. The results
of the tracking simulation with and without the triplet-slit
limitation are shown in the top and bottom, respectively,
of Fig. 11. From the beam trajectory in Fig. 11, the diver-
gent beam component, which is seen around the RFQ
vane region in the no-limitation case, is suppressed by the
triplet-slit limitation at F1. Details of the phase space plot
show that a small tail still remains, and this is considered
to be induced by the aberration of the last PSol because
the beam was designed to be widely spread in the lens to
fit through the small spatial acceptance of the RFQs, for
example, £3.59 mm.

Fabrication of the beam optics devices, that is, the
PSols and TQs, is already complete. The LEBT is now
under construction, and we plan to complete it by the end
of 2018. After that, we plan to evaluate the validity of the
beam optics using an actual beam and PPEM measure-
ments.

SUMMARY AND FUTURE PERSPEC-
TIVES

Construction of the new ECRIS and LEBT for the
RILAC was started in 2017 to provide high-intensity
beams of ions such Ca and Zn for nuclear research, and V
and Cr for the synthesis of SHEs with Z > 118. Because
of the very short development period, the new ECRIS has
the same structure as the RIKEN 28-GHz SC-ECRIS.
With 18-GHz microwave heating, an “°Ar beam was suc-
cessfully extracted from the new ion source even though
several beam optics magnets were incomplete. Using the
PPEM, we measured not only the size of “°Ar beams with
charge states of 8+, 9+, and 11+, but also the transverse
phase space distribution. Especially in the case of the
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Figure 11: Simulated beam trajectory between the second
PSol and the RFQ vane, and the x-x’ distribution at the RFQ
vane showing the acceptance (green ellipses). Top and bot-
tom panels show the results of simulations with and without
the triplet-slit limitation, respectively. The slit limitation at F1
suppresses the divergent component; however, a small tail
remains because of the aberration of the PSol.

Ar'!"" beam, realistic evolution of the beam shape along
the beamline was simulated by taking the phase space
distribution into account. The LEBT is designed to match
the RFQ acceptance and consists of PSol-TQ-TQ-PSol
magnets. In addition, the triplet slit located around F1
limits the phase space to block the beam outside the ac-
ceptance ellipse. From a 3-D beam tracking analysis, the
validity of this limitation was confirmed; however, the
beam still has a small tail induced by aberration in the last
PSol lens.

Completion of all the remaining components, includ-
ing the 28-GHz gyrotron, the solenoid at the exit of the
ECRIS, and the LEBT, is planned by the end of 2018.
After that, we will evaluate the triplet-slit limitation using
an actual beam and PPEM measurements. Furthermore, a
compact HT oven will be installed, and we will produce
metallic beams using highly charged Ca, Ti, and Zn ions,
as well as a very intense Cr beam in the future.
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Abstract

SECRAL-II ion source has been successfully
< developed with the experiences from SECRAL that is
5 another superconducting ECR ion source in operation at
£ IMP. Other than that, SECRAL-II has been intentionally
o optimized in structure so as to make it optimum for 28
f GHz microwave operation. This ion source was available
g on the test bench in early 2016, and has been used for 28
= 2 GHz high microwave power commissioning and tests.
‘3 With a maximum power 10 kW@28 GHz and 2 kW@18
§ GHz, very high microwave power density and dense hot
g plasma could be built in the 5-liter volume plasma
£ chamber. Consequently, very high current density ion
£ beams of high charge states are achievable, which have
3 already exceeded the performance the 24 GHz SECRAL
- had made couple of years ago. However, there is also the
§ intractable issues stemmed from the hot dense electrons
.z inside the plasma, such as plasma chamber cooling,
= dynamlc heat load to the cryogenic system, and so on.
< This paper will present the recent results of SECRAL-II
% operated with high microwave power. The typical
'8 consequent issues during the high-power course other
% than high intensity high charge state ion beam production
= will be discussed.

title of the work, publisher, and D

(s

INTRODUCTION

Electron Cyclotron Resonance Ion Sources or ECRIS
2 has play an indispensable role in the development of next
% generation heavy ion accelerators, such as FRIB at MSU,
.= HIAF at IMP, and JLEIC at JLab, and so on [I, 2, 3].
S ECRIS is the most efficient ion source in term of the
>* productlon of dc and long pulse (~ms) hlghly charged
g heavy ion beams. After more than 40 years’ continuous
“ development by generations of ECRIS sourcerors, the
state of the art ECRISs have evolved to 3™ generation,
which is represented by superconducting machines, such
as VENUS at LBNL, SCECRIS at RIKEN, SECRAL&
SECRAL-II at IMP, and so on [4, 5, 6, 7]. High
performance superconducting ECRIS provides by far the
"O ultimate conditions for high charge state ion beams
= production, such as much higher operation microwave
Efrequency, better magnetic field confinement, bigger
2 plasma chamber volume and above all, more flexible
Z conditions for ion source performance optimization.
Intense highly charged ion beam production is mainly
8 defined by three key factors, i.e. n.-plasma density, 7T-
» electron energy, and 7- exposure time of the ions to a
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HIGH POWER OPERATION WITH SECRAL-II ION SOURCE*
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cloud of plasma electrons. State of the art ECRISs can
provide flexible conditions for highly charged ion
production with quasi-optimum T. and t, however, to get
high intensity beams, sufficiently high microwave power,
or to some extent the effective power density, is required
to achieve high enough plasma density inside the plasma
chamber. Therefore, high microwave power operation
exploration is very necessary and might be mandatory for
next generation heavy ion acceleration routine operation,
for instance >0.7 emA U>* for HIAF, >0.5 emA U%" for
RIBF, and so on.

SECRAL-II is a fully superconducting ECR ion source
recently developed at IMP. Its superconducting magnet
structure design inherits the features of SECRAL, except
the cryogenic system. Table 1 summarizes the main
parameters of SECRAL and SECRAL-II in comparison.
The improved cryogenic system of SECRAL-II enables
high microwave power operation (up to 10 kW) despite of
the high bremsstrahlung radiation to the 4.2 K cold mass
and the resultant high dynamic heat load, which allows
the exploration of the ion source performance at high
microwave power. This paper will report the high-power
commissioning results and the typical issues of interests
in terms of high power stability and beam quality.
Challenges to a high power ECRIS are becoming
apparent with increasing power density inside the plasma
chamber, which are also discussed.

Table 1: Main Parameters of SECRAL-II

Parameters SECRAL-II SECRAL
wrf (GHz) 18-28 18-24
Axial Field Peaks (T) 3.7/2.2 3.72.2
Mirror Length (mm) 420 420
No. of Axial SNs 3 3
Br (T) 2.0 1.7/1.83
Coldmass Length (mm) ~810 ~810
SC-material NbTi NbTi
Magnet Cooling LHe bathing |LHe bathing
Warm bore ID (mm) 142 .0 140.0
Chamber ID (mm) 125.0 116.0/120.5
Cooling power@4.2 K ~6 0
W)

HIGH POWER RF SYSTEM

In the high microwave power campaign with SECRAL-
II source, several high power microwave generators have
been used. 18 GHz CPI DBS-band klystron microwave
generator with a maximum microwave power output of
24 kW, is used as secondary ECRH (ECR Heating)
microwave power source. CPI 28 GHz VGA model CW
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gyrotron microwave generator with a maximum output
power of 10 kW, is adopted as the main ECRH
microwave power with regards to SECRAL-II design. A
45 GHz/20 kW gyrotron microwave generator from
GyCOM Ltd., is incorporated as an auxiliary ECRH
microwave source, and additionally to have a proof of
principle test of ECRH with the microwave power system
for the 4" generation ECR ion source FECR [8]. As 3
different microwave frequencies are available, flexible
choices of ECRH schemes for the exploration of high
power operation have been made, for instance 18 + 28
GHz double frequency heating, 28 GHz single frequency
heating, 18 + 28 +45 GHz triple frequency heating and 28
+ 45 GHz double frequency heating. As 28 GHz is always
the main ECRH frequency with SECRAL-II, the
maximum microwave power injected into the ~5 litters
plasma chamber is about 12.4 kW (nominal, transmission
loss is not counted), which is equivalent to a power
density of ~2.4 kW/l. Generally, a >1.0 kW/l power
density will be granted as the criteria as high power
operation for most of the 18~28 GHz high performance
ECRISs. However, very high microwave power density
up to 2.4 kW/l is not always effective during the
experiments. Typically, the best performance presented in
this paper has been obtained with 7~12 kW (respectively
~1.4-2.4 kW/l) for very intense medium charge state
heavy ion (A>40) beam production, and 3~8 kW
(respectively ~0.6-1.5 kW/1) for very high charge state
heavy ion beams production.

ION SOURCE PERFORMANCE AT HIGH
MICROWAVE POWER

lon Beam Intensity (epA)

Arbitrary Unit

Figure 1: Production of intense Kr'®" beam.

At high power ECRH, high density plasma with
sufficient energetic electrons are created to strip ions to
high charge state. Depending on the source optimization,
very intense medium charge state ion beams with the
ionization potentials of 0.5~1.0 keV (such as Ar!#,
Kr!8..)), and very high charge state ion beams with the
ionization potentials of >4.0 keV (such as Kr¥3* Xe** ..))
are produced and extracted. Similar results are also
recently obtained with VENUS ion source during several
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high power tests, typically 10 kW (~1.3 kW/I), which are
also presented at this workshop [9]. Table 2 lists most of
recent results with VENUS@28 GHz, SECRAL@24
GHz, and SECRAL-II@28 GHz. As given in the table,
emA order ion beams such as Kr'®* (Fig. 1) and so on are
achievable now, which is a very important benchmark for
next generation heavy ion accelerations composed of
either SRF linacs or synchrotrons. Very high charge state
ion beams production such as Kr3"", Xe*"* (Fig. 2) and so
on, has pushed the M/Q dc beams extracted with an
ECRIS from traditionally >4 to presently <3, which is
very attractive to cyclotrons and HCI physics, in terms of
machine performance and possible physics investigations.
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Figure 2: Production of high charge Xe beams.

Table 2: High Intensity and Highly Charged Ion
Beams Production With SECRAL-II

Ion VENUS SECRAL SECRAL-II
2018 i 2016 | 2018
10kW__7~8kW: 10kW

1606+ 4750 i 2300 6700

or __1%00_ _: 810 @ 1750 _

OAr2 1060 1420 1190

Ar'# 840 846 1040

Ar'e* 525 350 620

Ar'7* 120 50 130

Ar'$ 4.0 - 14.6

TR 18 770 1030

Kr?3* 420 436
K2 100 146
K 20
K 17 7

K> 0 80 1 i 05

129 ¢26* 1100
Xe?* 920 870
XX 360 365
Xe** 104 120 102
Xe¥ 126 22.6 56
Xe 16 12 16.7
Xe® 2 1 3.9
Xe" . 088 . 01l i 13
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CHANLLENGES AT HIGH POWER
EXPLORATION

lasma Over-heating to Plasma Chamber

£ (PCO)

publisher, and D

R

Figure 3: Sectional burnt-out chamber wall.

High charge state ECRIS is characterized by a so-called
min-B magnetic field configuration, which can not avoid
the problem of localized PCO that is still durable for most
of the ECRISs in operation, but at a high power operation
condition, it is a problematic issue, especially the 3™
generation ECRISs. Min-B structure magnetic
configuration that is a superimposition of an axial mirror
field and a radial hexapole field always has 6 very weak
IB| points, i.e. 3 at source injection and 3 at source
extraction. Plasma flux with energetic particles is much
easily lost through those points, which high energy
lectrons dominates the loss process and energy
% deposition to the plasma chamber wall. With the increase
of ECRH microwave power, more plasma energy or lost
energetic electron energy will be deposited on tiny areas
and result in a very high localized power density, which is
estimated to in the magnitude of 1~10 MW.m?[10]. Such
a high power density heat sink to the plasma chamber
inner wall can cause immediate boiling of the nearby
water inside the cooling channel and isolate the chamber
wall from efficient turbulent water cooling. Therefore,
only thermal conduction cooling validates for those
positions. That’s the reason why stainless-steel chamber
can only survive much lower microwave power than
aluminium chamber. With the increase of ECRH power,
temperature at the PCO points will be higher and higher,
and eventually the plasma chamber metal will be melted
or destroyed by 5~6 kg/cm? pressurized water when the
chamber metal yield strength becomes very low. As the
redial space of an ECRIS is very valuable, not much
space is reserved for a complicated cooling water
structure that might be useful for the chamber design.
This makes it very challengeable when high power
g operation is desired. VENUS and SECRAL-II have both
2 reported the problem of chamber burnt-out during high
‘é power campaign (Fig. 3). When SECRAL-II was tested
£ with a power density of 2~2.4 kW/I, 3 aluminium plasma
2 chambers had been destroyed successively. Improved
Q . . .

g design with better heat conduction effect and more
O
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turbulent cooling water has been made. High power test at
the level of >2 kW/I will demonstrate the effectiveness in
the near future.

4.2 K Dynamic Heat Load (DHL)

Bremsstrahlung radiation inside ECR plasma has been
observed for a long time as researchers tried to do ECRIS
plasma investigations, however, dynamic heat load caused
by this radiation was only noticed not long time ago
during high power ECRH with the 3™ generation ECRIS.
Bremsstrahlung radiation X-ray spectrum is quite wide
that covers tens of eV to hundreds of keV. Usually, to
protect the main high voltage insulator, 1~2 mm Ta shield
will be inserted between plasma chamber and the high
voltage insulator. X-rays with the energies below 100 keV
are mostly filtered by the Ta shield, however, 1~2 mm Ta
sheet is almost transparent for X-rays with energies
higher than 100 keV. With the increase of ECRH power,
the quantity of >100 keV X-rays that can reach the cold
mass, mostly composed of iron and copper, will absorb
part of the penetrated rays’ energy and cause a certain
amount of energy sink into the 4.2 K region, and
consequently heat load to the 4.2 K system. It has been
observed that the ratio between the heat sink and the
ECRH power is dominantly related to the Bpin field.
Figure 4 shows the dependence of the measured DHL vs.
the Bmin values at totally 5 kW microwave ECRH. As
SECRAL-II has a maximum DHL tolerance of 6 W, it
enables its maximum ECRH power of ~12 kW for
medium charge state ions, and 6~8 kW for high charge
state ion beams, as a consequence of Bmin Optimization.
SECRAL-II is obviously qualified for long time operation
at the power level of 5~6 kW with regards to DHL, but
degradation of the main insulator under high X-ray flux
exposure is still unknown even with Ta foil protection,
which is also another potential challenge in high power
ECRH operation.
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Figure 4: Dynamic heat load vs. Bnin with SECRAL-II.

Intense Beam Extraction and Beam Quality

Based on traditional understanding of the ion beam
behaviour after extraction from magnetized plasma, the
emittance is proportional to the ion source field, and
therefore the higher the operation frequency, the higher
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the beam emittance [11]. According to the predication, the
product is that despite of the obvious beam intensity
increment by frequency scaling, ion beam brightness
should not have much improvement. And additionally, it
has been predicted that with more intense beam extraction
at high power ECRH, space charge effect will dominate
and degrade the beam quality further more. A triode
extraction system has been designed and integrated to
SECRAL-II. The highest applicable extraction high
voltage was tested up to >30 kV. The extracted mixing
beam will be analysed by a high acceptance dipole with
double-focusing edges [12]. As the gap is 180 mm, it
allows high transmission efficiency of ion beams with big
envelope. Second order component of the dipole magnet
field has been carefully checked during the magnet
design, provided that the beam envelope is not too big
(~2/3 of the gap), the influence of sextupole component
from the magnet is trivial. Additionally, to have further
control of the beam envelope after ion source extraction, a
high field solenoid is attached to SECRAL-II magnet.
Analysed beams will be monitored by a water cooled
faraday cup with the secondary electron suppressor biased
to -160 V. A 4-jaw slit system is set upstream of the
faraday cup to stop the unwanted beams after beam
separation. A set of beam viewer and X/Y allision scanner
system is integrated to monitor the beam quality.

Thanks to the 180 mm gap dipole, very high beam
transmission efficiency has been observed. For 10 emA
total drain current of oxygen beams, a transmission
efficiency of ~85% could be made. Even at the total
current of 26 emA, ~75% transmission is obtained. Heavy
ion beam transmission is always a big challenge.
SECRAL-II extraction system can give an estimated
transmission efficiency of 85~95% for Xe beams with a
total current of no more than 10 emA.

100.00%

95.00%

90.00%

Optimzied for O%*

85.00%

80.00%

Transmission Efficiency

75.00%

70.00%

0 5 10 15 20 25 30
Total Current (emA)

Figure 5: Beam transmission efficiency with SECRAL

LEBT at different total beam intensities.

Intense beam extraction and transmission does not
indicate obvious degradation of beam quality. With
careful handling of the extracted beams, reasonable beam
quality could be maintained. Figure 5 gives the evolution
total drain current and emittances vs. the extraction ion
beams of Ar’" and Ar'?*. Obviously, high current beam
production is not equivalent to high beam emittances.
Medium charge state ion beams, such as Ar’" has slightly
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worse beam quality with a hollow configuration as
indicated in Fig. 6. Ar'?* beam quality is better as is given
in Fig. 7. It is believed that the space charge actually does
not dominate intense beam extraction from a high charge
state ECR ion source. SPC compensation at the mixing
beam line should be sufficiently high to mitigate the
resultant effects. However, the spatial distribution of the
ions inside the plasma and the source beam emission
meniscus has fundamental impact to the beam formation
and quality. Further discussion could be also be found in
lglnef. [12].

20 10 0 10 2 3

Figure 6: X/Y emittances of ~1.6 emA Ar”* @20 kV.

=

30 20 40 0 10 20 3 40

Figure 7: X/Y emittances of ~0.7 emA Ar'2* @20 kV.

CONCLUSION

SECRAL-II ion source has been fully commissioned at
high microwave power up to 12.4 kW. Under such an
ultimate condition, many promising results have been
obtained via effective ECRH, for instance 6.7 emA O°,
1.03 emA Kr'¥, 14.6 epdA Ar'®, 16.7 epA Xe** and so
on. However, these are not the limit of a high
performance 3™ generation ECR ion source. Given those
critical challengeable problems solved, we may expect
better performance:

B Plasma cooling in terms of localized over-heating

B Stable high temperature oven for refractory metal

beams

B Dynamic heat load to 4.2 K cryogenic system
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Abstract

Microwave-to-plasma coupling in ECRIS has been based
on the classic scheme of waveguide-to-cylindrical plasma
cavity matching. Optimization has been often obtained by
empirical adjustments leading to an oversimplified model,
obtaining however satisfying performances. In order to
overcome the ECR-heating paradigm, on-purpose design
of launchers’ setup and adequate diagnostics have to be de-
veloped. This paper describes three-dimensional numeri-
cal simulations and Radio Frequency (RF) measurements
of wave propagation in the microwave-heated magnetized
plasmas of ion sources. Moreover, driven by an increas-
ing demand of high frequency ECR ion sources, innovative
ideas for the geometry for both the plasma chamber and
the related RF launching system - in a plasma microwave
absorption-oriented scenario — are presented. Finally, the
design of optimized launchers enabling “single-pass” power
deposition, not affected by cavity walls effects, are described.

INTRODUCTION AND MOTIVATION

In this paper, the electromagnetic wave propagation in
microwave-heated plasma confined in a magnetic field, is
addressed through numerical simulations and experiments,
devoted to understand how the RF wave propagation depends
on the electron density profile and external magnetic con-
figuration [1-3]. In particular, we focus on the mechanism
of RF propagation into the non-homogeneous magnetized
anisotropic lossy plasma of Electron Cyclotron Resonance
Ton Sources (ECRIs) [4], ECR-based charge breeder [5] and
simple mirror linear plasma trap [6]. A better comprehen-
sion of electromagnetic wave propagation and RF power to
plasma coupling mechanisms in ion-sources magnetoplas-
mas is crucial in order to provide a cost-effective upgrade of
these machines alternative to the use of higher confinement
magnetic fields, higher RF power level and higher pumping
wave frequency [7]. Several full-wave numerical simulation
codes have been developed [8—12] also exploiting ray-tracing
technique [13].

The wave propagation at frequencies in the range 3-40
GHz in ECRIS compact plasma chamber (having magnetic
field of the order of few Tesla, electron density in the order
of 10'® m™3) cannot be predicted by the plane wave model
nor addressed by ‘“ray-tracing”often adopted to describe
waves in fusion toroidal devices [13—15]. These models, in
fact, fail in minimum-B configuration scenarios where the

* giuseppe.torrisi @Ins.infn.it
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scale length of plasma nonuniformity, L,, = |n./Vn.|, and
the magnetostatic field nonuniformity, Lg, = |Bo/VBy|, are
smaller than the free space, Ao, and guided, A,, wavelengths.

We used COMSOL Multiphysics [16] software to model a
“cold”, anisotropic magnetized plasma, described by full-3D
non uniform dielectric tensor, enclosed by the metallic cylin-
drical cavity where the plasma is generated. A proper mesh
generation, exploiting FEM-based COMSOL versatility, al-
lowed us to optimally modelize the cavity and microwave
waveguide launching structure, with a good computational
efficiency and high resolution especially around the reso-
nance regions. The validity of the code was demonstrated
by reproducing experimental results obtained with:

* X-ray imaging experiment on ATOMKI ECRIS ion
source [4];

* PHOENIX Charge Breeder acceptance test at the Lab-
oratoire de Physique et de Cosmologie [5];

* “Flexible Plasma Trap” (FPT) at INFN-LNS, where
the numerical electric field profile has been compared
with RF measurements of the wave amplitude inside
the FPT plasma chamber [6]

The article is arranged as follows. In the first section
wave field solution of the Maxwell’s equations taking into

account the magnetic field which makes plasma anisotropic, .

non-uniformity of plasma density, and the metallic plasma
chamber is presented. Then, the above listed experimen-
tal benchmarks are described. Finally, some perspective is
given as short term, mid-term and long term proposals for
next generation ECRIS development based on: reshaping
plasma chambers with non-conventional features, innova-
tive RF launcher [17] and futuristic all-dielectric mm-waves
launching structures.

RF WAVE-PLASMA INTERACTION
MODELING

A magnetized plasma in the GHz range frequencies can
be modeled as a cold magneto-fluid with collisions where
the field-plasma interaction is described by the tensorial
constitutive relation € - E. Tipically € is derived assuming
a magnetostatic field By directed along just one axis. This
assumption is valid in most of cases but not in ECRIS where
By is not strictly axis-symmetric. Considering the actual
magneto-static structure of an ECRIS, that is not uniform
nor axis-symmetric, € depends in a complex way from the
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% magnetostatic field Eg(x, v,z) and the local electron den-
E sity ne(x, y,z). Under the “cold plasma” approximation,
2 (i.e. vg>vyy, being vy the wave’s phase speed and v, the
g electron thermal speed), the tensor components have been
+ derived as it follows [3]:
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@ € is the real part of relative permettivity €,, € is the
& imaginary part w the angular frequency of the microwave,
©

5 Wp = Jm o " the plasma oscillation angular frequency, 7,
i the electron density, m, the electron mass, e the electron
= charge, i the imaginary unit and weg the collision frequency;
o the latter accounts for the collision friction (thus modeling
Z wave damping) and avoids any singularity in the elements of
O (1). Eliminating the magnetic field between Maxwell’s equa-
o tions and using the constitutive relations for an anisotropic

C

=

= medium, the wave equation reads as:

: o

= VXVXE - —ze -E=0 2)
2

S

-“é The above wave equation can be solved as a driven problem
z by a FEM solver that supports a non homogeneous tensorial
% constitutive relation; in the present work we used COMSOL
2 and an external MATLAB routine allowing the definition
2 of the full 3D dielectric tensor (1). In COMSOL we were
E able to model the exact shape of the FPT plasma chamber
8 and the waveguide launching structure. The magnetic field
= and the plasma density were directly imported from experi-
= mental measurements. Since in proximity of the resonance
£ surface (individuated by the iso-surface By = BEcr = m“
= the permittivity varies strongly, the discretization of such a
‘q"é narrow region needed a very fine mesh: to achieve this, we
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adopted an adaptive mesh procedure (that was allowed by
a specific feature of the solver). An extremely fine mesh
has been obtained, thanks to “functional evaluation”
based on the electric field gradient.

IMPLEMENTATION AND
EXPERIMENTAL BENCHMARKS

Plasma Characterization By Energy Dispersive

X-Ray Imaging At the Atomki ECR Ion Source

A Pinhole and CCD based quasi-optical x-ray imaging
technique was applied to investigate the plasma of an elec-
tron cyclotron resonance ion source (ECRIS). Spectrally
integrated and energy resolved images were taken from an
axial perspective. We compared the X-ray plasma images
recorded by the CCD pinhole camera with the simulated
electron density map for two different microwave frequen-
cies. In particular the transversal distribution of the electrons
in the energy range 2-30 keV is compared with the filtered
X-ray images corresponding to the K-alpha lines of the Ar-
gon. The simulations are consistent with the experimental
evidence since also the number of warm particles is larger at
12.84 GHz rather than at 12.92 GHz, and the area populated
from these particles is broader at 12.84 GHz, [18].

Electromagnetic Analysis of the Plasma
Chamber Of PHOENIX ECR-based Charge
Breeder At LPSC

During the experiments, by feeding microwaves at
14.324 GHz with a TravellingWave Tube Amplifier
(TWTA), in-stead of the commonly used Klystron at
14.521 GHz, it was observed an increase of the efficiency
of Cs20™ and a decrease in its charge breeding time, both
of 15%, while the global capture stayed almost constant.
This results revealed a huge difference in the
electromagnetic behaviour between the two frequencies.
The numerical simulations gave us the possibility to
evaluate the power absorptions by the plasma. Results
show that the 14.324 GHz frequency is three times more
efficiently absorbed by the plasma than 14.521 GHz.
These results are in very good agreement with the experi-
mentally observed frequency tuning at exactly the
simulated frequencies, confirming the model was
sufficiently refined to almost reproduce the real-world
conditions [19].

Wave Electric Feld Profile Measurement Inside
FPT Plasma Chamber at INFN-LNS

The section reports about the direct comparison of the
numerical results (from our full-wave approach) with the
inner-plasma measurements of the electric field amplitude
performed by means of a two-pins RF probe. Both simu-
lations and measurements have been done considering the
compact plasma trap FPT in a simple mirror configuration.
The direct comparison between simulations and measure-
ments demonstrate that the COMSOL simulated RF field
profile clearly resembles the experimentally measured ones
for three magnetic fields configurations. The RFP influence
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is not considered in the FEM simulations, so prediction capa-
bility is low. When density increases, the modal behaviour
becomes more and more sensitive to the plasma presence
within the chamber, whose influence is predicted by the
FEM simulations. Therefore, the agreement between FEM
predictions and experimental measurements increases [20].

CONCLUSION AND PERSPECTIVES

The excellent agreement between model predictions and
experimental data are very promising for the design of fu-
ture launchers or “exotic” shapes of the plasma chambers
in compact machines, such as ECR Ion Sources and other
similar devices. We propose hereinafter three different

e Short term (2 years): Reshaping plasma chambers
with non-conventional features for ECRISs. A
novel cavity resonator shape, with a non-uniform cross
section matched to the twisting magnetic structure and
anew RF launching scheme based on properly matched
fundamental mode operating elliptical waveguide and
tapered elliptical waveguide is proposed. Preliminary
results show that a better geometrical and a dramatically
improved RF matching to the new "plasma-shaped”
plasma chamber can be obtained.

e Short/mid-term (3 years): Innovative RF launcher.
A microwave launcher for the FPT, based on a two-
waveguide array has been proposed. The experimental
characterization is in good agreement with the numer-
ical simulations and it has shown that, setting up a
suitable phase difference, it is possible to tilt the angle
of maximum radiation up to 40 degree to direct the
microwaves towards the peripheral areas of the plasma
chamber.

e Long Term (5 years): futuristic all-dielectric mm-
waves launching structures. The technical challenges
at 50 GHz make it attractive to look for new approaches:
by taking inspiration from Dielectric accelerator struc-
tures we propose the investigation of the emerging
electromagnetic concepts about all-dielectric Photonic
Crystal (PhC) and Metamaterials structures. They are
scalable, potentially low cost, and allow high frequency
operation anb mature fabrication technologies. Proof-
of-concept experiments are taking place at LNS, such
as woodpile EBG Waveguide as a DC-break and dielec-
tric Photonic Crystal Waveguide.
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Abstract

In the cylindrical resonant cavities of Electron Cyclotron
Resonance Ion Sources (ECRIS), microwave fields are used
to generate and sustain the plasma. Normally, resonant
modes of a higher order than the fundamental one are excited,
due to the high frequency used compared to the dimensions
of the plasma chambers: this can lead to small electric fields
on the resonant surface, translating in low electrons energy
and poor source performances. In this paper, we propose
a possible modification of the conventional plasma cham-
bers, resulting from an electromagnetic study carried out on
a Caprice-type full permanent magnet ECRIS. Such mod-
ification implies the excitation of a “length-independent*
resonant mode, having an intense and homogeneous electric
field on the plasma chamber axis. This characteristic makes
the modification suitable to be applied to numerous ECR
sources. The positive effect on the plasma electrons density
distribution will be also shown.

INTRODUCTION

Electron Cyclotron Resonance Ion Sources (ECRIS) [1]
are nowadays the most effective devices to produce high in-
tensity continuous or pulsed beams of medium-high charge
states. In such sources, a plasma is created and sustained
through a resonant interaction between microwaves (typ-
ically at 14 or 18 GHz) and the electrons motion, and is
confined by a particular multi-Tesla magnetic configuration
called B-minimum structure, generated by superimposing
the field created by two or more coils to the one generated
by a hexapole. Considering the particular topology of the
magnetic field, the resonant interaction takes place on closed
egg-shaped surfaces, called resonance surfaces. The perfor-
mances of these devices have been evolving during the years
following the well known scaling laws [1], the High-B mode
concept [2] and the ECRIS standard model [3]: this has
involved the necessity to employ higher and higher frequen-
cies and magnetic fields, that often implies the development
of expensive and technologically complex devices. At the
same time, different “tricks” were discovered and have been
applied to boost their performances: in particular, the injec-
tion of two close or well separated frequencies [4, 5], as well
as the fine tuning of a single frequency, known as frequency
tuning effect [6]. The main aim of those tricks is to increase
the electrons density and energy by optimizing the power ab-
sorption by the microwave field. In fact, the beam extracted
from an ECRIS consists of those ions that flow from a por-
tion of the resonance surface around the plasma chamber
axis toward the extraction aperture, following the magnetic

* carmelo.gallo@Inl.infn.it
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field lines: consequently, for any given operating frequency
and magnetic configuration, it is mandatory to maximize the
energy transfer to plasma electrons in that specific part of the
resonance surface. For plasma chambers with cylindrical
shapes, possible modes that show an intense electric field
around the axis and are length-independent are, for example,
the TMy_, 0 modes: this paper describes a simple but effec-
tive modification to the plasma chamber geometry in order to
excite the plasma through one of the above mentioned modes,
so as to maximize the energy transfer to plasma electrons.
The modification has been studied with the electromagnetic
solver COMSOL Multiphysics®and validated by simulating
the electrons dynamics under the calculated electromagnetic
fields, using an ad-hoc code developed in MatLab®.

SIMULATION DOMAIN

The geometry used to validate numerically the modifi-
cation proposed in this paper is the plasma chamber of
the ECRIS called LEGIS (LEGnaro ecrlS) and installed at
Istituto Nazionale di Fisica Nucleare-Laboratori
Nazionali di Legnaro (INFN-LNL). It is a full permanent
magnet source of the Supernanogan type built by the
Pantechnik company, whose typical operating frequency
is 14.428 GHz. The plasma chamber, made in aluminum,
consists in a cylinder with a radius of 22 mm, a length of
128 mm and two holes, one of 24 mm in diameter at the
injection side and the other of 7 mm in diameter at the
extraction side: Fig. 1 shows the model implemented in
COMSOL®, together with the radial microwave input
through a rectangular WR62 waveguide located at 10
mm from the injection hole.
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Figure 1: Model of the plasma chamber of the LEGIS
source implemented in COMSOL®. Microwaves are in-
jected through a radial rectangular WR62 waveguide. The
extraction hole is not visible.

As a first step, the frequencies of the resonant modes
TMo, »,0 were calculated analytically for the present geom-
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etry considering n=1-3: the values obtained are 5.2 GHz
(TM() 1, ()) 12.0 GHz (TM() 2, 0) and 18.8 GHz (TM() 3, 0) Un-
fortunately, none of those frequencies are compatible with
the magnetic structure of the LEGIS source, projected to
=4 operate between 14 and 14.5 GHz. In order to make at least
£ one the above mentioned modes suitable for the operation
= with our source, we considered a reduced plasma chamber
g radius of 18.3 mm, able to shift the frequency of the TMy 2,0
= mode at 14.4 GHz. The simulations shown in the follow-
% ing section concern the comparison of two structure: the
% present geometry of the LEGIS plasma chamber (present
£ chamber) excited at the operating frequency of 14.428 GHz
5 and its possible modification reducing the radius to 18.3 mm
o (modified chamber), excited with a TMy 2 o mode.

pubhsher and D

or

c

ELECTROMAGNETIC ANALYSIS

The electromagnetic analysis started with the study of
the two structures with the Eigenmode solver, that is con-
'3 sidering them as ideal cavities, with perfectly conducting
< boundaries and without any hole, and finding the resonant
g modes: the maximum element of the mesh size was set to
—:‘5 1.75 mm (about 1¢/6, where A is the vacuum wavelength), a
2 good compromise between accuracy of the calculations and
'é computational costs. For the present chamber, the resonant
“‘5 mode closest to the operating frequency is the TE; ;1 at
o 14.488 GHz, while for the modified chamber we focused
@ on the TMO 20 mode found at 14.395 GHz. The calculated
2 Z electric field distribution for the two cases is shown in

Flg 2 it can be clearly seen that the TMy ;o mode not only
Z has a very intense electric field on the plasma chamber axis,
& but its maximum value is more than 50% higher compared
§ to the TE,1,1;. As a following step, the two holes at in-
@ jection and extraction were included in the analysis of the
§ two geometries: Fig. 3 shows the results. In both cases we
8 observed a shift in the resonant frequency, in particular of
= -60 MHz for the present chamber and +37 MHz for the
“ modified geometry, but the TM 2, still shows an intense
m electric field on axis (except for a small decrease close to
8 the injection hole), and its maximum is now twice the one
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The analysis then moved to the Frequency domain solver,
that is the study of the behavior of specific frequencies con-
sidering the real geometry and RF excitation port (holes
and waveguide input): 14.428 GHz (TE,,;,;; mode) and
14.432 GHz (TMy,2,0 mode) were chosen for, respectively,
= the present chamber and the modified chamber. Perfectly
2 conducting boundary was the boundary condition applied
e to the plasma chamber wall, while for the two holes the
z perfectly matched layer was chosen, so as to absorb all the
outgoing wave energy without any impedance mismatch.
S The calculations started considering vacuum-filled cavi-
.« ties and 100 W of microwave power, with a mesh size of

nder the terms of the

be used

m this work ma

/10/6 the electric field distributions in logarithmic scale are
0 shown in Fig. 4 for both frequencies. The effectiveness of

2 = the modification to the plasma chamber is evident: the
‘g TMy,0 mode shows again a much higher electric field on
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Figure 2: Electric field distribution calculated through the
COMSOL®eigenmode solver: the present chamber with the
TE; | 1 mode (top), the modified chamber with the TMg o »
(bottom).

the plasma chamber axis, especially toward the
extraction side, and in general a higher electric field
compared to the TE; | | mode. After the vacuum-filled
geometry simulations we included the plasma through
the full-3D dielectric tensor, computed by MatLab®for
each mesh point given by COMSOL®following the
same approach used in [7]:

the plasma was described through the plasmoid/halo
scheme [8], considering a dense plasma inside the
resonance surface with Nyjasmeia=2-5-10'7 m™, and a
rarified halo outside with npao=nplasmoid /100. This time
the mesh size used was not uniform, reaching Ay/10 around
the resonance surface. The results of the calculations for
both frequencies are showed in Fig. 5 and summarized in
Table 1: the power absorption at the resonance surfaces is
evident in both cases but the modified geometry shows a
higher electric field in a zone around the axis, especially
at the extraction side. Table 1 shows that the modified
geometry not only gives a better matching for the
microwaves, but also a higher power ab-sorbed by the
plasma (around 30% more compared to the present
geometry). The difference in the amplitude of the electric
field produced in the two analyzed cases is even
more evident by looking at Fig. 6, showing the modulus of
the electric field on the plasma chamber axis. For the
present geometry (top part), the electric field at the
resonances is not really different compared to the rest of
the plasma chamber, while for the modified geometry
(bottom part) two very high peaks are visible in
correspondence of the resonances, with an absolute value
three times higher compared to the present geometry.

Plasma physics and techniques
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Figure 3: Electric field distribution calculated through the
COMSOL®eigenmode solver including the injection and
extraction holes: the present chamber with the TE; 1,11 mode
shifted at 14.428 GHz (top); the modified chamber with the
TMy,2,0 shifted at 14.432 GHz (bottom).

Table 1: Comparison between the two simulated geomteries
including the plasma.

ECRIS2018, Catania, Italy

Present Geometry = Modified Geometry
Frequency [GHz] 14.428 14.432
Simulated power [W] 100 100
Matched power [W] 69.2 91.7
Plasma absorption [W] 64.5 84.4
ELECTRONS DYNAMICS

The electromagnetic fields calculated for the two geome-
tries were used to simulate the electrons dynamics, using
a MatLab®code derived directly from the one developed
by the INFN ions source group for ions [9]. With such a
code we simulated the motion of 100000 electrons, whose
starting conditions are located inside the resonance surface,

with a time step Tyze,,=107"% s and a total simulation time

Tspan=4 107> s: the calculations included both electromag-
netic and magnetostatic fields, as well as electron-electron

collisions and relativistic effects. By using an ad-hoc rou-
tine, the code stores particles positions at each time step in
a 3D matrix reflecting the domain of the simulation divided
in cells of 1 mm?>, creating an "occupation" map directly
correlated to the electrons spatial density distribution. The
projection on the xz plane of the maps for the two geometries
is shown in Fig. 7: the present geometry is characterized by
low field intensities in the near-axis region, which have been
demonstrated to be prone for hollow-plasma generation, i.e.
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Figure 4: Electric field distribution in logarithmic scale
calculated through the COMSOL®frequency domain solver:
14.428 GHz for the present chamber (top), 14.395 GHz for
the modified chamber (bottom).

the plasma density is low where the electromagnetic field
intensity is low as well. The electromagnetic simulations
here performed, instead, is promising for a better RF power
deposition in the axial region, allowing the formation of a
denser and more uniform plasmoid.

CONCLUSIONS AND PERSPECTIVES

The electromagnetic study proposed consists of a cheap
and effective modification of the plasma chamber geometry
of the ion source LEGIS installed at INFN-LNL, to optimize
the electromagnetic coupling to the plasma. The modifica-
tion was validated by electromagnetic calculation carried out
including the plasma through its 3D dielectric tensor, and the
electrons dynamics under the resulting electromagnetic field,
the magnetostatic field of the magnetic trap and electron-
electron collisions. The TMy, 0 mode is able to create an
intense electric field on the chamber axis, about three times
higher compared to the one created by the TE, ;17 mode,
leading to a higher power absorbed in the plasma volume
and the formation of a much denser plasma. In principle
such modification could be applied to similar geometries of
any length. Such calculations will be verified in the next
future by comparing the ion output of the LEGIS source
before and after the proposed modification.
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Abstract

MedAustron is the synchrotron-based lon therapy center of
Austria. Accelerated proton beams with energies of 62-252
MeV are used to treat patients with cancer since 2016. Car-
bon ion beam is currently under commissioning and will
provide treatment in 2019 with energies of 120-400MeV/u
[1]. The Injector features three identical ECRIS from Pan-
technik, two of which are used to generate the proton and
the carbon beam with an energy of 8 keV/u. The generated
beam is sent to a 400keV/u RFQ and a 7MeV/u H-mode
Linac. Then follows the injection in a 77 m synchrotron via
amiddle energy transfer line, where the energies for patient
treatment are reached. The beam is sent to four irradiation
rooms via a high energy transfer line, two of which are cur-
rently used for medical treatment. The medical environ-
ment of the accelerator puts strict requirements on the
source performances in terms of long term stability and up-
time. The extracted carbon intensity needs to be on the or-
der of 150 pA with maximum current fluctuations of
+2.5% on the continuous run. In this work we discuss the
status of carbon commissioning with particular emphasis
on the experimental results obtained during the ion source
tuning [2].

INTRODUCTION

MedAustron Ion Therapy Center (Fig.1) is a medical fa-
cility. This creates an environment significantly different
than in research facilities [3]. One source of limitation are
law restrictions when using technical devices for patient
treatment and procedures that the facility needs to fulfill to
be certified for clinical operation. Furthermore sensitive
data are processed, therefore certain standards are imple-
mented, which affect not only the clinical part, but the com-
pany as a whole. This includes access control, available
software, workflow and documentation. The other aspect
is related to patients themselves. Each delay or failure di-
rectly affects people who wait for their therapy, relying on
the help provided to them in a difficult situation created by
a medical condition, cancer. Therefore, we continuously
work to improve uptime, stability and limit even remote
failure risks. This puts significant overhead on all our ac-
tivities, but also motivates us to look for new ways to im-
prove reliability of the system we use.

Although such work is not directly comparable to scien-
tific investigations, it may provide another point of view
on requirements and expectations to the systems used in

+ szymon.myalski@ifj.edu.pl

Applications

non-scientific conditions. Out of three sources we use one
exclusively in the medical environment and the second one
(carbon source) is just being prepared to include into the
medical accelerator by optimizing source performance to
required level. The goal of this paper is to present con-
straints, challenges, the work invested to improve the sys-
tem and unique opportunities which medical environment
provide us.

Figure 1. MedAustron Ion Therapy Center

MEDICAL ENVIRONMENT REQUIRE-
MENTS

Without external limitations the most effective approach
to keep beam properties stable would be occasional re-tun-
ing of the source parameters. In our case such approach is
not effective because parameters are fixed and cannot be
modified without and official release process approved by
the QA department.

To allow the device to be used for patient treatment it
needs to go through a certification process, which takes
into account potential risks for patient, service personnel,
other devices as well as natural environment. This process,
implemented mostly on large-scale reproducible products,
affects how we are able to work with device on the level of
complication of Synchrotron. MedAustron Particle Ther-
apy Accelerator (MAPTA) consists of hundreds of devices
(ion sources, various magnets, linear accelerator and beam
diagnostic devices). Starting from sub-components,
through components and functional units it is needed to un-
dergo through multi-step commissioning to make it possi-
ble to certify the whole device as a medical machine. This
process is required also for parameters, set points and set-
tings. Only when both the machine setup and parameters
are ‘fixed’, the medical verification can commence. During
this process various ‘failure scenarios’, tests and measure-
ments are done. In the end the clinically released set of pa-
rameters is allowed to be used for treatment.

This changes the approach to beam stability in the ion
source, as even the small change in parameters does in-
clude time consuming process of releasing new medical
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settings. Therefore long term stability, uptime and mainte-
nance planning is of upmost importance.

MAINTENANCE PLANNING

To be able to perform the maintenance two requirements

need to be fulfilled:

- Machine cannot be used to treat patients.

- Documentation need to be prepared (such as
change impact analysis, change plan, and multiple
protocols)

As documentation preparation can take up to a few weeks
= all activities need to be scheduled well in advance during
S the so-called service slots. Short service slots occur every
E 2 weeks, providing 6 hour time for service activities. Long
= service slots, with 48 available hours are used for bigger
-2 tasks and are scheduled every 1.5 months.

= Such schedule requires to plan preventive maintenance
% well in advance to counteract any possible drift or change
2 in the source parameters or failure of the components. In
% total 29 tasks were defined, grouped into three maintenance
£ types: yearly, half-yearly, quarterly and additional on-de-
g mand activities. The tasks range from checks and cleaning
. to exchanges of o-ring seals and components.

hor(s), title of the work, publisher, and D

u

u

This allow us to identify possible failures early on and
plan to exchange affected components. In addition regular
exchanges and cleaning keep our source in controlled con-
ditions limiting the need to for recommissioning.

At the moment carbon source is not yet used for medical
= purposes. Therefore is does not undergo the same pro-
< cesses as proton source. Prolonged use without the major
¢ maintenance or exchanges lead to current decrease (see
S [4]). Carbon deposition on plasma chamber walls changes
© conductivity of the walls and affects plasma generation.
8 This translates into a lower extracted current of the carbon
8 species we use. Such a situation would not be acceptable
= in clinical use, therefore we need to identify such factors
> and introduce measures to prevent such a change. In this
m particular case, in addition to maintenance plan adapta-
8 tions, a full source recommissioning was needed.

distribution of this work m
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SOURCE STABILITY

The number of patients MedAustron can treat depends
on several factors. Two important ones are beam availabil-
ity (uptime) and intensity.

On one side maximum beam intensity is limited by legal
regulations: taking into account that the safety systems has
a certain reaction time, we are not allowed in case of com-
ponent failure, to exceed a certain maximum dose to the
% patient. This means that we need to carefully identify and
= test all failure scenarios by taking preventive actions when
needed. This puts a limit on our maximum extracted cur-
rent.
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On the other hand patient treatment is prolonged if the
current drops. This can either prolong the time a patient
needs to spend in the treatment room, delay treatment time
or even require another visit. In addition even short viola-
tion of required beam parameters interlocks the machine,
leading to a stop of treatment. Therefore, for clinical oper-
ation, we can only accept a very stable beam conditions.

As an example of such issue can be presented investiga-
tions on the regular current. Initially we were observing 30s
current drops on the carbon ion source every 2 hours

(Fig.2).
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Figure 2. Regular current drops observed in Source 2 [4].
The red rectangle is showing the area presented on the next
picture (Fig. 3).

In addition the two step behavior was often triggered by
the drops, when beam intensity dropped for some minutes
before recovering (Fig. 3). Such beam properties would be
not acceptable for clinical operation.
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Figure 3. Two step behavior of the current. After the He
flow recovers the plasma may stay in a different state lead-
ing to a lower source current until it will recover to previ-
ous current value.

Investigation of this issue allowed to find correlation to
oscillations of support gas flow (He).
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Figure 4. Current drop correlated with support gas flow
oscilations

We could finally identify the root-cause of the current
oscillations originating from a pressure buildup before the
gas flow controller, which was triggering oscillating be-
havior of flow controller. By upgrading the gas panel sys-
tem and by adding a pressure relieve valve we could reach
a medically acceptable situation for which the beam cur-
rent is stable for more than 24h (Fig.5).
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Figure 5. Beam stability after the solving the unstable gas
injection.

SOURCE RECOMMISSIONING

Source performance does have an impact on the whole
accelerator. We can observe this in the data collected in so-
called 'beam QA' which measures beam properties each
day, before patient treatment. This provide us an oppor-
tunity to observe processes such as radiation damage to de-
tectors, seasonal/temperature performance drifts of some
components, aging and effects of the source on the rest of
the machine.

At the moment tools for data acquisition and data pro-
cessing are being actively developed. This should make it
possible to record more measurements and understand bet-
ter when any component of our machine behaves in an un-
usual way. Due to high statistics, even a sub-millimeter
beam deviation or minor decrease in the number of parti-
cles is visible. Such events need planned source recommis-
sioning to recover the beam properties to the reference val-
ues to increase the stability.
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Figure 6. Source recommissioning effect on the machine:

(a) Source current in low energy beamline (LEBT-CTA) is
lower after the recommissioning.

(b) In medium energy beam line (MEBT-CTA) we can ob-
serve both higher current and significantly better stability

(c) Number of particles injected into the main ring is higher
with significant shot-to-shot fluctuation (which is a goal of
another investigation)

(d) Intensity in the room. Before Nov-2017 it was only
measured by medical groups, later it became also part of
daily Accelerator Beam QA.

The results of such work are presented on the Fig. 6.

Recommissioning usually includes extensive scan of
source parameters (Fig.7,8). In this particular case a set
point was needed that produce a constant emittance in a
wide range of extracted current and forwarded power.
More information can be found in [4]. As one can observe
from these figures, the emittance does not change the emit-
tance if the RF power is varied. This makes it possible to
have the RF power as a clinically modifiable parameter as
discussed in detail in [5]
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Figure 7. Measured Emittancesof the carbon beam pro-
duced using a fixed resonance frequency of 14.455GHz for
three different forwarded RF power values.

Figure 82 Measured Emittances of the carbon beam pro-
duced using a fixed resonance frequency of 14.460GHz
Z for three different forwarded RF power values.

FUTURE PLANS

At the moment our efforts, as Accelerator Physicists in

MedAustron concentrate on the commissioning of the car-
\; bon beam for clinical use. This starts with a stable beam
g current and continues with finding parameters for each de-
o vice which have an effect on the beam. This work should
O be finished in 2019, when we will start patient treatment
. S with carbon ions. In that point in time the source 2 settings
A used for carbon ions, will be “frozen”.

© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and D

There is one more source waiting to be commissioned in
MedAustron: Source 3. It is supposed to be a backup for
Source 1 (used for protons) and Source 2 (used for carbon
ions). Source 3 should also enable us to test settings, meas-
ure source behavior or prepare additional beam species.

In addition, thanks to reproducible conditions we will
o be able to acquire a collection of data on accelerator per-
= formance. Daily measurements are done to verify beam pa-
"2 rameters and results are stored. This allow us to analyze
E long-term trends and seasonal effects. With sufficient

+ amount of data we should be able to better predict machine
2 behavior and preventively act to keep all beam parameters
constant. It should also let us do extensive analysis and
cross-correlation studies. With improved tools and better
measurements this could provide valuable insight on long

sed under the terms of the CC
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term stability, aging effects, reproducibility and mainte-
nance which we want to explore.
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AN IRRADIATION TEST FACILITY AT INFN-LNS: STATUS AND
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Abstract

In the framework of ASIF “ASI Supported Irradiation
Facilities” project some beamlines available at Laboratori
Nazionali del Sud - Istituto Nazionale di Fisica Nucleare
(LNS-INFN) have been dedicated to irradiation tests.
These beamlines have been recently upgraded in order to
meet the European Space Agency specifications about ra-
diation hardness testing of devices suitable for space appli-
cations. The Superconducting Cyclotron K800 installed at
LNS can provide protons up to 80 MeV for integrated dose
tests and a number of heavy ion beams for Single Event
Effect studies. The beamlines are equipped with detectors
that allow beam diagnostic in term of spatial uniformity,
purity and energy measurements, including on-line moni-
toring of flux and fluence received by the device under test.
Upgrades activities are now ongoing, especially to broaden
up the number of available beams, both in terms of ion spe-
cies and energy, to optimize the switching times from one
beam to another. The paper will present an overview of the
developed facility, which will take benefit of the ongoing
SERSE (the superconducting ECR ion source) revamping:
the new gas-box system, plasma chamber and controls sys-
tem are ready to be installed within autumn 2018.

INTRODUCTION

Among the research activity carried out at at Laboratori
Nazionali del Sud of the Istituto Nazionale di Fisica Nucle-
are (LNS - INFN) based in Catania, a part of the beam time
is dedicated to irradiation tests of electronic devices and
detectors as well as of cells and biological samples [1].

Irradiation activity takes advantage of a large number of
ions that can be accelerated by the 15 MV Tandem Van de
Graaff and by the K800 Superconducting Cyclotron (CS).
In particular, this last accelerator coupled with the two high
performance ECR sources operating at LNS-INFN, that is
SERSE and CAESAR, can provide ion beams in a very
wide range of mass, from hydrogen to lead, and energy up
to 80 MeV/amu.

Two beamlines, Zero-Degree (ZD) and CATANA (Cen-
tro di AdroTerapia e Applicazioni Nucleari Avanzate) are
equipped for irradiation tests. CATANA beamline is mainly
used for hadron therapy purpose with proton beams [2,3],
while the ZD beamline can be adapted to perform different
kind of irradiation tests using various ion beams provided
by the CS, as well as by the Tandem accelerator. Moreover,
the ZD beamline is equipped for both in-air and in-vacuum
radiation hardness testing.

T grapisarda@lns.infn.it
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Recently, in the framework of ASIF “ASI Supported Ir-
radiation Facilities” project, these beamlines and in partic-
ular the ZD one have been upgraded in order to meet the
European Space Agency (ESA) ESCC No. 25100 specifi-
cations about radiation hardness testing of devices suitable
for space applications.

THE IRRADIATION FACILITY

Available beams for irradiation at LNS

According to the ASIF project requirements, a list of
beams and a number of diagnostic devices have been de-
fined and developed in order to perform irradiation with
protons for integrated dose tests and with heavy ion beams
for Single Event Effect (SEE) studies.

In particular, for integrated dose tests proton beams are
available according to the energies and the flux shown in
Table 1. If necessary, energy can be reduced by means of a
stack of plastic degraders.

Table 1: Proton Beams: Energies and Flux

Energy Flux
MeV/amu ions cm?s’!
10 -26 from Tandem up to 107

60, 80 from CS*

SEE tests are performed by using mainly 2°Ne, “°Ar,
8Kr, 1Xe beams at 20 MeV/amu, corresponding Linear
Energy Transfer (LET) and range in silicon, calculated
with SRIM2008, are reported in Table 2. The selected ions
provide, at the moment, the best compromise in reducing
the time required for beam change (4-8 hours) and in
providing a large range of LET values. In in-air irradiation,
air is used to reduce beam energy, this provides several
LET points up to 60 MeV/(mg/cm?) allowing to measure
the cross-section (number of events per unit of fluence)
from the threshold to the saturation value.

Table 2: Ions Available For SEE Test.

Ion Energy LETSRM RangeSR™
MeV/amu  MeV/(mg/cm?) um
20Ne 20 1.996 504.54
YO0Ar 20 6.266 356.49
8Kr 20 21.59 245.12
129X e 20 44.05 204.46
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 Beam Diagnostic

ublisher and D

Ion beams provided for irradiation test must be analysed
=in order to verify the beam energy and purity at the device
”;45 under test (DUT) position, and to measure beam uni-
2 formity, flux and fluence.

In details, beam energy and purity are guaranteed by the
< design of the accelerators and beam transportation devices.
E Moreover, a two stages AE-E detector is available at the
A" % DUT position to provide a further check energy and purity.
o E For proton and light ion beams (from Z=1 to Z=8) accurate
: energy measurement are accomplished through the meas-
D urement of the Bragg-peak in a water phantom. In particu-
E lar, depth-dose measurements are obtained by using a
g Markus chamber (Mod 3002) inserted in the water phan-
£ tom with a spatial resolution of 10 um.

Regarding spatial uniformity, magnetic elements distrib-
S uted along the beam line and a set of collimators with dif-
,§ ferent diameters (Fig. 1) provide a beam spot size on DUT
‘3 from few mm to about 2 c¢m, according to the user's re-
é quests, and uniformity of = 10% over the DUT irradiated

f the wi

n attribut

Positioning
system

2018). Any distribution of this work

F1gure 1: Experlmental setup collimator, aluminium oxide
© disk and CCD camera for beam profiling and positioning
system for DUT placement.

Beam profile is measured acquiring, by means of a CCD
camera (Fig. 1), the light emitted by an Aluminum Oxide
disk (Fig. 1) when it is hit by the beam. Then, a software
allows the on-line analysis of the acquired signal making
possible the beam tuning in order to reach the required
size and uniformity. In Fig. 2 and Fig. 3 examples of
experimental transversal dose profile (with respect to the x
and y axes) are shown for the proton and %Kr beams
respectively. Dashed lines indicate the DUT size.

Flux and Fluence measurement are performed on-line by
5 means of a thin plastic scintillator detector EJ-212 Scionix
'3 (50,100 um) (Fig. 4). The thickness is selected such that
= the scintillator is transparent to the beam. Signal produced
2 by scintillator are sent to a discriminator, converted in TTL
E standard and sent to a counter. The facility allows to meas-
% ure fluxes up to 10°ions cm™ s™'. Beam is stopped when the
3 required fluence is reached.

4: For proton irradiations the fluence can be measured using
Ea Monitor Chamber, des1gned and built at LNS, allowing
£ to measure up to 10%ions cm? s°!
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TUP02
7 6

©=2d Content fr

doi:10.18429/JACoW-ECRIS2018-TUPO2

EXPERIMENTAL TRASVERSAL DOSE - PROFILE X

£t F ' !
2 -
:‘% 250~ | |
s r | |
e T | |
0 200 | |
L | |
r | |
1501 : :
E | |
1001 : :
S Y NN S SN SS NNTUNN WNNT SUN S NN SN SO ST S [N SO SR SN S NS SO S
-15 -10 -5 0 5 10 15
Distance from central axes (mm)
EXPERIMENTAL TRASVERSAL DOSE - PROFILE Y
z I
5 |
3
g 250 | |
g | |
9 | |
3 200 : :
| |
150 : :
| |
| |
WODT....I.\..\\!\\\I\\!.I....I.\..I
-15 -10 -5 0 5 10 15

Distance fram central axes (mm)
Figure 2: Experimental transversal dose profile for proton
beam, with respect to the x (blue) and y (red) axes. Dashed
lines delimit the DUT size where uniformity of + 10% is
reached.
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Figure 3: Experimental transversal dose profile for 3Kr
beam, with respect to the x (blue) and y (red) axes. Dashed
lines delimit the DUT size where uniformity of £ 10% is
reached.
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The output signals from all the beam diagnostic de-
vices can be monitored from the control room during the
beam setup as well as during the irradiation runs.

Plastic scintillator
detector

Figure 4: Experimental setup: Plastic scintillator detector
and Monitor Chamber used for flux and fluence measure-
ment for heavy ions and protons irradiation respectively. A
typical board housing the DUT is also shown in the
picture.

DUT Movement

The DUT can be moved along the three axes x-y-z from
a remotely controlled positioning system (Fig. 1) made up
of two linear motion stages allow up to 150 - 300 mm
travel range, with a minimum achievable incremental
movement of 0.1 um and a bidirectional repeatability of 2
um. Distance along z axis (corresponding to the beam
axis) can also be manually changed in a wide range up to
about 1.5 m. A laser distance meter allows to check the
distance of the DUT from the beam exit window within an
accuracy of 1 mm.
A downstream laser and a system of collimators allow the
DUT alignment along the beam axis.
All the diagnostic devices are mounted on linear translation
stage. In this way, according to the sequence of actions of
the standard irradiation procedure, each detector can be
moved and placed at the DUT position by a remote control
system.
The whole remotely controlled positioning system has
been design in order to provide a user-friendly system,
guaranteeing high precision and repeatability in the irradi-
ation operation.

PERFORMED IRRADIATION RUNS

From November 2017 to July 2018 five irradiation runs
have been carried out at LNS. In particular, two integrated
dose test have been performed using 15 MeV protons from
Tandem and 60 MeV protons from CS for a total of 2
Beam Time Units (BTU). Energies have been degraded
according to the user’s request, and the energy values at
the DUT po-sition are reported in Table 3. Average proton
flux was 107 ions cm™ s!. Three runs have been performed
for SEE test using “°Ar, %Kr, '?Xe from CS at 20 MeV/
amu, for a total of 8 BTU. Also in this case the ion
energies have been re-duced (see Table 3). The average
flux required during the runs was from 103 to 103 ions cm™

st
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Table 3: Ions employed at LNS for irradiation test (Novem-
ber 2017- July 2018). For proton beams both accelerator
machines have been used (*Tandem, **CS).

Ion Energy on DUT Beam Time
MeV Units (BTU)
H 10%*, 30%* 2
YOAr 500
$4Kr 750 8
129Xe 612

At LNS beam time for irradiation test will be available
three times per year, 8 BTU per trimester, for totally 24
BTU (192 hours) per year.

PERSPECTIVES AND UPGRADES

In the next future irradiation facility upgrades will be fo-
cused especially in the broadening of the beam portfolio
and reducing of the switch-over times. In this sense, the
irradiation facility will take particular advantage of the up-
grade of the SERSE ion source. In particular, a new cryo-
cooling system has been already installed, making the su-
per-conductive magnets of the ECR source independent
from the Cyclotron cryostat. Moreover, a new plasma
chamber and injection system will allow operations at
larger extraction voltages and RF power.

PFEIFFER & VACUUM 11 02.02.2017
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Figure 5: The new designed SERSE gas box.

A new gas box (Fig. 5) has been designed to host “on-
board” of the HV platform several gaseous species or
“cocktails”. This last upgrade is fundamental for the irradi-
ation facility because will guarantee a faster switch-over of
the beam species during irradiation.

In addition, the availability of the SERSE ion source
couple with the CESAR one will allow the possibility to
provide to the users, during the same irradiation run, both
gaseous and metallic ions, with a considerable broadening
of the beam availability.
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PRODUCTION OF VARIOUS ION SPECIES BY GAS PULSING
TECHNIQUE FOR MULTI-ION IRRADIATION AT NIRS-HEC ION
SOURCE

M. MuramatsuT, Y. Iwata, K. Mizushima, T. Inaniwa, A. Kitagawa, QST-NIRS, Chiba, Japan
K. Takahashi, T. Shiraishi, T. Suzuki, F. Ouchi, T. Sasano, AEC, Chiba, Japan

Abstract

High-energy carbon-ion radiotherapy is being carried
out at Heavy Ion Medical Accelerator in Chiba (HIMAC).
Over 11000 cancer patients have been treated with carbon
beams having energies of between 56-430 MeV/u since
1994. At present, multi-ion irradiation method by various
ion species is being studied for optimization of LET and
dose distribution. An ion source has to produce the heli-
um, carbon, oxygen and neon at pulse by pulse for this
method. Requirement currents for He** C**, O** and Ne**
are 500, 150, 230 and 300 epA, respectively. We obtained
beam current of 482, 151, and 270 epA for He** C** and
O with mixed helium and CO, gases under the extrac-
tion voltage of 27 kV. Beam current of 27 and 15 euA for
C>* and O™ ions were also obtained in this time. He®*
beam include full striped ion such as C®, N”* and O*".
We have to increase the purity of He** beam. The gas
feed system was modified for making pulsed gas by using
a solenoid valve for switching different gas.

INTRODUCTION

Four ion sources produce various ions for medical use,
biological and physical experiment in HIMAC at the
National Institute of Radiological Sciences (NIRS). The
multi-ion irradiation with dose distribution and Liner
Energy Transfer (LET) optimization is being studied at
NIRS [1, 2]. Helium, carbon, oxygen and neon ions are
considered as ion species for multi-ion irradiation. When
we use more than one ion sources, it is possible to switch
different ion species easily. However, we considered the
switching method with only one ion source. Ionization
gases were helium, CO, and neon to produce He**, C**,
O™ and Ne™* ions. These set points of intensity were 500
epA correspond to He™, 150 epA to C**, 230 epA to O™,
and 300 ep A to Ne*". At first, we tested production of the
He**, C** and O’ with mixing the gases of helium and
CO, at 18 GHz NIRS-HEC [3]. Next, we measured the
switching time of different ion species with gas pulsing
technique.

GAS MIXING EXPERIMENT

The CO, and helium gases were introduced at the same
time to the plasma chamber for production of He**, C**,
O™ at this experiment. Dependences of the microwave
power and the mirror field were measured under the same
parameters. The microwave frequency was 18.0 GHz.
The gas flow of helium was 0.075 cc/min. The extraction

+ muramatsu.masayuki@gqst.go.jp
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voltage was 27.0 kV. The downstream coil current was
500 A. Figure 1 shows microwave power dependence of
He?, C**, O*. The gas flow of CO, and upstream coil
current were 0.016 cc/min and 840 A, respectively. When
microwave power was increases, He?* was increased, but
03+, C?* was decreases. The microwave power of 800 W
was good for production of He*. Figure 2 shows depend-
ence of the upstream coil current. The ion source parame-
ters were same as the microwave power dependence. The
respective ions became highest when coil current was 790
A. We obtained the beam current of 482, 151, and 270
epA for He*™ C** and O’* with microwave power of 800
W and upstream coil current of 790 A. However, the
beam current of He™ is not yet reach the requirement
value due to the gas mixing effect. If more neon gas is
added, it is difficult to reach the requirement value of
helium ion.
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Figure 1: Dependence of microwave power.
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Figure 2: Dependence of upstream mirror magnetic field.

GAS SWITCHING EXPERIMENT

We try to produce He**, C**, O™ and Ne* ions by us-
ing helium, CO, and neon gases. The high speed solenoid
valve (Parker, Series 9) and controller (Parker, Iota One)
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were used for CO, gas line. Figure 3 shows gas piping
diagram for NIRS-HEC with gas pulsing technique. The
solenoid valve was set in CO, line. The helium and neon
gases were regulated by a piezo valve (Mass Flow Con-
; trol valve: MFC).

Figure 4 shows switching time of O** to He** compari-
& son between MFC and solenoid valve. We have to wait
% about 10 minutes for stable beam current of He** by using
2 MFC. There were residual CO, gas in the gas line and
i vacuum chamber. In the case of solenoid valve, wait time
% is about 3 minutes. Pulse width was 0.22 msec. The sole-

publisher, and D

work

h

=} . . . I
< noid valve opens 120 msec before the microwave ignition.

5 The influence of residual CO, gas is big to the production
< of He™ ion. The gas pulsing method is effective in a
£ changing ion species.

Mass Flow
Control Valve

NIRS- }II" ocC
HEC System
Operation
Chamber oo, Jrigger
Co, Pulse Valve Ne He
- Controller

Figure 3: The diagram of gas piping with gas pulsing
technique.
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3200 [ . 0" - He**
S - (mass flow control valve)
3 <
%100 [ f . 0%* > He
" : (gas pulsing method)
0 - | 1 L L J
.0 2 4 6 8 10
Switch start Time [min]

Figure 4: Reproducibility of He®" at the switching of O**
with mass flow control valve and gas pulsing method.

lon Separation Experiment

Figures 5, 6, 7, 8 shows beam switching time of He™,
5 C**, 0% and Ne*". From Fig. 5, switching time for stable
2 the beam current from He”" to other ion species were
= about 2 or 3 minutes. The helium gas was not affect for
§ production of C**, 0" and Ne*" ions. From the Fig. 6 and
o . . . .

= Fig. 7, switching time of carbon and oxygen was less
£ than 1 minute, because, there was no change the gas. In
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the switching time from carbon and oxygen to He*" and
Ne'* were about 2 or 3 minutes. From Fig. 8, the
switching time from Ne** to He*", C*" and O*'ions were 4
or 5 minutes. There was the neon gas affect to
production of helium, carbon and oxygen ions.
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Figure 5: Switching time of C**, O** and Ne** from He?".
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Figure 8: Switching of He**, C** and O* from Ne**.

lon Separation Experiment

He”™ beam include full striped ion such as C®*, N”* and
O% (A/Z=2). We checked impurity of accelerated He**
beam at HIMAC injector. An ion is separated using
dif-ferences in an energy loss on ion species when an
ion
passes a thin foil. Figure 9 shows beam current as a func-
tion of magnetic field of bending magnet. Blue line is
A/Z=4 beam. The energy of accelerated ions was 6
MeV/n. Thickness of Al foil was 5 pm. The NIRS-HEC
produced He" ion using helium and éloz gases. He" beam
including C** and O* is changed to He”™, C* and O by
carbon foil after the LINAC. There were two peaks from
He* beam. Left side geak consists of C®* and O ions.
Right side peak is He®* ion. Red line is He** beam with
gas pulsing method. There was no C** and O*" ions. We

could optimize the condition for production of He** ion at
NIRS-HEC.
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Figure 9: The beam spectrum from He" and He™" at after
the HIMAC injector.

CONCLUSION FOR THE NEXT STEP

The result of the gas mixing experiment, we obtained
beam current of 482, 151, and 270 epA for He*, C*" and
O*" with mixed helium and CO, gases. The optimal mi-
crowave power and upstream coil current were 800 W
and 790 A, respectively. From the results of gas pulsing
experiment, the switching time from He?', C*" and O*' to

Applications

other ions were 2 or 3 minutes, however, from Ne*" to
other were 4 or 5 minutes. We will set the solenoid valve
to all of gas line.
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Abstract

The Facility for Antiproton and Ion Research (FAIR)
2 presently built in Darmstadt, Germany, will be dedicated
£ to physics of unstable nuclei and antiprotons. The antipro-
2 ton program at FAIR needs for various experiments the
§ delivery of 7x10' pbar/h beams. Consequently, the accel-

5 eration chain composed of a proton-Linac and two syn-
E chrotrons, SIS 18 and SIS 100 has to deliver 2x10'¢ pro-
= tons [1]. To this purpose, a 75 mA/ 68 MeV proton-Linac
§ (p-Linac) is under construction. Its injector is composed
‘g of an Electron Cyclotron Resonance (ECR) ion source, a
- Low Energy Beam Transport (LEBT) line, a 3 MeV Ra-
£ dio-Frequency Quadrupole (RFQ) and a Drift Transport
—“ Line (DTL) using Cross-bar H-mode cavities (CH). The
B CEA/Saclay is in charge, in the framework of a French-
5 German collaboration, of designing, constructing and
5 commissioning the proton-Linac injector composed of
g both the ECR proton source and the LEBT with dedicated
: diagnostics [2]. The on-axis species repartition of the
=~ = proton beam is measured with a Wien Filter (WF), and the
-o 2D-emittance with an Allison Scanner (AS) [3]. The tar-
é geted specifications are a proton beam current of 100 mA
- for an energy of 95 keV at the entrance of the RFQ within
g an emittance of 0.37 mm.mrad (rms norm). We present in
8 this paper the latest results obtained with the injector in
~, view of commissioning.

uthor(s), title of the work, publisher, and D

PROTON LINAC

At FAIR, the primary proton beam for the antiproton
production is delivered by the p-Linac at an energy of 68
MeV and a repetition rate of 4 Hz (Fig. 1). Its main pa-
rameters are listed in Table 1.

Table 1: Proton Linac Parameters

Parameter Value

Beam Energy 68 MeV
Maximum design current 70 mA
Current at SIS18-injection 35 mA
Proton per pulse 7.910"
Beam pulse length 36 ps
RF-frequency 325.224 MHz
Repetition rate < 4Hz
Emittance (norm) < 2.1 mm.mrad
Momentum spread (tot., norm) < +107
Overall length 43 m

+j.fils@gsi.de
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COMMISSIONING OF THE PROTON-LINAC ECR SOURCE FOR FAIR

J. Fils?, R. Berezov, R. Hollinger, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291
Darmstadt, Germany
B. Bolzon, N. Chauvin, O. Delferriére, O. Tuske, Y. Gauthier, Commissariat a I’Energie Atomique
et aux Energies Alternatives (CEA), IRFU, 91191 Gif-sur-Yvette, France

to SIS18

Source LEBT RFQ CH-DTL
Secton 1; Coupled CH Section 2: Standard CH-DTL 4" 4, pymp
- P i gL,

95 keV 3 MeV Re-Buncher 68 MeV
37 MeV

Figure 1: Schematic of the future p-Linac.
The proton injector being commissioned at CEA/Saclay
is composed of the proton source and the LEBT until the
entrance of the RFQ (Fig. 2).

PROTON INJECTOR

The proton source, acceleration column and LEBT
presently under construction and test at CEA/Saclay has
been designed according to the SILHI model and the IPHI
deuteron injector.

General Layout

The injector has to deliver a proton-beam at 95 keV
with a proton beam intensity of 100 mA at the entrance of
the RFQ. All general requirements are listed in Table 2
Its general layout is represented in Fig. 1. Different parts
are described more precisely in following sections.

Table 2: Proton Injector Parameters

Parameter Value

Beam Energy 95 keV

Beam Intensity 100 mA (H")

Repetition rate 4 Hz

Energy spread < 60eV

Final emittance < 0.33 m mm.mrad

Pulse length > 36 s

o Twiss parameter 0.27 < a < 0.59 mm/n.mrad

B Twiss parameter 0037 = B < 0046
mm/r.mrad

lon Source and Extraction System

Its design was taken from the SILHI high intensity light
ion source [4] developed at CEA. The cylindrical plasma
chamber, 90 mm wide and 100 mm long, is put on a 100
kV-platform in a Faraday cage. H» gas is injected through
a capillary. Its flow is tuned by a mass flow controller. To
occur, the ECR condition needs the presence of an axial
magnetic field produced by two coils, independently
power-supplied and tuned in order to reach a constant on-
axis magnetic field value of 0.875 T, possibly as close as
possible to the ridge output concentrating the 2.45 GHz
RF-wave from the magnetron. Electron density is in-
creased thanks to two boron nitride disks inside the plas-
ma chamber.

Beam extraction and optics
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Figure 2: Layout of the proton injector including the ECR proton source, the acceleration column, the solenoids 1& 2,
the diagnostic chamber, two ACCT devices, the chopper chamber and the injection cone before the RFQ line.

The repetition rate is set up to 4 Hz and is operated by
the pulsed injection of the RF-signal. The extracted beam
is set longer than the desired one at the RFQ entrance: the
chopper will cut off rising and falling beam profile parts.

The extraction system is composed of 5 electrodes. Due
to the low duty cycle, they are not water-cooled:

e The plasma electrode has a @9-mm aperture hole.

e The intermediary or puller electrode is tuned down-
wards relatively to the 95 kV-platform. As we see
later, its value influences the beam parameters.

e The 3™ and 5™ are put to the earth potential.

e The 4%, called repeller, is set to a negative value to
hinder electrons to go upstream into the plasma
chamber and consequently to ensure a space charged
compensation of the beam.

LEBT and RFQ-injection

Imaging and propagation are assured by two solenoids
on the model of IFMIF setup, independently tuned up to
450 A [5]. Two magnetic steerers are integrated into both
solenoids to realign in both directions the proton beam.
The diagnostic chamber is placed between them.

Deviation plates forming a chopper will cut the proton
beam down to a minimum of 36 us with sharp edges. It is

coupled to a thungsten cone that intercepts cut proton

beam as well as remaining off-axis undesired species. A
negatively charged repeller plate is located before the
RFQ-entrance to block upstream electrons.

All measurements shown in this article were performed
with 5 ms-long pulses, which is the upper duration limit
of expected proton beams.

Beam Diagnostics

Two Alternating-Current Current Transformers (ACCT)
before and behind 1% and 2™ solenoids measure the pro-
ton beam time profile and intensity. This last value is
compared, only for the commissioning phase, to the cur-
rent measured with Faraday cup at final beam stop.

On diagnostic chamber are installed:

e a Wien Filter to measure the species fraction

e an Allison Scanner, either vertically or horizontally

set up, to measure emittance

e a Secondary Electron emission grid (SEM-grid)

will also be installed at GSI.

e also installed at GSI a diamond-shaped slit to re-

duce the proton beam size.

Beam extraction and optics

MEASUREMENTS & RESULTS

As defined in [6], the commissioning at Saclay is di-
vided in 3 different phases. We will present here results
for:

e Phase 1: beam intensity, emittance and species
proportions from the source directly measured
behind the acceleration column with a 9-mm ap-
erture.

e Phase 2: same diagnostics are put in the diagnos-
tic chamber directly behind the 1% solenoid.

At the Source Output

H" proportion is represented in Fig. 3. It was measured
with WF for different total beam current and different
magnetic configuration given by coils intensity. It is given
here with couple currents B1 /B2 in A.

98 -
E 96 .l '
= 4 *
g o e,
g 4
E o2 v x§
£ _
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2 ]
S g6+ a
3 ] $
§ 9
E 82
w 1 'S

80

T T T

60 70 80 90 160 1‘;0 12‘0 11’30 14{0 1%0
Total beam current (mA)
Figure 3: proportion of H' in extracted beam for differ-

ent coil configurations vs. total beam current

Even if measurement noise is present, yielding + 4%
for the (20/110) configuration, a strong trend can be ex-
tracted: the higher the total beam current, the higher the
proportion of H". A maximum total extracted current of
147 mA was obtained in the (30/100) configuration.

At the RFQ entrance, the normalized rms emittance has
to be lower than 0.33 = mm.mrad (straight line in Fig. 4).
We measured it at source exit for different coil configura-
tions and different total output current by varying the
puller voltage. Plots of a series (same magnetic configura-
tion and total beam intensity) are included in a same
curve. The dotted line binding plots for the 20/110 case
indicates that measured values were data-processed to
compensate the acquisition resolution discrepancies with
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Figure 4: Emittance vs. puller voltage for different coils
configurations and total beam current.

Firstly, the higher the total intensity beam is, the higher
> the emittance, which can be explained by space charge.
£ Secondly, the emittance reaches a maximum around 29
= kV of puller voltage. This was already observed on
& IFMIF [7]. It seems that the puller voltage for these scan
values influences the emittance measurement.

Behind 1** Solenoid

Emittance measurements were performed in the diag-
nostic chamber by varying the current value of 1* sole-
noid for two different beam total current, 130 mA and 90
mA (Fig. 5). The AS was put horizontally and vertically to
check the hypothesis of the beam rotation symmetry.
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Figure 5: Vertical and Horizontal emittances vs. sole-
noid current for different total beam current

The tendency to reduce the emittance by increasing the
convergence effect of 1% solenoid observed, as well as by
g reducing the total beam intensity, possibly due to space
>charge compensation. On the other hand, differences
E between vertical (V) and horizontal (H) emittances are
g less easy to interpret: the upper values H or V are not the
E same according to the total beam current. The ideal would
£ be to dispose of two perpendiculars AS in the diagnostic
£ chamber to compare both without the necessity to open
= the beam line between horizontal and vertical measure-

=} . . ..
2 ments which modify the measurement conditions.
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We analysed the influence of the puller voltage value on
the emittance (Fig. 6) in case of a parallel beam. The
same tendency occurs as in (Fig. 4): the puller acts as a
kind of condenser on the beam without changing focusing
as shows the inserted emittance figure for 11 kV voltage.
Measurement errors should be longer investigated.

Finally, we compared measurement of H" proportion
obtained with two methods, one with WEF, the other one
by analysing the emittance figures with a software devel-
oped at CEA [8].
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Figure 6: Emittance vs. puller voltage for a total beam
current of 90 mA. The insert is the figure for encircled
data.

H* proportion is measured for a total beam current of 90
mA. The WF gives 93.5% while the software analysis
gives 84.9%. It may be that WF only see the beam centre
whereas the software takes into account the whole beam.
A same discrepancy was already observed with spectro-

scopic measurements [6].

Conclusions

First results of emittance value, proton energy and
beam current just at the source exit and behind the 1
solenoid show that targeted parameters at the RFQ input
are reachable. It has to be confirmed by direct measure-
ments behind the 2" solenoid in a next step.

REFERENCES
[1] L. Groening et al., Proceedings of LINAC2012, THPB034

[2] R.Berezov et al., Rev. Sci. Instrum. vol. 87, p. 02A705
(2018)

1 C.Ullmann et al., Proceedings of IPAC2014, TUPRO043

1 R. Hollinger et al., Proceedings of LINAC2006, TU3001

1 N. Chauvin et al., Proceedings of LINAC2014, THPPO15

1 O. Tuske et al., Rev. Sci. Instrum. vol. 89, p. 052303 (2018)
]

R. Gobin et al., Rev. Sci. Instrum. vol. 87, p. 02A726
(2016)

[8] B. Bolzon et al., Fusion Engineering and Design
(2018), doi: 10.1016/j.fusengdes.2018.04.128

Beam extraction and optics



23th Int. Workshop on ECR Ion Sources
ISBN: 978-3-95450-196-0

ECRIS2018, Catania, Italy

JACoW Publishing
doi:10.18429/JACoW-ECRIS2018-TUPO6

PROGRESSES IN THE INSTALLATION OF THE SPES-CHARGE
BREEDER BEAM LINE

A. Galata®, C. Roncolato, G. Bisoffi, P. Francescon, L. Bellan, J. Bermudez, D. Bortolato,
M. Comunian, A. Conte, M. De Lazzari, F. Gelain, D. Marcato, M. Miglioranza, M.F. Moisio,
E. Munaron, S. Pavinato, D. Pedretti, A. Pisent, M. Rossignoli, M. Roetta, G. Savarese,
INFN-Laboratori Nazionali di Legnaro, Legnaro (Padova), Italy,

M. Bellato, INFN-Sez. di Padova, Padova, Italy,

V. Andreev, ITEP, Moscow, Russian Federation

Abstract

Since fall 2017, the ADIGE (Acceleratore Di Ioni a
Grande carica Esotici) injector of the SPES (Selective Pro-
duction of Exotic Species) project entered the installation
phase. The injector includes an Electron Cyclotron Res-
onance (ECR)-based Charge Breeder (SPES-CB) and its
complete beam line, as well as a newly designed RFQ, to al-
low the post-acceleration of the radioactive ions produced in
the so-called target-ion source-system. The injector has dif-
ferent peculiarities, deriving from particular needs of SPES:
a complete electrostatic beam line equipped with a 1+ source
for test purposes, and a unique Medium Resolution Mass
Spectrometer (MRMS, R~1/1000), mounted downstream
the SPES-CB, to clean the radioactive beam from the con-
taminants induced by the breeding stage. This contribution
reports about the status of the installation of the injector,
describing the various technical solution adopted, and giv-
ing a realistic planning for the commission and following
operation of its main parts.

INTRODUCTION

SPES [1] (Selective Production of Exotic Species) is an
INEN project with the aim at developing an Isotop Separa-
tion On Line (ISOL) Radioactive Ion Beam (RIB) facility as
an intermediate step toward EURISOL. The SPES project
is under construction at the INFN-Laboratori Nazionali di
Legnaro (LNL): the main goal is the production and post-
acceleration of exotic beams to perform forefront research
in nuclear physics by studying nuclei far from stability. The
project is concentrating on the production of neutron-rich
radioactive nuclei with a mass range A=80-160: they are
fission fragments that will be produced by delivering a pro-
ton beam on a UC, target developed at LNL. The proton
driver will be a commercial cyclotron [2] with a variable
energy (30-70 MeV) and a maximum current of 0.75 mA
(upgradeable to 1.5 mA), with the possibility to split the
beam on two exit ports. The accelerator was installed in a
new dedicated building in 2016 and the factory acceptance
tests were succesfully carried out in 2017. The radioactive
species produced will be extracted as a 1+ beam from dedi-
cated sources [3], cooled in a RFQ-cooler [4] and purified
from the isobars contaminants through a High Resolution
Mass Spectrometer (HRMS) presently in the design phase.

* alessio.galata@Inl.infn.it

Charge breeding

In order to allow post-acceleration with the LNL booster
ALPI (up to 10 MeV/A for A/q = 7), the project will em-
ploy an Electron Cyclotron Resonance (ECR)-based charge
breeding technique [5]: the Charge Breeder will be equipped
with a complete test bench totally integrated with the SPES
beam line. This part of the post-accelerator, together with
the newly designed RFQ [6], composes the so-called ADIGE
(Acceleratore Di Ioni a Grande carica Esotici) injector [7],
whose layout is shown in Fig. 1. Since fall 2017, the injector
entered the installation phase: this paper will describe its
main components, the various technical solutions adopted,
and will report on the status of the installation, giving a real-
istic planning for the commissioning and following operation
of its main parts.

BEAM LINE DESCRIPTION

The ADIGE injector consists of a 1+ beam line producing
stable beams for test purposes, and a N+ beam line to deliver
the beams extracted from the Charge Breeder to the post-
acceleration. Those parts will be described in separated
sub-sections.

The 1+ Beam Line

Depending on the particular element to be charge bred,
two kind of sources will be employed (alternatively), shar-
ing the same vacuum chamber: a surface ionizaion source
(SIS) or a plasma ionization source (PIS). Those sources
are semplified copies of the ones which will be installed in
the target-ion source-system of SPES and are described else-
where [3]: the ionization machanisms employed will allow
the production of beams from most of the elements of the
periodic table, except for the refractory metals. The stable
1+ ions produced will be extracted by applying a positive
high voltage between 20 keV and 40 keV to the common
vessel through a 3 mm hole, and placing a movable electrode
at ground potential, in order to optimize the electric field
depending on the extracted intenisty. The beam will pass
through two couples of X-Y electrostatic steerers (+2 kV
max) that will correct possible beam misalignments, and
will then be focused by an electrostatic quadrupoles triplet
(5 kV max, total length 848 mm) to the first beam instrumen-
tation box, equipped with a faraday cup, two beam profile
monitors (one for each transversal plane) and selection slits.
Such box is mounted at the object point of the 1+ selection

dipole: it is a 90°, 750 mm radius magnet, with entrance
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and exit angles of 26.6° and a pole gap of 110 mm. Another
beam instrumentation box is placed at the image point of

he dipole, and a further electristatic quadrupoles triplet will
focus the beam to the emittance measurement device: it con-
T sists of two slit-grid systems, with a spatial resolution of 0.2
£ mm and minimum and maximum measurable divergence of,
2 respectively, 1.8 and 68 mrad. Finally, the 1+ beam will be
5 injected into the Charge Breeder through a double Einzel
8 Lens (20 kV max). Along the beam line, magnetic steeres
o Will give the possibilty to correct possible misalignments.

bution of this work must maintain attribution to the author(s), title of the work, publisher, and D
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The N+ Beam Line

Charge breeding at SPES will be based on the ECR tech-
nique: in particular, the model adopted (SPES-CB) derives
directly from the PHOENIX Charge Breeder installed at
< the Laboratoire de Physique et de Cosmologie [8]. The
E SPES-CB was delivered to LNL at the end of 2015, after
£ succesfull acceptance tests carried out between March and
‘E April [5]. Highly charged ion beams in the range 4<A/q<7
§ will be extracted from this device through a three electrodes
—ﬁ; extraction system designed at LNL [9], and initially focused
= by two solenoids (effective length 325 mm, maximum field
§ B=1.5 T). It is well known that the breeding stage can in-
8 troduce contaminants in the extracted beam, coming from
Z two main sources: impurities present in the gas fed into
E the plasma chamber (normally oxygen), or deriving from
§ the outgassing of the surfaces exposed to vacuum, and the
.z release of particles from the materials constituting the vac-
= wum chamber due to their interaction with the plasma. To
£ face with the first problem, special attention was paid to the
= surface treatments, in particular of the stainless steel plasma

‘q"é chamber and the iron plug at extraction (ARMCO) [5]. For
O
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Figure 1: Prospective view of the ADIGE injector with its 1+ beam line (from the 1+ Source to the Charge Breeder) and N+
beam line (from the Charge Breeder on). The position where the 1+ beam line for RIBs will be connected is also shown.

the second one, a Medium Resolution Mass Spectrometer
(MRMS) was designed with an expected resolving power of
R=A(M/q)/(M/q)=1/1000 and will be installed downstream
the charge breeder: a prospective view is shown in Fig. 2.
Its main elements are: four electrostatic quadrupoles (EQ
in Fig. 2, 12 kV max), an electrostatic multipole up to 12°
pole order (MUL in Fig. 2, 3 kV max), and two bending
dipoles (BD in Fig. 2, radius 750 mm, edge angles 33.35°,
field homogeneity AB/B=10"%); selection slits are foreseen
at the object and image points of the spectrometer. To com-
pensate the larger part of the sextupole aberration, the edges
of the dipoles were designed with a curvature of 1474 mm
and 828 mm at, respectively, the entrance and the exit of
the spectrometer: to ensure the desired resolution, it will be
mounted on a -150 kV high voltage platform, connected to
the beam line through two accelerating columns (ACC in
Fig. 2), in order to reach a beam energy of 23 keV/A. An
analysis of the expected perfomances of MRMS was car-
ried out supposing a gaussian shape of all the transported
beams, and considering all possible contaminants induced
by the breeding stage both from gaseous sources (gas fed,
ougassing) and from the surfaces-plasma interaction (AISI
316L for the plasma chamber, AU4G for the extraction elec-
trode), i.e.: C, N, O, Mg, Al, Si, P, S, Ar, Cr, Fe, Mn, Ni, Co,
Cu, Zn and Moj; all the isotopes of the considered elements
were taken into account. The parameters considered in the
analysis are: the dispersion D of the spectrometer (D=8000
for the MRMS), the distance d between the peaks of the nom-
inal beam and the contaminants and the slits aperture s; this
last two parameters are expressed in units of o, the width of
the gaussian peaks. Instead of considering two beams with
different A/q ratios, we considered the same beam (in our

Charge breeding



23th Int. Workshop on ECR Ion Sources
ISBN: 978-3-95450-196-0

Transformer Cage

ECRIS2018, Catania, Italy

JACoW Publishing
doi:10.18429/JACoW-ECRIS2018-TUPO6

=

Figure 2: Prospective view of the Medium Resolution Mass Spectrometer installed on its high voltage platform: it consists
of four electrostatic quadrupoles (EQ), an electrostatic multipole (MUL) and two bending dipoles (BD). The platform is
connected to the rest of the beam line through two accelerating columns (ACC).

case the RIB !132Sn!°*), one with the nominal momentum
p (nominal beam) and the second with a momentum p+Ap
(non-nominal beam): a separation A(M/q)/(M/q)=1/1000
is, in fact, equivalent to a relative difference in momentum
Ap/p=1/2000. Considering this value for Ap/p and the value
of the dispersion D, the MRMS should be able to separate
two peaks at d=4o. Clearly, if the two peaks were "¢-Dirac-
shaped", the contaminaton would be 0% for any value of
d+0, but the gaussian shape changes this scenario, because
the tail of the distribution of the non-nominal beam can con-
taminate the nominal one: this picture is made clearer by
looking at Fig. 3, showing two gaussian peaks with the same
amplitude, separated by a distance d=20" and with the slits
aperture s=20". In this case the spectrometer would keep

< d=2> @ 50% of contamination

"\y=e_(x_2)2

4

Figure 3: Contamination of the nominal beam (in blue) by
the non-nominal one (in yellow) for a separation d=2¢0- and
a slits aperture s=20.

the 95% of the nominal beam, but it would be contaminated

by the 50% of the non-nominal one. Defining the relative

amplitude A=I,,,,-nom/lnom between the non-nominal and
the nominal beam, Fig. 4 shows the expected contaminaton
level as a function of the relative amplitude for different val-
ues of d, and for a slits aperture s=d/2. It has to be observed
that, for example, for d=4 (the case of the MRMS), even if
the evaluation forsees a contamination level of 20% for a

Charge breeding

relative amplitude A= 102, the numerical simulations carried
out with the TraceWin gave a level of 10% instead; this is due
to the fact that the real beam shape is not exactly gaussian. In
order to be conservative, the simulations considered beams
with an energy spread AE=15 eV and a normalized emittance
€=0.1 7 mm mrad, about twice the one measured during the
acceptance tests [5]. It is interesting to see the effect of the

d=5 d=6
l
R/-l/SOO 1/600
K}
g /
Tg /
8 /
/
/
00 i ]
1 1 1E3 1E5 1E7 1E9
relative amplitude A

Figure 4: Expected contamination as a function of the
rela-tive amplitude A=L,n-nom/lnom between the non-
nominal and the nominal beam for different values of d
and s=d/2; the MRMS corrsponds to d=4.

slits aperture on the contamination for a given value of d: Fig.
5 shows the contamination level as a function of the relative
amplitude, for d=4 and different slits aperture. It can be seen
that, by reducing the slits aperture to s=1.3, the con-
tamination level can be kept belowe 10% even for a realtive
amplitude A=103, at the expenses of the 20% of the nominal
beam. Further considerations revealed that, increasing the
separation to d=5 (equivalent to consider a sligtly worse
resolution A(M/q)/(M/q)=1/800), for a slits aperture s=2
(95% of the nominal beam kept) a non-nominal beam such
that A=10° would be totally removed, while for A=10* the
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'E ulations gave better risults compared to the estimation made
g considering the gaussian shape of the two peaks.
<
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s
£ contamination would be 10%. By reducing further s to 1.6
é (90% of the nominal beam kept), the contamination would

2 be 0% for A=10* and only 10% for A=10°. Following those
£ last considerations, and taking into account all the possible
-£ contaminants mentioned above, table 1 lists the charge states
% of typical RIBs expected at SPES that could be accelerated
g with a very limited contamination.

1

but

Table 1: Charge states of typical RIBs expected at SPES that
5 should be free from contamination after passing through the
£ MRMS.

1str1

Species Charge States

%Rb 15+,16+,21+

1308n 19+,29+

13281 19+,21+,23+

34Te 27+,31+

133Cg 20+,22+,23+,26+,28+,30+,3 1+

Finally, the beam coming out from the MRMS will be
focused by magnetic quadrupoles triplets (gradient 1.97 T/m
and effective length 237 mm for each quadrupole) and char-
acterized in a beam instrumentatation box equipped with an
= emittance measurement device of the Allison scanner type
S (not shown in Fig. 1). A further 90° dipole (radius 500 mm,
-“E edge angles 26.6°) will bend the beam towards the injection
= line into the new RFQ (horizontal line in Fig. 1). More or
% less 30% of the future users at SPES will request beams
2 bunched at 5 MHZ instead of the usual 80 MHz of the LNL
z»accelerating structures: to satisfy those requests, two low
E energy bunchers (LEB) will be installed in the final part
8 of the ADIGE beam line. The bunchers consists of a two
. harmonic bunching system, known as “double drift method
= of bunching”, totally equivalent to a triple harmonics system
S and with a bunching efficiency of at least 60-65%. Two dou-
E ble gap resonant structures will be installed in the beam line
‘q"é and separated by a distance of about Im: the first buncher
O
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will operate at 5 MHz, while the second one at 10 MHz. The
gap voltage is about 1 kV for the two resonantors and both
will be equipped with movable tuners for a fine tuning of
the resonant frequency.To simplify as much as possible the
manufacturing of the two resonantors, they share most of
the components, except for the drift tubes and the spirals:
table 2 summarize their technical specifications.

Table 2: Technical specifications of the two harmonic
bunchinng system

5 MHz 10 MHz
Central tube length [mm] 102 50
Gap length [mm] 2 2
Tube outer radius [mm] 68 68
Bopt 0.003515 0.003515
Resonant frequency [Mhz] 5 10
Max surface E-field [Mv/m] 0.296 0.350
Q 900 780

STATUS AND FUTURE PLANS

All optical elements and power supplies of the ADIGE
beam line were delivered by the end of 2017 and installed in
the III experimental hall of LNL in the first months of 2018
(except for those of the MRMS), togheter with the 1+ source
and the Charge Breeder. Then, the work for the preparation
of the electrical and water cooling plants started in March:
the main electrical board feeding electricity to the power sup-
plies of the coils and some ancillary systems of the Charge
Breeder and to the insulating transformer of the 1+ source
was installed and connected. The rest of the power supplies
were connected to busways already present in the area, while
other electrical boards will be delivered, installed and ca-
bled within Autumn 2018. All the power supplies necessary
to operate the 1+ source are referred to its high voltage:
a rack containing all those devices is installed on a small
high voltage platform designed at LNL and already put in
its final position. For safety reasons, this area is shielded
by a Faraday cage designed at LNL and constructed by an
external company: the access to this area will be managed
by a PLE safety level system, designed at LNL and validated
by the PILZ company (in charge of the safey system of dif-
ferent parts of SPES); its main components were already
mounted. The water cooling system is divided in branches
connected to groups of utilities: each branch is equipped
with pneumatic valves at the main inlet and manual valves
at the inlet and outlet of each utility, togheter with flow and
temperature sensors. Oxygen, conductivity, pH and pres-
sure sensors were installed and will monitor continuously
the status of the cooling water. The main cooling circuit of
the 3"¢ experimental hall is a closed circuit with very low
conductivity water (~0.2 uS/cm) and a maximum allowed
pressure drop of 4-5 bar, and is compliant with almost all
the devices installed: the only exceptions are the cooling
of the 1+ source (two separated circuits), the plasma cham-
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ber of the Charge Breeder and its coils (necessary pressure
drop Ap=10 bar). For those utilities, a special cooling skid
was designed in collaboration with the Technical Division
of the LNL and already installed. The skid consists of a
pump, raising the water pressure to the value necessary for
the coils circuit, followed by two branches equipped with
manual and pneumatic valves: each branch is then split in
two sub-branches, two for the 1+ source, one for the plasma
chamber of the Charge Breeder and the other for its coils.
In those sub-branches, where the very high pressure is not
necessary, pressure regulaturs will lower it to usable values.
All the utilities were connected to the main manifold and
first tests of the circuits are expected within September 2018.

All the beam instrumentation boxes and the emittance
measurements device of the 1+ beam line are already in
their final position: the vacuum system of this part of the
line is installed, while the installation of the vacuum tubes is
almost completed. Leak tests on the already available parts
of the beam line gave positive results. The other beam instru-
mentation boxes are in the construction phase and should
be available by the end of 2018: their installation will start
at the beginning of 2019, followed by the installation of the
vacuum system of the N+ beam line. The construction of the
high voltage platform housing the MRMS has been commis-
sioned to the Pantechnik company: the factory acceptance
tests were partially carried out before Summer 2018 and will
be completed in the middle of September. The delivery and
installation is expected for middle of October, together with
all the power supplies necessary to operate the MRMS. The
ADIGE control system design is complete and is currently
under construction. It is based on the Experimental Physics
and Industrial Control System (EPICS) framework, and can
be described using a three layer model: the graphical user in-
terface (GUI), the Middle-ware and the Hardware. The GUI
is implemented using the Control System Studio (CSS) and
connects to the MIddle-ware layer using the EPICS Channel
Access protocol: it can be based on software infrastructure
running on Virtual Machines (EPICS IO controllers) or stan-
dard PLCs depending on the device to be controlled. In both
cases, this layer represents the intelligent/autonomous part
of the system, does not depend from the GUIs and provides
all the basic functionalities and automatic procedures. The
Harware is the lowest level, directly connected to the devices
to be controlled and used by the Middle-ware layer. For this
reason, it can be considered, depending on the device: (i)
the device itself if it directly supports an Ethernet-based
protocol. This is the case of many high level instrumenta-
tion (signal generators, gauge controllers etc); (ii) industrial
Standard IO devices (analog/digital), as in the case of simple
devices like solenoids, valves, motors, analog references etc.
These devices are usually controlled by the middle-ware
layer using standard Ethernet protocols or other standard in-
dustrial field-buses; (iii) custom hardware, as in those cases
where an Industrial Standard peripheral is not available or it
is too expensive. At LNL a generic DAQ board has been de-
veloped and tested to acquire all the Beam Instrumentation
data of the SPES facility: it is based on the Industrial Com
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Express standard module, and it can be used with or without
pProcessor unit, and so considered part of the Middle-ware
or used as a simple IO pheripheral depending on the needs.

The planning for the ADIGE injector forsees to start the
operation with the 1+ source within the end of 2018: the
first tests will be carried out with the SIS and will continue
with the PIS. Both kind of sources will be completely char-
acterized in terms of emittance, intensity and beam stability:
such experimental activity will continue in 2019 without
interfering with the completion of the rest of the ADIGE
beam line, due to the absence of Radiation Protection issues
and to the proper shielding adopted for the high voltage parts.
After the insallation of the rest of the beam instrumentation
boxes and the vacuum system, the N+ beam line should be
avilable from the middle of 2019: the first tests will be car-
ried out with the Charge Breeder in “source-mode”, that is
without injecting the 1+ beam. This will allow to continue
the characterization of the 1+ sources and, at the same time,
to verify the resolving power of the MRMS: to this scope, the
Charge Breder will operate producing a plasma of oxygen
mixed with xenon. The relatively high mass of xenon and
the high number of stable isotopes will allow the verification
of different level of resolution: as an example, the separa-
tion of 130Xe?>* from 131 Xe?*+ (R=1/300), '2Xe!?* from
136Xe20* (R=1/620), or '32Xe** from 'Xe’!* (R=1/1000).
The tests will proceed with the injection of the first 1+ beams
in the Charge Breeder and will continue in 2020, with the
entire beamline up to the injection of the RFQ operational.
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Abstract

The Electron Cyclotron Resonance (ECR) ion source
© was first utilized for charge breeding in 1995 [1]. Since that
2 time the charge breeding technique has been refined. Sin-
% gle charge state efficiency has improved by a factor of ten,
% the efficiency discrepancy between solid and gaseous spe-
£ cies has narrowed, and low-mass species efficiency has im-
o proved. But the limiting characteristic of the ECR charge
E breeder continues to be a high level of contamination
g which often obscures the beam of interest [2]. Multiple
£ techniques have been employed to reduce this contamina-
‘2 tion with varying levels of success, and attempts are cur-
§ rently underway to improve upon the successes achieved
‘5 to date. This paper will review those past techniques, cur-
£ rent attempts, and possible future paths for reducing the
E contamination level in ECR charge breeders.

INTRODUCTION
Caribu Facility

f the work, publisher, and D

The CAlifornium Rare Isotope Breeder Upgrade
(CARIBU) [3] provides radioactive beams to the Argonne
= Tandem Linac Accelerator System (ATLAS). Fission frag-
-Z ments are produced by a 200 mCi 252Cf fission source lo-
2 cated inside a large-volume helium gas catcher. The frag-
< ments are thermalized and rapidly extracted at up to 50 kV
¢ forming a low-energy beam of 1+ or 2+ ions. The isotope
] of interest is selected via a high-resolution (1:20,000) mag-
© netic separator. The beam is then transported to either an
§ in-room experimental area, a remote stopped beam experi-
8 mental area, or an ion source where the beam is charge bred
= for subsequent acceleration in the ATLAS linac. Originally,
> an ECR source charge bred the CARIBU beams, but due to
m the inability to adequately reduce the stable beam contam-
8 ination that source was replaced by an EBIS in 2016.

distribution of this work must

ANL ECR CHARGE BREEDER

The ANL ECR breeder [4] (Fig. 1) is a room
temperature source with the plasma excited by two RF
8 frequencies — a 10.44 GHz klystron and an 11-13 GHz
3 traveling wave tube amplifier (TWTA). It has an open
£ hexapole structure providing good pumping to the plasma
'3 chamber region and allowing the RF and support gas to be
= introduced radially. This scheme eliminates the need for
"2 cut-outs in the field shaping iron to accept the RF
£ waveguides. The 1+ ions were introduced into the plasma
% through a grounded high-purity aluminum tube mounted
= on a linear motion stage with a 30 mm range of travel. The
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ADDRESSING CONTAMINATION IN ECR CHARGE BREEDERS
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source is designed to operate at a 50 kV potential although
it typically operated at 36 kV.
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Figure 1: The Argonne National Laboratory ECRCB.

BACKGROUND CONTAMINATION

The background contamination which plagues ECR charge
breeders has been well documented [5, 6, 7]. A mass scan
of an oxygen plasma in the A/q region in which the ANL
ECR breeder operated showed numerous peaks for nitro-
gen, argon, aluminum, fluorine, and chlorine on the >1 epA
scale. Even in A/q regions within the spectrum that showed
no background as measured with a picoammeter, a more
sensitive examination with a silicon barrier energy detector
revealed significant levels of background which dominated
the radioactive ion beam of interest, as shown in Fig. 2. In
the case of 146Ba28+, the radioactive beam accounted for
only 3% of the total rate into the detector. The stable con-
taminants (Ti, Zn, Zr, Mo, Sn, Xe, Ir, Hg) were all within
the LEBT resolution window and could only be eliminated
by addressing the contamination at the source. In fact, even
with a 1:1000 spectrometer after the charge breeder such
as the one employed at SPES [8], only the Zn and Xe would
be eliminated from the 146Ba spectrum.

94\ ol18
947,18+
47Ti10+ 682n 13+

193| r37+

1205n23+
136X926+

Magnitude of ADC Channel

1468528+ 198 g38+

VA L L sasia. . "
[¢] 500 1000 1500 2000 2500 3000 3500 4000
ADC Channel

Figure 2: Spectrum is the radioactive beam 146Ba (high-
lighted in red) and its contaminants from the ECRCB.
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Sources of Contamination and Reduction Tech-
niques

There were three identified sources of contamination
— gases entering the system via leaks or the support gas,
loose particulates on the ion source and surrounding vac-
uum chamber surfaces, and the bulk surfaces exposed to
the plasma such as the plasma chamber, the extraction elec-
trode, or the RF waveguides.

Investigation with a residual gas analyzer (RGA)
showed that nitrogen and argon contaminants were not
constituents of the oxygen support gas but were mainly due
to o-ring permeation and to a smaller extent desorption
from the plasma chamber and beamline surfaces. The o-
rings were integral to the source construction, and their
presence resulted in the equivalent of a 10-5 Torr-1/sec leak
limiting the source to an ultimate pressure of 2x10-8 Torr.
A method was developed to replace several of the o-rings
with indium seals, but the gaseous contaminants were not
the dominant problem so this course of action was not pur-
sued.

Wall desorption is normally addressed with a standard
thermal bake-out technique, but the presence of the perma-
nent magnet hexapole and the high voltage isolation mate-
rials (which are all susceptible to heat damage) precluded
this. The vacuum chamber was instead baked out with UV
lamps which impart enough energy to desorb the water
molecules but do not produce sufficient radiative heat to
cause magnet damage. Using this technique, the base pres-
sure was reduced by a factor of two mainly due to de-
creased water desorption, but there was only a small effect
on the overall contaminant load as observed with the sili-
con barrier detectors.

Particulate contamination was previously addressed
by the KEK charge breeding group with sand blasting and
high pressure rinsing of the plasma chamber [5]. In the case
of the ANL charge breeder, it was not practical to disas-
semble the ion source so alternative cleaning methods were
investigated.

To remove the surface contaminants, CO2 snow
cleaning [9] of the plasma chamber surfaces as well as the
injection and extraction hardware was employed. The
method is nondestructive, nonabrasive, and residue-free. It
is based upon the expansion of either liquid or gaseous car-
bon dioxide through an orifice leading to the nucleation of
small dry ice particles in a high velocity gas carrier stream.
The CO2 pellets remove micron and submicron particu-
lates by momentum transfer and hydrocarbons via a freeze-
fracture mechanism. The high-velocity carrier gas propels
the contaminants out of the system thus eliminating the
need for high pressure rinsing and allowing the entire pro-
cess to be done in situ.

The last source of contamination was sputtering of the
plasma chamber and extraction electrodes, constructed of
6061 aluminum alloy, and the copper RF waveguides. The
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6061 alloy has components of magnesium, silicon, tita-
nium, chromium, manganese, iron, copper, and zinc - many
of which were observed background contaminants.

T e ey
Figure 3: The ANL ECRCB plasma chamber after coating
with ultra-high purity aluminum. Note the shadow at the
top of the chamber caused by the high current lead which
shows the uncoated surface. The aluminum disk at the in-
jection side also still shows the plasma loss lines demon-
strating the limitations of the evaporation coating tech-
nique.

New versions of the extraction electrode and the grounded
tube were constructed from ultra-high purity aluminum
(99.9995%), cleaned with the CO2 system, and installed in
a clean environment. It was not practical to construct a new
plasma chamber from ultra-high purity aluminum. Instead
the chamber was CO2 cleaned and vacuum coated with ul-
tra-high purity aluminum (99.9995%). A tungsten coil
which had been saturated with the aluminum was sus-
pended in the middle of the plasma chamber. The source
was evacuated to 10-7 Torr and the coil heated resulting in
an average surface deposition of 1 micron. While the cen-
tral portions of the plasma chamber were coated, an injec-
tion side disk, the radial ports, and an area shielded by one
of the high current leads did not receive an adequate
amount of flux, as shown in Fig. 3

Contamination Reduction Results

Before the CO2 cleaning, a mass scan of the source
output was performed with analyzing slits set at +/-0.1 mm
recording all peaks with an intensity >1 epA. After the CO2
cleaning, the scan was repeated with the same source con-
ditions. Reductions in three major contaminants were ob-
served — a factor of 20 reduction for fluorine, a factor of 4
for chlorine, and a factor of 50 for iron.

After the aluminum coating, the mass scan was re-
peated with the same source settings. The three main con-
taminants were further reduced — a factor of 160 reduction
for fluorine, a factor of 17 for chlorine, and iron was no
longer detectable.
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While these three components were reduced at the
§ source, the key metric is what is accelerated in the linac. A
£ 98Zr beam had been produced shortly before aluminum
%coating the source. After coating, a 98Y beam was pro-
4 duced utilizing the same accelerator tune. Energy spectra
£ were obtained for both beams with the silicon barrier de-
2 tector. As a result of the coating, several of the stable con-
< taminants observed in the silicon barrier spectrum had ei-
2 ther been eliminated (iron, cadmium, cerium) or had come
i down significantly (titanium). A significant 98Mo peak re-
= mained and two new contaminants 181Ta and 186W were
4: introduced, all presumably due to the tungsten heating coil
N used for the evaporation which had a 10 ppm component
£ of molybdenum and a 20 ppm component of tantalum.

isher, and D

Other Reduction Techniques

While the above techniques demonstrated significant
reductions in the level of background, especially that due
to surface contamination, there are several improvements
which can be made.

The o-rings need to be eliminated from the charge
E breeder design to establish a truly UHV system. This ad-
o vancement has been incorporated into the construction of

the SPIRAL PHOENIX ECR charge breeder [10]. This
4: will eliminate the contribution from any o-ring permeation.

A method of depositing aluminum onto the chamber
surfaces without introducing any new contaminants is re-
2 quired. It is possible that a greater reduction in the Mo, Ta,
Z and W components could have been realized if a different
T heating element was used. Off-line tests with various car-
Z bon-based heating elements indicated pyrolytic graphite is
o the best candidate due to its high temperature performance,
o high purity, and low reaction rate with the aluminum.

@ A previously untested technique of introducing a pure
E/ aluminum coating is atomic layer deposition (ALD) [11].
§ This technique utilizes gaseous chemical compounds
= which bind to exposed surfaces producing a thin film com-
o prised of successfully deposited monoatomic layers. The
>* ECR chamber could be processed in situ using the com-
pound trimethyl aluminum (TMA) [12].
The source chamber would be evacuated to 10-5 Torr
and back-filled with the TMA. The TMA chemisorbs to the
» water monolayer present on the unbaked vacuum surfaces.
& Once all reactive sites are occupied, the process self-termi-
o nates and the remaining TMA is pumped from the chamber
+. leaving a surface of AICH3. The system is then back-filled
= with a carrier gas containing a small amount of water which
< reacts with the —CH3 forming CH4 and resulting in a hy-
%’ droxylated A1203 surface thus enabling the cycle to be re-
8 peated. The cycle time can be as short as 30 seconds and
Z results in the deposition of a 1.29 A layer. Assuming an
< automated system operating on a 30 second cycle time, a
8 one micron layer of aluminum can be deposited in <3 days.
= Since the process is conformal, all exposed surfaces are
= coated regardless of geometry.
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FUTURE PLANS

The ALD technique will be tested with a new perma-
nent magnet ECR source [13] being installed at ATLAS
(Fig. 4). Since all surfaces of the source will be coated —
chamber walls, vacuum chamber, RF waveguides, insula-
tors, o-rings — this should result in an absolutely clean sur-
face exposed to the plasma. Tests will be performed regard-
ing source function before and after coating with a focus
on source contamination levels. The longevity of the coat-
ing will also be an important metric.

Figure 4: The new all permanent magnet ECR source
which is being installed at ATLAS and will be used as test
bench for the atomic layer deposition technique.
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Abstract

PHOENIX V3 is an upgraded version of the V2 ECRIS
& to be installed at the heavy ion injector at SPIRAL2. The
£ source is under commissioning at LPSC since 2016. One
2 of the main upgrades of the V3 concerns the new
% microwave injection system including two WR62
2 Wavegulde apertures. This new plug having two
; waveguide ports allows running the ECRIS with the
g double frequency heating mode by connecting two
: Z different high power microwave sources. For the
E investigation of this plasma feeding method a klystron
gZ generator at 18 GHz proving up to 2 kW microwave
E power was used together with a traveling wave tube
& amplifier with a 12.75-14.5 GHz bandwidth and 650 W
E maximum output power. Several experiments were
g carried out in order to verify the performance with respect
B to the single frequency operation. Different ion source
& configurations were investigated and different frequencies
Zand power combinations were analyzed with the aim to
5 maximize the high charge state ion production and to
ireduce the ion beam instability. The results are reported
é here.

thor(s), title of the work, publisher, and D

INTRODUCTION

At LPSC the room temperature PHOENIX V3 ECRIS
is under commissioning since 2016. This upgraded
3 version of the PHOENIX V2 ECRIS features a larger
S plasma chamber, a new hexapole and a reduced vacuum
; pressure under operation [1]. So far high current of highly
M charged ions of gaseous and metallic elements has been
8 extracted from this ion source. [2-4].

In order to enhance the high charge state production to
fulﬁl the requirements of SPIRAL2 (i.e. ion beams with
intensities of several ppA up to ion mass M~60) high
microwave power and other techniques must be applied.

An operation mode successfully used to enhance the
beam current of highly charged ions is the “double
frequency heating” which consists of the injection of two
electromagnetlc waves at different frequencies into the
ion source. [5]

For this purpose the PHOENIX V3 is equipped with a
g new microwave injection system including two separate
= WR62 waveguide apertures where two different high
% power microwave sources can be connected. The ion
£ source performance has been tested with double
frequency heating and has been compared with the single
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OPERATION OF THE PHOENIX V3 ECRIS APPLYING DOUBLE
FREQUENCY HEATING

P. Sole%, R.

frequency operation. Different ion source parameters
were investigated and different frequencies and power
combinations were analysed with the aim to maximize the
high charge state ion production and to reduce the ion
beam instabilities. The results are reported here.

EXPERIMENTAL SET-UP

The PHOENIX V3 ECRIS is designed to operate at 18
GHz and a klystron generator proving up to 2 kW
microwave power is wused for the ion source
commissioning.

The double frequency heating has been performed by
connecting a Traveling Wave Tube Amplifier (TWTA)
with a 12.75-14.5 GHz bandwidth and 650 W maximum
output power to the second waveguide port of the
injection plug. In order to properly perform the
measurements, following components have been used:

o A WR62 high power wideband 20 dB isolator in
order to prevent the reflected and cross coupled
power to the TWTA;

e Waveguide vacuum windows covering the TWTA's
bandwidth and the klystron frequency;

e A specially designed 60 kV DC-Break for the
TWTA connection with low insertion loss.

Concerning the DC-Break, full wave simulations were
performed at LPSC in order to find the best geometrical
configuration and the proper dielectric material to achieve
a flat insertion within the bandwidth of the amplifier.

The prototype measurements done with a Network
Analyser confirmed that the requirement of a flat
insertion loss higher than 0.4 dB in the 12.75-14.5 GHz
frequency range is fulfilled.

Two WR62 directional couplers are inserted between
the isolator and the ion source. Microwave power probes
are connected to each directional coupler to measure the
forward and the cross-coupled power from the ECRIS.
Once the microwave sources have been connected, safety
tests were performed to check the power levels crossing
between the two waveguides in order to prevent any
damage of the microwave sources.

The measurement campaign was carried out with Argon
as main gas and Oxygen as support gas and the main
focus was the optimization of the intensity of the
extracted Ar'*" charge state. A 20 kV extraction voltage
and a -2 kV voltage were applied to the ECRIS and to the
electron repeller electrode, respectively.

One should note that the second waveguide was used
for the first time in the source for this experiment and that
the second RF vacuum window was installed 2 days
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before starting the experiment. The presented results were
achieved within one week and outgassing of the second
waveguide was observed during the whole experiment.

The magnetic field configuration was tuned during the
measurements, however, already observed during the
preliminary investigations, the best performance was
measured when the magnetic field is optimized for 18
GHz single frequency operation.

EXPERIMENTAL RESULTS

Preliminary measurements were carried out with the
single microwave frequency provided by the 18 GHz
klystron in order to study the performances enhancement
of PHOENIX V3 when the double frequency heating is
applied. The Argon charge state distribution when the ion
source settings are tuned to optimize the intensity of Ar'#*
is shown in Fig. 1. This spectrum was obtained shortly
after venting the source to install the second RF window
and the Ar'*" intensity obtained is lower than the usual
reference intensity of 120 pA.

200

—18 GHz 1700 W
—18 GHz 1700 W with RC filter]

180

160 -

Ar current [ zA
2 ® 2 B =&
3 8 8 8 &
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S
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N
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Ar9+ Ar10+ Ar12+  Ar13+ Ar14+ Ar15+Ar16+

Figure 1: Argon charge state distribution for the single
frequency operation.

The maximum current intensities of around 100 pA of
Ar'*" and around 20 pA of Ar'®" have been achieved with
single frequency operation at a maximum power level of
1700 W. Because of the low resolution of the
spectrometer dipole the highest measured charge state, i.e.
Ar'™, cannot be properly separated from the O”". To
overcome this drawback, the commissioning of a new
bending dipole is ongoing. For this reason the charge
states distribution analysis is restricted to the Argon
charge states from 9+ to 16+ while the charge states 10+
and 15+ are superimposed to O*" and O, respectively.

It was observed that the measured current presented a
periodical oscillation, with repetition frequency around
300 Hz, which could be related to plasma instabilities or
to electrical noise. The superposition of a second pumping
wave reduced such an instability as shown in Fig. 2 where
the Ar'** current evolution, recorded for 5 seconds and
20.000 samples/sec, is plotted. By calculating the
standard deviation ¢ and the mean p of the measured
currents, it is possible to calculate the Probability Density
Function:

—(x-w)?
202

fO) == 0]
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This function, calculated for the single frequency
operation and for the double frequency heating
confirms that this latter technique is useful to reduce the
plasma instabilities, as already observed in [6].

A current [ A ]

—18 GHz 1500 W
18 GHz 1500 W + 14.5 GHz 100 W|
| 18 GHz 1500 W + 14.5 GHz 500 W/

10 20 30 40 50 60 70 80 90 100
Time [msec]

Figure 2: Argon current evolution (20000 samples/sec)
for the single frequency operation and for different power
combinations of the two frequencies.

In Fig. 3 the normalized Eq. (1) is plotted by using the
analysed Ar'*" current data for the single

frequency operation and when a second microwave
source at 14.5 GHz provides additional power

levels. This figure confirms that an additional power
of 100 W at a second microwave frequency is enough
to reduce the current oscillations and to enhance the
extracted current of highly charged ions. This
enhancement is also a function of selected frequencies
as already measured at GSI [7].

1
-- 18 GHz 1500 W
18 GHz 1500 W + 14.5 GHz 100 W,
—18 GHz 1500 W + 14.5 GHz 200 W
—18 GHz 1500 W + 14.5 GHz 300 W
18 GHz 1500 W + 14.5 GHz 400 W
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A current [uA]

Figure 3: Probability Density Function of the measured
Ar'*" current for the single frequency operation and for
different power combinations of the two frequencies.

In order to find the second frequency where the Ar'#*
current is optimized, a microwave sweeping generator is
used to drive the TWTA with frequency ramps between
12.75 and 14.5 GHz in steps of 200 kHz.

Because of the measured oscillating current a RC low-
pass filter, with a cut-off frequency < 300 Hz, is used to
limit the periodical instability during the frequency
sweep. The overall effect of the filter on the analysed
current is shown in Fig. 1 (blue vs purple curve). Then
the Ar'** current has been measured while the frequency
ramps between 13.8 and 14.5 GHz were performed. The
starting frequency was increased since no intensity
enhancement was found between 12.75 and 13.8 GHz.

In Fig. 4 is shown the Ar'*" intensity for different power
combinations distributed between the 18 GHz generator
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@)
% and the frequency tuned TWTA. The highest intensity
E measured with the single operation at 18 GHz is included
Z in the figure. By comparing the Ar'#" currents when a total
E] g input power level of 1700 W is sent to the ECRIS at 18
—~4 GHz with the case when it is the sum of powers
£ (1400W+300W) delivered from two generators at
O different frequency (cyan line) it is worth noting a current
enhancement, with respect to single frequency operation,
independent on the choice of the second frequency.

125
120

bution to the author(s), title of th
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E
B e 1 10 PP
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E Figure 4: Ar'*" intensity comparison between single
2 frequency (dashed line) and double frequency injection.

st

£ This enhancement is measured for several higher charge

= states as shown in the charge states distributions of Fig. 5.

g The spectra, measured for different frequencies with the

G highest Ar'** current enhancement, confirm the current

& gain (up to 15% for Ar'*" and up to 34% for Ar'")
obtained with the double frequency system providing the
same input power.
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Figure 5: Argon spectra comparison between single
frequency injection at 18 GHz and double frequency
heating (same input power)

It is also observed that the higher the total forward power
and the lesser is the effect of the second frequency on the
extracted current. When the maximum power level
provided by the klystron, 1700 W, is combined with 100,
200, 300 W coming from the TWTA (see the red, green
2 and blue lines of Fig. 4) the dependence of the extracted
zcurrent on the second frequency is less than 10 pA. A
E part of this limitation may be caused by the second wave
5 guide outgassing increasing the neutral pressure in the
o source and thus reducing the high charge state ion
population. Several weeks of operation would be
necessary to get rid of the bias outgassing and to
investigate further the relation between second RF power
and high charge state current improvement. Nevertheless
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for the maximum input power configuration, 1700 W at
18 GHz + 300 W at a variable frequency, it is possible to
identify the frequencies where the Ar'*" current is
optimized ( the highest peaks of the blue line of Fig. 4):
14.187, 14.366 and 14.5 GHz. The charge states
distributions of Argon when 300 W power at these three
frequencies is combined with the maximum power of
1700 W at 18 GHz are shown in figure 6. For this
configuration up to a 24% Ar'*" current gain and up to a
54% Ar'®* current gain are obtained with respect to single
frequency operation, when the second microwave
frequency is set to 14.187 GHz.

180

18 GHz 1700 W
B8 GHz 1700 W + 14.500 GHz 300 W|
160 [E18 GHz 1700 W + 14.187 GHz 300 W,
(118 GHz 1700 W + 14.366 GHz 300 W|
140 =
<120
ES
=100
=
o
£ 80
o
X 60
40
0 |l |
9 10 1 12 13 14 15 16

Ar charge states

Figure 6: Argon spectra for single frequency injection at
18 GHz and for double frequency heating.

CONCLUSIONS

For the first time the PHOENIX V3 ECRIS has been
operated in double frequency mode and an improved
stability is measured. The experiment was performed
during one week, right after venting the source and
installing new second vacuum window and WR62
waveguide, generating transient outgassing. The
measurement results were nevertheless quite promising
since the maximum extracted Ar'#* current is enhanced
from ~100 pA to ~125 pA and the Ar'®* current increased
from ~25 pA to ~39 pA. A high outgassing effect was
experienced for higher power levels of the TWTA, thus
limiting the capabilities of the ECRIS to produce still
higher intensities in double frequency mode. A longer
experiment would be necessary to get rid of outgassing
and to check the real gain of double frequency at high
TWTA power. This result was achieved with a microwave
frequency tuning system which allowed to identify the
frequencies where the extracted current of higher charge
states was optimized.
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HTS MAGNET TECHNOLOGY AS PATH TO FOURTH AND
FIFTH GENERATION ECR ION SOURCES

T. Shen*, D. Leitner, L. Garcia Fajardo, S. Prestemon, G. Sabbi
LBNL, Berkeley, California, USA

Abstract

Novel superconducting magnet systems for ECR ion
sources (ECRIS) operating at frequencies above 28 GHz is
a core technology to be developed. Current state-of-the-art
magnet systems are based on the Nb-Ti technology at 4.2 K
and are the new standard injectors for next generation heavy
ion beam facilities. However, increasing the frequency be-
yond 28 GHz will further advance the performance of high
charge state ECR ion sources. Nb3Sn provides an immediate
option for reaching higher frequencies, but Nb3Sn designs
would ultimately be limited to about 56 GHz. A versatile
longer-term option is the high-temperature superconducting
magnet technologies, which can enable operations of high
field ECRIS magnets at 7 > 20 K. The ultimate operating
frequency of HTS magnet systems is not limited to 56 GHz
but in principle could even attain 84 GHz, due to the criti-
cal field and current density limits that can be achieved at
high fields. The paper will first discuss the ECR ion source
parameters driving the design of the Next Generation Su-
perconducting ECR magnets, and will then focus on HTS
magnet technology and its potential to further increase the
performance of ECR ion sources.

ECR ION SOURCE PHYSICS
PARAMETERS

ECR Ion Source Confinement

ECR ion sources use magnetic confinement and electron
cyclotron resonance heating to produce a plasma consisting
of energetic electrons (up to hundreds of keV) and relatively
cold ions (a few eV). High charge state ions are primarily
produced by sequential impact ionization. Therefore, the
ions must remain in the plasma long enough (tens of ms) to
reach high charge states and the main parameter determining
the performance of an ECR ion source is the product of the
plasma density and ion confinement time: (n, - 7;). Together
with the neutral gas density in the plasma this product de-
termines both the peak of the charge state distribution and
the highest charge state that can be produced in the plasma.
Following the semi-empirical scaling laws first proposed
by Geller [1], the plasma density scales with the square of
the frequency n, o wf . As the frequency increases, the
magnetic fields have to be scaled accordingly to fulfill the
resonant heating condition for the plasma electrons. As a
consequence the plasma confinement time (7;) in the trap
improves since it is proportional to the average field strength
and the axial and radial magnetic mirror ratios Biy;/Bmin,
Bext/Bmins Brad/Bmin of the magnetic trap [1].

* tshen@lbl.gov
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Following these fundamental principles, the trend for new
ECR ion source constructions has been to design for both
the highest confinement fields and highest heating frequency
resulting in a number of high performance ECR ion sources
developed over the last few decades. Compiling results from
these high performing devices, guidelines for the design
of an optimized magnetic confinement field configurations
were established applicable to any heating frequency of an
ion source [2]. These established field ratios are listed below
with F,.¢ being the chosen operating microwave frequency
for the new ECR ion source, with B;j, Bexs, Bmin, the
maxima and minimum fields of the magnetic mirror, and
B, 44 the radial field strength on the plasma chamber wall.

* Becr = Frf(GHz)/28(GHz) - T
* Binj/Becr =4
* Braa/BEcr =2
* Bext % 0.9B,q4

For the minimum B-field of the trap one can find [2, 3]

* Buin = 0.4B, 44 and
e 04 < Bmin/BECR <0.8

Another important parameter for establishing the overall
plasma confinement is the electron energy distribution in the
ECR plasma, which can be characterized by three compo-
nents: a cold population (20 eV) - important for the overall
plasma density and confinement time; a warm population
(up to 100 kev) - responsible for the ionization process, and
a hot population with a high energy tail reaching up to sev-
eral hundreds of keV, which is highly confined in the core
of the plasma and quasi collissionless. While the hot elec-
tron population does not contribute to the ionization process,
these hot electrons are nevertheless crucial to establish the
electrostatic confinement for the ions in the trap. Therefore,
their presence is a necessary condition for the creation of
high charge state ions [3]. However, one undesired conse-
quence of this hot electron population is the creation of high
energy x-rays that penetrate the plasma chamber and, in the
case of a superconducting ECR ion source, add a substantial
heat load to the cryostat. It would be desirable to optimize
this temperature while minimizing the x-ray production and
maintaining a strong electrostatic confinement. Results from
recent x-ray studies suggest that this could be possible [4,5].

Key results from experimental studies to understand the
role of the hot energy tail ECR plasma are summarized
below:
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* The high temperature tail of the electron energy spec-
trum (with energies above 200 keV) is key to estab-
lishing the electrostatic confinement necessary for the
creation of high charge state ions.

* The hot electron temperature neither depends on the
magnetic field gradient at the ECR zone as previously
believed [6] nor on the heating frequency. The tem-
perature mainly depends on the absolute value of the
minimum B-field [4,5].

* For a given minimum B-field higher heating frequen-
cies will result in higher plasma densities (frequency
scaling law still applies) [5]

* Lower gradients at the ECR zone improve the mi-
crowave heating efficiency [6].

* The plasma density increases linearly with power until
a threshold density is reached where non-linear phe-
nomena occur [1]. Therefore, for a given confinement
configuration the x-ray heat load depends linearly on
the microwave power. The threshold density is propor-
tional to the square of the microwave frequency [4-7].

Tuning Considerations

These results have important consequences for the oper-
o ation of high field, high frequency superconducting ECR
.S ion sources. Since the electron temperature is nearly inde-
2 pendent from the heating frequency, the minimum B-field
Z allows to control the hot electron temperature and therefore
T the x-ray loading into cryostat at the expense of power effi-
< ciency. Consequently, next generation ECR ion sources are
% typically operated at lower minimum B-fields; high perfor-
§ mance superconducting 28 GHz ECR ion sources typically
© operate with a By,in/Becr between 0.4 to 0.6, while con-
§ ventional magnet ECR ion sources (6 —18 GHz) can operate
8 at aratio of B,/ Becr between 0.6 and 0.8 to optimize the
g electrostatic confinement conditions and microwave heat-
; ing efficiency in the trap. However, as mentioned above,
M the magnetic field gradient at the ECR zone improves the
8 heating efficiency and allows to reach higher plasma density
£ at a lower power density. Fig. 1 from [6] illustrates this
‘6 dependence. While the same charge state distribution and
é currents can be achieved with both field configurations, the
E higher minimum B-field (shallower magnetic field gradient
f: at the ECR heating zone) requires only 2/3 of the power
-“.é to reach the same performance (see Fig. 1 from [6]). As
é demonstrated in [6], the charge state distributions and the
% warm electron densities are nearly identical in both cases.
2 Most superconducting ECR ion sources utilize 4K
2> cryostats using cryocoolers that typically provide less than
E 10 W of cooling power. This limitation forces the ECR oper-
8 ator to restrict the tuning range to minimum B-fields B,
.« that balance the available cooling power with the x-ray heat
= Joad from the plasma. Since the the absorption coefficient
£ decreases logarithmically with x-ray energy while the x-ray
£ energy increases linearly with B,,;,, the x-ray heatload in-
‘g creases exponentially with the B,,;, value. On the other
O
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Figure 1: Power dependence of Xe>>* production for a B,

of 0.67 T using 28 GHz single frequency heating to a B,,;,
of 0.45 T using 18 +28 GHz double frequency heating. [6]

hand, for a constant B,,;, field configuration, the x-ray load
(plasma density) increases only linearly with power. Con-
sequently, it is often more beneficial to operate at lower
B,,,in and compensating the reduced heating efficiency with
higher microwave power. This tuning restriction is one of
the reasons, why none of the 3rd generation superconducting
ECR ion sources have reached their performance limits with
microwave power yet.

Status of the field - High Field Superconducting
ECR Ion Sources

In the last two decades, Nb-Ti Superconducting ECR ion
sources have been established as state of the art injectors
for heavy ion facilities. Pioneered by the VENUS ECR ion
source [8], which was the first superconducting ECR ion
source with a magnetic confinement field optimized for op-
eration at 28 GHz, several ECR ion sources were built for
frequencies of 24 GHz to 28 GHz with similar confinement
fields using either the same geometry as VENUS (Sextupole
magnets are placed inside the solenoids) [9—11], or in case of
SECRAL [12], a converted geometry (solenoids are placed
inside the sextupole). All of these sources have fulfilled or
exceeded their expected performance and continue to im-
prove as more power is coupled efficiently into the plasma
[12,13]. The magnetic field ratios as described in the previ-
ous section are utilized for all these source designs. To reach
these values inside the plasma chamber, the maximum field
on the sextupole conductor reaches 6 to 7T, which is at the
limit of what is feasible to achieve using Nb-Ti technology at
4.2 K. In order to further extend ECR ion source designs to
frequencies well above 28 GHz, new superconductor magnet
technology will be needed for the 4th and 5th Generation
ECR ion sources. Presently, NbzSn conductors, for which
the upper critical field limit increases to about 20T at 4.2 K
[14], will most likely lead the way to develop 4th generation
ECR ion sources with an operational range of 40to 50 GHz.
An ambitious project is currently underway at the Institute for
Modern Physics (IMP) in Lanzhou to build the first NbzSn
ECR ion source optimized for operation at 45 GHz [12,15].
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The design was developed as a collaboration between IMP
and the Lawrence Berkeley National Laboratory. The cold
mass is currently under construction [15]. Thinking beyond
this frequency range, the use of high temperature supercon-
ducting (HTS) cuprate conductors will need to be developed
and applied to ECR ion source technologies. A fully high
temperature high field superconducting magnet would offer
advantages over the conventional 4 K conductors, in particu-
lar in terms of robustness of handling the x-ray load and the
ultimate fields that can be reached. Operating at 20 K would
allow to explore the ECR source performance without the
limit of the cryostat cooling power limits that are present at
4K or 2K systems. In the next sections we explore the state
of the art high temperature superconducting magnet and its
potential to develop ECR ion source structures.

STATUS OF THE FIELD - HTS MAGNETS

The superconductor and magnet communities have long
been seeking to broaden the application scope to higher
fields at low temperatures (4.2 -20 K) or higher tempera-
tures (20 -77 K) using HTS conductors. Arduous conduc-
tor development efforts over the past three decades have
resulted in commercially produced HTS conductors includ-
ing Bi-2212, Bi-2223, and RE Ba;Cu30, (REBCO). They
are produced in practical forms of metal/superconductor
composite conductors and available in lengths suitable for
making magnets. Their upper critical magnetic fields (see
Fig. 2 ) exceed 50T at 4.2K which is well above Nb-Ti
(~ 14T at 1.8K) and Nb3Sn (~ 26— 27T at 1.8 K), mak-
ing them potentially useful for making high-field magnets,
such as 30 T superconducting solenoids needed for 1.3 GHz
NMR spectrometers, 20 T accelerator dipoles for a potential
high-energy upgrade of the LHC, and > 28 GHz ECRIS mag-
nets. The whole wire engineering critical current densities
of these high performance conductors in comparison with
Nb-Ti and Nb3Sn conductors are plotted in Fig. 2. While
Nb-based superconducting materials have reached their peak
performance, the engineering critical current density of HTS
wires continue to rise [16,17].

At the front of HTS magnet technology research, signif-
icant progress has been made, particularly in small-bore
solenoids made of REBCO, enabling the successful realiza-
tion of a 32 T user solenoid constructed at the National High
Magnetic Field Laboratory [18, 19]. However, this record
magnetic field was realized in a small bore (40 mm) using
only short conductor piece lengths (<100 m). The magnet
also has a relatively low total stored energy of 1.3 MJ. Even
for this solenoid magnet system, a key challenge is protection
against quenches when the winding loses superconductiv-
ity locally, creating local hot spots with temperature and
thermal-induced stress that may, without suitable protection,
lead to degradation. The 32 T HTS magnet is protected with
a battery bank that provides an energy input of 130kJ at
400V to a set of heaters embedded into HTS coils, a sys-
tem that is inconvenient to implement for a user magnet.
Several other HTS magnets systems, however, have been de-
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Figure 2: Critical current density (J,) of different HTS and
LTS technologies at 4.2 K [14]

graded during quench [20-22]. Extending this technology
to ECR magnets is challenging and will require long and
focused industrial conductor R&D. The magnet system for
ECRIS is unique and much more complex than the small
solenoids currently being built and tested. The sheer size of
the magnet system and a combination of coils present unique
challenges for HTS conductor and magnet technologies, and
it would represent one of the most complex HTS magnet
system ever engineered and fabricated. A potential solution
to the quench protection problem of REBCO magnets is to
build REBCO coils with metallic insulation such as stainless
steel or without any insulation between turns ((NI)-REBCO
conductors) [18,24,25], allowing adjacent turns to share
electric current during a quench or allow to bypass a hot
spot and flow into the adjacent turns preventing quenches.
Both options are of great interest for high field ECR mag-
net structures. Particularly, the (NI)-REBCO conductors
can use REBCO-tapes with only 10 um thick Cu or less and
therefore has a much improved yield stress of~1100 MPa.

The disadvantage of this technique is the slow charg-
ing and discharging time of these structures in the order
of T/hour [18,26]. Therefore, this technique would only be
useful for a quasi static magnet such as the sextupole, where
field changes would only be done occasionally. On the other
hand the solenoids can be either constructed from REBCO
tape insulated with metallic insulation (as proposed in the
conceptual magnetic design in the next section) or possibly
as a hybrid magnet combining (NI)-REBCO coil insert with
a low current density trim coil to enable faster tuning time
within a small range.

Using tuning parameters from the last several years of
the LBNL VENUS source [27] as an example, the source
tuning is typically restricted to a narrow range. The injection
solenoid is typically tuned within about +5%, the extraction
solenoid is typically tuned within +5 — 10% of the sextupole
field. The middle field solenoid has the largest tuning range
of +£30%. However, the fast tuning range (for a particular
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optimization or study) could be restricted to +5% for a given
field configuration.

Extending the conductor properties to the highest con-
2 ceivable ECR magnet structure one can make a first cut -
-~ envelope concept for an ECR ion source working even at at
£ 80 GHz. Similarly to Nb-Ti and Nb3Sn magnets, the cou-
£ pling between the coils driven by multiple power supplies,
G protecting against quenches induced through external noise
= (such as high voltage sparks in operations) is a major issue
;;: for these magnet systems. In addition, the shear conductor
E lengths required for ECR magnets makes this structure very
e challenging. Before one can think of constructing a struc-
; ture that pushes all limits of this technology, smaller scale
:é' coupled coil prototype HTS magnet system should be pur-
g sued to better understand the engineering issues associated
Z with ECR structures. The magnet system case study below
'E describes a 37.5 GHz ECR magnet structure for which we

propose using stainless steel insulated coils for the solenoid
= & system and (NI)-REBCO for the sextupole system. While
challenging, this design is well within the magnetic margins
of the HTS technology and would be a goal that could be
realized within the next decade.

blisher, and D

MAGNETIC FIELD PROFILES FOR A
37.5 GHZ ECRIS

Fig 3 presents preliminary field profiles of an HTS (RE-

: & BCO) magnet that meets performance requirements of a
Rz Z 37.5GHz ECRIS, whose key parameters are listed in Ta-
Z ble 1. The sextupole coils are assembled from six flat race-
Z track coils, a geometry that is favorable for fabricating mag-
& nets using REBCO tapes, whereas solenoids are stacked
§ from double-pancake coils, also wound with REBCO tapes.
© A clear difficulty for building such magnet system is the
8 quench protection. The sextupole coils are designed to be
§ built with the (NI)-REBCO magnet technology; they are
= compact, working at a high overall coil current density of
;’j 800 A/mm? [25]. The metallic-insulation REBCO magnet
@ technology for the three solenoids is selected to provide a
8 ramp rate dI/dt required for tuning the magnetic mirror
;‘:_f fields. A concern of the design is the stress management
o with increasing magnetic fields. A simple BJR hoop stress
e calculation results in stress values greater than 470 MPa in
2 the injection solenoid which is well within the performance
£ of the conductor specified in the table 1 (30 um thick Hastel-
3 3 loy substrate, 3.6 um Ag, 15 pym Cu, and a yielding stress
_§ of 800MPa). As comparison 470 MPa would exceed the
2 yielding strength of the RRP (Restack Rod Process) Nb3Sn
cu conductor (50% Cu and a yielding stress of 250 MPa). Due
% to the expected high stress, the overall coil current density
£ of the injector solenoid is reduced to 310 A/mm? in order to
g provide some engineering margin to the design.

The piece lengths required for each double pancake coil is
about 3 km for each sextupole coil (19 110 m total) and 1 km
for the solenoids (28 021 m total), respectively (Table 1).
Using a market average price of $60/m (8 mm wide tape) the
conductor costs result in $1.1 million for the six sextupole
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(c) Working point of the injection, middle, extraction solenoids,
and the sextupole. Critical surface of the REBCO tape at 20K
and 4.2K with the field applied perpendicular to the tape’s wide
surface.

Figure 3: Key magnetic parameters of the 37.5 GHz ECRIS

coils, and $1.5 million for solenoid coils. At present, the
REBCO industry is, though barely, capable of delivering
conductors with such lengths with the caveat that there
may be non-uniformities in the conductor with occasional 1.
drop by 10% or higher [28]. There is a report indicating that
such I. drops along the length of conductor can be
tolerated for (NI)-REBCO coils [23].

CONCLUSION

Over the last several decades, ECR ion source perfor-
mance has been pushed forward by increasing the magnetic
field and the operating frequency. With the current state
of the art 28 GHz ECRIS, a limit of what is feasible with
established superconducting magnet technology has been
reached. Nb3Sn is the logical next choice for higher fre-
quency sources [12] and will dominate the 4th Generation
ECR ion sources developed over the next decades. In this
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Table 1: Key parameters of the solenoids and sextupole coils for a conceptual 37.5 GHz ECRIS REBCO magnet working
at 20 K. The solenoids are based on a partial-insulated REBCO magnet technology. The sextupole coils are based on a
(NT)-REBCO magnet technology, and working at a high coil current density of 800 A/mm?.

Solenoid Coils | Injection

Middle

Extraction | Sextupole Coils

Fabrication Method Stack of Double Pancakes (DP) 2-layer flat racetrack coils DP technology
Mirror Length (mm) 500 Plasma Chamber Radius 70
By (T) 54 0.5-1.0 3.8 Field at Plasma Chamber Wall 3
Bpeak (T) 8.6 54 6.8 12.6
Inner Diameter (mm) 352 352 352 Bore Diameter 200

Inner Winding Radius (mm) 15

Coil Width (mm) 16
Thickness (mm) 32 32 32 36
Length (mm) 194.4 64.8 145.8 1000
Operating Current (A) 186 183 168 320
Jeoit (AJmm?) 310 305 280 800
Peak Hoop Stress 469 290 335

REBCO Tape

Thickness (mm) 0.05 0.05 0.05 0.05
Width (mm) 8 8 8 8
Insulation Stainless steel 25 um in thickness | none between turns
Number of Double Pancakes (DP) 12 4 9 2
Tape Piece Length/DP (m) 1040 1040 1040 per sextupole coil (m) 3185
Total Tape Length (m) 12480 4160 9360 Total (m) 26000

paper we proposed to pursue HTS technology, which might
lead the path to the Sth Generation ECR ion sources. While
magnetic fields for frequencies up to 80 GHz are in principle
within the reach of this technology, we presented the design
of a much more modest system operating at 37.5 GHz that
will allow to better understand and solve the key technology
issues associated with emerging conductor materials.
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Abstract

This paper presents the first measurement of plasma den-
= 51ty by a K-band microwave polarimetric setup able to
: measure the magnetoplasma-induced Faraday rotation in a
£ compact size plasma trap. The polarimeter, based on rotat-
g ing waveguide OMTs (OrthoModeTransducers), has been
% proven to provide reliable measurements of the plasma
E density even in the unfavorable conditions A,~Ly~L. (being
g Ap, Lp and L. the probing signal wavelength, the plasma di-
3 mension and the plasma chamber length respectively) that
4: complicates the measurements due to multi-patterns
B caused by reflections of the probing wave on the metallic
§ walls of the plasma chamber. An analysis method has been
2 developed on purpose in order to discriminate the polariza-
E tion plane rotation due to magnetoplasma Faraday rotation
'"i only, excluding the effects of the cavity resonator. The
é measured density is consistent with the previous plasma
den51ty interferometric estimations. The developed method
O Zisa powerful tool for probing plasmas in very compact
<! magnetic traps such as Electron Cyclotron Resonance Ion
Sources and for in-plasma B-radionuclides’ decay studies.

ttribution to the author(s), title of the work, publisher, and D

©2

INTRODUCTION

o« For the development of future ECRIS dedicated and ad-
; vanced plasma diagnostic tools will be crucial. It is partic-
O ularly necessary to implement non-intrusive diagnostics
o for probing electron density and temperatures. Among the
L._ others, a special mention is worth by Optical Emission
e Spectroscopy (OES) [1,2] and X-rays spectroscopy (XRS)
[3] which however are both able to measure “partial” den-
sities only, i.e. the ones related to specific energy domains.

Interferometry and microwave polarimetry (i.e., taking
profit by magnetoplasma induced Faraday Rotation) are
— able to probe to whole plasma electron population, regard-
“gf less of energy contents. These techniques have been fruit-
2 fully applied already in large-scale fusion reactors [4] and
= — regarding the Faraday rotation especially — are a standard
. in astrophysical plasmas, where used for either magnetic
8 field and/or stellar density measurements [5].
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However, the implementation of both the techniques in
compact plasma traps, such as ECRIS, is still a challenge:
the main constrain consists in the small-size of the plasma
chamber and of the plasma itself if compared with the prob-
ing wavelength. The following condition holds: Ay~Ly~L,
being A,, L, and L. the probing signal wavelength, the
plasma dimension and the plasma chamber length respec-
tively. That means, interference effects due to the metallic
walls of the plasma chamber cannot be neglected, and in
some conditions even prevail. A specific approach has been
therefore proposed and implemented, and a new double-
purpose tool named VESPRI has been constructed: it is a
microwave interfero-polarimeter suitable for total electron
density measurements in ECRIS plasmas. At least for the
interferometry in compact devices, data are already pub-
lished elsewhere [6].

Hereby we show the data coming from polarimetric
measurements (preliminary dataset are already commented
in the paper [7]) that have allowed the first line-integrated
measurement of plasma density via Faraday-rotation in
ECRISs.

EXPERIMENTAL SETUP

The measurement of the magnetoplasma induced rota-
tion of the polarization plane in the VESPRI setup has been
based on broadband waveguide OrthoModeTransducers
(OMTs) system (see Fig. 1).

The turnstile junction OMTs enable the TE11 mode from
the circular input port of the conical horn antennas to be
split equally into the two single-mode rectangular wave-
guide outputs TE10 modes, thus obtaining a return loss bet-
ter than 13 dB in the 18+26.5 GHz band. One of the twos
OMTs can rotate at + 95°, with an angular precision of
0.05°, handling up to 100 W of microwave power (but the
probing signal was below 100 mW due to the high sensi-
tivity of the power probe). The OMTs were inserted along
the plasma leg, upstream and downstream to the emit-
ting/receiving antennas.

Plasma physics and techniques
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. Plasma chamber |

Plasma heating
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Figure 1: Up — simplified sketch of Faraday rotation in-
duced by the magnetoplasma. Down — Drawing of the Or-
thomode transducers used as microwave-polarimeters con-
nected to the plasma chamber. A Langmuir probe was sim-
ultaneously used to compare density data.

The angle of the rotating OMT is changed (via in-vac-
uum rotatable joint connection in circular waveguide
standard) in order to minimize its received power on the
Cross-polar port. In free-space and empty cavity case (i.e.,
if the cavity effects are negligible), the angle fulfilling
cross-polarisation condition corresponds to 6 = Oin= 90°.

The plasma changes the cross-polarization condition
such as Omin? = Or + Omin, due to the additional depolariza-
tion angle Of induced by the Faraday effect on the propa-
gating wave.

UNDERLYING THEORY

The derived Faraday’s angle can then correlated to
magnetoplasma parameters through the well-known rela-
tion:

(1
The pulsations appearing in Eq. (1) assume the usual
meaning of pumping, gyro and plasma frequencies, while
c is the speed of light.
The Faraday angle dependence on such pulsations can
be highly simplified in case ®>>wm, and ®>>wm,, assuming
the famous form of the so-called “lambda-squared” law:
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b = 1 (%) o, = SBome
F72c\w/ ™97 8n2c3m2e,

()

Equation (2) shows that once known By, i.e. the induc-
tion of the externally applied magnetostatic field, is possi-
ble to univocally derive the plasma density from a linear-
ized fitting procedure O vs. A2. Actually, for probing mi-
crowaves in the range 18+30 GHz, that is the one of our
setup, only the condition ®>>w, applies, since the expected
densities (order of 10'? cm™) violate the second assump-
tion. Hence, Eq. (1) has been developed in series of o/wp,
truncating the series at the 4™ term:

9, = H fL<E+ q; n*B  q; n’B
2cmieg Jy \w?  megy 20*  m2el 4w
q¢ n*B
2cm2£§®>
3)

The integral stands for the variation of n and B along
the line of sight. In general, in ECRIS-like systems, B pro-
file is well-known, while n(1) can be argued depending on
the magnetic structure (flat-B field, Simple Mirror, B-min-
imum) with reasonable precision. Figure 2 shows how big
is the difference between the Faraday’s law and its approx-
imation, at a density of 3-10'2 cm™.

n =3 10"8 [m™]

—not-approximated Faraday law
H—approximated Faraday law X<<1 Y<<1 .

100 . A L

1.5 2
A2 [em?
Figure 2: Calculated trends of the expected Faraday angles
for approximated and not-approximated Faraday law as a
function of A2,

DATA ANALYSIS STRATEGY

2.5

Due to the already mentioned cavity-induced effects,
which superimpose to the straight signal going from the
emitting to the receiving antenna, acquired data vs. fre-
quency (or, equivalently, versus the wavelength) must be
accurately depurated by spurious components. In particu-
lar, we want that the polarization measurements occur more
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or less as in free-space, where co and cross polarization

conditions are well-known, following the Malus’ law:

P=Pycos?9

The frequency scan proceeds from 18 to 26.5 GHz, at
steps of 0.6 MHz, thus collecting more than 13000 single
frequencies. An analysis routine has been implemented in

(4)

order to scan the dataset, applying Eq. (4) in terms of sta-
tistical agreement to the linearized relation P vs. cos?9.
The filtering consists in eliminating only those frequen-

cies which are dominated by cavity modes and do not fulfil
Eq. (4) condition when varying the reciprocal orientation

= of OMTs. This filtering is practically applied via the statis-

< tical correlation parameter R. The higher is the request in

*3 terms of R (i.e., for R closer and closer to 1) the lower is
.S the number of frequencies that can be selected. Typically,
2 R parameters >0.99 were needed in order to obtain datasets

I
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Figure 3: The sequence of plots (scatter and histograms
types) represent the selected frequencies dataset at increas-
ing “filtering strength”, i.e. for R-parameters closer and
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Figure 3 displays a sequence of in-cavity experimentally
obtained data sets: the cross-polarization angle (here
named Onmin) is measured along the whole frequency scan.
Only the frequencies fulfilling Malus law are plotted, at in-
creasing R-correlation parameter. The ideal case corre-
sponding to free-space configuration is when the angle for
minimum transmission (i.e., the cross-polar condition) is
exactly equal to 90°. Cavity effects, introduce waves scat-
tering then implying a broad distribution of angles for
which the cross-polarization condition occurs.

35 <

#1) no filtering
o #2)R,>0.95

30 « #3)R,>0.99
o #4)R, >0.995
« #5)R,>0.998

#O#2 #3 #4 #5
Figure 4: Standard deviation of the histograms in Fig. 3:
at increasing R the angular dispersion drops.

The final number of frequencies was a compromise be-
tween accuracy of the filtering and statistical consistence
of the dataset. From each histogram of Fig. 3 a relative
standard deviation can be calculated, as shown in Fig. 4: it
somehow relates to the data spread, hence with the accu-
racy by which the rotation angle can be measured.

EXPERIMENTAL BENCHMARKS IN
EMPTY PLASMA CHAMBER

In order to verify that the device is able to distinguish
among different polarization angles inside the resonant
cavity, we implemented a benchmark setup based on a mi-
crowave-wire grid polarizer, according to the sketch of Fig.
5.

Network Analyzer
—ePort 1 Port 2 &
“ Matched
Wire Grid load
Polarizer
Conical
Horn

Figure 5: sketch of the experimental setup where a wire-
grid microwave polarized has been placed inside the
plasma chamber.
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Figure 6: Histograms of minimum-angles in case of po-
larizer placed inside the plasma chamber, at two different
angles. Data show that the device is able to detect a varia-

tion of the polarization axis.
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The polarizer was placed inside the plasma chamber,
around the midplane. The polarizer almost completely fits
inside the chamber diameter, and its polarization angle o
was rotated at steps of 15°. For sake of brevity, here we
present results for 45° and 90°. Figure 6 summarizes the
results for these two angles. It is already clear that despite
the broad data dispersion due to the in-cavity scattering,
anyway the system is able to detect the different polarizer
angle. A more quantitative analysis can be carried out.

= 45°
58 = —
® #1) no filtering
* o #2)R,>0.995
o #3)R,>0.999
56 } o #4)R_>0.9995
&
=
; %
5
54
52 - : - i

#1 #2 #3 #4

Figure 7: Estimation of O, in case of benchmark measure-
ments with the microwave polarizer: data show that at in-
creasing “filtering-strength” in terms of the R parameter,
data tend to the expected value.

The results of the quantitative analysis are summarized
in Fig. 7. The plot reports the average value of Omin as com-
ing out from four datasets obtained at different “filtering-
strength”, in terms of the correlation R parameter. The
standard error is also plotted. It is clear that at increasing R
the measured angle becomes closer and closer to the ex-
pectation angle oo = 45°.

These results demonstrate that the developed method is
robust in determining any change in the polarization plane
of the wave propagating inside a resonant cavity, with a
relative error in the order of 10%.

The following step was therefore to measure polarization
angle variation induced by the magnetoplasma.

IN-PLASMA MEASUREMENTS

After the benchmark measurements the VESPRI po-
larimeter has been used for the first time to detect magne-
toplasma induced rotation of the probing wave polarization
plane. The main results are illustrated in the three plots of
Fig. 8.

Each points in Figs. 8a,b,c is the result of an average
in Omin obtained in a given Af (or, equivalently, ALA) bin.
The bin size is a compromise between the minimal number
of points needed for a good best-fit calculation, and the
minimal amount of data in a given bin to have a significant
estimation of the <Omi, > with its own error-bar. The three
plots allow a direct comparison of what happens in three
different situations:

(a) free space: the Bmin averages at 90° (standard cross
polar configuration), and data have a very low
fluctuation around the expectation value; the line
corresponds to the attempted correlation to the 4
order truncated Faraday law (Eq. (3)), showing no
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correlation at all (the corresponding R parameter is
0.08).

empty cavity: the Omin averages again at 90° (stand-
ard cross polar configuration), but now data show
wide fluctuations around the expectation value,
due to the scattering introduced by the cavity; now
the R correlating to Eq. (3) is -0.0094, again sup-
porting uncorrelated hypothesis for vacuum prop-
agation, despite the presence of the cavity;
In-plasma: in this case, a N plasma has been ex-
cited at 1.5 10 mbar, using 130 W of microwave
power. Now a trend of the O, vs. A? is clearly ev-
ident. The correlation to the Faraday law is con-
firmed by the R parameter, being R=0.88. Consid-
ering the number of points in the best-fit proce-
dure, tables for statistical consistency say this
value provides a “very high” probability of dataset
correlation to the given mathematical law.
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Figure 8: Sequence of plots regarding the Omin vs. A2 when
using the 4% term truncated Faraday law (Eq. (3)), in case
of: (a) free-space measurements; (b) measurements in an
empty plasma chamber; (c) measurements in presence of
the magnetoplasma.
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el
& Using Eq. (3) is therefore possible to extrapolate the value
g of the electron density as a free-parameter of the best fit

2

:Z procedure. The result is displayed in Fig. 9.

18
5 x10
4+t
&
E
c2f
1 L
Polarim. Interfer.

Figure 9: Estimation of the electron density from the best-
fit procedure on the dataset of Fig. 8c, according to the
equation 3. The result obtained by interferometric meas-
urements [6] is also reported, for comparison.

The polarimetric measurement amounts to
(2.93+0.8)-10'8 m?3, that is in good agreement with inter-
ferometric est1mat10ns (2.1£1.0)-10'¥m3. The special anal-
. ysis method has also permitted to reduce the relative errors.
Langmuir probes measurements in identical physical con-
ditions have been performed and give a density a factor 4

lower: possible explanations have been discussed in details
in [6].

CONCLUSIONS

In this paper we have presented the first results con-
% cerning the Faraday-rotation measurements in compact
& plasma traps such as ECR Ion Sources. The developed
@ analysis procedure has permitted to estimate the rotation
§ angle of the probing wave polarization plane, then corre-
& lating it to the plasma density value, that can be estimated
o with a relative error of around 25%. The method opens new
& perspectives about non-intrusive plasma diagnostics with
/@ the goal to improve the tuning of existing machines and the
8 design of the new ones.
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Abstract

The evaluation of the electron density and proton fraction
of hydrogen plasmas has a relevant importance for plasma
traps used as sources of intense proton, H2+ or H3+ beams.
Optical Emission Spectroscopy (OES) enables to evaluate
simultaneously and on-line the H/H2 relative abundances
together with plasma and electron temperature. In this
work, the experimental results of the OES measurements
on the Proton Source of the European Spallation Source
plasma has been related to the properties of the ion beam
extracted by the source (proton fraction and beam intensity,
in particular). Benefit of the diagnostics and the further im-
provements foreseen in next future will be highlighted.

INTRODUCTION

The Proton Source for the European Spallation Source
(PS-ESS) is a Microwave Discharge lon Source (MDIS)
operating at 2.45 GHz microwave frequency for high in-
tensity proton beam generation. PS-ESS has been designed
and assembled at INFN-LNS as injector for the European
Spallation Source (PS-ESS); it produces pulsed proton
beams (14 Hz, 2.84 ms puls) from 40 mA to 90 mA nomi-
nal current, at 75 keV energy and 2.25 1 mm mrad maxi-
mum normalized emittance [1]. The source has been char-
acterized by means of a Faraday Cup, an Emittance Meas-
urement Unit and a Doppler shift measurement unit. The
standard beam diagnostics allows the measurement of the
beam characteristics (as the extracted current, the species
fraction and the RMS emittance). However, the beam prop-
erties depend on the characteristics of the plasma which
generates it. Good performances of a proton source are ob-
tained only if a homogenous, stable, dense and cold plasma
is generated within the proton source. Therefore, the
knowledge of the plasma parameters represents a funda-
mental information for the full comprehension of the
source performances, but also an essential information for
any further improvement of proton sources and ECRIS.

Among the different plasma diagnostics tools, Optical
Emission Spectroscopy (OES) is the only diagnostics
which is not affected by the plasma generation and does not
affects the plasma itself during measurements. Since OES
requires just the light emitted by the plasma, a small quartz
window is sufficient for the evaluation of the plasma pa-
rameters and of the relative abundances of the neutral spe-
cies. In this work, the results of the OES characterization

* Work supported by ESS-Miur and Pandora
T Castrog@Ins.infn.it
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of PS-ESS, performed in the best machine operative con-
ditions, will be described.

EXPERIMENTAL SET-UP

Figure 1 shows a schematic diagram of the PS-ESS OES
experimental set-up. It includes the RF power injection
system, the three magnetic coils and the OES diagnostics
system. PS-ESS is fed by microwaves at 2.45 GHz gener-
ated by a Magnetron, while the magnetic field is obtained
by means of three solenoids which permit different mag-
netic configurations, from off-resonance configurations to
simple mirror or magnetic beach (see Fig. 2). In this work,
OES measurements has been carried out in best PS-ESS
experimental performances, obtained in flat magnetic field
configuration. The OES diagnostics system consists of a
spectrometer ImSpector V8E, coupled to an ACA2040
CMOS camera. The spectrometer resolution is 2 nm and it
is sensitive in the spectral range of 380 - 1000 nm. The
whole system is connected to the PS-ESS by means of a
1500 pm diameter fiberglass that is, in turn, properly con-
nected to a quartz window, which “looks” towards the cen-
tre of the PS-SS plasma chamber.

The whole OES experimental set-up has been properly
calibrated and commissioned by using another plasma de-
vice, the Flexible Plasma Trap [2]. Preliminary measure-
ments has been already published in reference [3]. The ex-
perimental measurements have been carried out at 2.7-107
mbar pressure, measured in low energy beam transport.
simulations performed by Comsol permitted to evaluate the
pressure as ~ 3-10 mbar within the plasma chamber. Mi-
crowave power has been increased from 120 to 1200 W.

Magnetic Coils

Extraction Magnetron
hole ( 2.45 GHz
Extraction system )\ _Optical fiber
. . . ‘spec"ometer
CMOS camera

Figure 1: Schematic of the PS-ESS experimental setup at
the INFN-LNS.
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= Figure 2: Magnetic field profiles that can be generated by
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The analysis method is based on the line-ratio method,
= well-described in references [4-5]. Spectroscopic measure-
-2 ments have been carried out for the Balmer series of atomic
% hydrogen (H, to H,) as well as for the Fulcher-o. transition
£ of the H, molecule (d3I1, — a3X u+). We compared ex-
% perimental results with theoretical line ratios obtained by
& applying a collisional radiative (CR) model. In particular,
Z we compared experimental and theoretical Hg/H, and

H./Hjp line ratios to simultaneously determine electron den-
S sity and temperature. Relative abundance between atomic
Rz and molecular hydrogen ny/ny, ratio can be determined
by comparing the Hy/Hrucn with theoretical data from CR

ution to the

n
=
2
a
[¢)
o

EXPERIMENTAL RESULTS

Figure 3 shows the electron density as a function of the
. microwave power. Electron density 1ncreases with RF
% power, but it saturates around 1-10'® m> above 800 W. OES
A density is around 10 times the density cut-off at 2.45 GHz,
@that is 8.75:10' m?3. This implies that probably heating
: 8 mechanisms other than Electron cyclotron resonance con-
o tribute to the plasma heating. The electron temperature is
O shown in Fig. 4. It lies in the range expected for proton
>4 sources and measured by means of other diagnostics (= 10

A eV). In particular, electron temperature shows a slightly de-
O creasing trend of electron temperature with microwave
2 power. This trend has been already found in other measure-
‘8 ments performed by Langmuir probe [6], and it is probably
E due to the gradual decrease of the mean free path of elec-
& trons during the acceleration process as the density be-
£ comes higher and higher.

Finally, Fig. 5 shows the ny/ny, ratio as a function of
the microwaves’ power. ny/ny, is around 0.5 at lower
power and approaches 2 around 800 W. Unfortunately, it
has been not possible to determine the ny /ny, ratio above
8
(

018). Any distribution of

00 W because the signal to noise ratio of the Fulcher band
necessary for evaluate ny/ny,) becomes too low and a
huge experimental error arises.
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Figure 3: OES electron density as a function of the micro-
waves’ power.
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CORRELATION BETWEEN PLASMA
AND BEAM PARAMETERS

One of the goal of the current research in plasma physics
applied to ECRIS is to relate the plasma parameters to the
beam parameters. The commonly used approach is to find
a solution of the particle balance equations in a plasma [6-
8]. The exact solution of the system of balance equation
would enable to foresee the properties of the extracted
beam. However, the solution of the balance equations re-
quire the knowledge of a huge number of parameters, as
the properties of the chamber surface, diffusion coeffi-
cients in plasma, motion in the sheath and a lot of other
parameters which make balance equations approach very
difficult to be practically applied.

An option to reduce the number of balance equations,
simplifying the approach, is to use the plasma parameters
calculated by OES as input parameters. The simultaneous
knowledge of ny /ny2 and neutral pressure permits to es-
timate the absolute neutral population within the plasma
chamber. Furthermore, electron density and temperature
permit to evaluate the reaction rate coefficients of the main
reactions occurring in a hydrogen plasma. In this way, bal-
ance equations can be reduced to 4 equations in 4 un-
knowns, namely the H, H," and Hs'density and the ion

‘Hy+e-->H+H+e

10714

. +
.H2+e--> H2+2e
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confinement time. Once properly solved, the balance equa-
tions give information about the density of the different
charged particle in the plasma, and therefore they give an
evaluation of the properties of the extracted beam. Unfor-
tunately, two free parameters must be taken into account
during the study, the ion and neutral temperature, whose
values has been fixed on the basis of the available litera-
ture. Figure 6 shows the cross sections of the main reaction
taken into account to solve the reduced balance equations
in a hydrogen plasma. Cross sections lower than 1078 cm?
have been neglected.

The results show a very strong correlation between the
estimation of the reduced balance equations and experi-
mental measurements of the extracted beam performed by
means of a Doppler shift measurement unit and of an
ACCT.

Figure 7 shows the comparison between the extracted
current measured by the ACCT and the extracted current
expected after solving the reduced balance equations. As it
is evident, estimation and measurements are very close
each other, this representing a first benchmark of the used
approach. More details about the procedure of analysis to-
gether with a general discussion about correlation between
plasma and beam parameter will be given in reference [9].

Electron temperature [eV]

Figure 6: Cross sections of the main reactions occurring in a hydrogen plasma. ¢; depends only on ion temperature. o,

has been calculated for ion temperature equal to 0.1 eV)
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Figure 7: Comparison between extracted current measured
by the ACCT and extracted current.

In the next months, the OES diagnostics equipment will
be further enhanced after the commisioning of two differ-
ent instruments for OES. The first one is a 15 um mono-
cromator detector. Its resolution is enough to characterize
molecular rotational temperature and to obtain higher res-
& olution emission lines, needed for extending OES to other
-Z plasmas. The second one is SARG, a powerful spectropo-
%’ larimeter formerly installed at TNG, Telescopio Nazionale
g Galileo, Canary Islands. SARG allows to reach very high
resolution: R = 160:000 in the range: 370-900 nm, suitable
for ion temperature measurements and/or on-line discrimi-
nation of the ionisation states of the ions inside the plasma.
First results are expected within the end of this years.
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Abstract

This work presents the X -ray characterization of
the plasma generated in a simple mirror axis symmetric
trap as a function of the magnetic field profile. A Si-Pin
detec-tor has been used to characterize warm electron
populati-on in axial and radial directions at two different
operating frequencies: 4.1 GHz and 6.8 GHz.
Moreover, the hot eclectrons emitted in axial direction
has been measured by means of a HyperPure
Germanium (HpGe) detector. Results show that X-ray
emission is not homogenous and its homogeneity and

temperature  depends strongly on the magnetic field
profile.
INTRODUCTION
The electron cyclotron resonance ion sources

(ECRIS) are mainly used to produce highly charged
ions currents for accelerators, nuclear physics research
and industrial applications. In recent years many
studies have been made in order to understand better
the wave-to-plasma interactions that produce plasma
instability [1], in particu-lar about the non-linear
response of electron heating to pumping wave
frequency and anisotropy in plasma densi-ty and electron
energy distribution function [2,3]. It is observed that
Bnin value (the minimum value in the mid-plane of the
plasma chamber), changes the gradient (de-scribed here
in terms of B,,;/Bgcr ratio) of the magnetic field close
to ECR surface. The moderate gradient, ob-tained for
higher B,,;,, increases the ECR heating effi-ciency and
the electron temperature in the plasma. More-over, it is
noted that in a moderate gradient regime the plasmas
become unstable and can generate intense emis-sions of
fluxes of bremsstrahlung and microwaves. In this
paper we wanted to show the characterization of the
Flexible Plasma Trap (FPT) through measurements of
x-rays spectra, acquired by HyperPure Germanium
(HpGe) and Si-Pin detectors. X-rays were recorded in
both the radial and axial directions for different
magnetic field profiles and frequency heating.

EXPERIMENTAL SET-UP

FPT is a test bench for plasma diagnostics and
develop-ment of new sources, operating at INFN-LNS
[4]. Three solenoids generate different magnetic profiles

+ rmiracoli@essbilbao.org
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(off-resonance, simple mirror and magnetic beach
configuration) and allow to tune the magnetic field value
as a function of the frequency. FPT has three different
microwave  sys-tems, one parallel and two
perpendicular respect to the plasma chamber. The axial
injection operates from 4 to 7 GHz. The signal is
generated by a Rohde & Schwarz generator,
amplified by a TWT and sent to the FPT by WRD350
waveguides. The axial microwave line is com-posed by
a directional coupler and an isolator to protect the
TWT from the reflected power. The perpendicular
microwave launcher can work at 14 GHz and allow oper-
ating in double frequency (first and second
frequency) mode [5]. The water-cooled copper plasma
chamber is 260.1 mm length and its inner diameter is
about 82 mm. A stainless-steel vacuum chamber is
connected to the plas-ma chamber to host the vacuum
system and the diagnostic tools. Figure 1 shows the
schematic drawing of the FPT and the diagnostics.

Mid coil

Extraction coil Injection coil

N NE

- ------ A

X-ray detector

@i‘:‘

XX

. X-ray detector

4.1-6.8 GHz

Figure 1: Schematic drawing of the FPT and of x-rays
detectors used during the experimental campaign.

High energy X radiation was detected by a HpGe, lo-
cated on the axial port of the vacuum chamber, the detec-
tor was used for monitoring the x-rays generated by the
high energy electrons, from inside the plasma or when
they hit the vacuum vessel walls. The HpGe consists of a
15 mm thick, 20 cm? crystal protected by a 0.3 mm thick
Be window. Its resolution at 122 keV is 0.61 keV. The
detector is shielded with lead blocks of 2 cm thickness
and ¢= 1 mm to avoid detecting x-rays scattered from the
environmental material. The HpGe detects the radiation
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dD

g that pass mostly through the collimator of the vacuum
5 vessel.

In the second part of the investigation two Si-Pin detec-
2 tors (XR-100CR, AMPTEK) were used, one placed on
+ the axial port of the vacuum chamber and the other on the
g radial port of the plasma chamber. Their resolution at 5.9
2 keV are about 200 eV and the Be window has a thickness
% of 1 mm. Both detectors are used for monitoring the x-
2 rays generated by electrons from a few keV to several
= tens of keV.

All raw data have been corrected for detector intrinsic
efficiencies, which include the correction for the berylli-
um window, the Kapton foil for vacuum break, and the air
attenuation. Once the correction is made it is possible to
calculate the spectral temperature, T,, by fitting a straight
line to experimental data in a semilogarithmic plot over a
selected range of energy [6]. T, can be obtained from the
inverse of the line slope and is used to determine an esti-
mate for the mean energy of the hot electrons. The x-rays
are collimated by a lead cylinder with a hole of ¢ =1 mm
and 6 cm in length.

blish

| ti

EXPERIMENTAL RESULTS

In the first part of the experiment we used the HPGe
detector, to investigate how the variation of the magnetic
field gradient can affect the rate of axial bremsstrahlung
and the electron distribution of energy. For the two-
heating frequencies: 4.1 and 6.83 GHz we have fixed the

current of the injection and extraction coils and have set
5 the current of the mid coil to shift the B,;,/Bgcg ratio
& from 0.56 to 1.02. Figure 2 shows some of the magnetic
_. configurations that we used at 6.8 GHz. All data were
& recorded at a power level of 80 W and typical operating
& pressures in vacuum chamber are about 8 - 107> mbar.
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The trend of the rate (counts/s) detected by HPGe, at
6.8 GHz, is shown in Fig. 3, where two regions can be
identified: for valueB,,;,/Bgcr less than ~0.8 the x-ray

 TUP13
@ 112

Content from th

[0)

ECRIS2018, Catania, Italy

JACoW Publishing
doi:10.18429/JACoW-ECRIS2018-TUP13

emitted is negligible while for B,,;,/Bgcg higher than
~0.8 the rate increases suddenly. At 4.1 GHz, instead, the
magnitude of bremsstrahlung changes considerably for
Bpin/Bgcgr > 1. For the first heating frequency value we
have calculated the spectral temperature. The energy
range where we did the linear fit to semilogarithmic
bremsstrahlung spectra was about 50-75 keV for
Bin/Bgcg > 0.8, and about 10-16 keV for
Bpin/Becr < 0.8. It was necessary to modify the energy
range to calculate the electron temperature because the
shape and the intensity of x-ray spectra are completely
different in the two regions. In fact, a sharp increase of T,
is illustrated in Fig. 4, where the temperature shifts from 3
to 15 keV.

10" ‘
—--6.8 GHz
—--4.1 GHz
3L
@ 10
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10§
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Figure 3:X-ray emission rate versus different simple mir-
ror configurations. For both the frequencies, the pressure
and the absorbed power are 8-107>mbar and 80 W,
respectively.
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Figure 4: The dependence of T, versus different simple

mirror configurations.

The measurements continued by using the Si-Pin detec-
tors to record radial and axial x-rays spectra, at a power
level of 80 W and pressures of about 8- 1075 mbar, as in
the first part of the experiment. In Fig. 5 there is a direct
comparison between the x-rays spectra measured at both
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positions. Here again we wanted to investigate the effects
on bremsstrahlung spectra by changing the magnetic field
profile. The Bremsstrahlung of the axial x-rays spectrum
are much greater than those radial, because the geometric
efficiency for the two geometric systems is different. The
radial spectrum has only the kq of Ar (2.96 keV), k, and
kg of Cu (8.05 keV and 8.9 keV respectively). Instead, in
the axial spectrum we can see also ky of Cr (5.41 keV)
and Fe (6.40 keV), due to several scattering coming out
from the stainless-steel diagnostic box. The peaks of Ar
ko are less affected from the bremsstrahlung produced
outside the plasma chamber and the change in their inten-
sity can be correlated mainly to two different geometric
efficiencies (named solid angle and plasma volume).

X-ray counts

i

30

0 10 20
Encrgy [KeV]
Figure 5: Typical x-rays spectra acquired by Si-Pin from
axial and radial ports. Fluorescence lines of Ar and Cu are
visible in both spectra. The pressure and the absorbed
power are 8- 10> mbar and 80 W, respectively.

Measurements of Ar k, intensity and x-rays in both the
radial and axial directions, were performed by Kato [7], in
an ECR multicharged ions source by changing the mi-
crowave power and pressure, but not the magnetic pro-
files. In Fig. 6 there is the trend of the kagyq/k@ay, the
ratio between the intensity of Ar k, emitted in radial and
axial directions, as a function of B,,;,/Bgcr. Axial kg
intensity is about 3-4 times larger than it is in the radial
direction and changes slightly from the different magnetic
profiles, where each peak has been calculated after having
subtracted the bremsstrahlung counts.

Afterwards we used the kag,q/kayu,, ratio that in-
cludes information about the solid angle and plasma vol-
ume to normalize the spectra. In Fig. 7, there is the trend
of the bremsstrahlung rate detected by Si-Pin. As in the
previous measurements shown in Fig. 3, the detectors in
both directions reveal few counts for By,;,/Bgcg <0.8
but the rate suddenly increases for By, /Bgcg > 0.8. In
each emission region the axial rate is higher than the
radial one. Figure 8 compares the spectral temperature
obtained from the axial and radial ports in function of the
magnetic profile. The energy range used to do the linear
fit was about 10-14 keV for all the spectra. As in the
Figs. 3 and 4 two regions can be identified: one with
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Bpin/Becr < 0.8 characterized by few x-ray counts and
low temperature (< 5 keV), the other for By,i/Bgcr >
0.8 where plasmas generate strong bremsstrahlung emis-
sion and very energetic electrons.
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Figure 6: Trend of kaggy/kau, ratio versus different

simple mirror configurations.
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Figure 7: X-ray emission rate acquired from axial and
radial ports versus different simple mirror configurations.

It has been observed in previous work [8,9], that the
decrease of B,y,;;,, improves the electron confinement, and
so the source performance, but when B,,;, is increased
(Bumin/Bgcr > 0.8) non linear effects take place. The
magnetic field gradient becomes lower in a large part of
the ECR surface and the electrons gain more energy for a
single crossing of the resonance. These hot electrons
escape from the magnetic confinement and raise the rate
of bremsstrahlung emission.

Moreover, the trends of the temperature measured in
both the Si-Pin, make aware that for B,,;,/Bgcg < 0.8
the electron temperature are almost identical in axial and
radial directions, and only in the second region, for
Buin/Bgrcr > 0.8, the axial T, increases faster than radial
T,. The trend of the axial T, obtained with the Si-Pin is
similar to the one obtained from HPGe detector, in Fig. 4.
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£ CONCLUSIONS

é A study of bremsstrahlung emission was carried out
=]

£ with the FPT at INFN-LNS. The experimental results
« demonstrate that the x-ray production and electron tem-
£ perature depend on the magnetic configuration: when
Bonin/BEecr ratio is = 0.8 plasmas start to strong x-ray
emission. Furthermore, while for B,,;,/Bgcr <0.8 X ray
emission show isotropic characteristics, when critical
ratio is overcome, radial spectral temperature is lower
than axial spectral temperature. The observed critical
value of B,,;n/Bgcr is compatible with the passage from
Z strong gradient to moderate gradient ECR regime [10].
_ Moreover, several fingerprints show that above the criti-
g cal value, cyclotron instability may play an important role
N as already observed by other authors [2]. A dedicated
< paper will investigate the cyclotron instability emission
% revealed above the critical value of B,,;,/Bgcr. Further
.2 experimental measurements are also planned to character-
< ize better the physic process that lead to the strong plas-
>~ mas instabilities, with the aim to optimize the design of
2 the future ions sources. FPT represents the better device
Lv) to investigate the cyclotron instabilities since it allows the
< installation of different types of diagnostics, not only x-
S rays detectors, but also optical emission spectrometer
[11], pin-hole camera and microwave interferometer
[12,13] to characterize different range of the electron
istribution function and the density of the whole plasma.
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Abstract

While the mechanism is still not fully clear, the benefi-
cial effect (higher intensity of highly charged ions, stable
plasma conditions) of the second micro-wave injected to
the ECR plasma was observed in many laboratories, both
with close and far frequencies. Due to the complexity of
the phenomena (e.g. interaction of resonant zones, damped
instabilities) complex diagnostic methods are demanded to
under-stand its mechanism better and to fully exploit the
potential hidden in it. It is a challenging task since complex
diagnostics methods require the arsenal of diagnostic tools
to be installed to a relatively small size plasma chamber.
Effect of the injected second 13.6-14.6 GHz microwave to
the 14.25 GHz basic plasma has been investigated by
means of soft and (time-resolved) hard X-ray spectroscopy,
by X-ray imaging and space-resolved spectroscopy and by
probing the rf signals emitted by the plasma. Concerning
the characterization of the X radiation, in order to separate
the source and position of different X-ray photons special
metallic materials for the main parts of the plasma chamber
were chosen. A detailed description and explanation of the
full experimental setup and the applied non-invasive diag-
nostics tools and its roles are presented in this paper.

INTRODUCTION

Electron Cyclotron Resonance (ECR) Ion Sources (EC-
RIS) are able to produce highly charged plasma in their
plasma chamber from which positive ions with very differ-
ent charge states can be extracted and transported to a tar-
get or into an accelerator. In order to deliver more and more
intense, higher and higher charged ion beams, first a time-
stabile, highly ionized plasma has to be generated. By a
simplified approach two tasks have to be solved: (1) to in-
ject more and more electromagnetic energy from outside
into the plasma on an efficient way and (2) to suppress or
decrease those processes (instability, recombination, etc.)
which work against the ionization process. The studying
the ECR plasma itself for both purposes is thus essential
and such investigations have been carried out in many la-
boratories since the discovery of ion sources of this type.

*Work has received funding from the European Union’s Horizon
2020 research and innovation program under grant agreement No
654002 (ENSAR2-MIDAS).

+ biri@atomki.mta.hu
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The ECR groups of two laboratories (Atomki-Debrecen
and INFN-LNS Catania) from time to time unify their
forces to carry out diagnostics measurements of the ECR
plasma for the purposes described above. In an earlier joint
experiment [1, 2] a campaign for correlating the plasma
density and temperature with the output charge states and
the beam intensity for different pumping wave frequencies,
different magnetic field profiles was carried out. The re-
sults revealed surprisingly very good agreement between
warm-electrons density fluctuations, output beam currents
and the calculated electromagnetic modal density of the
plasma chamber. That experiment was based on the pio-
neering measurement of this type carried out and published
for the first time space-resolved plasma diagnostics meas-
urements by a pinhole X-ray camera [3].

In 2018 a new series of experiment was designed and
realized by the collaborating groups. The experiments were
carried out in Debrecen, at the Atomki ECRIS Laboratory
basing to the Atomki-ECRIS to deliver the necessary plas-
mas and ion beams.

The main aims were to study these phenomena:

» Exact mechanism of the two-close-frequency heating;

* Role of the 2nd frequency in the suppression of plasma

instabilities;

* To obtain volumetric and spatially resolved X-ray

emissions from two-frequency plasmas;

+ Hard X-ray spectra in unstable regimes;

« Structural changes triggered by instabilities;

* Structural changes when the turbulences are sup-

pressed;

In some of the above goals significant results were ob-
tained, in some others the first promising steps were done.
The post-processing of the data is still not finished com-
pletely. For the high amount of the material and for the
complexity of the results we decided to publish them in
three different accompanying papers. The present paper
here describes the technical setups of the measurements
and shows those technical modifications on the Atomki-
ECRIS which were necessary for the investigations. The
first part of the results are shown in [4], where an outlook
to the history of the two-frequency effect is also presented
with references to others’ works. The second part of the re-
sults, mostly related to the investigation of stable and un-
stable plasma regimes in single or double frequency oper-
ations, is discussed in our third paper [5].

TUP14
115

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



~ 23th Int. Workshop on ECR Ion Sources
O ISBN: 978-3-95450-196-0

EXPERIMENTAL SETUP

The X-ray diagnostics measurements were carried out in
< the ECR Laboratory of Atomki. Debrecen. The Atomki-
D; ECRIS is a classical, room-temperature 2™ generation ion
Té source. Its basic operation frequency is 14.25 GHz sup-

plied by a klystron amplifier. A second frequency can be
£ coupled in by the same WR62 waveguide supplied by a
° TWT amplifier. The axial magnetic field is 1.26 T (injec-
= tlon) 0.39 T (minimum) and 0.95 T (extraction). The hex-
= apole produced magnetic injection at the plasma chamber

ub 1sher, and D
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wall (R=29 mm) is 1.2 T. The ion source is not connected
to accelerator thus it is highly applicable for plasma phys-
ics investigations. Further technical and application details
are in a summary paper [6].

In order to carry out complex plasma diagnostics we in-
stalled and applied a full arsenal of diagnostic tools and
methods. Figure 1 shows the simplified drawing of the EC-
RIS with the applied instruments around it or connected to
it. In Table 1 some detailed specifications of the diagnos-
tics tools, are shown.

Spectrum
Oscilloscope Analyzer
C 1
RF diode Ti window
Pb collimator Pinhole
®=3 mm  Apalyzing I X-ray
HPGe| L=12mm magnet Limiter l EM camera
A

g — N
A=\ rocolimator Kapton o
i Hexapole L=300 mm
Faraday cup t VL
(CSD) Coils EM ~ camera
Figure 1: The measuring setup with the ECR plasma in the center.
Table 1. Technical Specifications of the Applied Diagnostics Tools.
Name Energy range Type Resolution Window Collimation
Silicon Drift De- 1-30 KeV XGL-SPCM- 130 eV kapton (25 um,  Lead, 300
tector (SDD) 8110-CUBE 50 um) and Be mm length, 1
(12.5 pm) mm hole
CCD pinhole 1-20 KeV Andor Ikon IMP in Ti (9.5 pm) Lead collima-
camera 13x13 mm tion system
Germanium De- 30-400 KeV HpGe-D 200 eV Al Lead, 12 mm,
tector 3 mm hole
Visible light Several eV Basler acA2040 4 MP plexi -
camera
RF-probe + 9kHz—-43 GHz homemade from 1 Hzto 10 - -
Spectrum Ana- probe, Anritsu MHz
lyzer MS2720T SA

The role of each diagnostics tool is different.

A Silicon Drift Detector (SDD) records x-ray spectra
8 in the 1-30 KeV range. From the spectra electron density
. and electron temperature can be calculated. A long (300
< mm) led collimator with 1 mm hole was used in vacuum
E conditions to obtain soft X-ray emission only from the
Z plasma region. Cone of view of the detector went through
8 the aperture of the plasma electrode (10 mm) in order to do
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not detect X-ray photons coming from the metal parts of
the chamber.

Alternatively with the SDD detector, a 1 MP CCD pin-
hole x-ray camera was mounted to the injection side. The
pictures taken by the camera give spectral and structural
information on the plasma and on the electron losses. By
using 2 mm thick pinhole (® = 0.4 mm) and extra led
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shieldings, the X-ray picture re-cording was possible in rel-
atively high RF-power operation mode (upto 200 W total
incident power). The earlier experiments (see e.g. [7]) were
restricted upto several tens of RF-power.

A third alternative at this site is a 4 MP mono-chrome
visible light camera. The photos taken from the full plasma
or from a selected area contains pho-tons in the eV energy
range and thus give information on the low energy compo-
nent of the electrons energy distribution function (EEDF)
exciting visible light transitions of atoms and ions.

The RF probe (mounted into the injection plate of the
plasma chamber) together with a Spectrum Analyser (SA)
can detect and show the plasma emitted EM waves in the
GHz range. In our case the range of interest was 13-15
GHz. If the frequency of the emit-ted wave differs from the
original one(s) it could be a sign of instability in the
plasma.

The High Purity Germanium (HPGe) Detector is
mounted to the straight axial port of the 90 degree analyz-
ing magnet. Its operation range is 30-400 keV. We used it
in two different modes. In time integrated mode the spec-
tral temperature of the plasma can be calculated from the
raw data. In time resolved mode we triggered its measure-
ments by the sudden RF signals emitted by the unstable
plasma to obtain hard X-ray spectra at different time do-
mains corresponding to unstable and stable plasma re-
gimes. Shaping time of the detector is about 5 us.

During all the measurements a middle-charged argon
plasma was kept in the ion source with fixed gas dosing
valve and with fixed (maximal) magnetic field. Represent-
atives of the charge state distribution of the extracted ion
beam (Ar6+, Ar9+, Arl1+) were continuously monitored
which gave information on the ionization efficiency and on
CSD shift.

ALTERATIONS ON THE ECRIS FOR
THIS MEASUREMENTS

The original plasma chamber of the Atomki-ECRIS is
made of stainless steel containing Fe, Cr, Ni, Mo and other
components which, of course, appear in the X-ray spectra
made the analysis difficult in our earlier experiments. To
avoid it, after careful selection, we made or covered the
three main parts of the chamber with three different metals.
Figure 2 and Table 2 show the details. The new injection
plate was made of aluminium allowing the mounting the
gas tube, the WR62 waveguide and the RF-probe (Fig.2a,
from left to right). The lateral wall was covered with 50 m
thick tantalum sheet (Fig. 2b). The Al plasma electrode was
covered by a 1 mm thick titanium plate (Fig. 3c, after
plasma operation).

From Table 2 is obvious that by using these materials
when an argon plasma is present, all the characteristic
peaks can be well separated by our soft X-ray detectors be-
tween 1.49 and 8.14 keV energies (the expected peaks with
increasing order are: 1.49, 1.56,2.96,3.19,4.51,4.93, 8.14
keV). This solution also makes possible a post-processing
energy filtering of the x-ray photos taken by the pinhole
camera. If so, the origin of the different X-ray photons and
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also the role of the different part of the plasma chamber can
be revealed.

b) c)

Figure 2: New materials in the plasma chamber. a) Injec-
tion plate, aluminum, mesh transparency is 60%. b) Lateral
wall is tantalum. c) Plasma electrode covered with tita-
nium.

Table 2: The Most Probable K and L Shell Related
Characteristic X-ray Energies From Different Metals.

Part of Material K. Ksp Lo
chamber (keV) (keV) (keV)
Injection Al 1.49 1.56 -
plate

Lateral Ta 57 65 8.14
wall

Plasma TI 4.51 4.93 0.45
electrode

Plasma Ar 2.96 3.19 -

During the measurements the ECRIS was operated at max-
imum coils’ power resulting in an axial magnetic field dis-
tribution as it is in figure 3. At klystron-mode operation
(f=14.25 GHz) the ratio of Bmin/Becr is 0.76 Tesla which is
close to the “critical” 0.75 value for the instability onset, as
observed by different authors [8, 9]. When operating the
source in two-frequency mode the second frequency can be
varied between 13.6-14.6 GHz resulting in a Bumin/Becr
value between 0.75-0.8. Thus one can study what happens
when we approach or pass the critical value both up and
down direction without changing the axial magnetic field
configuration.

12000
2 10000
= 8000
S 6000
Becer(14.25GHz)=0.51T
A 4000 5
2000 —min_0.76

ecr

30 Z (cm) 80

Figure 3: The axial magnetic field distribution of the
Atomki-ECRIS at maximum coils fields.

The microwave system was also significantly modi-
fied to inject two frequencies and to measure the net inci-
dent power with high precision. The plasma chamber size
(diameter 58 mm, length 210 mm) of the Atomki-ECRIS is
small comparing with most other ECR ion sources and, of
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course, is much smaller than the known experimental
Efu-sion plasma devices. To use the above mentioned
Z instru-ment arsenal and to install all the measuring
%tools thus meant a challenge for us and also forced
+ some restrictions and compromises. For the way of
studying the two-close-frequency operation mode we
decided to use only one waveguide in order not to
“occupy” most surface of the in-jection flange. By
applying the small size WR62 wave-guide window and
two holes for gas injection and for the RF-probe let us
to observe more than 60% of the plasma through an
aluminium mesh (Fig. 2a). The full micro-wave system
is shown in Fig. 4. Both the klystron ampli-fier (14.25
GHz fixed frequency, power max 1000 watt) and the
TWTA (13.6-14.6 GHz variable frequency, power

Sweep oscillator
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max 500 watt) are fed by sweep oscillators. A special
com-biner unifies the two amplified signal and forwards
them toward the plasma chamber. At the TWTA branch
we in-stalled a phase shifter to explore the effect of
the phase shift, if any. A broadband frequency circulator
was applied to save the amplifiers from damages caused
by reflected powers. A cross-guide was mounted as close
to the plasma chamber as possible to the simultaneous
measurement of the forwarded and reflected rf-powers.
This solution made us possible to fix the net power
(which is the difference of the two ones mentioned) at
a constant value. Then the waveguide system was
connected to the plasma chamber through high voltage
and vacuum windows (Fig. 4.).

TECHNICAL RESULTS

The measurement system described in this paper was as-
sembled and tested in two steps (March and June 2018),
first part by part and after that in whole. The ECRIS was
always operated with argon plasma with fixed gas flow
(optimized for middle-charged argon plasma) but without
any mixing gas. The coils currents were at maximum. The
g applied total micro-wave power was varied between 20 and
% 200 watt. While 200 W is still a “low-power” operation in
i the world of highly-charged-ECRISs, in the X-ray meas-
€ urement history of this kind of plasma it is a big step for-
g ward, if we compare with ours earlier settings [3, 2, 7]
where we were restricted up to a several tens of watts.
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Load Load 20 dB Cross guide
Klystron Sweep oscillator
> HP8620A mf.
= J va
Ij 17(:00 W N HP86260A pi.
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Figure 4: The microwave coupling system to study the two-close-frequency operation mode in ECR ion sources.

The measuring system operated well, regardless of some
smaller technical failures which are unavoidable when
working with such complicated setups. By using the silicon
drift detector and the long collimator we were able to see
only the argon plasma (with tiny titanium peaks from the
plasma electrode) in the X-ray spectrum.

The RF-probe together with the Spectrum Analyser rec-
orded signals effectively from the plasma in the GHz
region. An example is in Fig. 5 where the source was
operated in two-frequency mode. Beside the two main
(coupled-in) signals one can see fake peaks as well,
caused by the power-limiter (inserted before the SA). The
limiter be-ing a nonlinear electrical circuit is operating as
frequency mixer and produces such fake peaks. Also there
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are signals which are generated in the chamber due to
plasma instabilities.

In Fig. 6 we show another example: it is a typical X-ray
plasma picture taken by the pinhole camera. Special
areas (red quadrants in figure) were selected as ROIs (re-
gion of interests) to investigate the count rates in those re-
gions carefully as function of the ion source setting param-
eters. Areas are corresponding to the plasma region (ROI-
2, ROI-3, ROI-4, ROI-8), to the plasma losses on the
plasma electrode (ROI-1, ROI-12), to the plasma losses on
the lateral wall of plasma chamber (ROI-5, ROI-6, ROI-7),
to the whole image (ROI-10), to the background (ROI-9,
ROI-11). A comparison with the plasma traces on the ex-
traction electrode (Fig. 2c) is possible and necessary to
do.

As mentioned in the Introduction the results of the
measurement campaign obtained so far are presented
in two other accompanying papers [4, 5].

Specinum ArelyTor Deis
aghred (V020 €13

TWT, 1=13.92 GHz l
Radiation here

sign of instability! /

KLY, f=14.25 GHz

| Af peak (limiter as
| frequency mixer)

Figure 5: Example of the detected RF-signals emitted by
the plasma at coupled 13.92 and 14.25 GHz frequencies.
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Figure 6: Typical x-ray plasma picture recorded by the pin-
hole camera. The red quadrants represent the selected
ROIs.
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> Abstract
Heavy ion facilities such as the National Superconducting

5 Cyclotron Laboratory (NSCL) often use ECR Ion Sources a. 18 GHz — B /Baci0
S (ECRIS) for the production of highly charged ions to in- N B,/Bec=0.73
*2 crease the efficiency of accelerating structures. Axial | | ’ Bmin/Becr=0.5
-8 bremsstrahlung emission was studied on the Superconduct- 27 4 d Id I hj| & [
,—é ing Source for Ions (SuSI) at the NSCL for 18 GHz and 13 24 XXy ‘ 7
% GHz operation with oxygen. The hot electron temperatures — & \
g were estimated from the bremsstrahlung high energy tail g L —— Eg
£ and seem to depend only on magnetic minimum in the same £ e [g
E way as was found on VENUS [1], even in the case where 18 S1s :
Z GHz and 13 GHz frequencies were compared for similarly 2, , — e
+« sized ECR zones. Additionally, the time independent x-ray £ T\ [

£ power increased at a significantly larger rate when operating %0‘9 X oV 4 X
-Z the source in known regions of instability such as where 206 il ) A N e
“‘55 the magnetic minimum approaches the ECR zone [2]. The 03 ‘L\\NL{\\-\‘U\ 4»\-\\1 N Lw
g results are discussed in the context of electron losses due to - N ’ M
E magnetic confinement. 48 42 36 30 24 -18 12 6 0 6
k= Position (cm)
£ INTRODUCTION b. 13 GHz
é We present the bremsstrahlung measurements from a B : s’“'”; 2”?8‘23
& fast sputtering campaign conducted on the Superconduct- o /B:z;os
S ing Source for Ions (SuSI) at the National Superconduct- 2.7
@ing Cyclotron Laboratory (NSCL). The SuSI source is a » Wﬂ w *lg/ & \>>I & :

g fully superconducting ECR ion source nominally operat- .

§ ing at 18 GHz [3] and 24 GHz [4] microwave frequen- L e
g cies. Following the path set by Geller’s scaling laws for é 1.8 Sputtering Probe
; ECRIS [5] the plasma density and beam current of ECR gis
m ion sources increase with the square of the operating fre- D e
8 quency and as proposed more recently [6] with the square Lé b
£ of the magnetic field. However, increasing the magnetic %049 : N
% field increases the bremsstrahlung emission from the source 206 -NM ]

é and stresses the cryostats of 3"¢ generation fully supercon- s \\\1 l\\\\j Lw
& ducting ion sources. Dynamic heat loads on the order of ‘ mm‘m

£ several watts [7] have been observed as a result of x-rays 0.0
3 produced by bremsstrahlung as electrons escape the ECR
5 plasma, in particular when operating with higher magnetic
2 fields. The x-ray investigation presented herein focused on
_az how x-ray temperature changed with magnetic minimum fol-
= lowing measurements previously done by the LBNL group
E using the VENUS source [1].

Bremsstrahlung results are presented for 18 GHz opera-
» tion up to 400 W applied microwave power and 13 GHz for
a microwave power level of 100 W. Continuous Wave (CW)

48 42 36 30 24 -18 12 6 0 6
Position (cm)

Figure 1: SuSI Magnetic field as simulated using Poisson
with the radial sputtering probe developed for SuSI (dotted
line). Three field configurations: By, /Be=0.5, 0.73. and
0.9 were selected for both 18 GHz and 13 GHz operation.
The magnetic fields were scaled with frequency resulting in
the same ECR zone size for constant B,,;, /B, ratio. The
radial sputtering probe was inserted in between the electron
flutes on the injection baffle along the plasma chamber wall.
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Table 1: Characteristics of the Magnetic Field Configura-
tions Used in the Study

Frequency 18 GHz 13 GHz

Bin/ Becr 05 073 09 0.5 073 09
Bpin (T) 0.31 0.46 0.55 0.22 0.32 040
Binj (T) 2.55 255 255 1.84 1.84 1.84
Bext (T) 1.25 125 1.25 0.90 0.90 0.90
Byqa (T) 1.25 125 1.25 0.93 093 0.93
ECR Length (cm) 163 12.8 9.3 16.5 13.0 93
Bext/Bin 4.03 272 227 4.09 2.81 2.25

sputtering Charge State Distributions (CSD) are presented
comparing 13 GHz and 18 GHz operation for constant mi-
crowave power, magnetic minimum (B,;,), and ECR zone
size.

EXPERIMENTAL SET-UP

An off-axis radial sputter probe developed for SuSI was
used with a gold sputter sample for these measurements.
Gold currents ranging from 100’s of nanoamperes to mi-
croamperes were used to avoid saturating the plasma with
the heavy metal. Microwave power was limited to 400 W to
protect the sputter sample and sputtering probe from damage.
The probe consists of a conducting inner core and an insulat-
ing outer shield, and to provide the sputter sample access to
the plasma a small hole was cut at the end of the insulating
shield. The outer insulator was cylindrical in cross section
with an outer diameter of 11.4 mm and protruded 14.5 cm
from the injection baffle. The probe was passed from the
injection flange along the plasma chamber wall (see Fig. 1)
in between the electron flutes on the injection baffle.

Table 1 summarizes the parameters explored for the study.
We used two microwave frequencies and three mirror con-
figurations for each frequency. The fields for the 13 GHz
configurations were scaled by the ratio of the frequencies.
For constant frequency, the injection and extraction field
strengths were fixed varying the magnetic minimum as can
be seen in Fig. 1a-b. A field with constant B,/ Be, ratio
had a similar ECR zone size.

Typical plasma parameters are summarized in Table 2.
Oxygen was used as the mixing gas for each plasma studied,
and the leak valve set-point remained constant as the mag-
netic field was changed within a selection of frequency and
microwave power. 13 GHz operation was limited to 100 W,
since the narrow bandwidths optimized for the 18 GHz trans-
mission line DC break and the microwave window lead to
a high reflected power, while up to 400 W was used for
18 GHz operation. The microwave power for B,/ Becy=0.9
(at 18 GHz) had to be limited to 200 W to avoid damaging
the probe by the plasma at this field.

Energy resolved x-ray spectra were measured using an
axial High Purity Germanium (HPGe) x-ray detector. The
HPGe detector was used with an Ortec 671 linear shaper
amplifier and Ortec Easy MCA (Multi Channel Analyzer)
with pileup rejection to collect the detector signals. This
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Figure 2: X-ray spectra corrected for detector efficiency and
background radiation produced by an oxygen plasma driven
at 18 GHz with 100 W microwave power. An exponential
decay function was applied to the bremsstrahlung spectra
starting at 125 keV through the end of the datafile (1440 keV).

combination of amplifier and MCA with pileup rejection
could accept a maximum 20 k counts per second (if uni-
formly spaced in time), the maximum average count rate
observed in the experiment was 2.2 k counts per second
and was well within the capabilities of the data acquisition
system. The detector was placed at the end of a narrow col-
limation channel with a tungsten insert similar to the one
described in [8]. The collimator allowed an opening angle
of about 20 minutes projecting a circle of 13 mm in diame-
ter on the extraction electrode. As the extraction electrode
aperture was 8 mm in diameter the observed x-rays were
mainly produced by bremsstrahlung from electrons lost from
the magnetic trap and striking the extraction electrode. The
HPGe detection efficiency was measured off-line using a
152Eu source of known activity. All data were corrected for
detector efficiency. The HPGe detector was placed outside
the vacuum vessel so the x-rays traveled through 3.3 mm of
quartz (vacuum window) and 1.4 m of air gap before reach-
ing the detector. Therefore x-rays of 50 keV or less energy
experienced a nonlinear absorption curve with energy and
were not considered in the analysis.

Following the deconvolution method prescribed by [9]
an exponential function was fitted to the bremsstrahlung
spectra extracting an estimate for the hot electron tempera-
ture (for a Maxwellian electron energy distribution function).
Therefore, any non-Maxwellian features (non-exponentially
decaying with energy) such as the peak in x-ray power
that typically appears around 80-110 keV as can be seen
in Fig. 2 were excluded. Fitting of the x-ray spectra for
hot electron temperature began at 125 keV (see Figs. 2
and 3) for all spectra with the exception of 13 GHz opera-
tion for B,/ Becy=0.5 (the smallest B,,;,) where the fitting
region began at 100 keV to accommodate for the overall
lower energy bremsstrahlung distribution. The apparent bi-
Maxwellian spectra for By, / Becr=0.9 in Fig. 2 had a change
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@)

% Table 2: Key SuSI Parameters for Two Different Magnetic Field Configurations

S Frequency 18 GHz 13 GHz

2 Microwave Power 400 W 200 W 100 W 100 W

”é Byin/ Becr 0.5 0.73 05 0.73 09 05 073 09 05 073 09
3

2 Drain Current (mA) 147 1.71 144 14 133 0.94 1.08 1.08 1.03 1.03 1.03
% Injection Pressure (1078 mbar) 91 93 13 14 13 87 89 87 63 6.1 6.6
% Extraction Pressure (1078 mbar) 1.5 1.6 1.9 19 1.8 1.6 13 1.6 094 0.74 0.92
; 0% Current (euA) 59 61 35 64 68 13 30 39 4 17 21
T O™ Current (euA) 64 65 81 66 71 32 60 48 42 59 47
g O?* Current (euA) 75 78 83 79 63 60 73 64 73 53 43
£

§ in slope around 300 keV, masking away this feature decreased —8— B,;,/B=0.9, 18 GHz

& the temperature by 4% compared to its inclusion. Effects 125 kev —®— B /Be=0.73, 18 GHz
Z due to bi-Maxwellian features in bremsstrahlung spectra 60 = Brin/Bec=0-5, 18 GHz
% were not accounted for in the dataset as a whole, however ., _/,/'

g isolating the higher temperature component of the spectra 50 . B o i

*g at Byin/ Beer=0.9 in Fig. 2 by fitting from 300 keV resulted
g in a temperature of 67 keV which is 30% higher than that
2 obtained from fitting at 125 keV.

X-ray power was chosen as a figure of merit of the plasma
8 because it is weighted by the energy and photon counts. X-
.« ray power transported through the collimation channel pro-
f vides a relative measure related to electron losses because
S the x-ray production rate on solid targets (extraction elec-
% trode) is many orders higher than for gas targets. The total
'8 X-ray power emission was calculated by summing the x-ray
% power for each channel (discretized photon energy bin) of
2 the 13 bit MCA starting at 50 keV through the end of the file
< at 1440 keV. The x-ray power error was calculated by taking
@ the fractional uncertainty 1/ /N for a Poisson distribution,
& with N the number of detections per channel (uncorrected
© for detector efficiency), and weighing it by the x-ray power in
§ that channel. Each channel x-ray power error was summed in
12) quadrature (assumed independent and random) to generate
< the total x-ray power error.

k mu

W

RESULTS AND DISCUSSION

The behavior of hot electron temperature with choice of

low energy fitting boundary was explored for 18 GHz opera-
£ tion at 100 W, with the intent of estimating the electron tem-
< perature error. Figure 3 shows how the hot electron tempera-
S ture changed with fitting region starting between 80-170 keV
-“.2 terminating at 1440 keV. A data mask that includes the non-
z exponentially decaying portion of the bremsstrahlung spec-
% tra (80-100 keV region) produced an artificially high hot
2 electron temperature from the decrease in slope about the
2 peak in bremsstrahlung power. In the case of B,/ Becr=0.9
E the temperature increases beyond 120 keV as the higher
S temperature but lower intensity portion of the hot electron
.= distribution is weighted more strongly. For Figs. 4 and 9 the
= hot electron temperature error was generated propagating a
S +10% deviation in mask energy about 125 keV except for
% 13 GHz operation at B,;;;,/ B..r=0.5 when the energy used
‘g was 100 keV, in accord with our previous statements. The
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Figure 3: Hot electron temperature from fitting with an ex-
ponential decay function for different choices of the starting
energy of the fitting function (fitting mask energy). The
hot electron temperature changed with fitting range because
the plasma generating the bremsstrahlung is not completely
Maxwellian. 125 keV was selected as the mask energy to
process all spectra (except 13 GHz with By, / Bec=0.5) to
minimize the influence of the bremsstrahlung peak around
80-110 keV while maximizing the fitting region.

error bars in this case do not represent a 68% confidence
interval but rather the deviation using three fit ranges.

The hot electron temperature (from fitting the
bremsstrahlung spectra) increased with magnetic minimum
as shown in Fig. 4. The trend and the absolute values of hot
electron temperature with increasing B,,;, were consistent
(including the rate of change) with the findings in [1],
where temperature increased with the absolute value of
the magnetic minimum. The two fields: B,/ Bec=0.5 at
18 GHz and B,/ Becr=0.73 at 13 GHz had approximately
the same magnetic minimum (B,,;,=0.3 T) and hot electron
temperature. For B,,;;,=0.3 T, the extraction mirror ratio
(Bext/Bmin) was 30% lower at 13 GHz than for 18 GHz
(see Table 1). Comparing 100 W cases, the x-ray power for
Bin/Beer=0.73 at 13 GHz (7.1£0.9 pW) was 30% higher
than By, /Be..-=0.5 at 18 GHz (5.3£0.7 pW) as seen in
Fig. 5 suggessting the difference in x-ray power was the
result of the reduced mirror ratio for 13 GHz operation.
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Figure 4: Hot electron temperature from fitting of the ax-
ial bremsstrahlung emission. The temperature depended
on magnetic minimum independent of frequency and mi-

crowave power.
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Figure 5: X-ray power with changing mirror ratio
(Bext/Bmin) for 13 GHz and 18 GHz operation with a mi-
crowave power level of 100 W.
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Figure 6: Total integrated x-ray power for all non-attenuated
photons (greater than 50 keV) as a function of microwave
power at 18 GHz. X-ray power increased linearly with mi-
Crowave power.
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Figure 7: Gold CSD normalized to the sum of all gold cur-
rents for B,,,;,=0.3 T at 100 W microwave power. The total
extracted current for 13 GHz operation was 1.55 euA while
for 18 GHz operation was 8.80 eu/A.
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Figure 8: CSD of gold for a sputtering voltage of -500 V and
with a microwave power level of 100 W. The gold currents
extracted when coupling 13 GHz microwaves to drive the
plasma was about an order of magnitude lower than those
obtained with 18 GHz microwaves for either constant By,
or ECR zone size.

X-ray power increased linearly with microwave power
as shown in Fig. 6. A similar relationship was observed
as a dynamic heat load on the VENUS cryostat [7]. The
hot electron temperature remained static with increasing
power as seen in Fig. 4 so the increased power is not from
a redistribution of the electrons to higher energies, instead
likely the result of increasing plasma density.

Sputtering to produce highly charged ions is sensitive to
the local and global plasma density: The sputtering yield
(in general) depends on the ion density at the sputter sam-
ple while the ionization probability of the neutral sputtered
material depends on the electron density along the path of
travel through the plasma. The gold CSD’s were peaked at
the same charge states as seen in Fig. 7 for constant B,
but the lower frequency and mirror ratio produced a slightly
larger percentage of high charge states. However, the gold
currents when operating at 13 GHz were nearly an order of

TUP15
123

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



~ 23th Int. Workshop on ECR Ion Sources
O ISBN: 978-3-95450-196-0

—v— 13 GHz
Bnin=0.3T A— 18 GHz

Hot Electron Temperature (keV)

Figure 9: X-ray power as a function of hot electron tempera-

ture comparing 13 GHz and 18 GHz frequencies at 100 W

microwave power for all six magnetic fields used for the

study. For 13 GHz operation, x-ray power increased linearly

g with electron temperature for each magnetic field configu-
+ ration while 18 GHz operation generated double the x-ray
£ power for a 17% increase in temperature when changing the
<% magnetic field from By, / Beer=0.73 t0 B/ Becer=0.9.
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magnitude lower than at 18 GHz as shown in Fig. 8 when
controlled for microwave power, ECR zone size, and B,
suggesting the density was lower for 13 GHz. Higher fre-
quency operation may pay dividends when it comes to metal-
lic beam production even with lower magnetic fields, due to
S an increased plasma density for the higher frequency. Ad-
£ ditionally, for constant mirror ratio, the x-ray power from
A the 18 GHz plasma was larger than that produced at 13 GHz
o in Fig. 5 further supporting the established idea that higher
@ microwave frequency generates a denser plasma.
It may be possible that higher 13 GHz power levels could
g have be used to compensate for the reduced density when
= compared to 18 GHz operation. In particular, for the case of
& Biuin=0.3 T an additional 200 W of microwave power (mi-
m crowave power level of 300 W) would be required to equalize
8 the x-ray power for a mirror ratio of 2.8 in Fig. 5 based on the
2 trend in Fig. 6 obtained at 18 GHz for By /Bec=0.5. The
5: gold current increased nonlinearly with microwave power
E at 18 GHz for B,,;;,=0.3 T for charge states Au*>*-Au’0*.
S In particular, Au** current increased by about a factor of
2 3 for every factor of 2 increase in microwave power, and
& if Au* current increased at a similar rate for 13 GHz op-
g eration the gold current at 300 W would have been about
E 0.6 1A which is the same order as the measured Au®"*
2 S current (0.4 uA) suggesting lower densities obtained with
> > lower microwave frequencies can be compensated for with
£ increased microwave power.

The oxygen support gas currents for 13 GHz and 18 GHz
- operation for 100 W were often less than a factor of two apart
as seen in Table 2. The high charge state performance (0%*)
was consistently better for 18 GHz operation than at 13 GHz
(except for B,,;,=0.3 T where 13 GHz operation slightly
outperformed 18 GHz) similar to the behavior reported in [4]
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comparing 18 GHz and 24 GHz performance with argon for
kilowatts of microwave power.

In all plasmas studied the x-ray power increased as a
function of hot electron temperature. For 13 GHz op-
eration the x-ray power increased linearly with hot elec-
tron temperature for the three magnetic field configura-
tions. However, for 18 GHz operation x-ray power increased
sharply for B,/ Becr=0.9 where the x-ray power doubled
for only a 17% increase in electron temperature (compared
to Bpin/Becr=0.73) as seen in Fig. 9. For comparison, the
x-ray power doubled for a 80% increase in hot electron tem-
perature between B,/ Bec;=0.5 and B,/ Bec;=0.73. The
increased x-ray power at this field and frequency combina-
tion may be the result of cyclotron instabilities, characterized
in part by bursts of microwave and x-ray power in ECRIS
appearing as the By, / Be, ratio increases beyond around 0.7
for microwave powers as low as 50 W [2]. Cyclotron insta-
bilities convert hot electron kinetic energy into microwave
energy resulting in hot electrons escaping the magnetic bot-
tle [10]. Cyclotron instabilities in the hotter denser 18 GHz
plasma for By, / Beer=0.9 (B,:,=0.55 T) likely produced in-
creased hot electron losses resulting in increased x-ray power
as measured in our detector. These instabilities may have
been present for 13 GHz operation but perhaps due to the
lower temperature electrons for By, / Beer=0.9 (B;i,=0.4 T)
and the lower plasma density x-ray bursts were too small in
amplitude to appear within our measurement sensitivity.
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STATUS REPORT ON THE AECR-U ION SOURCE AT KVI-CART
H. R. Kremers', J. P. M. Beijers, S. Brandenburg, B. N. Jones, KVI-CART University of Groningen, The Netherlands.

Abstract

A new hexapole, equipped with a pole tip field of 0.87
T has been installed in the AECR ion source. The new
hexapole improves the performance of the source, which
includes an observed enhancement in all charge state
distributions. For the xenon charge state distribution this
resulted in a significant increase of the higher charge
states that now allows for the production of an '**Xe*"
beam with intensities of 0.5 pA (collimated beam) that
can be used for regular operations.

INTRODUCTION

The interest in intense highly-charged heavy-ion beams
used by experimentalists and radiation hardness research-
ers motivates us to further develop our AECR-U ion
source [1]. As the production of intense highly-charge
heavy-ions ions requires high-magnetic longitudinal and
radial confinement fields, a degraded hexapole with pole
tip fields of 0.72 T limits us to achieve the high beam-
currents for the highest charge-states of heavy ions. The
most optimal design strength of the longitudinal and radi-
al magnetic fields with respect to the heating frequency
has experimentally been found and described by scaling
laws [2]. According to the law B,y = 2 X B, our radial
field should be close to 1 T (Be,, = 0.5T). The new hexa-
pole has pole tip fields of 0.87 T; a little lower than the
optimal B4 of 1 T. Furthermore, with the installation of
the new hexapole, the homogeneity of the magnetic field
along the bars improved from 14% to 5% and the maxi-
mum value of each bar does now vary within a range of
0.15 Tesla instead of 0.4T. In this paper we describe the
exchange of the hexapole including the modification on
the plasma chamber. Furthermore, we present beam inten-
sity measurements before and after the replacement of the
hexapole and discuss these measurements. Finally, the
paper will be close off with the conclusions and a future
outlook.

THE HEXAPOLE REPLACEMENT

The conceptual idea behind the design of the hexapole
structure is that the design aims for a low background
vacuum in the plasma chamber. This is done by incorpo-
rating six radial pumping ports in between the magnet
bars (Fig.la.). Unfortunately, it comes with the cost of
having no magnetic material at the location of these
pumping ports. Therefore, the maximum achievable pole
tip fields are lower than for example a Halbach structure
[3]. Background pressures are achieved in the order of 2 x
10® mbar measured on top of the vacuum chamber. The
original design [4] has six pumping slots. But due to a
rupture of the aluminium wall between the cooling system
and the vacuum chamber of the original chamber, we
have changed the six pumping ports of the original design

1 h.r kremers@rug.nl
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into 6 x 3 smaller pumping slots which, close to the plas-
ma chamber, end in an array of 8 holes with a diameter of
4.8 mm (Fig.1b, 2) which increases the integrity of the
support structure.

The Support Structure of the Magnet Bars

The hexapole support structure is made from an 7075 T6
aluminium cylinder in which spaces have been machined
by wire cutting in which the six magnetic bars are mount-
ed (Fig.1). The six magnet-bars, made of Nd-Fe-B mate-
rial, are each build up by two rows of 10 blocks (Fig.1,2),
and mounted in a stainless steel AISI 304 can to prevent
the magnetic material to oxidize. All blocks are made of
MCE N5064 material and have an identical shape with an
easy axis of 43 +/- 2% deg (Fig.1f). During operation, the
left over spaces around the bars are also used for cooling.
The cooling water is directed specifically to the area of
the loss-lines (Fig.1c), where the electrons hit the alumin-
ium plasma chamber on the inside. This is done by filling
up all the space around the bars with SS sheets and rods
(not shown).

Figure 1: A through cut of a section of the aluminium

hexapole container including the canned magnet bar, (a) .

pumping ports, (b) pumping holes, (c) loss-lines, (d)
space filled with SS sheets, (e) can, (f) easy axis.

Pole Tip Field Measurement.

After assembly of the bars in the aluminium container, the
hexapole is mounted in a magnetic-field measurement
setup. In this setup the hexapole, supported by a v-shaped
base, is positioned such that a hall-probe (LPT-141-10s),
located at the center line of a hexapole bar, can be moved
along the plasma wall. As the actual hall-probe “loop” is
located asymmetrically in the head of the hall-probe, a
holder is made such that the actual loop inside the probe
is symmetrically in front of a pole on a radius of 32.92
mm. The distance between the source axis and the plasma
chamber wall is 38.2 mm. To obtain the magnetic field
values (Fig.3) at the wall the measured values have been
multiplied by (38.1/32.9) as the magnetic field quadrati-
cally increases as function of the radius. The magnetic
field is measured over 300 mm with steps of 1 mm. At
every step the longitudinal position and the radial magnet-
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ic field are recorded. In the magnetic field measurements
 one is able to identify the glue space between the blocks

(a) |

ECRIS2018, Catania, Italy

JACoW Publishing
doi:10.18429/JACoW-ECRIS2018-TUP19

as they give a small dip in the magnetic field (<1.5%) as
can be seen in figure 3.
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Figure 2: A cut through the hexapole on axis. (a) 10 blocks of magnet bar, (b) closure of the can, (c) lid of the container,
= (d) RF seal, (e) vacuum seal, (f) pumping ports, (g) pumping holes.

MEASUREMENTS

The measurements of the maximal achieved beam cur-

& rent per charge-state for xe-129, before and after the re-

Aplacement of the hexapole, are presented in table 1. In

= both cases, the measurements were carried out with a

o < conditioned ion source. ‘Conditioned’ means that first the

5 ion source runs for 60 hours on oxygen to remove mainly
£ the carbon contaminants in the plasma.

ny distribution of this work must maintain attribution to the author(s), title of the work, publisher, and D
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Figure 3: Measured absolute radial magnetic field at radi-
us 38.2 mm of the centre. The different measurements are
colour code depending on the pole.

Secondly, another 60 hours is used to reach stable
5 operation to measure the highest beam current per charge-
state for the highest charge-states of xenon. The opera-
S tional pressure in the plasma chamber is < 10”7 mbar and
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oxygen is used as a mix gas. The optimal bias disk volt-
age is low in all measurements and ranges from -10V to -
60V. Also, double frequency injection was used in all
measurements. The frequency of the TWT ranges from
11.5 to 12.3 GHz. The klystron delivered a power of 800
W for the measurement done before the replacement of
the hexapole while the optimal power of 500 W was
needed after the replacement of the hexapole. The beam
currents were measured by a collimated Faraday cup (96
mm) in the image plane of the analysing magnet (see
table.1).

RESULTS AND DISCUSSION

The maximum beam intensity of the '*Xe**" ;measured
with the new magnet bars, is a factor of 8 higher with
respect to the '*’Xe*" measured with the old magnets (see
Table 1.). Even more, now the '*’Xe** and '*Xe**" are
detectable and can be used for injected in the AGOR
accelerator. The intensity of '*’Xe*" stays the same. So,
we conclude that the increase of the pole tip fields of the
hexapole works very well for high charge states of xenon.
Regarding the extracted intensities from the source with
respect to the collimated intensities measured at the fara-
day cup in the image plane of the analysing magnet, one
can reason that the extracted intensities are probably a
factor of 6 higher as the transmission of the analysing
magnet is roughly 50% (for oxygen) and a further atten-
uation occurs by the collimation at the faraday cup (33%).
However, highly-charge heavy-ions tend to be extracted
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close to the axis and therefor the factor of 6 might be an
overestimation [5].

Table 1: Measured Xenon Beam Currents

Xenon Beam current Beam current
charge [A] [A]
Old hexapole New hexapole
29 33 33
30 1.5 2.7
31 0.68 1.7
32
33 0.053 0.44
34 0.2
35 0.07
CONCLUSIONS AND FUTURE
OUTLOOK

The replacement of the hexapole resulted in an im-
provement of a factor 2.5 for the '**Xe*'* xenon produc-
tion and a factor of 8 for '*’Xe*** production. Even more,
higher charge states were detectable as the '**Xe** and
129Xe** were measured. Due to this improvement KVI-
CART is able to provide intense highly-charge heavy-ion
beams for experiments and radiation hardness tests for
third parties. To increase the intensity even further, an
einzel lens will be installed in between the ion source and
the analyzing magnet to improve the transmission through
the analyzing magnet. Furthermore, to reduce the carbon
cleaning-time of the ion source, we plan to demonstrate in
the near future that the plasma chamber will be less con-
taminated with carbon during the production of carbon
beams when CO, gas is used rather than CH, gas.
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= Abstract

Formation of ion beams with wide apertures and current
at level of tens and hundreds Amperes is required in a wide
range of studies. Usually plasmas of arc or high-frequency
discharges are used for such applications. In this paper the
possibility of using of an ECR discharge sustained by pow-
-2 erful millimetre wave gyrotron radiation for these purposes
- is considered. A high plasma density is required to solve
= S the problem of obtaining high values of ion beam current
£ density. The use of gyrotron as a source of millimetre wave
£ radiation in the ECR discharge makes it possible to obtain
£ plasma with high density and high ionization rate, close to
100%. Earlier at the IAP RAS the possibility of dense
= plasma fluxes production on the basis of ECR discharge in
o a magnetic field of one solenoid was demonstrated. In this
= paper, the characteristics of the outgoing plasma flux (den-
f: sity and homogeneity) were investigated. Estimations of
° the prospects for using such systems for high-current ion
-2 beams formation are presented.
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INTRODUCTION

Electron-cyclotron resonance (ECR) ion sources are one
of the most widespread types of systems for producing ion
f beams. Previous experiments in IAP RAS were aimed at
& creating sources of multiply charged ions with a high
© plasma density in such magnetic field configurations as
8 open magnetic trap and cusp. It was demonstrated that in
o such systems the electron concentration can reach
o values 1013 cm™3, electron temperature at the level of
100 eV, and the ion beam current has record values up
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HOMOGENOUS DENSE PLASMA FLUXES FORMATION FROM
HIGH FREQUENCY ECR DISCHARGE
S.V. Golubev, R.A. Shaposhnikov', I.V. Izotov, R.L. Lapin, S.V. Razin,
A.V. Sidorov, V.A. Skalyga, Institute of Applied Physics Russian Academy of Science, 603950
Nizhny Novgorod, Russian Federation

to 500 mA [1-3]. System which is based on the ECR
discharge in one solenoid magnetic fields has
prospects for producing sources of singly charged ions
and formation of plasma fluxes with large apertures as
an alternative to existing magnetic plasma confinement
systems. This paper is con-cerned with an experimental
investigation the transversal plasma fluxes distribution
and measurements of plasma pa-rameters obtained in the
ECR discharge in a single mag-netic coil sustained by a
powerful millimeter-wave gyro-tron radiation.

EXPERIMENTAL RESULTS

The experiments were carried out at the IAP RAS on
fa-cility SMIS 37 (see Fig. 1), partly modified the single
coil studies. Gyrotron radiation at the frequency of 37.5
GHz with the power up to 100 kW and pulse duration up
to 1.5 ms was used for electron heating and discharge
ignition. The microwave radiation is launched through a
quasiopti-cal system into the discharge chamber with
diameter of 68 mm and 250 mm long placed inside pulsed
magnetic coil. Magnetic field in the center of the coil
varies from 1 to 4 T. ECR value of magnetic field for the
frequency of exter-nal electromagnetic radiation 37.5
GHzis 1.34 T.

The operating gas (hydrogen) was inlet into the dis-
charge chamber in pulsed mode along the axis of the mag
netic system through a gas-entry system integrated into
the electrodynamic system for microwave radiation
injection. To control neutral gas inlet the pressure in the
gas buffer chamber above the gas valve was varied from
0.25 atm. up

magnetic coils

qas injection plasma chamber extraction system

diagnostic chamber

miCrowave radation,
37,5 GHz

[

=—
o o

:
‘o o
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Figure 1: The experimental facility SMIS 37.
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to 0.92 atm. The first experiments were aimed to determine
breakdown conditions in this system. At the first step ex-
periments with a constant neutral gas injection were per-
formed to study the possibility of the discharge ignition and
to determine a threshold microwave power for it at various
pressures. Breakdown curve plotted according to the ex-
perimental data is shown in Fig. 2. Also it was demon-
strated that discharge could be realized only if maximum
magnetic field in the chamber is above ECR value.

The second part of the experiments was aimed to meas-
urements of transverse profile of the plasma flux outgoing
along the axis of magnetic system. During the experiments,
the parameters of the system were optimized in such a way
as to achieve the most homogeneous plasma flux radial dis-
tribution. The measurements were carried out using a
Langmuir probe moved both in the radial and in the axial
directions. As a result of experiments, the plasma flux pro-
files were measured at various distances from the center of
the magnetic coil.

Example of the radial plasma flux distribution at the dis-
tances from the center of the magnetic coil of 31 cm, 21
cm, 12 cm, 10 cm and 8 cm at gyrotron power Q = 100 kW
and at the value of magnetic field at the center of the probe
B. = 2.16 T is shown in Fig. 3. The vertical axis represents
the density of the plasma flux, the horizontal axis repre-
sents the radial coordinate.

1001
95
90
85
80
75
70,
65
60

55/ No discharge

50,

45

40,

Discharge

Gyrotron power, kW

2 4 6 8 10 12 14 16 18 20 22
Pressure, Torr*e-4

Figure 2: Breakdown threshold curve for hydrogen

250

Gyrotron power Qgyr = 100 kW
Magnetic field in the center
H of the coil Bc =2.16 T

&d=31cm
*d=21cm ||

10 5 0 5 10 15 20
Radial coordinate, cm
Figure 3: Plasma flux distribution in a cross section, d-
distance between the probe and the centre of the coil.

The third part of the experiments was devoted to meas-

uring the plasma parameters obtained as a result of the ECR
discharge in the magnetic field of a single solenoid. During
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the experiments, the plasma density was measured at a dis-
tance of 31 cm from the center of the magnetic coil at dif-
ferent gyrotron powers, result is presented in Fig. 4. It is
clearly seen from the dependence that the plasma density
in the discharge increases with the microwave power and
reach values 101°cm™3. Measurements of the plasma den-
sity at various magnetic fields were also done. It is clear
from the Fig. 5 that plasma density increases with the
growth of the magnetic field.

9
14 %10

Plasma density, cm™
S (=] -] 5 5

™
o

40 60 80
Gyrotron power, kW

Figure 4: Dependence of plasma density on the gyrotron
power, d =31 cm
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Figure 5: Dependence of plasma density on magnetic field.

The final part of the experiments was concerned with op-
timization of system parameters on purpose to obtain the
maximum electron density in the discharge and to measure
the current density of the ion beam. The maximum electron
density in the center of the magnetic coil obtained in the
experiments was Nepa = 2 - 1013cm™3, and the electron
temperature was in the range 10 — 30 eV. The ion beam
current reached 15 mA through a hole with a diameter of 1
mm, which corresponds to the ion current density of j .« =
1.5 A/cm?.
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Figure 6: Ion beam current dependence on the extraction
voltage.
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CONCLUSION

Experimental results obtained during the investigation of
ECR discharge in one solenoid magnetic field demon-
2 strated the possibility of producing wide-aperture plasma
£ fluxes with a homogeneous radial distribution at different
i distances from the magnetic coil. It was also demonstrated
f that the plasma density increases with gyrotron power and
© magnetic field. As a result of the experiment parameters
= optimization plasma density of Nep,, = 103cm™3 and
= the electron temperature at the level of Te ~ 10 —30 eV
& were obtained. Density of ion current extracted through the
Imm hole reached record values jax = 1.5 A/cm?. Thus,
these experimental results demonstrate that such system
has clear prospects for producing of a wide-aperture
plasma fluxes with high current density.
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Abstract

The GTS-LHC ECR ion source at CERN provides heavy
ion beams for the chain of accelerators from Linac3 up to
the LHC and the SPS fixed target experiments. During the
standard operation the oven technique is used to insert lead
into the source plasma to produce multiply charged lead ion
beams. Many years of experience show that some of the
source instabilities can be linked to the oven performance.
The evaporation seems not to be constant and when the
oven reaches its maximum power, an indication that a refill
is required, often half of the original lead sample is still
present inside the oven crucible.

A dedicated study of the oven using an offline test stand
as well as thermal and gas dynamics simulations intends to
help to identify the reasons for these experimental observa-
tions. The goal is to find design modifications to stabilize
the evaporation rate and to prolong the oven runtime. This
contribution presents the latest results of the study.

INTRODUCTION

At CERN a number of experiments, in particular the heavy
ion runs at the Large Hadron Collider (LHC) rely on a con-
sistent supply of lead ions delivered by the GTS-LHC ion
source [1]. This source uses ovens (schematically depicted
and described in Fig. 1 (a)) to produce the lead vapour which
is then ionized. The produced ions are then injected into the
LHC injector chain starting with Linac3. The oven technique
is a widely used method to evaporate substances that are
solid at room temperature into the plasma chamber of an ion
source. The necessary temperature for such an oven depends
on the vapour pressure of the evaporated material. Especially
lead has a high gas pressure at relatively low temperatures,
which makes the evaporation inside a heated oven a natural
choice. During a normal run the oven’s power is initially
ramped up to a suitable value to initiate the lead evaporation
and then it is increased slowly throughout the operation to
maintain a sufficient evaporation rate. The adjustment is
done manually by the source expert as the evaporation rate
differs between individual oven fills. Reaching 20 W, which
usually happens after two weeks of operation, indicates the
end of the runtime as the oven does not maintain a stable
evaporation rate any longer and the oven can not be heated
up more without damaging the filament or other oven el-
ements. The general experience though is, that after each

* toke.koevener@cern.ch
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run the oven crucible still contains approximately half of the
original lead sample. This is an indication that there might
be room to improve the oven runtime when it is understood
what causes the drop of the evaporation rate.

To understand the limitation of the oven runtime and
the link between input parameters and the evaporation
rate, a dedicated offline oven test stand (OTS) is used, that
provides several diagnostic tools to study the oven in a
source like environment. Figure 1 (b) shows the main parts
of the test stand. To monitor the evaporation rate of the
oven, an INFICON quartz crystal deposition detector is
used [2]. A shutter in front of the sensor that is only
opened at predefined times protects the sensor and
extends the crystal life time. Visual observations can be
made through a vacuum window and K-type
thermocouples allow temperature measurements on the
outer cover of the oven.

BEHAVIOUR IN OXYGEN ATMOSPHERE

One candidate for a mechanism that limits the runtime
of the oven is clogging. It is regularly observed after a
two weeks run of the Linac3 ion source that the oven tip
is clogged with a formation of material that appears to be
lead oxide. As the GTS-LHC ion source uses oxygen as a
buffer gas within the plasma chamber it can be assumed that
the formation might be due to a chemical reaction between
the lead and the oxygen. The oven test stand was used to
reproduce and study this behaviour. The clogging was not
observed during previous experiments in the OTS, when
the oven was operated in vacuum (< 1.0 X 107 mbar), or
in nitrogen. When oxygen is injected into the vacuum sys-
tem, the formation of lead oxide is observed at the tip of the
oven. A thermovalve controlled by a feedback loop from
the vacuum gauge stabilized the total pressure inside the
OTS at 1.0 x 107> mbar over the duration of the run. The
oven was ramped to a sufficient evaporation rate, based on
prior experiences on the test stand. During the measurement
the oven power was then only adjusted when the signal on
the deposition sensor dropped notably. Throughout the ex-
periment the oven tip was photographed to document the
formation of the blockage. Figure 2 shows the evaporation
rate during the run together with four pictures of the oven tip
taken at different times indicated in the plot. Mainly three
characteristics could be observed:

» The evaporation rate at a constant power level is de-
creasing over time. To maintain a relatively constant
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output the oven power needs to be increased periodi-
cally.

* A blockage at the oven tip was forming that finally
blocks the oven completely.

* The measured evaporation rate clearly suggests that its
final decrease is due to the complete blockage of the
oven tip.

The pictures C and D in Fig. 2 show the transition from
£ a still open to a completely blocked oven. In the time be-
S tween the pictures the evaporation rate drops to almost zero.
EAround 14 days after the evaporation started, the blockage
2 closed completely, which compares well with the experience
3 at the operational ion source. Increasing the heating power
8 up to 20 W did not remove the lead oxide formation and
o could not restore the former evaporation rate. Additionally
% to the lead oxide blockage that can be seen in the photos of
i Fig. 2, remaining unoxidised lead could be found inside the
« oven and behind the blockage. Most likely it was evaporated
; from the crucible and then deposited on the inner side of the
O blockage.

It is though noted that the lead oxide formation at the end
«= of the experiment appeared to be bigger than the formations
g that can usually be observed in the Linac3 ion source. This
S might be due to a higher oxygen pressure in the experiment
£ than in the real source. However reducing the pressure one
_og order of magnitude already results in no oxide formation
5 at all. Another possible factor, that might influence the
'3 formation and thereby the appearance of the oxide blockages

5 in the source is the presence of plasma in front of the oven.

tribution of this work must maintain attribution to the author(s), title of the work, publisher, and D
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As picture A in Fig. 2 shows, the first decrease in the
evaporation rate at a stable power level is not caused by the
growing blockage but needs to be explained differently. One
.= possible explanation are regions of differing temperatures
within the crucible of the oven. As the vapour pressure and
S thereby the evaporation rate depends on the temperature, a
= redistribution of the lead sample for example by consuming
‘q"é material in the evaporation process could lead to decreas-
O
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Figure 1: (a) Drawing of the micro oven of the GTS-LHC ion source at Linac3. The alumina crucible containing the lead
sample rests inside an alumina structure. A tantalum filament around this structure is heating the crucible. The outer layers
serve as thermal insulation. (b) Schematic of the oven test stand. The oven is on the tip of a cane that is used to insert the
oven into the chamber. A window next to the oven tip allows visual observation while a deposition sensor measures the
evaporation rate. The OTS is evacuated with a turbo-molecular pump and a thermovalve (not depicted) allows a stable
atmosphere of a selected gas. A similar graphic is also presented in [3].

ing evaporation rates. Thermal simulations, presented in
[4], predict temperature differences of several tens of de-
grees Celsius between the end and the tip of the crucible,
depending on the total temperature of the oven.

GAS JET GEOMETRY

Observing the build up of the lead oxide at the oven tip
gives information about the formation mechanism. Photo
A in Fig. 2 shows droplets of lead condensate inside the
opening of the oven cover at a time when no oxide is present
yet. This hints that the first step in the oxide build up is
the condensation of lead vapour at the oven cover. For the
condensation to take place the vapour needs to hit those oven
parts in significant amounts. Understanding the geometry
of the gas flowing out of the crucible can help to understand
the reason for the blockage build up and how to mitigate this
problem. To find the appropriate way to model the system
the gas flow regime needs to be identified, which depends on
the present pressures and system dimensions. The Knudsen
number K, is a common coefficient that is used to determine
the flow regime. It is the ratio of the mean free path of a gas
particle, A, to the characteristic length of the system, / [5].

K, = % . €))

The mean free path can be estimated from the temperature

T and present gas pressure p assuming an ideal gas [6].

kT
2ro2p

Here kp is the Boltzmann constant and o = 360 pm the
diameter of the lead atoms. An assumption for the upper
limit of the lead gas pressure at a given temperature inside
the crucible can be made using the vapour pressure, p,,, of
lead, which can be derived from an empiric formula given
in [7]:

A @)
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Figure 2: The plot depicts the evaporation rate and the heating power during a heating cycle. The rate was measured every
30 min for 70s. To convert the deposition signal into an evaporation rate, the total amount of evaporated lead was measured
based on the weight of the lead sample at the beginning and the end of the measurement. The dashed lines in the plot
indicate the times at which the photos of the oven tip, presented on the right, were taken.

logpy, = 5.006 + A+ BT™", 3)

where A = 5.643 and B = —9701 are coefficients giving
the measured vapour pressure of liquid lead in Pa when the
temperature 7 is inserted in K.

The characteristic length in Eq. (1) depends on the
geometry of the system. Inside the crucible it is the crucible
diameter with 1 = 3.4 mm. Using these estimations the

Knudsen num-ber ranges from 96 for T = 600 °C to 0.2 for

T =900 °C which are realistic temperatures in the crucible,
following measurements presented in [4]. It follows that

inside the cru-cible the flow regime is either molecular flow
(K, > 10) or Knudsen flow (10 > K,, > 0.1), which is a
transition regime between free molecular flow and the
behaviour of a contin-uum. In the Knudsen flow the
probability of intermolecular interaction is similar to the one
of molecule-wall interactions. At the tip of the crucible the
pressure drops rapidly due to expansion of the gas, thereby
enhancing the mean free path of the gas particles. It can be
assumed that due to the low pressures the lead atoms
outside of the crucible propagate without significant
interaction between them in all relevant distances (1 mm to
300 mm) in front of the oven i.e. in free molecular flow.
One consequence of this regime is that a gas jet will not
bend around obstacles and no gas will get to regions
behind one. In the oven test stand this can e.g. be observed
in the form of shadows with no lead deposition on test stand
parts that are behind the deposition detector. In the
molecular flow regime the particle trajectories only depend
on the surrounding geometry and not the amount of other
particles present, which makes it possible to simulate the
geometry of the gas jet without precisely knowing the
actual pressures in the system.

Oven gas jet simulation with Molflow+

The program Molflow+ [8] allows the simulation of gas
dynamics in the molecular flow regime with ray tracing

Status reports and new development

and Monte Carlo calculations. It was used to analyse the
particle distribution in the gas jet coming from the
oven. The calculated Knudsen numbers show that the
validity of the simulation is better outside of the crucible
than inside. The simulation is 3 dimensional and contains a
model of the oven starting at the inner end of the
crucible. Figure 3 shows the geometry and how the
particles are tracked through the system. The liquid
lead distribution within the crucible during oven
operation is not known and not modelled. The simulated
particles are simply launched from the inner back wall
of the crucible, which resembles a vertical liquid lead
surface within the crucible.

One prediction following from the gas jet geometry is the
signal reduction of the deposition sensor, when the oven is
moved away from the sensor while maintaining a constant
evaporation rate. For this the amount of simulated test par-
ticles going through a virtual aperture is counted after the
simulation ran for a certain amount of time. The position
and the diameter of the aperture is chosen to resemble the
deposition detector. If the distance to the oven is increased,
the amount of test particles traversing the aperture should re-
duce at the same rate as the signal of the deposition detector
does. As shown in Fig. 1 (b) the oven cane is inserted into
the test stand through a feedthrough that features a bellow
with a motorized stage. This way the oven’s distance to the
detector can be changed while the oven is operated. Figure
4 shows the result of a measurement where the signal of the
deposition sensor was recorded at different distances to the
oven and normalized to the maximum signal.

The measurement shows good agreement with the sim-
ulation and it can be assumed that the predictions of the
jet geometry outside of the oven are close to the real jet.
Using the Molflow+ model it can be studied how much
of the lead particles exiting the crucible hit the oven parts
that showed condensation and later the formation of lead
blockages. These are predominantly the front parts of the
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Particle origin is the
back of the crucible.
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without interacting
Wall interaction leads to with the oven cover.
absorption or a new particle

direction based on Lambert’s

cosine law.
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£ Figure 3: The 3D Molflow+ model to simulate the vapour
< jet geometry when the molecular flow regime is assumed.
§ Every particle originates from a surface, here the back wall
'S of the crucible inside the oven, starting with a random direc-
 tion based on Lambert’s cosine law. The particle is tracked
Z to the next wall and when its not being absorbed it gets a
TE new direction again based on the cosine law. A detailed
E description can be found in the Molflow+ documentation

[8].

1

Distance to detector [mm)]

Figure 4: Deposition detector signal at different distances
between the oven tip and the detector. Molflow+ predicts a
reduction of the signal due to the jet diverging. To compare
the deposition rate to the prediction the values are normal-
ized to be one at the distance of 50 mm. The plotted error
§ bars for the measured values show the standard deviation of
2 the detector signal that was averaged over 70 s for each data
2 point.
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outer oven cover. Here the simulation predicts that approx-
imately 50 percent of the particles exiting the crucible hit
£ the outer oven cover instead of propagating undisturbed into
= the plasma chamber (The parts can be seen in Fig. 3). Op-
‘q"é timizing the oven geometry by using the model to lower
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this percentage might be a way to reduce the effect of oxide
blockages on the endurance of the oven. The fraction of gas
condensing into lead droplets is however unknown and not
described by the simulation.

OUTLOOK

This paper presents experiments and simulations to under-
stand the effect of lead oxide blockages on the oven runtime.
The measurement implies that reducing them could help to
enhace the oven runtime. Observation at the oven test stand
and simulations imply that the formation is caused by the di-
rect lead gas exposure of the outer oven cover. As the gas jet
geometry is well described by a Molflow+ model, this model
can be used to study geometry changes to enhance the per-
centage of gas atoms that propagate freely from the crucible
into the plasma chamber. Besides the blockages the evap-
oration rate stability of the oven might also be affected by
the temperature profile of the crucible. To study the thermal
characteristics of the oven an ANSYS model was developed
which is presented in [4] and [3]. The thermal simulations
show that the crucible temperature decreases towards its tip.
As mentioned this might be a cause of unstable evapora-
tion rates besides the formation of oxide blockages. From
the presented studies two goals for the design optimization
follow, which can interfere with each other:

* A more homogeneous temperature distribution in the
crucible.
* Less lead deposition on the outer oven cover.

To even the temperature distribution within the crucible
additional layers of insulation at the oven tip between the
crucible and the outer cover are a possible approach. But
it needs to be examined whether they could become a new
source of blockages. One example for a modification that
might have a positive effect in decreasing the lead oxide
formation on the outer oven cover is an elongation of the cru-
cible at its front. However this could lead to a less uniform
temperature profile in the crucible and thereby less stable
evaporation or even blockages within the crucible itself as
radiation could transport more heat out of the thermal insula-
tion. The oven test stand allows to test the effects of different
design modifications and whether they lead to improvements
or not.
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Abstract

In 2017-2018, research program of the DC-60
< cyclotron (Astana Branch of the Institute of Nuclear
= Physics, Kazakhstan) requests acceleration of intense ion
'% beams of solid elements. Beams of B and Fe ions are
= produced in ECR ion source by using the volatile
S compounds, while ions of Li, Mg, P and Ca are produced
£ by evaporation from an oven. Beams of Fe!® Li'*,
2 24Mg*", 3PS, 40Ca’, and "B ions were accelerated up to
energies of 1.32-1.75 MeV/u.

INTRODUCTION

The DC-60 cyclotron [1] is designed for acceleration of
= ions from Li to Xe with A/Z in the range from 6 to 12.
£ The accelerator is equipped with the normally-conducting
° 14-GHz DECRIS-3 ion source [2]. The main parameters
% of the source are: magnetic fields at the injection and
2 extraction sides of the source are 1.3 and 1.1 T
% respectively, the hexapole field at the wall is 1.0 T, the
zsource chamber length is 20 cm, and the chamber
< diameter is 6.4 cm. Microwaves are injected into the
@ source through the coaxial waveguide along the source
& axis. The extraction voltage of the source is up to 25 kV.
© We use three different methods for metal ion
8 production: evaporation of material from container heated
8 by microwaves in the source chamber, evaporation from a
= filament-heated oven, and injection into the source of
s volatile compounds that contain the desired atoms.

m  When producing ions of the solid elements, thin
8 cylindrical tantalum sheet 1is inserted into the source
& chamber to facilitate atom recycling from the walls [3].
% As a support gas, we always use helium, which was found
2to be the best choice for production of moderately
g charged ions requested by the DC-60 cyclotron.
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EVAPORATION FROM OVEN

The upper temperature limit for our oven is 900 °C,
= which defines the range of working materials. The heating
2 power is 25 W, the 0.1-mm diameter nichrome wire is
% used to heat the tantalum (standard) crucible (SC), with
 length of 28 mm, inner diameter 2 mm, outer diameter 2.8
£ mm. The oven is mounted on a movable holder inside the
-2 waveguide such that the orifice position can be regulated
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in the range (-15+15) mm in respect to the edge of biased
electrode.

support rod

container

nozzle

Figure 1: The large volume crucible.

To increase the oven’s operational time, we use
enlarged crucible (EC) for some materials. This crucible
is presented in Fig. 1. The central cylinder contains the
working material; inner diameter of the container is 6
mm, outer diameter is 7 mm, the container length is 20
mm. On one side, the container is connected to the solid
rod heated by the filament; the rod has the same sizes as
the standard crucible. Vapors leave the container through
the 10-mm-long nozzle with the inner diameter of 1 mm.
Twisted tantalum wire is pressurized inside the nozzle to
shield the working material from the plasma and to
prevent spilling of the melted material into the source
chamber.

The nozzle and container are mainly heated by
microwaves with some extra-heating by plasma. The
crucible temperature is controlled by moving the holder in
and out of the source chamber and by changing the
filament current. Heating of the container from backside
by filament is optional feature that gives additional
control for adjusting the material evaporation rate.

Charge state distributions of the extracted Li ions are
shown in Figs. 2 and 3 for enlarged crucible (Fig. 2) and
for the standard crucible. Operational temperatures of the
crucibles are 200 °C, and metal consumptions are 0.7 and
1.1 mg/h for EC and SC respectively, with the extracted
Li'* currents of 200 and 500 pA.
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Figure 2: Charge state distribution of the extracted Li ions
with the enlarged crucible (EC).
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Figure 3: Charge state distribution of the extracted Li ions
with the standard crucible (SC).

Current of Mg*" ions (EC) reaches the level of 80 pA at
the metal consumption of 2.1 mg/h. The extracted
magnesium ion distribution is shown in Fig. 4.
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Figure 4: Charge state distribution of the extracted Mg
ions (EC).

For calcium ion production, the oven (SC) is heated up
to 720 °C. Metal consumption is 0.7 mg/h when tuning
the source to extract 140 pA of **Ca>" and 75 pA of **Ca’
ion currents. The current distribution is shown in Fig. 5.
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Figure 5: Charge state distribution of the extracted Ca
ions (SC).

Oven temperature for production of P ions is 100 °C.
Consumption of phosphorus is 1.7 mg/h, and we reach the
level of 60 pA for 3'P5* ion current (Fig. 6). As a working
substance we used red phosphorus.
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Figure 6: Charge state distribution of the extracted P ions
(SC).

MIVOC PRODUCTION OF IONS OF
SOLID ELEMENTS

MIVOC (Metal Ions from Volatile Compounds) method
is based on use of metal compounds (metallocenes) that
have a high vapor pressure at room temperature [4].
Ferrocene Fe (CsHs) » has a vapor pressure of 2.6x 107
Torr at 20 °C, and dicarba-closo-dodecaborane compound
C:BioHi2 has a vapor pressure of about 1-2 Torr. Using
these compounds, intense beams of B and Fe ions were
obtained for the first time at the DC-60 cyclotron of
Astana Branch of INP.

Compound is placed into a glass container connected to
the gas transport line at the injection side of the source.
No extra heating of the container is needed, and the gas
flow into the source is regulated by a needle valve.

Up to 25 pA of *Fe!® ions is extracted in the
optimized conditions (Fig. 7) with Fe consumption of 0.8
mg/h.
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g Figure 7: Charge state distribution of the extracted Fe

2 ions. CONCLUSIONS

The maximum current of B> * is up to 60 pA. Techniques for production of intense beams of solid

Spectrum of the extracted boron ions is shown in Fig. 8.  materials are successfully tested at DC-60 cyclotron. The
Consumption of the compound is about of 1.2-1.4 mg/h. accelerated beams will be used for experiments in the

fields of nuclear physics, solid-state radiation physics,
and various applied researches.
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