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Dear colleagues and participants of ECRIS2024,

GSI/FAIR was honored to host the 26™ International Workshop on ECR lon Sources (ECRIS2024), which took
place from Sunday, September 15 to Thursday, September 19 2024 at the Welcome Hotel in the city center
of Darmstadt, Germany.

ECRIS2024 was the 26™ event in a long-standing series that began in Karlsruhe, Germany, in 1978. More
recent editions were held in Busan, Korea (2016), Catania, Italy (2018), East Lansing, USA (2020), and
Gandhinagar, India (2022).

The ECRIS Workshop focused on the design, construction, development, and operation of ECR ion sources
and their components. It emphasized operational experience with existing facilities, advances in the physics
and technology of plasmas and ion sources, progress in new projects and infrastructure modernization, as
well as trends in the proposal, design, and application of ion sources for ion beam production and their
associated systems.

The scientific program covered a wide range of topics related to ECR ion sources and associated research:

o New development and status reports

o New concepts and next generation

o Fundamental process and plasma studies
o ECR-based charge breeders

o Radioactive ion beams

o Applications and diagnostics

o0 Beam extraction and transport

0 Source modelling

A total of 61 contributions were submitted: 31 oral presentations and 30 posters. Eleven oral presentations
were held from Monday, September 16 to Wednesday, September 18 in the main conference hall of the
conference Hotel. Two poster sessions were held on Monday, September 16 and Tuesday, September 17
afternoons in a dedicated conference area at the conference Hotel.

The final session, including the closing remarks, took place on Thursday, September 19 at the main lecture
hall of GSI in Darmstadt.

Social activities included an excursion to the city of Frankfurt am Main, featuring a river cruise on the Main and
a social dinner in the heart of the city. In addition, participants were offered a guided tour of the GSI accelerator
complex and the FAIR construction site.

In recognition of outstanding contributions to the field of ECR ion sources and to encourage promising young
researchers, Pantechnik—the world leader in commercial ECR ion sources—awarded the 7™ Richard Geller
Prize during the workshop. Dr. Junwei Guo, from FRIB at Michigan State University (East Lansing, USA), was
selected by the award committee as the recipient of the prize "for his extensive contribution to the development
and operations of high-frequency superconducting ECR ion sources."

The event was financially supported by seven sponsors. Their generous contributions are gratefully
acknowledged, as they were primarily used to reduce the conference fee for students, thereby fostering early-
career engagement within the community and strengthening collaboration with industrial partners.

On behalf of the local organizing committee, it was my great pleasure and honor to welcome and meet the 89
participants of ECRIS2024.

Sincerely,

Fabio Maimone
Chairman of ECRIS2024
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DEVELOPMENT TOWARDS INTENSE URANIUM ION
BEAM PRODUCTION OF THE
RIKEN 28 GHz SC-ECRIS

G. Q. Saquilayan’, Y. Higurashi, T. Nagatomo, J. Ohnishi, O. Kamigaito
RIKEN Nishina Center for Accelerator Based Science, Wako, Japan

Abstract

With the ongoing beam development for high intensity
uranium beam production, we report the status and pro-
gress of the RIKEN 28-GHz Superconducting Electron Cy-
clotron Resonance Ion Source. The achieved beam currents
for the uranium U3%* beam has reached up to 250 epA as a
result of optimizing the material consumption rates for
high intensity beam production. The target beam intensity
for U is expected to yield 10 mA of extraction current
and the analysis of beam emittance is estimated to be in the
range of 0.25 m mm mrad. Furthermore, a semi-empirical
method was used to examine a so-called initial emittance
value and growth that correspond to space charge effects.
Experiments to further investigate the initial beam emit-
tance and the influence of space charge effects are still on-

going.
INTRODUCTION

High intensity Uranium U3" ion beams are produced in
the 28 GHz superconducting electron cyclotron resonance
ion source (SC-ECRIS) and accelerated to high energies in
the Radioactive Isotope Beam Factory (RIBF) at RIKEN
[1]. With the increased demand for even higher intensity
uranium beams for various nuclear physics research in
RIBF, efforts have been made towards improving the per-
formance of the SC-ECRIS. Currently, beam intensities for
U3 has reached up to 250 epA beam current. This was
possible through development techniques in optimizing the
material consumption rates aimed at high intensity beam
production [2]. Investigating the beam quality through
beam emittance is the next step to confirm unforeseen is-
sues of beam loss and aberrations along beamline compo-
nents which is detrimental to the accelerator.

There have been many experimental and numerical stud-
ies on the beam emittance growth of the extracted beam
from the ECRIS [3-5]. The analysis of beam emittances is
complex since the ion source operational parameters, space
charge effects and beamline components can easily affect
the beam during transport.

The beam emittance from the ECRIS has been known to
be mainly influenced by the ion temperature and the axial
magnetic field at the extraction region [6]. In the case of
highly charged ion production, electrons have much higher
temperatures than ions and it has been a reasonable as-
sumption that the dominant contributing factor to beam
emittance is the magnetic field effect. Space charge effects
on produced ion beams in the ECRIS have also been widely

T glynnismae.saquilayan@riken,jp
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studied since this defocusing of the beam leads to growth
in the emittance size and is found to be proportional to the
beam intensity. In addition, interaction with downstream
components along the beamline must also contribute to an
emittance growth. In this paper, beam emittance measure-
ment and analysis of the uranium U*** beam is presented.
A systematic study of different operational ECRIS param-
eters and its effect on the beam emittance size is examined.

URANIUM BEAM PRODUCTION

The RIKEN 28-GHz superconducting ECR ion source
(SC-ECRIS) has been developed for providing high inten-
sity heavy ion beams for the RI beam factory. Details re-
garding the design of the ion source has been previously
reported [7]. Superconducting coil assembly with six sole-
noid coils and one hexapole coil allows the adjustment of
the magnetic field at the B minimum to have control on the
magnetic field gradient. This means it can produce a mirror
magnetic field distribution from the so-called “classical
Buin” to “Flat Bmin”” [8]. Basic specifications for the RIKEN
28-GHz ECRIS are listed in table 1.

Table 1: Specifications for the R28-GHz SC-ECRIS
28 GHz, 18GHz

Operational Frequency

Max. RF Power 10kW
Max. Magnetic Field 38T
Max. Extraction 22 kV
Chamber Dimensions D150 mm

L525 mm
Extraction Aperture 5 mm
Radius

With plans to improve the accelerator in the RIBF for
studies on nuclear physics now requires output beam inten-
sities of U** at 300 epA from the ECRIS. Improvements
on the design and performance of the high temperature
oven was a crucial factor in increasing the achievable ura-
nium beam intensities. Optimization of the material con-
sumption rates which aimed at high intensity beam produc-
tion has then allowed the beam current to reach 250 epA.

With accumulated data sets for U35 beam production,
the beam intensity with respect to microwave power is
shown in Fig. la. Assuming a linear relation between the
two parameters, beam currents of 300 ep A will need ~4kW
of microwave power and the corresponding extraction cur-
rents will be in the range of 10 mA as shown in Fig. 1b.
From these expected beam conditions, ion source parame-
ters should be checked thoroughly since high power oper-
ation may have some unforeseen issues in the ion source.
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It is also important that before continuing towards operat-
ing at higher range of beam intensities, the beam quality
should also be checked and confirm good beam optics to
avoid any damages to the accelerator.
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Figure 1: Measurements of uranium U3%* beam parameters
with respect to microwave power: (a) beam intensity and
(b) extraction current.

Measurement of Beam Emittance

The highly charged ions generated in the SC-ECRIS are
extracted and then separated using a dipole analyzing mag-
net. Beam emittances are measured in the diagnostics
chamber after mass separation. In the diagnostics chamber,
amovable slit is used to scan across the beam and the emit-
tance signals are measured from wire scanners. Other diag-
nostic tools such as a Faraday cup and profile monitors
were used to confirm the beam parameters. The normalized
root mean square emittances enms were calculated from the
experimental measurements. In previous studies on the
U™ extracted beam from the SC-ECRIS, the beam focus-
ing solenoid lens showed separate effects on the horizontal
and vertical beam emittances [9]. For low solenoid coil cur-
rent operation, the focusing effect is weaker and the hori-
zontal x component was found to be around 0.1 7 mm mrad
larger than the vertical y component. This suggested possi-
ble beam aberration may occur along the beamline, as it
passes through the dipole analyzing magnet down to the
diagnostics chamber. Reduction of the beam size was pos-
sible with stronger focusing of the solenoid lens. However,
strong focusing may result in a difference in the beam edge
focusing angle and these uncertainties should be carefully
considered in the analysis of beam emittances.
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DISCUSSION

The measured beam emittance of uranium beams was
analyzed with different beam conditions. One of the pa-
rameters that was observed to greatly influence the meas-
ured emittances is the extraction current. Over a range of
generated beam intensities, the normalized rms y-emit-
tance at a fixed extraction current of 5.5 mA showed small
variations as shown in Fig. 2. For a 50 epA difference in
beam intensities, the obtained beam emittances did not
greatly change and was constant around 0.15 7 mm mrad.

0.1

Normalized y - emittance (Tr mm mrad)

0.0

T . : ; r ;
920 100 110 120 130 140 150 160
U%* Beam Intensity (euA)

Figure 2: Normalized rms y-emittance measurements over
the range of produced beam intensities for uranium U3**
having a fixed extraction current of 5.5 mA.

The extraction current represents the sum of all ion spe-
cies present in the extracted beam. Because of this propor-
tionality, the extraction current was used as a good indica-
tor for estimating the total beam current of the ECRIS.

Examining the effect of the extraction ion current, the x
and y normalized rms beam emittances for uranium of 35+
ion charge state with the operational microwave frequency
of 28 and 18 GHz is shown in Fig. 3. As previously dis-
cussed, the x-component of the beam emittance measure-
ment shows higher emittance values due to possible beam
aberration on beamline components. From here on, we will
examine only the y-component of beam emittance to avoid
any uncertainties in the analysis. With the minimal influ-
ence on the beamline components, we can assume that the
measured normalized beam emittance can be described by
a simple equation,

e =&+ K(px)? [mmmmrad] (1)
where ¢ is the normalized rms beam emittance, & is an ini-
tial beam emittance in m mm mrad, K is a constant describ-
ing the beam distribution and L.y is the extraction current
in mA [10-11]. The term Kl is assumed to be related to
the effect of space charge where /. is used to indicate the
total beam current. Using Eq. (1), the &) can be determined
with the assumption that /.« approaches zero and reveals
the initial value to be 0.067 # mm mrad. As shown in Fig.
4, the data measurements and calculated values for &y and
¢ beam emittances are plotted against the extraction current.

To reach the target beam requirement for U, it will be
necessary to operate the SC-ECRIS with microwave power
at ~4 kW and is expected to generate extraction currents in
the range of 10 mA. Using the calculated &, the normalized
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beam emittance at extraction current of 10 mA is estimated
to reach 0.25 1 mm mrad. These are the predicted beam
conditions for high intensity beam operation of uranium
U3" at 300 epA beam current.
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Figure 3: Normalized rms emittance measurements for ura-
nium U*** at different extraction currents.
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Figure 4: Normalized rms y-emittance measurements for
uranium U at different extraction currents with the cal-
culated initial beam emittance &) and emittance growth ¢

Based on the measurements, beam conditions with low
total current can lead to smaller beam emittance sizes.
However, achieving this condition will be challenging
while having the objective of producing high beam inten-
sities. As a next step, the optimum ECR parameters to pro-
duce high intensity beams will be investigated. A system-
atic study of the variable ECR parameters such as the mi-
crowave power, material consumption rates, and magnetic
field strength distribution, will be performed to determine
an optimization map and identify the suitable parameters
for high intensity beam operation of U**".

In addition, other steps being considered are space
charge compensation techniques to further lower the emit-
tance sizes when necessary. Fundamental studies to under-
stand the beam dynamics in the extraction region are es-
sential and this will be used to properly formulate strategies
for space charge beam compensation.
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The calculated values for ¢y represents an initial beam
emittance when /o = 0. This may correspond to an emit-
tance influenced by the ion source conditions. As shown in
Fig. 5, the graph shows both values for ¢ and the calculated
curves for the magnetic field emittances given by the axial
magnetic field strength at the extraction region. The nor-
malized magnetic field emittance is described by the equa-
tion [12],

2
where 7 is the radius of the extraction aperture in mm, By is
the magnetic field strength in Tesla at the extraction region,
and M/Q is the dimensionless mass-charge ratio. Compar-
ing the obtained values of £ t0 the emag, it is found that the
experimental measurements have lower emittance sizes.
One explanation may be due to the assumptions made for
the &mae having a uniform distribution of the beam size
which is often estimated through the diameter of the ex-
traction electrode aperture. From the beam generation in
the ECRIS, multiple ion species are co-extracted simulta-
neously in the extraction region which can affect the effec-
tive beam size of a single ion species examined in the beam
emittance measurements. Experiments will continue to fur-
ther investigate the possible beam dynamics that occur dur-
ing beam extraction.

Emag = 0.0321‘ZBOML/Q [ mm mrad]

08+ W 40Ar
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Figure 5: Calculated values for the initial beam emittance
goover the range of mass-charge M/Q values.

Table 2: Parameters for the Different lon Beams

Ion Vext (kV) M/Q £0 K
Ar!l* 15 3.6 0.18 3.4E-3
N 22 3.6 0.16 5.1E-4
Xe20* 22 6.8 0.13 6.7E-4
Ut 22 6.8 0.06 5.7E-4

The calculated values for the different beam conditions
are compared in Table 2. For the case of Ar!!* ions, exper-
iments with different extraction voltages indicate a differ-
ence in their particle velocities. This difference is reflected
on the values for the parameter K which is related to space-
charge like effects, where the emittance growth is steeper
for lower particle velocities. In the case for ions with the
same M/Q such as Xe?*" and U*" ions, the two beam con-
ditions have the same extraction voltages such that the ob-
served space-charge like effects are both similar. As Iex ap-
proaches zero, the initial emittance ¢y values which may be
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related to the ion source parameters showed a difference in
the calculated values. This difference is thought to be in-
fluenced by the spatial distribution relating to the angular
momentum of the ions caused by the axial magnetic fields
during beam extraction. Further investigation is necessary
to confirm these effects.

SUMMARY

Development of the RIKEN 28-GHz SC-ECRIS is mov-
ing towards intense uranium ion beam production aiming
for the beam requirement of ~300 epA for U". Uranium
beams up to 250 eplA has been achieved through the devel-
opment of the high temperature oven to yield optimized
material consumption rates for high intensity beam produc-
tion. As progress moves towards more intense beams, the
beam emittance growth was investigated from the experi-
mental measurements. A semi-empirical method was tested
and the using the conditions for the target beam require-
ment, the beam emittance at 10 mA extraction current was
estimated to reach 0.25 7 mm mrad. Emittance values that
correspond to an initial beam emittance and emittance
growth relating to space charge effects are being investi-
gated.
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GANIL ION SOURCES: OPTIMISATION FOR OPERATION

M. Dubois, F. Lemagnen, L. Gouleuf, V. Metayer, B. Osmond
GANIL, Grand Accélérateur National d’Ions Lourds, CEA-DSM/CNRS-IN2P3, Caen, France

Abstract

The GANIL (Grand Accélérateur National d’Ions Lourds)
in Caen has been producing and accelerating stable and
radioactive ion beams for nuclear physics, atomic physics,
radiobiology and materials irradiation since 1982.

Long-term stability of the beam, which is a key parameter
for accelerator operation and success of physics experiments
is targeted. At the same time, improving stability will also
reduce the need of on-call work for ion source experts.

Recently, studies and tests have been carried out to in-
crease the intensity and/or stability of the metal ion beams
by modifying the injection of the ion source on ECR4/4M.
Depending on the configuration, the gain on intensity shall
be up to a factor of 2 on the charge state required for accel-
eration, and stability has also been improved compared to
previous one.

INTRODUCTION

GANIL laboratory is initially based on Cyclotron acceler-
ators able to produce Carbone to Uranium ion beam with a
maximum energy of 95MeV/u. To provide ion beams, two
14 GHz ECR4/4M ion sources [1, 2] are installed into the
machine injectors. They provide around 4000 hours of total
beam per year, of several type of ions (Fig. 1).

Beams produced over the last 10 years
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Production techniques

MIVOC
13%

= 8hours)
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SN s —
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208PD  p—
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Figure 1: Beams produced by ECR4/4M over the last
10 years.

On the new SPIRAL2 accelerator (based superconducting
LINAC), two injectors are installed: One dedicated to light
element (2.45 GHz — H*/D"), and one dedicated to heavy
ions (18 GHz — A/Q<3 - Phoenix V3). Main beams pro-
duced are currently proton and deuteron beams for Neutron
for Science experimental hall, until the S3 facility starts its
experimental programme in 2026.

New experimental facilities will be set up in the coming
years to offer more scientific possibilities for physicists. At
the same time, new projects are being under construction or
studied to deliver new attractive ion beams (Fig. 2).
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Figure 2: Layout of actual and future building at GANIL.
S3

start running in 2026 for the production and studies of super
heavy elements. To create them, a high intense heavy ion
beams (Q/A=1/3 => '“Ca'**, BCa!®* BN;j'%*, 2 puA) have
to be provide by the heavy ion source injector on SPIRAL2
over a long period (3 weeks—1.5 month).

DESIR

tion, will use radioactive ion beams produced by S and
SPIRALL facility at 2027 horizon for experiments with low
energy beams.

NEWGAIN (A/Q<7)

(Ion source + RFQ) for the SPIRAL?2 accelerator with the
goal of accelerating a beam characterized by A/Q<7.

ICS [6] is being studied to provide a 10 ppA of metallic
beams up to 2381. The new low-energy beamline and a RFQ
are currently under construction and will start operating by
2028. The ion source will be assembled and commissioned
at LPSC, Grenoble and hence moved to GANIL by 2030.

Future Upgrade for GANIL-SPIRAL?2

SPIRAL2 [7] is under evaluation: the design of a new ra-
dioactive ion beam (RIB) production facility that will be able
to provide RIBs to DESIR for low-energy experiments or to
adapt the beam to accelerate it to a range of 50-70 MeV/u
before sending it to GANIL’s existing experimental areas.

The Super Separator Spectrometer (S3) [3] set up will

DESIR [4] experimental hall, currently under construc-

The NEWGAIN project [5] aims to install a new injector

A new 28 GHz superconducting ions source ASTER-

Beyond 2030, future upgrade applied to GANIL-
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CHALLENGES FOR FUTURE OPERATION
AT GANIL-SPIRAL2

By 2030, GANIL aims to increase the beam time avail-
able on both machine, to over seven months per year. This
represents a significant challenge, as it requires the simulta-
neous operation of multiple ion sources, each optimized for
specific operations.

By 2026, S3 will requiring new metallic ion beams opti-
mised to deliver an intensity up to 2 puA, initially with the
A/Q<3 SPIRAL2 injector, and up to 10 ppA with the new
Asterics 28 GHz SC ion source injector (A/Q<7).

Combined with these objectives, the aim of the cyclotron
facility is to ensure that the facility can meet the demands of
the nuclear physics community for the next 20 years. This
requires continuous improvement in term of stability, inten-
sity, and operational reliability. To achieve this objective,
a project is underway to increase the reliability of the cy-
clotron accelerator complex, by changing or refurbishing
the old power supplies, RF cavities, cooling system, etc.

CYCLOTRON ION SOURCES
OPTIMISATION

Requirements for performances of ion sources on cy-
clotron accelerators are to provide beams with medium
charge states of beam from Carbon to Uranium, with an
intensity in the range of 1pAe to a maximum of 50 pAe
(maximum intensity usable by cyclotron). ECR4/4M ion
sources are able to produce beams from gaseous and metal-
lic elements by using several technique, like sputtering rod,
oven and MIVOC. For the next 20 years, some studies are
underway to evaluate the possibility to change ion sources
to increase intensities available for physicist, especially for
beams between Nickel to Uranium where ECR4/4M ion
sources have some intensities limitation.

In the meantime, some studies was carried out on current
ions sources to optimise the stability and improve intensities.

Stability

Cyclotron ion sources are located in the main cyclotrons
building, where temperature variations of up to 10 °C can
be observed depending on external conditions, leading to
fluctuations in several parameters (extraction pressure, drain
current, beam intensity). As aresult, operators must regulary
adjust parameters to stabilize the beam intensity. For exam-
ple, in 2022 with 410+ beam, 15 adjustments were nec-
essary over two days to limit the intensity variation around
40 %. The initial source settings gradually degrade, which
requiring sometimes a complete tuning by an expert. Anal-
ysis revealed that the UDV valves were the most sensitive
to external conditions. To fix this, a temperature regulation
at 40 °C was installed around the valves, immediately sta-
bilizing the injected flux. Improvement was observed with
a PXe?** beam, showing around 5 % stability over four
days without adjustments. This was also noted with metallic
beams with 2>%U*'* beam. Online adjustments were reduced
during 15 days operation: 45 in 2023 compare to 5 in 2024.

MOBI1
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Diagnostic

On-line non interceptive diagnostic is one of the main
requirement for monitoring ion sources, particularly when
beam is delivered as part of physics experiments. Optical
Emission Spectroscopy (OES) is a technique already used
in other laboratories [8]. In our case, an optical fibre was
installed directly behind a glass window in line with the injec-
tion source. This location allows us to be close to the plasma
and effectively detect the photons emitted by plasma. Con-
nected to the optical fibre, a visible light spectrometer (model
FLAME from OceanOptics) measure intensities emitted on
a range of wavelengths between 350 nm and 1000 nm.

To evaluate this technique for on-line diagnostic, a plasma
of Argon + Helium was produced, with an intensity of
80 uAe of A" measured on Faraday cup after the mass
separator. A measurement of light emitted by the plasma
was carried out and analysed to get an initial situation of the
plasma parameters (Fig. 3).

Argon + Helium

Hydrogen

ntensity (A

“‘*"”M MMW“WW‘W”

1gth (nm)

Figure 3: Measurement of light emitted by Argon + Helium
plasma on ECR4M. Identification of wavelength: Hydrogen
(H I= 656 nm), *°Ar’* (Ar X = 553 nm) and Helium (He I
= 668 nm). Data from the NIST website database.

Ion source parameters was monitored along 2 days with-
out any tuning modifications: intensity on FC, drain current,
extraction pressure, building temperature (Fig. 4) and inten-
sities of the three wavelength selected (Fig. 5).

Conclusions of these measurements are:

¢ Qutgassing from the vacuum chamber due to rising
building temperatures leads to hydrogen pollution in the
plasma. This uncontrolled hydrogen altering the initial
tuning and affecting the source delivered intensities.
To improve beam stability, controlling this pollution is
necessary.

* The OES used as diagnostic is able to give information
about the quantity of elements present into the plasma.
That mean it’s possible to have an idea of intensities
extracted by the source without interceptive measure-
ments as show with Ar”* in Fig. 5. This technique have
to be used for metallic ion beam to estimate atom flux
deliver by the oven along the time.

These measurement shown that it could be interesting

to develop a specific diagnostic to help operators during
experiments.
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Figure 4: Evolution of ion source parameters and building
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Figure 5: Evolution of light intensities of selected wave-
lengths.

Improvements of Metallic lon Beams

Up to 2021, the standard ECR4/4M ion source configura-
tion was used, especially at the injection side where oven,
sputtering rods and MIVOC technic was designed to be in-
serted into the coaxial RF tube transition. This situation
involve some limitations, especially considering the diam-
eter of device have to be insert close to plasma chamber.
Moreover, electrical configuration of the high voltage plat-
form/cabinet did not allow to bias the oven.

Since 2021, tests have been carried out to adapt the source
injection to better optimised devices. For example, we ob-
served limitations when using the MIVOC technique con-
cerning the amount of vapour that could be injected into the
plasma chamber due to the low conductance between the
sample and the plasma chamber. In 2022, the original coax-
ial tube was removed and replaced by a wider tube between
the sample and the plasma chamber. The results show that
we were able to increase the intensity of the 3BNi*, with
better stability for more than 2 weeks without any technical
problems.

Uranium Beam and High Temperature Oven The
uranium beam has been the most used beam at GANIL over
the last 10 years. Up until now, the sputtering method was
used to produce this beam. Following the development of
the resistive high-temperature oven [9] at GANIL, a test of
uranium production from a UO, compound was carried out
on the ECR4M source. The source injection was modified to
accommodate this new oven, which has an external diameter
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of 20 mm. In this configuration, the oven acts as a coaxial
tube for RF injection.

Mass spectrum of 233U beam on ECR4M - Injector2

1 u = 28+ 27+ 26+

Current on FC2 (pAe)

Intensities produced with sputtering method
P AL 5 om s
1! et

120 122 124 126 128 130 132 134 136 138 140
Mass separator current (A)

Figure 6: Charge state distribution of Uranium beam produce
with HT Oven. Conditions: Oven 107 A (>1900 °C), N,
support gas, HV: 20.6 kV, RF power: 400 W, no bias.

Results of this test shown:

* The resistive HT Oven is able to evaporate UO, into
an high magnetic field configuration.

* Performances with oven are better than sputtering
method (x 3.3 on 31%, x5 on 28*), see Fig. 6.

* RF transmission is not affected by the size of oven.

The beam was tested for 3 days with an intensity of 3 uAe

of 23831+

Bias Oven Applied for Metallic Ion Beam Production
Bias disc effect is a technique used to improve the extraction
of beam, especially for high charge state beam [10]. To
evaluate the potential improvement for metallic ion beams at
GANIL, a test was carried out with Lead beam on injector
2-ECR4M. First of all, a standard configuration was used,
without bias oven or coaxial tube. After optimisation to
maximize 28* charge state, performances were similar to
reference [11]. Secondly, the electrical configuration was
changed to be able to bias the oven. An optimisation was
done on 28* charge state. The results meet with conclusions
of bias disc effect: The beam transport up to the first faraday
cup increase by a factor 2 (average on all charge state), and
the intensities extracted from the ion source increased for
high charge states (Fig. 7).

208pp28+ - injector n°2 - ECR4M

8 Bias OFF | Bias ON
HV 20.6kv 20.6kV
7 25+ -
Drain current | 1.96mA | 2.21mA
T RFpower |342w | 294w
§ | 23+ 02flux(Av) |295v  [2.75v
~N S \ Oven current | 0.710A | 0.930A
2 Bias 0 -100v
S4
> 21+
23 20+
c
]
£2
1
0 )
100 105 110 115 120 125 130 135 140

Current magnet (A)

Figure 7: Charge states distribution comparison between
bias oven and no bias oven.
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Another tests was performed with O, Ar, Xe gas and re-
sults are similar. Conclusion is that the used of bias oven can
improve all metallic ion beam produce by oven technique
by a factor of 2. In consequence, electrical configuration
is under modification on both cyclotron injectors to get the
possibility of biasing oven for the future beams.

SPIRAL2 HEAVY ION SOURCE

The A/Q<3 injector will be used to provide high intensity,
high charge state metallic and gaseous beams to LINAC for
long term operation (3 weeks to 1.5 month depending the
physics experiments). To meet the requirement, a 18 GHz
room temperature ion source was designed, and commis-
sioning at LPSC up to 2019, called Phoenix V3. Intensities
produced by the ion source are close to required intensi-
ties (i.e >10 ppAe for light gaseous beam (O, Ne, Ar) and
between 1 and 2 ppAe for metallic one (Ca, Ni).

Reliability

After one year of operation and commissioning at GANIL
(40kV and 60kV operation), technical problems have been
identified to meet with long-term 60 kV operation. Inves-
tigations and modifications have been done between 2022
and 2023 to improve reliability of the injector:
* The injection plug was adapted to protect the bias discs
insulators to reduce metallisation. At the same time,
the hole for oven port has been increase to 25 mm.

 The extraction electrodes have been modified, in length
and shape to protect insulator to metallisation.

* The coils located in iron yoke has been protected from

internal insulator by stainless steel liner and a Kapton
layer because of electric impact was observed.

Metallic Beams Optimisation

The *®Ca beam is a beam requested for the S scientific
programme. Because of the rarity of this isotope, an effort
must be made to maximise the efficiency of the ion source
in order to reduce isotope consumption. One way to reduce
this consumption is to use a hot liner installed in the plasma
chamber, the aim of which is to re-evaporate the calcium
atoms that have not interacted with the plasma.

This technique was tested with the Phoenix V3 ion source
and a 0.1 mm Tantalum liner was inserted into the plasma
chamber. After a period of outgassing, Tantalum pollution
was observed on the mass spectra, and the experiment was
then interrupted. Finally, a hole appeared in the liner, re-
vealing a degradation of the radial magnetic field. Magnetic
field measurements confirmed this degradation (Fig. 8).

The hexapole was dismantled from the ion source and
investigations were carried out. Finally, a magnet was found
broken (30° S near the main pole magnet).

All these modification were effective by spring 2024. Last
results for He** an *°Ar'** indicated an improvement on
beam intensities around 20 % (40Ar14+: 130 => 156 pAe;
*He?*: 4.3 => 5mA).
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Magnetic field measurement at r = 44mm
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Figure 8: Hole on Tantalum liner (left), radial magnetic field
measurement before (red) and after (bleu) repair.

CONCLUSION AND PERSPECTIVES

GANIL got ambitious objectives about technical devel-
opment to increase beam time with new setup for physics
experiments. On cyclotron, some ways are existing to im-
prove the beam quality coming from ECR4/4M ion source
meanwhile a potential new ion sources installation. These
improvements have now to be used on-line after an electrical
adaptation on HV platform.

On SPIRAL2, heavy ion source is now reliable and avail-
able to progress on beams development. A program is iden-
tified to reach 2 puA for species like Bca, Cr, i, by
using new inductive/resistive high temperature oven, recy-
cling technique, double frequency, OES.
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ECRIS OPERATION AND DEVELOPMENTS AT TRIUMF
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TRIUMEF, Wesbrook Mall Vancouver BC, Canada

Abstract

Rare isotope beams are used at the ISAC facility at TRI-
UMF for studies mainly in nuclear and astrophysics and
applications ranging from material science to medicine. The
isotopes are produced via the ISOL technique and ionized
via a set of different ion sources depending on the applica-
tion. In cases where highly charged ions are needed charge
state breeding is done with a 14.5 GHz PHOENIX ECR ion
source from PANTECHNIK. The source has been opera-
tional for over a decade, providing a wide range of ions from
Nato U at A/Q < 7 for post-acceleration. A second ECR ion
source, a SUPERNANOGAN, also from PANTECHNIK,
is used to provide highly charged ions from stable isotopes
either for set-up and calibration for the rare isotope beams
or for nuclear reaction studies with stable ions. A summary
of the results and the challenges and improvements to the
original sources are presented. For the charge state breed-
ing, this mainly optimizes the efficiency and purity of the
delivered beams. In the case of the SUPERNANOGAN,
special emphasis is put on operational aspects to cover a
wide range of elements and ensure easy switchover. The
latest in this series of improvements is the implementation
of two-frequency plasma heating in both ion sources.

INTRODUCTION

At most rare isotope beams facilities, highly charged ions
are not produced directly after the production target, but
singly or low charged ions are injected into an ion source
for charge state breeding like ECR ion sources or Electron
Beam Ion Sources (EBIS) [1]. This allows the decoupling
of the isotope production process in a highly radioactive
environment and the production of the highly charged ions
in a more accessible and controllable area. At TRIUMF,
rare isotopes are produced by impinging up to 100 uA of
480 MeV protons on one of two solid targets. The targets
are kept at high temperatures to allow the products to dif-
fuse into an ion source for singly charged ions. Extracted
ions are accelerated to up to 60 keV, mass separated and
guided either directly to experiments or into a post accelera-
tor, which consists of an RFQ, a room temperature drift tube
linac (DTL) and a superconducting accelerator [2]. In the
case of masses A > 30, higher charge states are needed for
the post-acceleration, which is achieved by injecting the ions
into the charge state breeder source and selecting the desired
charge state with a Nier-type spectrometer before sending
them to the accelerator [3]. The intensity of the rare isotopes
can vary from up to several nA for isotopes close to stabil-
ity to only a few per second for the most exotic ones. That
means high efficiency for the charge state breeding is needed.

* ames @triumf.ca

MOB2
10

In most cases the intensity of ions from the support gas of
the ECRIS but also from residual gas and impurities of the
source materials exceeds the intensity of the desired ions by
many orders of magnitude. It is imperative to minimize the
amount of residual gas and other impurities as much as pos-
sible by using high-purity gases and materials close to the
ECR plasma and selecting a charge state of the radioactive
ions with minimum overlap. Even with this, further purifi-
cation by stripping at higher energy may be needed. Tools
have been developed to guide this purification process and
to choose the most optimal conditions for the experiments.
Additionally, a SUPERNANOGAN ECR ion source from
PANTECHNIK, part of the TRIUMF Off-line Ion Sources
(OLIS) terminal, provides pilot beams for setting up the
accelerators and stable ion beams for the experiments.

CHARGE STATE BREEDING

Several changes to the original design of the source have
been implemented. Already shortly after taking it into oper-
ation in 2005 at a test set-up, it became clear that both the
injection and extraction optics were not ideal for the require-
ment to operate at different voltages to match the energy
acceptance of the RFQ (2.04 keV*A/Q). A two-step decel-
eration and acceleration scheme has been implemented on
both sides, which gives the flexibility to operate at a source
voltage between 10 and 15kV. The next big change was
the exchange of the stainless steel plasma chamber for alu-
minum and the application of an additional coating of pure
aluminum to it in 2012. This reduced the background of ions
from the stainless-steel components and slightly increased
the efficiency. In 2014, the original Klystron RF amplifier
was replaced by a TWT, which allowed some small-range
frequency tuning. Most recently, two, two-frequency plasma
heating has been implemented. It uses one waveguide to
transport microwave power at two frequencies between 13
and 14.5 GHz into the source at up to 200 W each. Besides
increasing the global charge breeding efficiency, it also shifts
the charge state distribution to higher charges. More details
and results are described in [4].

Charge State Distributions and Efficiencies

Figure 1 shows the charge state Q with the maximum in-
tensity, or the one used for the experiment as a function of
the atomic number Z, for all stable or radioactive isotopes
used so far. The solid line indicates the minimum charge
state, which is needed to satisfy the acceptance of the accel-
erator chain of A/Q < 7. It shows that up to about Z = 65,
the charge state with the highest efficiency for the charge
state breeding can be chosen. For neutron deficient isotopes
the required charge state is lower, whereas for neutron rich
isotopes a higher charge state is needed. For higher atomic
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numbers, a higher charge state may be used with some losses.
The different values for the same atomic number reflect the
need for different charge states for different numbers of neu-
trons or for improvements over the years of operation. The
heaviest radioactive isotope delivered to an experiment so
far is the neutron-deficient isotope tl)ggEr with a charge state

of 23+. Figure 2 shows the efficiency of the charge state
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Figure 1: Charge state with the maximum intensity as a
function of the atomic number Z red radioactive (see text
for details).

breeding to the charge state of radioactive ions used for the
experiment again as a function of the mass. It can be up to
about 7 % for ideal cases, but in general it is around 3 %. The
efficiency for radioactive ions, as used by the experiment in
many cases, is slightly lower than for stable ions. Using the
two-frequency plasma heating up to 9 % have been achieved
for 133Cs26* [4]. The most abundant charge state cannot be
used in many cases due to the background at this A/Q value.
Additionally, losses due to the decay reduce the efficiency
of short-lived isotopes. Again, different values for the same
mass reflect changes over time.
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Figure 2: Efficiency for the charge breeding of radioactive
ions as a function of mass as used for experiments.
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Purification

Figure 3 shows a typical ion current as a function of A/Q
in the interesting region between 5 and 7 from the charge
breeder source. Although the source was operated with pure
He gas, charge states of isotopes of C, O, N, and Ar can
be clearly identified, besides some other less abundant ele-
ments. Some of the peaks can go up to the A level. The
figure shows the change in the spectrum after exchanging the
stainless steel plasma chamber for aluminum. Ion intensities
from Fe, Ni, Mo, and other common components of steel
are significantly reduced or missing. Even with this, the
background intensity at an A/Q value can be orders of mag-
nitude higher than that of the desired radioactive isotope. A

N stainless steel
—— aluminum

current [A]

Figure 3: Ion current as a function of mass to charge ratio
from the charge state breeder [3].

possible solution to this would be operating at an ultra-high
vacuum. The TRIUMF source operates in the mid 10~8 Torr
range. That means even an improvement of 2 or 3 orders
of magnitude, which might be possible, will not completely
solve this problem. Another option is an increase in mass
resolving power for selecting the desired A/Q value. With a
4 rms emittance of about 20 pA from the source, this would
be very costly if no major beam losses can be accepted. TRI-
UMF has chosen a more pragmatic way of dealing with this
problem [5]. First, a software tool has been developed which
lets the operator select the charge state, which is still close to
the maximum in the charge state distribution but with a min-
imum in the background. It identifies possible background
ions from stable elements within an A/Q window of 1/200,
the resolving power of the charge state selector. The total
intensity is based on previous measurements and identifica-
tions of the components. After this, the mass dependencies
of the linear accelerator components, like the RF phases,
are used to add further resolving power. Finally, if more
background reduction is needed, a stripper foil can be intro-
duced after the DTL at an energy of 1.5 MeV/u. Although
the stripping will introduce some losses, it will eliminate
nearly all ions with a different mass, as they will end up in
different A/Q values. Only direct isobars can remain, but
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depending on the Z dependence of the stripping efficiency,
they can be reduced as well.

OFF-LINE ION SOURCE

The TRIUMF off-line ion source (OLIS) provides beams
of stable isotopes as pilot beams for beamline and accelerator
setup and for experiments with accelerated stable beams. For
setup and tuning, currents around 1 nA are usually sufficient.
Intensities for accelerated stable isotopes for experiments
may be up to the space charge limit of the accelerator around
a few pA. Three ion sources are available to cover the en-
tire mass range. A surface source is mainly used for alkali
elements. A 2.45 GHz microwave-driven plasma ion source
can deliver singly to low-charge ions. This source is operated
mainly with gaseous elements, but it can also deliver other
elements evaporated from an oven or from sputter samples.
The third one is an ECR ion source (a 14.5 GHz SUPER-
NANOGAN from PANTECHNIK) for highly charged ions.
Similar to the plasma ion source, it can deliver beams of
gaseous elements and of condensable elements from ovens
or via sputtering [6, 7].

Recent Results

The OLIS ECR ion source has been equipped with two-
frequency heating. A TWT RF amplifier operating between
12.75 GHz and 14.5 GHz with an output power of up to
200 W and a solid-state amplifier with the same frequency
range and maximum power of 50 W. Contrary to the charge
breeder source, the two different RF frequencies can be
coupled via two waveguides. Most recent results have been
published in [8]. In most cases, a total power below 100 W is
sufficient to deliver the desired intensities and charge states.
For optimization, the frequencies and power can be scanned
independently by observing the output current at the de-
sired A/Q value to find the best conditions. Typically, the
difference is around 0.8 GHz. As an example, 12.98 GHz
and 13.78 GHz in the case of Kr ions. With dual-frequency
heating, the current has increased by a factor of 2 compared
to single-frequency heating at the same total power. As this
source is very efficient compared to the microwave plasma
source, it can also be used to deliver low-charged ions. This
is important in cases where expensive materials are used or
yields from evaporation or sputtering are low. An example
of this is Cerium. It was used for an experiment to produce
CeF molecules by sending a beam of Ce* or Ce2* through
a gas reaction cell. Ce was produced by sputtering, and the
support gas pressure in the ECR ion source was adjusted so
that highly charged ions were suppressed, and only the low
charges remained [9].

FUTURE DEVELOPMENTS

Charge State Breeder Improvements

Although the efficiency of the charge state breeding has
improved over the past years, it is still lower than reported
in other places [1]. Detailed ion optical simulations have
shown that the reason for this is mainly the ion injection
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into the source. The present design uses an opening in the
iron joke for the solenoid field, which has an asymmetric
cutout. This is used for connecting the waveguide for the
RF and the gas inlet. It introduces steering to the injected
beam, which is difficult to compensate, and ions can be lost.
A new design has been developed which uses a cylindrical
symmetric yoke. It will also require some changes to the
plasma chamber, which then allows the connection of two
waveguides. Details of the new design are presented in [10].

Off-line lon Source

Constant developments are underway to improve relia-
bility and stability and meet the experimenters’ requests
for specific beams from the off-line ECR ion source. This
mainly involves changes to the gas inlet system to optimize
for specific gas compositions and testing and optimizing ma-
terials to be used in the oven or as sputtering targets. With
its present configuration, the ion source is not optimized for
the operation at a wide range of ion energies as required for
the experiments. This causes beam losses in the transport,
especially in the section close to the source. Although this
is usually not a big problem for stable ions, it can cause
instabilities in the beam. Beam losses that cause sputtering
and material deposition make frequent cleaning and main-
tenance of this beamline section necessary. Therefore, a
two-step acceleration at the extraction is being developed in
a manner similar to that of the charge breeder source. It will
be accompanied by changes in the ion optical components
directly after the extraction to match the new design to the
beam transport.
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RECENT ACHIEVEMENTS IN THE PRODUCTION OF
METALLIC ION BEAMS WITH THE CAPRICE ECRIS AT GSI

A. Andreev*, M. Galonska, R. Hollinger, R. Lang, J. Méder, F. Maimone
GSI Helmholtzzentrum fiir Schwerionenforschung, Darmstadt, Germany

Abstract

The GSI CAPRICE Electron Cyclotron Resonance Ion
Source (ECRIS) provides highly-charged ion beams for vari-
ous experiments at GSI, enabling the delivery of continuous
wave (CW) metallic ion beams with low material consump-
tion, which is crucial for producing high charge state ion
beams from rare or extremely rare isotopes such as **Ca.
These metallic beams are produced utilizing the thermal
evaporation technique by resistively heated ovens. Due to
the research groups’ demand for higher beam intensities and
the introduction of new ion species, the CAPRICE ECRIS
is now required to deliver increased ion currents of higher
charge states, as well as to establish the production of the
new beams.

INTRODUCTION

The CAPRICE Electron Cyclotron Resonance Ion Source
(ECRIS) at the High Charge State Injector (HLI) of GSI
is routinely used for the production of highly charged ion
beams from both gaseous and metallic elements. The latter
are produced utilizing the thermal evaporation technique by
resistively heated ovens. This technique has been continu-
ously optimized over the years to ensure high beam inten-
sity and stable long-term operation. To ensure stable and
reliable metal ion beam production, the ovens undergo a
carefully controlled preparation process using a specialized
oven preparation stand. Over the past years, significant de-
velopments have been made to optimize the production of
metallic ion beams with CAPRICE ECRIS at GSI, improv-
ing both beam intensity and stability. A key focus has been
on addressing the challenges associated with the long-term
operation of the ECRIS due to material buildup within the
plasma chamber, particularly during **Ca ion beam opera-
tion [1].

A diagnostic tool based on an optical emission spectrome-
ter (OES) installed at the ECRIS at the HLI allows to monitor
plasma condition in real time. The diagnostic capabilities
of optical emission spectroscopy have been successfully
utilized to detect plasma instabilities and to adjust ECRIS
parameters accordingly, allowing for improved beam sta-
bility and performance. It has been demonstrated that the
OES can be used to detect parasitic microwave heating of
the oven and identify long-term instabilities during gaseous
and metal ion beam operation [1,2].

Metal ion beams are often requested for various research
activities, including those conducted by the Super Heavy El-
ement (SHE) groups. To meet their demand, a test campaign
was conducted to establish and improve the production of
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high charge states of enriched >*Cr and >>Mn ion beams.
During the tests, plasma and oven images were captured
using a CCD camera to support the operation and enable
real-time monitoring of the material consumption. Addi-
tionally, the use of a hot screen was investigated to protect
the ceramic insulators in the extraction system from metal
deposition, thereby improving the operational stability of
the ECRIS. This paper describes the operational experience,
the intensities and stability achieved for the aforementioned
elements.

EXPERIMENTAL SETUP

Oven Preparation Stand

To produce metal ion beams, the CAPRICE ECRIS at GSI
utilizes resistively heated ovens [3]. This method allows to
produce metal ion beam with low material consumption and
precise control over the evaporation rate, contributing to
the stability and reproducibility of the beam. Before beam
operation, the ovens are conditioned in a dedicated oven
preparation stand, which allows to perform a controlled heat-
ing of the ovens in a vacuum environment. This conditioning
process allows to remove residual gases and contaminants
from the ovens, ensuring optimal conditions for material
evaporation. It allows to improve the stability of the ion
beam and extends the operational lifetime of the ovens and
minimize downtime during the accelerator operation.

The oven preparation stand has recently undergone a re-
design to further improve its functionality and efficiency.
Figure 1 shows a photograph of the redesigned stand. It is

equipped with airlocks that enable conditioning of several
ovens simultaneously, increasing the operational efficiency.
To further improve control over the oven preparation process,
it is planned to equip the stand with a camera monitoring
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system, which will provide a real-time visual feedback dur-
ing conditioning. Additionally, a residual gas analyzer will
be integrated for precise analysis and control of the gas and
vapor composition.

Optical Emission Spectroscopy

To monitor the plasma condition in real time, the OES is
used in conjunction with the plasma and oven images pro-
vided by a CCD camera [4]. Using the NIST database [5]
the emission lines corresponding to the element of interest
can be identified. Observing time variations of their inten-
sity provides information about the internal plasma condi-
tion during the ECRIS operation and allows for real-time
adjustments to the ECRIS operating parameters, ensuring
high-intensity and stable beam production. The use of this
diagnostic setup was investigated during the tests with *Cr
and >Mn, aiming to support the ECRIS operation.

Due to the relatively high vapor pressure of Cr, the opera-
tional temperatures of the oven were required to be around
1500 degrees Celsius, utilizing more than 40 W of heating
power. Within this temperature range, the emission spectrum
in the visible wavelength domain is mainly characterized
by thermal radiation from the oven. As a result, it was not
possible to clearly identify individual emission lines of Cr
in the measured wavelength range.

During 3Mn beam operation, the emission line at 810 nm
was monitored to estimate the amount of material present in
the plasma. Additionally, the infrared part of the spectrum,
specifically around 827 nm, was tracked to estimate the rel-
ative oven temperature (see Fig. 2). This allows to detect
parasitic heating of the oven caused by coupled microwaves,
which can affect the material production rate and degrade
the ion beam stability. Combined with the oven condition-
ing process, this approach, as previously reported for “Ca
ion beam operation [1], has proven effective for optimiz-
ing ECRIS performance and ensuring long-term operational
stability.
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Figure 2: Example for OES measurements during >Mn ion
beam operation.

EXPERIMENTAL RESULTS

Chromium Ion Beam

The recent measurement campaign focused on establish-
ing and improving the production of high charge states of
enriched **Cr ion beam. While the CAPRICE ECRIS at
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GSI has been successfully used to produce *Cr ion beams
at lower charge states, such as >*Cr’* and 3*Cr®* [3], this
campaign aimed to meet the demand for higher charge states.

Based on prior short-term tests and previous Cr beam
times, the desired target intensity 50 A of >*Cr!%* was set.
Figure 3 shows the intensity of >*Cr'%* measured during
three days of the ECRIS operation with helium as a support
gas. The desired target intensity was reached at the beginning
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Figure 3: *Cr'** intensity measured during 3 days of the
ECRIS operation. FC denotes measurements taken with a
Faraday cup during accelerator maintenance, while ACCT
represents measurements from an AC current transformer.

of the ECRIS operation, however the ECRIS performance
was impacted by discharges in the extraction system, which
appeared on the second day of the ECRIS operation. As
their frequency increased over time, the beam stability sig-
nificantly degraded and the target intensity could not be main-
tained. A subsequent inspection of the extraction system
revealed metal traces deposited on the ceramic insulators in
the extraction column (see Fig. 4). An electron microscope

Figure 4: Photographs of ceramic isolators in the extraction
column after the >*Cr operation.

investigation confirmed the presence of chromium, but could
not verify if it was the only component. To address this issue
and mitigate the metallic buildup on the ceramic surfaces, a
series of tests with a hot screen is planned. Similar tests con-
ducted during >>Mn operation have already demonstrated
the effectiveness of the hot screen in improving operational
stability, as discussed later in this paper. Figure 5 shows a
typical mass-to-charge spectrum of the extracted ion beam.
The overall consumption of *Cr material was 8 mg/h on
average (without material recycling).
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Figure 5: Mass-to-charge spectra of *Cr (blue) and >>Mn
(red), optimized for **Cr!%* and >>Mn’*, respectively.

The possibility of using a tungsten mesh to prevent par-
asitic microwave heating of the oven, a technique that was
previously successful for *3Ca operation [4], was tested. Al-
though the ECRIS operation was more stable with the mesh
installed, the build-up of condensed material on the mesh
led to reduced >*Cr!* intensity indicating that this approach
may not be optimal for long-term Cr operation. Figure 6a
shows a photograph of the tungsten mesh after >*Cr beam
operation.
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and >>Mn (b) operation.

Manganese lon Beam

The beam establishment tests were conducted at the EIS
test bench to produce the >>Mn ion beam for the first time
using the CAPRICE ECRIS at GSI. The aim of this test
campaign was to determine the achievable beam intensity
of higher charge states for >>Mn, with a focus on 3Mn°*
production.

The intensity of >>Mn’* beam measured during the three
day beam establishment test with the hot screen installed
and helium as a support gas is shown in Fig. 7. An aver-
age intensity of 80 pA was achieved for >Mn®*. Similar to
the 3*Cr beam tests, discharges appeared in the extraction
system on the second day of ECRIS operation. However,
their frequency was low enough to maintain stable operation
and production of >>Mn’* beam. The use of the hot screen
improved beam stability and delayed the onset of discharges,
enabling stable operation at high intensities with minimal
disruptions. A typical mass-to-charge spectrum for >>Mn
obtained during the tests is shown in Fig. 5. The overall av-
erage consumption of 3>Mn material was 8.1 mg/h (without
material recycling).
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Figure 7: 3Mn”* intensity measured during 3 days of the
ECRIS operation.

In addition to the hot screen tests, experiments with a
tungsten mesh were also carried out. During >>Mn operation
the mesh was completely clogged with a condensed material
after one day of the ECRIS operation, preventing further
33Mn evaporation and beam production (see Fig. 6b).

OES Results with Manganese lon Beam

During the SMn?* ion beam establishment tests, the OES
was employed to monitor plasma condition and detect para-
sitic heating effects of the oven. The time variations of two
specific emission lines were monitored: the Mn II emission
line at 810 nm and an emission line at 827 nm, closer to the
infrared part of the optical spectrum, which was selected to
estimate the relative oven temperature (see Fig. 2).

Figure 8 presents the time variations of key ECRIS param-
eters and normalized emission line intensities. Both figures,
show the >°Mn°* ion beam current, along with oven current
and reflected microwave power in Fig. 8a, and ion source
pressure and drain current of the extraction power supply in
Fig. 8b.

In both cases, the OES data reveal a strong correlation
between the intensity of the Mn II emission line and the
>SMn”* beam current. The emission line at 827 nm shows
clear variations in response to changes in the oven tempera-
ture, indicating parasitic heating of the oven due to coupled
microwave power. As the reflected power decreases (see
Fig. 8a), the oven temperature increases, leading to a higher
production rate of >>Mn, as reflected by the rising intensity
of the Mn II emission line and a corresponding increase in
the >>Mn”* ion beam current. These changes in reflected
power also correlate with periodic minima and maxima in
the oven current. A decrease in reflected power indicates
a stronger microwave coupling, with a portion of the mi-
crowave power heating the oven. As the oven temperature
rises, its resistance increases, leading to a reduction in the
current flowing through the oven. When reflected power
increases again, the oven cools down, resulting in a decrease
in both the Mn II emission line intensity and the ion beam
current.

In Fig. 8b, a similar relationship between the >>Mn®* beam
current and the emission line intensities can be observed,
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RIS parameters illustrating (a) the effect of parasitic heating of

the oven by coupled microwaves, (b) ion source pressure variations. The red vertical lines mark the time when the gas valve

settings were changed. The time instants marked as (1) and

together with the influence of the source pressure. The
beam current shows a local minimum at the maxima of
the Mn II emission line, which can be explained by a shift of
the plasma’s charge state distribution towards lower charge
states. The red vertical lines in the figure indicate the mo-
ments when the gas valve settings were manually adjusted,
leading to corresponding changes in the source pressure.
Additionally, plasma images taken at the local maxima
and minima of the emission lines visually confirm the beam
intensity variations (see Fig. 9). The brighter plasma image
corresponds to a higher total extracted ion beam current,
while the darker image indicates reduced beam intensity.
These results highlight the role of OES and CCD plasma
and oven imaging as a real-time diagnostic tools for monitor-
ing plasma conditions and detecting parasitic oven heating
effects. They provide a feedback on plasma condition en-
abling better control of the ECRIS operating parameters and
allowing to improve the beam intensity and stability.

MCI: New Development and Status Reports

(2) correspond to the CCD images shown in Fig. 9.

Figure 9: CCD images of the plasma during 3>Mn ion beam
operation. Annotations (1) and (2) correspond to the time
instants marked in Fig. 8b.
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A NOVEL INDUCTIVE OVEN DESIGN FOR THE PRODUCTION OF
HIGH CURRENT, METAL ION BEAMS*

D. S. Todd", J. Y. Benitez, LBNL, Berkeley, CA, USA

Abstract

Essential to the proposed search for element 120 at
LBNL’s 88-Inch Cyclotron is the continual delivery of over
a particle microamp of >°Ti for weeks-long campaigns span-
ning many months. The fully-superconducting ECR ion
source VENUS will be the injector source for these runs,
and we have developed a new inductive oven design that
can survive VENUS’ high magnetic fields while injecting
metallic gas into the plasma with high efficiency. The new
oven employs a vertical susceptor to permit use with metals
that melt before outgassing sufficiently, while also allowing a
rotation of the oven’s material exit toward the plasma center
for better conversion efficiency to the produced beam. The
performance of VENUS with this oven has been outstanding.
As reported here, °Ti!?* beams with stable currents between
1.0 and 1.5 ppA from this oven were used to produce two
element 116 particles: the first time titanium beams have
been used to have been used to create superheavy elements.

INTRODUCTION

Superheavy elements beyond copernicium (element 112)
have been discovered by bombarding transuranic targets with
high-current *3Ca beams. For element 113, a plutonium tar-
get was used, and the target atomic number was increased for
each successive element discovery. The short half-lives of
target material with atomic number greater than californium
(element 98, used to discover element 118) mean that there
isn’t enough material, nor would it last long enough, to serve
as targets for the months-long experiments necessary for
superheavy element production. A potential way to move
forward is to use as projectile beams elements with higher
atomic numbers for these searches .

Earlier this year (2024), researchers at LBNL announced
they were able to use *°Ti beams from the 88 Inch Cyclotron
incident upon a plutonium target to produce two atoms of
element 116 [1]. This was the first time that a titanium beam
was used to produce superheavy elements, and this result
opens the door to extending the periodic table by using >°Ti
beams on californium targets in the search for element 120.

The production and delivery of more than 1puA °Ti
beams from the 88-Inch Cyclotron was no small feat: not
because the cyclotron couldn’t produce this high of currents
(it has delivered over 2 puA “8Ca beams previously [2]), but
because titanium beams are notoriously difficult to produce
from an ion source. Titanium is highly reactive with other
atoms, therefore any deposited on the walls of a plasma

* This work was supported by the U.S. Department of Energy, Office of
Science, Office of Nuclear Physics under contract number DE-AC02-
05CH11231 (LBNL).
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source producing these beams will affect plasma stability
by pumping background gas in an unpredictable manner.
Additionally, for sources relying on outgassing from pure
titanium, sufficient partial pressures typically require heating
the titanium to over 1600 °C.

Using a novel inductive oven within LBNL’s supercon-
ducting electron cyclotron resonance (ECR) ion source
VENUS, we were able to deliver 80—120 uA 50TilzJ"; beams
to the cyclotron with excellent stability and a relatively low
material consumption rate. The inductive oven used for this
work is described as are some of the difficulties overcome
en route to its successful deployment.

ION SOURCE AND OVENS

Electron cyclotron resonance (ECR) ion sources produce
ion beams from a magnetically confined plasma. This con-
finement is typically in the form of solenoids for axial con-
finement and a multipole (typically sextupole) for radial
confinement. The superposition of these fields produces
a net magnetic field magnitude whose minimum is at the
source center and which grows in all directions about this
center. Closed surfaces of constant magnetic field surround
the source center, and by injecting microwaves with fre-
quency that matches the electron cyclotron frequency on one
or more of these surfaces, electron energies can be raised to
the point that they can ionize atoms and confined ions. The
ion beam species produced are determined by the material
injected into the plasma, and these sources have the distinct
advantage that beams can be formed from any material intro-
duced to the plasma without destroying it. The easiest means
of beam production is the injection of gas into the plasma,
and a common means of producing beams from metals is
to raise the temperature of the metals to the point its vapor
pressure emits sufficient material quantity into the plasma.

Raising the temperature of metals is often performed
through the use of ovens. The general oven has some sort
of a crucible whose temperature is raised to outgassing tem-
peratures for the material it holds, and often some sort of
outlet directs that vaporized material toward the plasma. The
low-temperature oven used at LBNL is an example of this,
where a heater cartridge conductively heats a crucible con-
taining the material of interest [3]. A series of channels
then directs the evaporate toward the plasma. This oven
has been extremely successful at efficiently delivering “®Ca
to the plasma, primarily as a result of the aiming channels.
Consumption rates of this expensive material are typically
0.5 mg/hr. This oven is limited to low temperatures, however,
reaching a practical maximum of approximately 700 °C.

Higher temperatures have been reached at LBNL and at
other laboratories using resistive ovens [4,5]. Here, a high
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current is run along the length of a thin walled, typically
cylindrical, crucible and ohmic heating is used to reach
the desired temperature. These ovens are typically oper-
ated vertically so that material may be easily contained, and
this orientation allows the use of materials that melt before
reaching temperatures providing sufficient partial pressures.
These ovens have two real shortcomings: the vertically-run
currents are nearly perpendicular to the magnetic fields at
the injection end of the source where they are typically in-
stalled. For advanced superconducting sources, these fields
reach 3—4 Tesla and can produce strong forces perpendicular
to the axis of the oven. These forces can be particularly
damaging for high temperature ovens as the chemistry that
takes place between the crucible and desired material at high
temperature can be corrosive and affect the oven’s structural
integrity. It should be noted that there have been successes
with high-temperature resistive ovens in high-field sources,
such as with RIKEN’s production of high-current vanadium
beams in their 28 GHz ECR ion source, but this required
research to find an insulator to separate the hot vanadium
from their resistive oven to prevent the oven damaging hot
chemistry between the vandadium and the oven [6].

As titanium is particularly corrosive and resistive ovens
used with it in VENUS were frequently destroyed, we opted
to use inductive technology for the oven that would provide
high-current *°Ti beams for superheavy element research.
Inductive ovens have been successfully used at China’s In-
stitute of Modern Physics in and the Facility for Rare Ion
Beams in Michigan [7, 8], primarily for the production of
high-current uranium beams which require bringing the ura-
nium to temperatures exceeding 2000 °C. These ovens uti-
lize cylindrical coils whose axes are parallel to and offset
~4 cm from the central extraction axis of the source. The
susceptor holding the material of interest is coaxial with the
coil and nested within an insulator that isolates the susceptor
from the coil both thermally and electrically. The susceptor
has a hole in the end closest to the source plasma, and it
is through this that material escapes in gas form and feeds
the plasma. The offset and alignment of this oven mean its
output is usually not directed toward the plasma center, so it
is expected that a substantial fraction of the ejected material
is not ionized by the plasma and deposited on the chamber
walls.

As 5OTi, unlike the uranium used at the labs mentioned
above, is a low-abundance, expensive isotope, efficient trans-
fer from oven to plasma to beam is a necessity, and titanium’s
high reactivity means deposited material on the plasma
chamber walls typically leads to source instability. For this
reason we strove to produce an inductive oven whose output
could be aimed at the plasma center to enhance the probabil-
ity of ionization. To do so, we designed an inductive oven
that uses a vertically-aligned coil. Again, the susceptor and
surrounding insulator are nested within the coil, but the exit
aperture in the susceptor is located in the side of the cylinder
rather than the end as is the case with an horizontal oven.
The hole in the susceptor is aligned with a larger hole in the
surrounding insulator, and these align with a gap between
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two turns of the inductive coil. The direction of the hole is
rotated about the vertical axis so that the output material is
directed toward the center of the plasma.

To reach near VENUS’ confined plasma, the oven is at-
tached to the end of a 1.1-meter-long shaft. So that the oven
may be changed or refilled rapidly, this shaft and the oven at
its end must pass through a 38.1-mm- diameter port.

OVEN DESIGN

The goal of the project was to produce an oven capable of
delivering >100 uA °Ti'?* continually for at least ten days
straight at a time while keeping material consumption rates
below 5 mg/hour as this low-abundance isotope is expensive.
The scale of the inductive oven was set primarily by the fact
that it had to pass through the 38.1-mm-diameter port and
the idea that the typical oven has a susceptor nested within
an insulator nested within the inductive coil.

The coil tubing is 3.97-mm-outer-diameter copper tubing
with 0.36-mm-wall-thickness. It is wound on a 3D printed
winding fixture so as to produce five full turns with minimum
spacing between turns of 1 mm and a tube center radius of
12.5mm. As shown in Fig. 1, there are two larger gaps at
the front side of the oven. The upper gap allows for material
to exit the oven while the lower gap serves as a support
location for an insulating post that prevents the insulator and
susceptor from falling through the coil. This support post is
the weak point of the design as if the post breaks the hot oven
would fall onto and possibly damage the plasma chamber.
For this reason, an aluminum mesh structure was added that
surrounds the oven to act as a catch should the insulator fail,
though it has yet to do so. This cage and the oven within are
outside the plasma.

Figure 1: End-on view of the inductive oven when installed
in VENUS. The perforated aluminum sheet that acts as a
preventative catch should the ceramic support rod (bottom)
fail surrounds the oven.

The coil is brazed onto an RF vacuum feedthrough that is
welded to the 1.4-m-long shaft used to position the oven an
axial distance of approximately 22 cm away from the plasma
center. As the feedthroughs are at the plasma end of the
shaft, the inside of the shaft is maintained at atmospheric
pressure. Hollow, copper tubes run the RF and provide water
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Figure 2: From left to right, the molybdenum susceptor and lid, molybdenum slotted susceptor support rings, yttriated
zirconia support rod, slotted cylindrical insulator, and insulating lid.

cooling to the coil. The coil is driven by a commercially-
available, 2.4 kW inductive power supply that operates in
the 150-400 kHz range. The power supply is maintained at
high voltage within the source cage.

The insulating post and the insulator body/lid combina-
tion are made from yttria-stabilized zirconia. The insulator
thickness is 3 mm with an outer diameter of 21.8§ mm. A
relatively large hole is placed in one side of the insulator to
allow the exit of material from the susceptor housed within it,
as shown in Fig. 2. As discussed below, in the final version
of the insulator a slot was added to the bottom of the insu-
lator body in which the support post nested which ensured
alignment of the insulator was maintained relative to the coil
opening, as shown in Fig. 3.

The final susceptor design was a 12.7-mm-diameter,
molybdenum cylinder with 1.1-mm-wall-thickness. At
200 kHz operation, this is equivalent to approximately four
skin depths so that nearly all flux passing axially through the
center is countered by eddy currents in the susceptor body.
The susceptor height is 16.5 mm and provides a total capac-
ity of approximately 0.75 cm>. More typically the susceptor
is filled to below the 2.0-mm-tall, 3.8-mm-wide material
exit opening in the side, located 9.4 mm from the bottom
of the cylinder. This leaves a fill volume of approximately
0.44 cm?, equivalent to about 2 grams of titanium: enough
for ~16 days operation at 5 mg/hour consumption.

The susceptor is thermally isolated from the insulator by
molybdenum stand-off rings, shown in the exploded view of
Fig. 4. The rings have been machined with angles that keep
point-like contact with both the susceptor and the insulator to
prevent heat transfer between the two, and the rings maintain
a 1-mm-gap between the susceptor and the insulator.

MCI: New Development and Status Reports

Figure 3: Inductive oven viewed from below. The support
post rests on the bottom turn of the coil and a slot in the
insulator prevents rotation of the insulator relative to the
coils.

RESULTS

The inductive oven has been found to stably produce
S0Ti!2* beams of ~90—120 pA for multiple days without in-
tervention, and did so for the 22 days of running with the
cyclotron that led to the production of two elements of 116.
During these runs the beam current extracted from the cy-
clotron was between 1-1.5 ppA, and titanium consumption
rates were typically in the range of 2.5-4.5 mg/hr. More

MOC2
21

©-2 Content from this work may be used under the terms of the CC BY 4.0 license (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



©=2d Content from this work may be used under the terms of the CC BY 4.0 license (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

26™ Int. Workshop Electron Cuclotron Resonance lon Sources
ISBN: 978-3-95450-257-8

. F _ - Support | | b
I ring
" Lid
- Susceptor _Susnepml'
Support =
n,“g contact

Insulator Insulator

Figure 4: An exploded view of the oven assembly, left, and
detail showing the point-like contact the ring makes with
both the susceptor and the insulator.

recent runs have consistently been in the low end of this
range.

For every run, the insulators become gray and develop
cracks, but they hold their shape until the end of the run
and haven’t caused problems. The body and lid insulators
can only be used for one run while the support posts can
typically be used multiple times. We have only used one
susceptor/lid combination for all of our 50T runs to date,
and these show no signs of damage.

The coils do collect titanium near the material exit open-
ing. It is not a significant amount and this can be chipped
away easily. It should be noted, however, that for one run
where the titanium-coated coil had been exposed to atmo-
sphere for three months before its next use, there was signif-
icant outgassing inside the source when the coil was ener-
gized to a low level. This caused a few hour delay on start up,
and could likely be avoided by protecting the coil between
runs.

PROBLEMS AND
OTHER DEVELOPMENT NOTES

The susceptor itself has clogged twice, and both times
were due to suddenly turning the coil power supply off when
at high temperature. The reason for this is believed to be the
fact that the insulator provides a good thermal barrier from
the cool outside world except at the exit aperture, therefore
this location would be expected to cool fastest when the
power is suddenly turned off. It has been found that as long
as the oven is ramped down in a steady manner (as high as
10s of W per minute), no clogging has occurred.

Early iterations of the oven allowed the insulator to rotate
relative to the coil and the susceptor relative to the insulator.
Both of these caused reduced beam production and usually
led to clogging. The addition of a slit to the insulator body,
mentioned above, that eliminated the ability of the insulator
to rotate stopped rotation clogs. Wedging thin (0.02-mm-
thick) strips of molybdenum between the susceptor and the
insulate prevented rotations of the susceptor.

An early iteration of the oven used a thin-walled 0.5-mm-
thick) tantalum susceptor. At 200kHz inductive heating,
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this represented less than one skin depth. As a result, the
eddy currents formed in the susceptor were not enough to
counter the magnetic flux and eddy currents were formed in
the titanium inside the oven. The titanium was heated more
quickly than the susceptor, and though we surpassed the
desired partial pressure temperature and melted the titanium,
the susceptor walls remained colder than the titanium and the
titanium condensed and solidified there. Additionally, there
was evidence of chemical reactions taking place between
the titanium and tungsten. The change to the thicker-walled
molybdenum susceptor mentioned above has prevented these
problems. An advantage inductive ovens with thick-walled
susceptors have over resistive ovens is that nearly all of the
inductive power goes into the susceptor. Unlike the resistive
oven whose resistance can change as material shifts within
the oven itself, the inductive oven temperature is very sta-
ble as all the heat goes into the susceptor regardless of the
quantity of material inside it.
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Abstract

In the present work, we will present the status of the
deuterium-deuterium (D-D) neutron source that is being de-
veloped in collaboration between the University of Granada
and the University of the Basque Country. Our neutron
source consists of an Electron Cyclotron Resonance (ECR)
ion source which accelerates a deuteron beam towards a
deuterated target. The ionization to achieve the deuterium
plasma is achieved by radiating the cylindrical ERC plasma
chamber with a magnetron 2.45 GHz signal and an 875
G magnetic field generated by 6 NdFeB magnets located
around the plasma chamber. Moreover, a cylindrical alumina
Radio Frequency (RF) window is used to keep the vacuum
status from the ambient pressure condition inside the WR340
and helping the plasma to ignite. Once the plasma is gener-
ated, the deuterons are extracted from the plasma chamber
using a Pierce electrode geometry and three other electro-
static lenses, fixed to different negative potentials. The beam
is accelerated towards the copper target disk with a deuter-
ated titanium mesh fixed to —100 kV which generates the
desired neutron radiation. There are several applications
of D-D neutron sources across scientific and industrial do-
mains. In case of the University of Granada and its deep
relation with the IFMIF-DONES neutron source, it is worth
to mention that we plan to carry out experiments for deter-
mining the cross-sections of relevant isotopes in the studies
of IFMIF-DONES for a better simulation of the behaviour
of such material under high neutron flux irradiation.

INTRODUCTION

A deuterium-deuterium (D-D) compact neutron source
is being developed in collaboration of the University of the
Basque Country and the University of Granada. The main
goal of this project is to gain scientific and engineering know-
how on this type of source. The source will be based on the
D-D fusion reaction described as 2H (d,n)3He [1-2]]. By
colliding with deuterium positive ions, known as deuterons,
a 3.27 MeV reaction is generated, where 2.45 MeV corre-
sponds to a neutron and the other 0.82 MeV corresponds
to a nucleus of 3He. The full 3D design of the neutron
source can be seen in Figure 1. First, the radio frequency
(RF) subsystem where a high-power RF signal is generated
and transmitted toward the plasma chamber. This Rf signal
combined to a proper magnetic field generates an electron
cyclotron resonance (ECR) deuterium plasma formed of
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deuterons. As these deuterons have a positive charge, fixing
the target to a negative potential will extract them from the
plasma chamber and accelerate them towards it. The target
is deuterated, so as the ion beam impacts the target the D-D
reaction is going to be produced and 107 neutron flux will
be generated [3-4].

This paper is organized in the following way. Each sec-
tion will describe a different subsystem of the D-D source.
Moreover, the actual state of the project will be described
with the conclusions. Finally, the future works are given.

Figure 1: D-D source full 3D model design.

RF DESIGN

As stated in the previous section, an RF signal is needed
to ionize the deuterium inside the plasma chamber. This
RF signal is generated using a high-power magnetron able
to achieve 1.3 kW of power with a frequency of 2.45 GHz.
Once the RF wave is generated it needs to be transmitted
towards the plasma chamber. A rectangular waveguide chain
has been designed for this purpose, using the WR340 stan-
dard, which has an operating bandwidth from 2.2 GHz to 3.3
GHz. Following the magnetron an adaptor from magnetron
to WR340 is used to optimize the power coupling from the
RF source to the rest of the system. Then, a 3 kW water-
cooled isolator has been implemented to avoid damaging the
magnetron with the reflected power coming from the plasma
chamber. Moreover, a directional coupler has been added
to the design to monitor both forward and reflected power
to the plasma chamber. Finally, a 3 manual probe tuner is
used to modify the impedance of the WR340 system. When
plasma is ignited, the impedance seen from the WR340 sys-
tem towards the plasma chamber changes, and this will lead
to worse RF coupling. Varying the position of the manual
probes and monitoring the reflected power from the direc-
tional coupler, the impedance from the WR340 system can
be modified to adapt it to the one in the plasma chamber.
By doing so, the RF coupling will improve so with less RF
power higher ion fractioned plasmas will be achieved.
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PLASMA CHAMBER

In the design of our D-D source, is in the plasma chamber
where the deuterons are generated. For this purpose, an
ECR plasma is ignited from deuterium by ionizing it with a
2.45 GHz RF signal and fixing a magnetic field around the
chamber. In order to have an ECR plasma the RF signal’s
frequency and the magnetic field follow the relationship
stated in Eq. (1). Being g the electron charge in C, B the
value of the magnetic field in T, and m, the electron mass in
kg.

__4q-B
C 27 em,

f

(Hz) ey

Electromagnetic Simulation

As the plasma chamber has a cylindrical shape, with a
radius of 20 mm and a length of 50 mm, an iris has been de-
signed to adapt the impedance of the chamber and the one of
the previous WR340 RF chain. Moreover, the RF subsystem
works at ambient pressure while the plasma chamber needs
to be in vacuum conditions. Therefore, a system capable of
adapting the impedance and keep the vacuum state inside
the chamber is needed. As seen in Figure 2, two 30 mm di-
ameter and 5 mm long iris have been designed which added
to the 38 mm diameter and 13 mm long alumina disk in the
middle of both iris, and the plasma chamber can adapt the RF
signal coming from the magnetron. The RF characterization
results for the whole plasma chamber geometry suggest the
designed work as expected having S;; = —9.23 dB at a fre-
quency of 2.446 GHz. Moreover, the results obtained for the
S11 parameter with the CST software and characterization
with a Vector Network Analyzer (VNA) only had a variation
of 1 dB in magnitude and 10 MHz in frequency. The vacuum
state is conserved by one face of the alumina disk and an
O-ring being pushed by it. Furthermore, the alumina is not
only used as an RF window to maintain the pressure inside
the chamber but also to help the plasma ignition. When an
RF signal goes through the alumina disk, excited electrons
are pulled out from the ceramic material and contribute to
the ionization of the desired gas.

Magnetic Design

On the other hand, a magnetic field needs to be induced
inside the plasma chamber for an ECR plasma to ignite. In
our case, for a 2.45 GHz signal the magnetic field needed
is of 875 G, following Eq. (1). For this purpose, 6 NdFeB
magnets with a dimension of 15 x 15 x 24 mm are located
around the plasma chamber. These magnets were chosen for
their low cost and appropriate properties for the magnetic
field values wanted to achieve. Apart from the magnets,
three iron disks are needed to support the magnets around
the chamber and optimize the magnetic field values which
are seen in Figure 3.

HV EXTRACTOR

Once the plasma is ignited the next step is to form the
ion beam. For our D-D source, the beam will be formed by
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deuterons, so it is a positive ion beam and negative potentials
need to be fixed in order to accelerate and be able to extract
the ions from the plasma.

Electrostatic Simulation

The ion beam extraction and acceleration will be achieved
by fixing negative potentials to different electrodes. The
number of electrodes, potential, and position are simulated in
SIMION. The first electrode is the plasma electrode, which
needs to have an angle of 67.5° to the beam axis (22.5°
to the perpendicular). The shape of the electric field in
the extraction gap will shape the beam as it is extracted so
having this angle will produce an extraction field that has
a zero transverse value at the edge of the beam, thus not
having any focusing effect on the beam. This special shape
is called pierce electrode geometry and will be fixed to the
same potential as the plasma chamber, O V.

If the deuterated target is fixed to a negative potential the
ion beam will be accelerated towards the target. Neverthe-
less, the beam will be highly focused on the center of the
target, only using the 0,13 % of the target surface. A low
dispersion of the beam around the target could lead to heat-
ing problems and waste of the target’s deuterium. After the
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first iterations, the addition of an electrostatic lens inside the
vacuum chamber has proved to improve the dispersion of
the beam towards the target. Having the target to -100 kV
and the lens at -60 kV the beam impacts the 14.23 % of the
target’s surface. In the following iterations, the addition of
more lenses will be studied.

Except for the target and the possible electrostatic lenses
inside the vacuum chamber, the whole system is fixed to 0 V.
To avoid HV discharges a PEEK tube will be used to isolate
the high voltage from the target from the rest of the system.
PEEK is a common material used for HV isolation for its
high dielectric strength of 73 kV/mm.

TARGET

The target the deuteron beam will be accelerated towards
consists of a metallic coin that has a titanium mesh with
deuterium deposited in one of its faces. In this way, when
the ion beam arrives, the deuterons impact the deposited
deuterium and produce the 2H(d,n)3He reaction having the
desired 2.45 MeV neutrons. As seen in Figure 4, the target
will be mounted in a threaded system so it can be easily
changed.

Figure 4: 3D target design.

ACTUAL STATE AND FUTURE WORKS

For the time this contribution is being written the RF
system, plasma chamber and vacuum chamber have been
implemented in the real-life design, Figure 5. At the mo-
ment the first deuterium plasmas are being ignited at low RF
power, testing parameters such as the gas flow, temperature
of critical components, or the forward and reflected power.

The remaining work can be divided into two groups: test-
ing the already implemented parts and finishing the design-
ing of the HV extractor and target to obtain neutrons. With
the onsite parts, several testing will be done as in the RF
part to obtain the minimum value of RF input necessary
to ignite plasma. Currently, it is 100 W because it is the
lowest RF power level the magnetron can provide. Moreover,
adapt the impedance of the plasma chamber while plasma
is ignited using the tuner so more power is coupled into
the plasma chamber. Furthermore, Langmuir probe mea-
surements will be performed to study the behaviour of the
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Figure 5: RF subsystem, plasma chamber, and vacuum cham-
ber installed.

plasma that is being generated. On the other hand, the elec-
trostatic simulations for beam extraction and the target for
neutron generation will be executed. In order to implement
the neutron generation, a radioprotection bunker needs to be
build. The design of this bunker is being performed in the
simulation software MCNP.

CONCLUSION

The magnetron and the WR340 chain have been fully
tested with positive results. As mentioned in previous sec-
tions, the adaptation from WR340 to the plasma chamber
geometry works as expected in the simulations as the mag-
nets geometry do. The first tests to ignite plasma have started
with promising results and the HV design process is coming
to an end.
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Abstract

At INFN-Legnaro National Laboratories the heavy ions
accelerator complex is fed with beams produced by a per-
manent magnet Electron Cyclotron Resonance ion source
called LEGIS (LEGnaro ecrlIS). Although suitable inten-
sities and charge states to fulfill the requests of the users
are normally guaranteed, the first part of the Low Energy
Beam Transport line (LEBT) downstream of the ion source
suffers from non-negligible losses and a lack of scalabil-
ity when switching between ions with different mass-over-
charge ratios, thus leading to a machine preparation time
longer than would be desirable. These criticalities called for
a deep characterization of the beam coming out from the
ion source, especially in the case of high charge states heavy
ions production, normally showing the lowest intensities.
This contribution describes the numerical studies performed
on the extraction system of the LEGIS source and its LEBT.
The physics case used is a 2*®Pb?!* beam produced for a nu-
clear physics experiment in fall 2022. As will be shown, the
results shed light on the reasons for the bad reproducibility
and transmission, mostly due to aberrations induced on the
extracted beam by the first optical elements.

INTRODUCTION

Electron Cyclotron Resonance Ion Source (ECRIS) [1]
extraction systems for highly charged heavy ions beams ne-
cessitate of detailed studies, since they have to manage sev-
eral ion species with different intensities, while ensuring
the proper beam quality for the injection in the accelerators.
Indeed, the beam quality directly affects the global acceler-
ation line in terms of transmission, while the charge states
are important in relation with the final beam energy.

At INFN-Legnaro National Laboratories (LNL) the
PIAVE-ALPI [2-4] heavy ions accelerator complex is fed
with highly charged heavy ions by a 2" generation ECRIS
called LEGIS (LEGnaro ecrIS) [5]. It is a full permanent
magnet source of the Supernanogan type produced by the
Pantechnik company [6], with an operating frequency range
between 14 and 14.5 GHz. In order to match the optimum
B = v/c for the injection into PIAVE, LEGIS and the first
part of the LEBT are installed on a high voltage platform
(maximum voltage 400 kV).

Suitable intensities for the requests coming from the nu-
clear physics community are normally produced. Despite

* giadarachele.mascali@uniromal.it, giada.mascali@Inl.infn.it
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that, operational experience evidenced a not satisfactory
transmission in the LEBT line installed on the platform,
as well as a lack of scalability of the values of the steer-
ers mounted in the downstream fixed- magnetic beam line
towards PIAVE.

To shed light on the above-mentioned criticalities, we
carried out numerical simulations of beam extraction from
LEGIS and its transport in the first part of the LEBT line,
taking as case study the production of a lead beam for a
nuclear physics experiments performed in fall 2022 at LNL.

This paper describes the results coming out from the sim-
ulations, drawing some conclusions on the possible explana-
tions for the criticalities observed and the actions could be
undertaken to solve them.

LEGIS AND THE
LNL ACCELERATOR COMPLEX

The LEGIS source can produce heavy ions beam currents
of the order of pA for the PIAVE-ALPI accelerator complex.
Its extraction system consists of four electrodes (see Fig. 1):
the plasma electrode, with a 7 mm extraction aperture and a
voltage of 24 kV (voltage V; always fixed), a puller (maxi-
mum operational voltage V, = -6 kV), an electrostatic lens
named focus (max voltage V¢ = 1 kV) and a ground electrode.
It is directly coupled to the analysis dipole, characterized
by a maximum field of 0.5 T, a bending radius of 500 mm,
a pole gap of 80 mm and edge angles of 28.3°, both at the
entrance and at the exit. A selection slit (10 mm opening
usually) and a Faraday cup are mounted more or less at its
image point: this first part of the LEBT, installed on the high
voltage platform (as shown in Fig. 1), is generally used to
characterize the LEGIS’ performances and is the part of the
line object of the studies presented in this paper.

The line on the platform continues with a double Einzel
lens (max operational voltage Vi, = 10kV) that focuses the
selected beam into the accelerating column, followed by an
electrostatic triplet (max voltage Vi, = 4kV) outside of the
platform. From this point, the line continues with a fixed-g
magnetic beam line for the injection in the PIAVE-ALPI
accelerator complex.

PIAVE (Positive Ion Accelerator for Very-low Energy) is a
positive ions linear accelerator preceded by a three harmonic
buncher (40, 80, 160 MHz) and consisting of two 80 MHz
superconducting RFQs, with 8 equal to 0.0089 and 0.0035
at the RFQs entrance and exit, respectively. The RFQs are

MC(7: Beam Extraction and Transport
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Figure 1: Schematic representation of the LEGIS extraction system and the first part of the downstream LEBT.

characterized by maximum operational accelerating field of
27.10 MV/m and 25.49 MV/m (for 23%U3?*).

ALPI (Acceleratore Lineare Per Ioni) is the supercon-
ducting booster consisting of 20 cryostats, each containing
4 quarter-wave resonators (QWRs) and operating at 80 MHz
(first 6 low-B cryostats) and 160 MHz (the others high-g3
cryostats), with a maximum accelerating field of 5 MV/m.
Beams can reach 10 MeV/A of energy for a mass-over-charge
ratio of 7.

SIMULATIONS OF BEAM EXTRACTION
AND TRANSPORT

The operational experience with LEGIS revealed some
criticalities, in particular: a transmission to the Faraday
Cup on the platform not higher than 50 %; the fact that the
steerers’ values in the fixed- magnetic line downstream of
the LEBT line do not scale following the mass-over-charge
ratio as expected. To find possible explanations, we carried
out extensive numerical simulations of the beam extracted
from LEGIS and its transport through the first part of the
LEBT.

The case study considered is a >’Pb beam produced by
means of a resistive oven for a nuclear physics experiment
scheduled in fall 2022 at INFN-LNL. All the parameters
have been optimized to deliver the charge state 31* with a
suitable intensity: Table 1 shows the main ones relevant for
the studies presented in this paper.

The extraction from LEGIS has been simulated for the
first time by using the code IBSimu [7], considering a total
beam current of 1.9 mA and a space charge compensation
at 98 %. The input distribution consisted of ions from Pb!**
to Pb*?* and from O'* to O*, resembling the spectrum
acquired during the experiment. Figure 2 shows the sim-
ulated Pb3!* horizontal emittance: it can be seen that the

MC(7: Beam Extraction and Transport

Table 1: Main Parameters Used for the Production and Trans-

port of the 2Pb3!* Beam
P[W] f[GHz] It [MA]  Ippoe [MA]  Vpiae [KV]
304 14.328 1900 2.7 224.68
Vs [kV]  Vp [kV] Vi [KV]  Vein [KV]  Viip [KV]
24 -1 1 6.4,4 4

beam has a limited divergence and, above all, a normalized
rms emittance of 0.039 64 mm-mrad, well within the limit
of acceptance expected for PIAVE (0.1 mm-mrad).
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Figure 2: Phase space distribution of the Pb>'* numerically
obtained by means of the code IBSimu.

The extraction simulation results have been the input to
simulate the beam transport through the first part of the
LEBT installed on the platform, using the TraceWin soft-
ware [8]. As a first step, the beamline acceptance was evalu-
ated for each ion considered for the simulations: it has been
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found that it exists a significant mismatch with the beam
emittance at the entrance of the line, being more evident for
the O** shown in Fig. 3. As a confirmation of this effect, the
calculated transmission of the O** revealed to be the lowest
one (~23 %).

X(mm) - X'(mrad) Y(mm

OA& []

O

2 0 0 ® A B @ 2 D 0 10 D B
Figure 3: Emittance-acceptance mismatch with the LEBT
for the O**.

This first outcome of the simulations gave us already a
possible explanation for the low transmission to the Faraday
cup experimentally observed.

The study proceeded by evaluating, for all the ions, the
density levels along the LEBT: Figure 4 shows the results in
the direction corresponding to the bending plane for the low-
est (among all ions) and highest (for lead) mass-over-charge
ratio. It is evident that both beams, initially centered (in
position and distribution) on the nominal trajectory, emerge
off-centered after passing through the dipole, with the focus
well preceding or following the slit position.

These aberrations can be explained by the non-linear ef-
fects induced by the dipole magnetic field depending on
the beams’ width with respect to the bending radius in the
middle of the analysis dipole. In addition to the beam losses,
these lead to the distortion of the distributions.

Indeed, the 208Pb31+, whose dynamics is closer to the
nominal one, suffers from fewer losses since its smaller width
and intensity allowed a beam focusing closer to the slit, as
shown in Fig. 5, favoring consequently the transmission.

In addition, the evaluation of the transmission along the
global line confirmed that the losses are not only due to the
cuts at the slit, but are observed all along the beam-line.

The influence of the nonlinear contributions on the beam
quality can be verified comparing the beams emittance com-
puted at the entrance and exit of the LEBT. We observed
two different trends for lead and oxygen ions: for the former,
the emittance increases due to the not suitable optics; for
the latter, beam losses are dominant and lead to an overall
decrease of the emittance.

More interesting results emerged by comparing the emit-
tances of the transported beams and those computed at the
beam line entrance for the same beams’ percentage of the
transmitted one (Fig. 6). In this case all beams show an emit-
tance deterioration, up to a factor more than 3 for the Pb31+.
However, as we can see, that did not prevent the injection in
PIAVE, since the emittance values (all <0.08 mm-mrad) are
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Figure 5: Density levels in the bending plane of the opti-
mized Pb>!*.

still within the acceptance limit expected for its RFQs. As a
proof, the experimentally measured transmission of 2°Pb>!*
through PIAVE turned out to be close to the nominal one.

All these evidences can be also observed in the phase
space distributions’ deformation at the end of the line with
respect to those at the beginning (see Fig. 7), which led to
the emittances deterioration and confirmed the presence of
non-linear forces in the dipole.

Finally, as shown in Fig. 8, a complete misalignment of
the centroid of each beam, with specific values for each ion,
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Figure 6: Comparison between input and output emittances
of the same beam percentage.
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Figure 7: Comparison between the Pb!* emittance distri-
butions in the phase space at the LEBT entrance and exit.

came out from the evaluation of the average position and
divergence as a function of the mass-over-charge ratio.

As a consequence, the steerers in the fixed-S magnetic
line towards PIAVE have to deal not only with eventual
mechanical misalignments (normally fixed), but also with
those induced by the transport process. It is an important
result that can explain the experimental observation accord-
ing to which steerers values exhibit deviation of up to 60 %
from expectations based on the theoretical scaling with the
mass-over-charge ratio.

CONCLUSIONS AND PERSPECTIVES

Beams extracted from LEGIS has been simulated for the
first time thanks to IBSimu. These have allowed to carry out
many simulations of the beams transport along the LEBT,
that shed light on the reasons for the experimentally observed
criticalities. In particular, the almost 50 % losses could be
traced back to an emittance-acceptance mismatch in the
LEBT line. In addition, an optic not suitable for transport
through the dipole has been found, that leads to the beam
quality deterioration due to non-linear effects. This brought
to off-centered average positions and divergences of each
beam centroid, with different values for each mass-over-
charge ratio, thus explaining the steerers non-scalability in
the fixed- magnetic line towards PIAVE, as experimentally
expected.

From these results some possible solutions have been iden-
tified. Firstly, the modification of the LEBT line layout by
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Figure 8: Average position and divergence in the transverse
plane of the centroid of each beam as a function of the mass-
over-charge ratio.

installing the source closer to the dipole or by interposing
a lens between them, in order to improve the matching be-
tween the beams’ emittance and the acceptance of the LEBT.
Secondly, the design of a new extraction system to produce
beams with more suitable qualities.
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CHARACTERIZATION OF THE 2.45 GHz DREEBIT ECRIS
VIA OPTICAL SPECTROSCOPY

M. Molodtsova*, A. Philipp", E. Ritter, Dreebit GmbH, GroBréhrsdorf, Germany

Abstract

ECR ion sources are widely used at many research in-
stitutions to provide ions for various experimental setups.
DREEBIT GmbH aims to industrialize this type of ion
source technology. Our goal is to build table-top sized ion
sources which can easily be handled and integrated into
larger machine setups, thereby fulfilling high requirements
on beam current, quality, stability and reproducibility in se-
rial production. To achieve this, we had already optimized
the microwave injection system and magnetic plasma con-
finement by introducing a simple method to allow for in-
jection of circularly polarized microwaves and adjusted the
magnetic field distribution which led to an 80 GHz increase
of proton beam current [1]. In the present work, we show
how optical emission spectroscopy was used to gain deeper
information about the plasma of this specific type of ion
source, independently from its ion extraction system. The
plasma characterization includes studies of the electron den-
sity and temperature (n,, T,) and the density of atomic and
molecular hydrogen (ny, ny,) showing the performance of
the 2.45 GHz DREEBIT ECRIS concerning plasma heat-
ing and proton production and indicating how the source
performance can be enhanced in further steps.

INTRODUCTION

Electron Cyclotron Resonance Ion Sources (ECRIS) pro-
vide low, intermediate and highly charged ions for a broad
range of applications, reaching from nuclear [2,3] over ma-
terials [4] to medical physics research. In the future, they
can be used in combination with particle accelerators or
as part of irradiation facilities, e.g., for industrial semicon-
ductor manufacturing or cancer therapy [5]. The goal of
the present work is to characterize the plasma of the table-
top sized 2.45 GHz DREEBIT ECRIS run with hydrogen
in order to gain better understanding of the possibilities for
source improvement. Using optical emission spectroscopy
(OES) the intensities of the hydrogen Balmer and Fulcher
lines depending on the power of the injected microwave and
the phase shift of the two injected microwaves were stud-
ied. The electron density n., temperature 7, and ratio of
atomic to molecular hydrogen ny/ny, were deduced from
the optical spectra using the Yacora solver [6].

EXPERIMENTAL METHOD

An Ocean Insight Flame UV-VIS Spectrometer was used
for the optical spectroscopy setup. The spectrometer is sen-
sitive in the wavelength range from 200 to 850 nm with a

* maria.molodtsova@dreebit.com
f alexandra.philipp @dreebit.com
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resolution of 1.37 nm. To couple the light into the spectrom-
eter a reflective collimator with UV-enhanced aluminum
coating with a diameter of d = 8.5 mm was employed. An
optical cable with a fiber diameter of 200 um couples the
collimator to the spectrometer device. Intensity calibration
was conducted on-site by using an Ulbricht sphere. The line
of sight where the plasma was characterized is shown in
Fig. 1.
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and beam formation lens

Perforated,
movable back wall

Optical spectroscopy axis

Figure 1: Experimental setup with optical spectroscopy axis
marked in green.

The optical light emitted by the atomic and molecular
hydrogen ions reveals information about the plasma. The
Balmer line ratio Hg/H,, relates to the electron density, the
ratio between the Balmer line H,, and the integrated Fulcher
lines is a measure for the dissociation ratio, as the Fulcher
lines are emitted during relaxation of excited vibrational and
rotational states of the H, molecule [7]. While individual
line ratios had been used to identify plasma parameters like
the electron density directly in the past, this method was
replaced by the Yacora solver, employing a collisional ra-
diative model and identifying the best agreement between
simulated and actual line ratios under variation of the desired
plasma parameters.

RESULTS

In two separated measurement campaigns a scan of the
microwave power and the phase shift of the two injected mi-
crowaves were performed. From this data set a range of the
plasma parameters electron density 7., electron temperature
T, and the neutral density ratio ny/ny, were determined to
characterize the plasma. The findings from the OES mea-
surements are compared to measured spectra of extracted
ions.

OES Measurements

Microwave Power Scan at 100° Phase Shift Figure 2
shows the results of the microwave power scan. Here,
the intensity ratios of subsequent Balmer lines are shown
as black (H,/Hp), red (Hp/H, ) and green (H, /Hs) data
points. Moreover, the previously discussed ratio of H, /Hgy
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is shown in blue. It is visible that all line ratios increase with
the microwave power. However, the red data points, which
are a measure for the electron density, do not exhibit such
a clear trend and the data is difficult to interpret. For this
reason, the Yacora results are discussed in the next step.
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Figure 2: Microwave power scan at 100° phase shift.

Phase Shift Scan at (2x) 75 W Microwave Power Fur-
thermore, the phase shift between the two injected mi-
crowaves was investigated by scanning the whole range of
phase shifts, while maintaining the microwave power at (2x)
75 W and the pressure at 2 - 10~ mbar. Figure 3 shows the
results of the phase scan. It is noticeable that there is almost
no visible dependence of the line intensity ratios with the
phase shift, which indicates that the plasma parameters are
constant at the location of the optical spectroscopy axis.
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Figure 3: Microwave phase shift scan at (2x) 75 W mi-
crowave power and p = 2 - 10~ mbar.

Yacora Results

The electron density n,, temperature 7, and the ratio of
ny/ny, can be reconstructed using the Yacora solver, which
provides a collisional radiative analysis model for OES on
hydrogen and helium plasmas. Yacora simulates the hydro-
gen line ratios under variation of the plasma parameters. By
comparing the calculated results to the measured spectra
the best match can be identified revealing the actual plasma
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parameters of interest. Among these parameters, the tem-
perature 7, and the ratio ny/ny, can not be reconstructed
independently because they are strongly correlated due to
their impact on line emission in the present parameter phase
space. As a result only ranges of possible solutions can be
determined, allowing for a coarse analysis of these parame-
ters.

Figure 4 shows the electron density in dependence on
the microwave power for a plasma length of /;j,im, =5 cm
and [pjasma = 10 cm. The diameter of the plasma chamber is
10 cm, but the magnetic confinement compresses the plasma
to a smaller volume, which is not exactly known. Therefore
the electron density is specified for an educated guess of both
limits of the possible plasma length as the precise length has
not yet been determined. The electron density scales linearly
with the plasma length and increases with rising microwave
power until it reaches a plateau for values which are higher
than 40 W. If assuming that the plasma is confined within a
region which has half length of the plasma chamber (5 cm),
the electron density is n, = 7 - 10'®m=3 at the plateau, a
value which is close to the calculated critical density of a
2.45 GHz ECR source, resulting in n, = 7.45 - 1016 m3.
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-
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E )
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u & Lpiasma=10cm
I
)
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Figure 4: Yacora results for electron density n, depending on
the microwave power, considering 2 different plasma lengths
of 5cm and 10 cm.

Electron densities in other ECR ion sources around the
world were found in the same order of magnitude around
107 m=3 [8-10].

Figures 5 and 6 show the dependence of the electron tem-
perature 7, and the ratio of the atomic and molecular hy-
drogen density ny/ny, on the microwave power. Since both
parameters can only be reconstructed in combination, a wide
range parameter variation was performed identifying the lim-
its of the parameter space with values for the minima and
maxima for T, as well as ny/ny,. Assuming individual
values outside of these extrema, Yacora could not find any
matching solution for the measured spectra at all, indicat-
ing that the actual values for T;, and ny/ny, lie within the
presented range. It is visible that the region for the electron
temperature is quite large for microwave powers above (2x)
40 W. The upper limit is at the maximum of the phase space
for the Yacora solver, indicating that an electron ensemble
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Figure 5: Yacora results for electron temperature 7, in de-
pendence of microwave power.
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Figure 6: Yacora results for the ratio ny/ny, in dependence
of microwave power.

with an even higher temperature could lead to the observed
line intensities. However, for temperatures higher than 25 eV
the Yacora model is no longer accurate enough. The mini-
mum of the temperatures is at 15 eV for a microwave power
higher than (2x) 40 W. This lower limit of 7, is comparable
with electron temperatures found by other research groups
for a 2.45 GHz ECRIS [8, 10].

Extracted Ions

In addition to the analysis of the plasma emission via
optical spectroscopy, it is also possible to extract ions from
the plasma chamber and evaluate them using a dipole magnet,
which separates the ions according to their mass to charge
ratio. Extracted ions were measured in dependence on the
microwave power and the phase shift of the two injected
microwaves.

It was found that the intensity ratio of extracted ions Iy /Iy,
strongly depends on the microwave power, as shown in Fig. 7.
At low microwave powers the ratio of molecular hydrogen
corresponds to Iy /Iy, = 0.3. With increasing power the ratio
grows and becomes larger than 1 from 60 W on and reaches
up to 1.4 for 80 W. A similar behaviour could be observed
in the OES measurements, like shown in Fig. 6. Both the
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Figure 7: Intensity ratios of extracted atomic to molecular
hydrogen Iy /Iy, in dependence on microwave power.

minimum and maximum boundaries of the ratio ny /ny, are
increasing with the power. The upper limit is more trustwor-
thy, since it is associated with the lower limit of the electron
temperature. However, the absolute values of the dissocia-
tion ratio derived from the ion extraction measurements are
higher than the OES results, even if the minimum electron
temperature is assumed. Therefore, it is concluded that the
differences in the extracted spectra and OES measurements
originate from the different locations of spectroscopy and
ion extraction within the plasma.

The OES data suggests that the phase shift has almost no
influence on the ratio ny/ny,. However, from the extracted
spectra a slightly different picture is visible. The ratio is
always above 1 for all phase shift angles, but the intensity
ratio Iy /Iy, is highest with almost 1.4 for phase shift angles
between 10° and 100° and decreases to 1.1 for higher mi-
crowave phase shift angles, as shown in Fig. 8. This can
also be explained with the fact that the extraction of ions
and the optical spectroscopy happen at different locations in
the plasma. While the spectrometer is looking through the
center of the plasma chamber, the ions are extracted from a
limited region behind the plasma aperture.

1.40 4

1354

1.30 4

1.254

ratio /142
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Figure 8: Intensity ratios of extracted atomic to molecular
hydrogen Iy /Iy, in dependence on microwave phase shift.

The polarisation of the injected microwave changes while
the wave propagates through and interacts with the plasma.
It is interesting to notice that while center of the confinement
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zone accumulating ions from a larger region along the ion
source axis is not sensitive to the initial polarisation of the
microwave, the region from where the ions are extracted is
indeed sensitive to this parameter.

CONCLUSION

The present work focused on characterizing the DREEBIT
2.45 GHz ECRIS concerning the achieved plasma parame-
ters electron density n,, electron temperature 7, and disso-
ciation ratio ny/ny,. The plasma parameters were studied
under variation of the injected microwave power as well as
the phase shift, varying the initial polarization of the wave
reaching the plasma.

The scan of the microwave power showed an increase in
the electron density up to (2x) 40 W above which a plateau
is reached with values between 3 and 7 - 10 m~3. A more
accurate value can be given once the effective length of the
investigated plasma has been determined which will be done
in the future. The results so far are in reasonable agreement
compared to values recorded at other 2.45 GHz ECRIS with
similar operation parameters.

The electron temperature 7, also rises with increased mi-
crowave power until (2x) 40-50 W. Within the range of pos-
sible resulting 7, it is most likely that the lower plateau limit
of 15 eV reflects the conditions in reality as this corresponds
to the maximum dissociation ratio values.

While n, and T, rise only up to a microwave power input
of around (2x) 40 W, the dissociation ratio keeps rising up to
the maximum power of (2x) 100 W given by the microwave
generator, reaching ny/ny, = 0.9. The same correlation
is shown by ion extraction measurements although the ab-
solute values for the dissociation ratio are even higher in
this case, up to ny/ny, of 1.4. This is the first discrepancy
shown between OES and ion extraction measurements. The
second one is that while there is hardly any reaction to be
observed via OES, the dissociation ratio does depend on
the right phase shift between the two injected microwave
signals defining the initial polarization of the microwave
reaching the plasma. Both discrepancies can be explained
by the different positions of OES and the region from where
ions are extracted.

We conclude that while the electron heating and pro-
ton production have been optimized there is still room for
improvement concerning the extraction of ions out of the
plasma, the region from where ions are drawn to form the
beam appears to be limited and does not reach the center
of the plasma confinement where the OES line of sight is
situated. In the near future, our R&D will focus on the op-
timization of the extraction lens system concerning beam
current and emittance.
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Abstract

Developments of ECR intense light ion sources is an
important research axis of the Laboratory for Accelerator
Study and Development at CEA-Saclay. Starting in the
90’s from the SILHI proton source for the IPHI accelerator
[1], several high intensity proton or deuteron SILHI-type
sources were provided to international facilities like
IFMIF, FAIR or SPIRAL2. From 2011, CEA started a new
R&D program on high intensity ECR compact ion sources
with the ALISES source family. The results obtained with
the first ALISES source prototype [2,3] gave us the main
goals for the design of the ALISES II source that ran
several months on 50 kV BETSI [4] test bench and was
dismounted at the end of 2016 to upgrade the test bench to
100kV. However, this source was never reinstalled and has
been replaced by the ALISES III source [5] that runs on
BETSI up to now. Recently, the ALISES II source and its
equipment has been reassembled to be restarted on BETSI
for beam characterization before sending it to the
MIRROTRON company in Hungary as the proton source
for a neutron beam facility. This paper describes the setup
on BETSI and proton beam characteristics obtained by
emittance measurements and spatial species proportion
analysis. A Low Energy Beam Transport line is proposed
to match the beam to the already constructed RFQ.

INTRODUCTION

ALISE II ion source was the first compact ECR light ion
source at Saclay for proton beam extraction. The source
installed on the BETSI test bench in February 2015
allowed a first extracted beam current of 35 mA hydrogen
ion beam (H" and molecular ions) at 42kV, regularly
extracted through a 6 mm diameter plasma electrode with
a record of extracted intensity of 38.5mA at 42kV. The
source operated up to 50 kV in pulsed or continuous mode.
Several experiments were carried out with this source on
BETSI up to 2016 like irradiation of scintillators for a 4D
emittance meter or beam stop finger bombardment (Fig. 1)
for S3 separator of SPIRAL2 project in Caen (France).

The beam emittance was measured with the Allison
scanner designed and manufactured by IPHC in Strasbourg
(France) for the FAIR project in Darmstadt (Germany).
ALISES 1I ion source was then dismounted while
upgrading BETSI test bench to 100k V.

MCI: New Development and Status Reports

Figure 1: Finger bombardment for S3 separator of
SPIRAL?2 project.

ORIGINAL SOURCE SETUP AND
EVOLUTION

ALISES 1I Ion source is a compact system originally
designed to achieve the same performances as SILHI,
around 100 mA of 95keV protons. A three steps ridges
transition is implemented to concentrate the 2.45GHz High
Frequency (HF) microwave onto the 90mm diameter
plasma chamber axis. A copper cylinder has been machined
to form the plasma chamber and the RF entrance ridged
guide in one piece. A smooth ceramic cylinder built in two
concentric parts realizes the insulating structure, and is in
contact of the copper body. To connect the puller electrode
to high voltage, a groove has been machined longitudinally
on the external surface of the internal ceramic cylinder, and
a hole has been drilled radially on the external ceramic
cylinder up to the puller connector. Both the ceramic and
the source body are screwed on a copper flange and
connected to the RF guide. A tunable magnetic field creates
the electron resonance at the cavity’s entrance when the
magnetic field reaches 87.5mT to give energy to the
electrons to ionize the hydrogen gas inside the plasma
chamber. To extract the proton beam and also the molecular
ion Hy" and Hi;* present in smaller proportion, a five
electrodes extraction system is used which comprises the
plasma electrode (95kV), the puller electrode (70kV), two
ground electrode and the electron repeller (-3kV) placed in
between the later. The electron repeller prevents the
electrons from the LEBT produced by ionization of the
residual gas to go upstream and being accelerated toward
the plasma chamber with possible damage of the boron
nitride disk at the bottom of the plasma chamber, but also
to avoid high power deposition on the 90° RF bend wave-
guide. The plasma electrode is fixed on the copper cylinder
extremity to close the plasma chamber with an appropriate
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extraction hole. The puller electrode is fixed to the source
body by the mean of an intermediate ring shaped ceramic
part. Both plasma chamber, ground electrode, RF bent and
hollow conductor double pancake coil are cooled. The Fig.
2 shows a cut of the ALISES II source assembly.

In spite ALISES II reach 95KeV without beam
extraction, we never obtain stable beam without sparks
beyond 75kV. For that reason, next versions of ALISES
[6,7] are developed to obtain suitable results at higher
energy. One important issue of this source is the HV
connection to the puller electrode, very close to the coil
witch is at ground. To avoid sparks, 4-electrode extraction
system without the puller electrode is used. To optimize the
gap distance between plasma electrode and first ground
electrode, a specific metallic cylinder is installed between
the plasma chamber and the plasma electrode.

Puller
connector

. Coil =
Alumina / f
insulating ==
structure \ o ™

Gas iné\cfion B

5 electrode
__— extraction
system

- ———

Ridged wave guide

Figure 2: ALISES II source assembly.

MIRROTRON REQUIREMENTS

In the context of compact neutron source, Irfu proposed
to MIRROTRON Company to loan ALISES II ion source
as injector for a new facility in Hungary to produce
neutrons from proton beam impacting high neutron yield
target. The beam requirements from MIRROTRON are
listed in the Table 1. The Twiss parameters of the RFQ
input beam provided by MIRROTRON are as follows,
considering 6 times the RMS, assuming waterbag
distribution for the LEBT simulations.

Table 1: MIRROTRON Beam Requirements

Energy (keV) 35
Beam current (mA) 30
Duty cycle (Hz) 40
Pulse length (ms) 1.25
Vacuum (mbar) at RFQ input 106
RFQ Input Twiss parameter
al3.73
B (mm/mrad) | 0.34
es m.mm.mrad | 0.744
(normalized emittance from source)
eu (m.mm.mrad) | 2.108

(normalized RFQ acceptance
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INSTALLATION ON BETSI

The ion source is connected to the LEBT by the mean of
a special frame at ground wich support all the RF chain.
Only the back of the source up to the RF window is at high
voltage. A simple polyvinyl chloride-Kapton DC-break is
used to isolate the magnetron from high voltage. The coil
which surround the insulating structure is at ground. The
coil can slide along the axis and both longitudinal position
and current setting allow optimizing the resonance for
beam intensity and stability.

Figure 2: ALISES II on BETSI test bench.

EXPERIMENTAL RESULTS

The 30mA/35keV beam produced in MIRROTRON
conditions at 40Hz is very stable. Long runs have been
performed such as this of 100 hours recorded and visible
on Fig 3. We can observe the 30mA extracted current and
high voltage from the power supply and the around 20mA
beam current collected at the end of the BETSI 2 solenoids
beam line. Producing 1.25ms of proton beam directly from
the plasma extraction is not possible due to the time of
plasma ignition. Thus, it is necessary to cut in time the
beam produced at least with 4ms duration as we can see on
Fig 4. This can be done by a chopper or by the RFQ itself
with losses on the very first vane part.

Long run, AUSES 2 ion source
—
~—— | BEAM DUMP
401 — IHT
—+— VHT

*

T T ——————

1 'm ' r— - ¥ Y T T T T
15 P
104
54
0 —

0 2 48 2 9%
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Figure 3: Long run of 100 h.
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Figure 4: 4ms pulse length on BETSI beam dump.

Emittance measurements are produced with an
insertable ESS type Alison scanner [8] positioned between
the two solenoids. The measured proton beam rms
emittance is of 1.385485 m.mm.mrad.norm. We can
observe others species like H,", Hs*. Heavy elements are
present suggesting a not perfect tightness of the source to
the vacuum (Fig. 5).

Emitance fie: e_240419_142058.84.dat
X(mm) - X(mrad)

7 I
1 Heavy |

T T = T T T T T T T T T T =0
-60 -40 -20 0 20 40 60

Figure 5: ALISES II emittance measurement.

The beam is also analyzed at the same position with a Wien
filter [9] developed at Irfu and with first solenoid off for
source characterization. This diagnostic is composed of
permanent magnets providing 195 mT fixed magnetic
field, and 2 plates biased from 0.V to 4.5 kV. It is motorized
and scan the beam radially to determine the species
proportion at each radial step from a beamlet defined by a
200pm hole diameter at beam stop diagnostic entrance. On
Fig. 6, we can see the results obtained on beam axis. For
this analysis, the beam is pulsed at 10Hz with a pulse length
of 11ms. The FDW wire signal is sampled on 11ms with
sampling frequency at 100kHz, that is to say, the pulse is
defined with 110 points. The main species present in the
beam are H*, H,", Hs", in proportion of respectively 65%,
17% and 3%. But we can observe first group of N*, NH",
O", OH*, H,O", and another one of N,*, NO*, both of 15%.
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Figure 6: Analysis of ALISES II extracted proton beam.

LEBT PROPOSAL FOR RFQ INJECTION

MIRROTRON Company ask Irfu to propose a Low Energy
Beam Transport line to match the ALISES II proton beam
with RFQ acceptance. The design consider the first
solenoid as closed to the source as possible because of
solenoid non-linearity and strong beam divergence. The
distance between solenoid is defined by vacuum port size.
The space-charge compensation profile along the line is set
similar to other lines design at Saclay, like IPHI, IFMIF.
The solenoids used are similar to those used for ESS
installation. To keep the LEBT as short as possible,
horizontal and vertical magnetic dipole correctors are
inserted inside each solenoid. The line should be as short
as possible to be less than the 3 meters (Fig. 7). The
parameters of the line are optimized using Tracewin code
[10] with the objective of reaching the adapted Twiss
parameters for the injection into the RFQ and keeping the
emittance growth as low as possible (Fig. 8).

1761 mm

Figure 7: Proposed LEBT for MIRROTRON.
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Figure 8: Beam parameters optimized at RFQ entrance.

The

CONCLUSION
ALISES 1II source restarts in stable and reliable

conditions for MIRROTRON experiment. The extracted
beam purity has been qualified using the Wien filter
recently developed at Irfu, allowing radial scanning to
determine H* proportion evolution from beam center to
maximum radius. From emittance measurement, beam
simulations have been performed to propose a 2-solenoid

LEBT

for MIRROTRON installation optimized for RFQ

injection. ALISES II source is expected to be delivered at
MIRROTRON by the end of 2024.
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ALISES v3 ION SOURCE IN VARIOUS CONFIGURATION
ALONG THE YEAR

O. Tuske*, O. Delferriere, A. Dubois, Y. Gauthier, Y. Sauce
Université Paris-Saclay — CEA-Irfu, Gif/Yvette, France

Abstract

ALISES v3 is a very compact light ion source that has
been developed at CEA Saclay in 2018. The easy main-
tenance procedure of this source allowed us to test many
different configurations. On the BETSI test bench equipped
with a single Alisson Scanner and a pair a solenoid/deviator,
we studied the extraction energy influence, we changed the
number of electrodes in order to extract different kind of
ions other than protons. This paper will describe briefly the
ALISES v3 ion source and will present all the results that
we gathered in a year with all those modifications

INTRODUCTION

The ALISE v3 ion source, developed at CEA Saclay
in 2018, represents a significant advancement in light ion
source technology using ECR heating process. It aims to
achieve the same performance as the original SILHI source,
known for its high intensity proton and deuteron beams, but
with a smaller and more user-friendly design. This new
iteration incorporates the best aspects of previous ALISE
versions, resulting in a more compact and practical configu-
ration. The manufacturing of ALISE v3 coincided with the
upgrade of the BETSI (Banc d’Etudes et de Tests des Sources
d’Ions) test bench, allowing for thorough testing and analy-
sis of its beam characteristics. This innovative source holds
promise for various applications requiring high-intensity
light ion beams, offering improved efficiency and ease of
maintenance. This article will summarize all the evolution
and changes that were made to the original model of the
ALISES v3 to increase the availability of the ion source at
different energy.

ALISES v3 ION SOURCE ON
BETSI TEST BENCH

The BETSI test bench, located at CEA Saclay [1], is a
crucial facility dedicated to the optimization and charac-
terization of high-intensity light ion sources. Operational
since 2009, it has played a pivotal role in the development
and testing of various ion sources, particularly those used in
large-scale accelerator projects like Spiral2 and some com-
ponent of various project (emittance measurement unit and
Wien filter). Also this test bench is used for educational
purposes with students for Paris-Saclay University. The core
of the BETSI test bench is a versatile platform capable of
accommodating and testing different ion source types, pri-
marily those based on Electron Cyclotron Resonance (ECR)
heating.

* olivier.tuske @cea.fr
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The ALISE v3 ion source uses several key technical ad-
vantages. Its compact design, with a ceramic diameter of
only 150 mm and a length of 300 mm, makes it significantly
smaller than traditional high-intensity ion sources. This al-
lows for easier integration into existing accelerator facilities
and reduces the overall footprint of the system. Additionally,
the simplified structure of the source facilitates maintenance
and reduces the risk of operational issues.

A single coil at ground potential provides the magnetic
field and is located around the source ceramic. This unique
coil was used on both IPHI project (SILHI source [2]) and
FAIR project ion source. On this latter project, a single
coils was enough to heating up electrons to ignite the plasma
source [3].

The gas injection system allow to control the mass flux of
the injected gas (hydrogen or helium) that is needed to inject
inside the plasma chamber, independently of the tempera-
ture in the experimental hall. The PR4000 MKS brand was
chosen because of its good behaviour against sparks. The
use of metallic capillaries with metallic gasket decrease the
possibility of tiny leaks polluting the plasma with air and its
components.

The energy id provided by a microwave generator at
2,45 GHz delivered by SAIREM company. Free electrons
inside the magnetic field have at a moment the same gyra-
tion frequency than the magnetron generator and leads to an
efficient energy transfer from the microwaves waves to the
kinetic electrons velocity, causing them to get accelerated
(heat up) and collide with neutral atoms of the injected gas.
These collisions result in the ionization of the atoms of the
gas, forming a plasma which contains the desired positive
ions, electrons and also some ionized molecules in some
cases.

The positive ions are extracted trough the plasma cham-
ber extraction hole, focused and accelerated using a multi-
electrode extraction system.

Extraction energy was designed to be 100 kV but unfortu-
nately this value was never reached in normal source opera-
tion with the first design of the ceramics. With the second
design [4], maximum extraction voltage reach the value of
80kV but sparks occurs too frequently and did not allow to
increase more because the risk of damaging any equipment.

INFLUENCE OF THE COIL POSITION

The single coil of the source can be moved easily. As the
position changed, the current value of the Coil Power Supply
(C-PS) must also be adjusted in order to keep the resonant
zone at the same location to ignite the plasma. As the coil
gets further away the RF ridge, the value of the C-PS must
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increase. This has an influence on the magnetic profile in
the plasma chamber. In Fig. 1, we show the increased of the
extracted proton beam intensity versus the extraction voltage
for two positions of the source coil. Electrons seemed to be
more efficient for the same RF power to ionized the hydrogen
gas and thus produces a higher beam current. From that
result, we defined the position of the Coil that delivers the
highest extracted intensity.

5 electrodes
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Figure 1: Evolution of Extracted Proton current vs extraction
voltage for 2 Source Coil Power Supply (C-PS) value.

Number of Electrodes

On the ALISE v3, the accelerating column can be modi-
fied very easily. As the extraction voltage of 100 kV seemed
to be impossible to reach even with the second ceramic de-
sign, we decide to fix the extraction voltage value around
60kV and the plasma hole diameter at 6 mm. While the
puller electrode was removed, to optimize the beam extrac-
tion with 4 electrodes configuration, the extraction gap was
reduced by moving the plasma electrode toward the first
ground electrode.

On Fig. 2 we can compare the extracted beam (the drain
current of the high voltage power supply “IHV PS”) with the
collected beam intensity at the end of the LEBT (I BDump).
With 5 electrodes, [HV PS drain current is higher than with
the 4 electrodes configuration. That means that in the first
case with a two gaps accelerating system has a better ef-
ficiency to pull out particles out of the plasma. But the
measured current at the end of the LEBT seemed to higher
with the 4 electrodes accelerating configuration, showing
that with a single accelerating gap of 12 mm at 60kV the
beam divergence is lower, increasing the transmission of the
beam. This behaviour was simulated with IBSIMU code [5]
while optimizing the acceleration gap length in order to
lower beam divergence.

In order to increase even more the extracted total beam cur-
rent, the use of a larger diameter plasma electrode aperture
hole will be tested soon: from 7 to 9 mm aperture plasma
diameter hole.

MOP04
40

ECRIS2024, Darmstadt, Germany JACoW Publishing
doi:10.18429/JACoW-ECRIS2024-MOP0O4

—=— | HV PS with 4 electrodes

—e— | BDump with 4 electrodes
50

—a— | HV PS with 5 electrodes
45 | v | BDump with 5 electrodes
A———A
40 A
T 35 —
& 304 & - "
3 254 o
B 2] o ) v v
[$)
o
2 154 v
| -«
10
54
@60kV
0 T T T T T T T
500 600 700 800 900 1000 1100
HF Power (W)

Figure 2: 4 and 5 electrodes configuration, respectively sin-
gle and double acceleration gap extraction.

Helium Gas in ALISES v3

In order to increase the panel of possibilities of the
ALISES v3 ion source, we fed it with helium gas. Helium
has a lower ionization level: that means first ionization is
possible. Extraction simulations at 60 kV extraction voltage
showed that with the same gap length, beam divergence is
bit larger because of the space charge effect as Helium atom
(He) is four time heavier than hydrogen. Also helium gas
is a noble gas: there won’t be any “ionized molecules” in
the extracted beam and no helium pollution once hydrogen
gas will be use again. On Fig. 3 He* particle are plotted for
various magnetron power. Helium beam is not well trans-
ported in BETSI’s LEBT, more adapted for hydrogen beam
but a constant transmission around 80 % at 60 kV extraction
energy for all RF power is observed.
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Figure 3: Helium Beam extracted and transported.

Those measurement were done in a single day and we emit-
tance measurement at 900 W after the first solenoid (Fig. 4)
were also carried out. The use of TRACEWIN/PLOTWIN
code [6] estimates the normalized RMS emittance value
around 0.19 7 - mm - mrad. The beam shape in the phase
space is not really what we expected and some simulations
are needed to try to reproduce this shape under those condi-
tions.
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Figure 4: Emittance measurements at 900 W of magnetron
power after the 1st solenoid of the LEBT.

CONCLUSION

ALISES v3 is a very compact source, with a easy main-
tenance procedure. The source can produce routinely up to
50 mA of proton beam, with simple some adaptations. The
position if the single source coil has been optimized. The
4 electrodes configuration has demonstrated its versatility up
to 60 kV extraction voltage and we continue to reduce beam
divergence in order to transport as much particle as possible.
Some measurements with helium gas showed interesting
results that we will pursued.
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USE OF A 2.45 GHz ECR ION SOURCE FOR THE
NEUTRON TARGET DEMONSTRATOR PROJECT*

S. Melanson®, M. Dehnel, A. George, S. Suram, D-Pace Inc., Nelson, BC, Canada

Abstract

D-Pace has licensed a 2.45 GHz ECR ion source from
Neutron Therapeutics. The ion source will be used for the
Neutron Target Demonstrator project at Los Alamos
National Laboratory where 10 mA of singly charged
krypton ions at 50 keV are required with a normalized 4-
RMS emittance of less than 1 mm-mrad. The goal of the
project is to show a reverse kinematics neutron capture
reaction with krypton 84 ions. Due to the high radiation
environment that the ion source will be subjected to, a solid
state microwave power supply will be used instead of the
traditional magnetron for the experiment. The main
advantage of the solid state power supply is that the output
is transmitted by a coax cable instead of a waveguide, so
the power supply can be located a long distance away from
the ion source without the need for complicated and
expensive waveguide. The other advantage of the solid
state device is that the frequency can be varied from 2.4
GHz to 2.5 GHz. This gives the operator an extra degree of
freedom for tuning. We present how the frequency
variation affects the beam parameters.

INTRODUCTION

The Neutron Target Demonstrator (NTD) project at the
Los Alamos Neutron Science Center (LANSCE) will be
the first demonstration of a reverse kinematics neutron
capture reaction [1]. Neutrons will be created by spallation
of the 800 MeV proton beam onto a target. A beam of Kr-
84 ions will serve as the target ions for the neutron capture
reaction Kr¥(n,y)Kr®. D-Pace is providing LANSCE an
ECR ion source system capable of producing mA level
beam of Kr-84 at an energy of up to 50 keV. Figure 1 shows
a schematic of the NTD as well as a CAD model of the ion
source system.

a) Resolving

Slitand

F-Cup
Analyzer

Magnet

lon Source

Figure 1:a) Schematic of the NTD project. Figure provided
by A. Cooper at LANSCE under LA-UR-24-27491. b)
Plan view of the CAD model for the ion source system.

* Work supported by Canada’s SR&ED program, MITACS, NRC-IRAP,
NSERC, Buckley Systems and BDC
+ stephane@d-pace.com
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ION SOURCE

D-Pace has licensed a 2.45 GHz ion source from
Neutron Therapeutics [2] which is based on the first 2.45
GHz ion source developed by Wills and Taylor [3]. The ion
source is commonly used in their boron neutron capture
therapy system producing 30 mA DC of protons at an
energy of 50 keV.

The microwave injection system consists of a 3-stub
tuner, forward and reverse power monitors. A high voltage
waveguide break was designed with alternate layers of G10
and aluminium plates to allow for the microwave generator
to be grounded while the ion source is at 50 kV. The
microwave power is transmitted through an aluminium
nitride window to the plasma chamber.

The magnetic field is produced by three solenoids,
labelled back, centre and front, where the front solenoid is
closest to the extraction and the back solenoid is closest to
the microwave injection. The cylindrical plasma chamber
is made of aluminium with a diameter of 76 mm and a
length of 95 mm. Boron nitride plates are mounted on both
the front and the back edges of the plasma chamber.

The extraction system is formed by four molybdenum
electrodes. The plasma electrode aperture has a diameter of
6.5 mm. The first ground electrode, the suppression
electrode and the second ground electrode apertures have
diameters of 9 mm, 11 mm and 11.5 mm respectively. The
suppression electrode is commonly biased at -3 kV relative
to ground. The ground and suppression electrodes are
installed on a moveable trolley allowing for active tuning
of the distance between the plasma aperture and the first
grounded electrode by 26 mm.

EXTRACTION OF KRYPTON

The test stand used for testing the extraction of Krypton
ions for the NTD project is composed of the ion source, an
emittance scanner and a Faraday cup. The Allison-type
emittance scanner [4] was mounted at z = 547 mm where
z=0mm is the ion source’s plasma aperture. The
emittance scanner can be mounted in both x and y
directions. The Faraday cup was located at z = 714 mm.
A CAD model of the test stand is presented in Fig. 2.

Magnetron
Head

Faraday
Cup

Emittance
Scanner

Figure 2: CAD model of the test stand.
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The first tests on the ion source at D-Pace’s facility were
with hydrogen to confirm the performance of the ion
source. The optimum solenoid settings for the extraction of
hydrogen beams are presented in Table 1. The optimum gas
flow was found to be 1.8-2.2 sccm.

Table 1: Optimum Solenoid Current Range for Hydrogen

ISSN: 2222-5692

Front Center Back
Solenoid | Solenoid Solenoid
50-60 A 5-10 A 75-85 A

The ion source was then optimized for the extraction of
krypton. We found that the magnetic field profile needed
for krypton was different than hydrogen, with a lower field
needed at the extraction. The optimum gas flow is also
lower at only 0.1 sccm of Kr gas. A new mass flow
controller was ordered to allow for more precise control at
the low flows needed. Table 2 presents the optimum
solenoid current values for Krypton and Fig. 3 shows the
simulated magnetic field on axis for hydrogen and krypton.

Table 2: Optimum Solenoid Current Range for Krypton

Front Center Back
Solenoid | Solenoid Solenoid
0-5A 50-55 A 75-80 A
010/ - 1
009 e
£ 0.08
¢ 0.07
0.06
o % 4 ) 8 160

Position [mm]

Figure 3: Simulated magnetic field on axis for the
extraction of hydrogen and krypton beams. The plasma
aperture is located at z=0.

Up to 10 mA of total krypton beam can be extracted out
of the ion source at an energy of 50 keV. The charge states
have not yet been analysed since the test stand does not yet
have a mass spectrometer system installed. Figure 4 plots
the beam current as a function of the microwave power and
the extraction voltage.

400 W e ]
600 W

800 W
- 1000 W

R

Beam Current [mA]

30.0 325 35.0 37.5 40.0 425 45.0 47.5 50.0
Energy [keV]

Figure 4: Total extracted krypton beam as a function of the
extraction energy for various injected microwave powers.

MCI: New Development and Status Reports

ECRIS2024, Darmstadt, Germany JACoW Publishing
doi:10.18429/JACoW-ECRIS2024-MOPO7

The beam current is highly dependent on the extraction
energy. The extraction gap was actively tuned with every
change in energy and microwave power. As expected, the
gap increased with the increase in extraction voltage and
with the increase in power.

The phase space was analysed in both x and y planes.
The normalized 4-RMS emittance was between 0.04 and
0.05 mm-mrad for the x and y emittance as can be seen in
Fig. 5.

a) 60 a=-27.13 b)
B=15.33 mm/mrad 60

40 ¥=48.08 mrad/mm
£=40.03 mm-mrad B 40
£=00403 mm-mrad _~

y' (mrad)
°

- r///(' 0 V i

-30 -20 -10 0 10 20 30
X (mm)

-30 -20 -10 0 10 20 30
y (mm)

Figure 5: Phase space scans from krypton beams at an
extraction energy of 40 keV and a microwave power of 400
Ww.

SOLID STATE POWER SUPPLY

Due to the high radiation environment of the NTD, there
can be no power supplies close to the ion source. This
includes the microwave power supply, which will have to
be located outside of the bunker, at a minimum of 50
meters away from the ion source. A magnetron could be
used, but this would be an expensive and complicated
option since a long waveguide would have to be used.
Instead, a solid state power supply will be used. A 1.6 kW
power supply capable of variable frequency from 2.4 GHz
to 2.5 GHz was purchased from RFHIC [5]. The power
supply has a coaxial output instead of a waveguide, greatly
simplifying the installation of the system for the NTD
project. To get the microwave power to the ion source, a
7/16 DIN to WR340 adapter is connected to the ion
source’s waveguide.

In addition to the coaxial output, another advantage of
using solid state power supplies is the ability to vary the
microwave frequency. This gives the operator an additional
tuning parameter. Figure 6 shows how the krypton beam
current varies as a function of the microwave frequency
without varying the 3-stub tuners or the magnetic field.
From the figure, it is clear that the frequency has a
significant influence on the beam current. This is
comparable to the influence of the solenoid magnetic field
on the beam current for a fixed microwave frequency.

= = N
o w o
¢
4

\

Beam Current [mA]

o
0

0.0 e
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Figure 6: Krypton beam current as a function of the
microwave frequency.
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PERMANENT MAGNET SOLENOID

To further simplify the system for the installation in the
high radiation environment of the NTD project, D-Pace is
investigating the use of permanent magnets to replace the
solenoids. This would allow for the operation without any
power supplies floating at the ion source voltage,
eliminating the need for high voltage and high current
cables between the ion source and the power supplies
outside of the radiation bunker. A permanent magnet
version of the ion source would also reduce the
manufacturing and the operating costs as well as simplify
the operation of the ion source.

To create the permanent version of the ion source, the
solenoid was first simulated using FEMM [6] in a 2D axis-
symmetric mode. A good agreement between the simulated
model and magnetic field measurements on axis was
achieved, confirming the magnetic model. The next step
was to create a model with only permanent magnets with
the goal of replicating the magnetic field on axis as best as
possible. For simplicity of installation, the outer steel shell
that houses the solenoid was kept for the permanent magnet
version. Standard bar magnets that are available
commercially were also used.

The design created uses 2"x1"x1/2" N42 magnets and
1"x1"x1" N52 magnets arranged in a ring configuration.
3D printed plastic parts were manufactured to hold the
magnets in place and steel rings were used between the
magnet rings to shape the magnetic field as needed. Figure
7 shows the permanent magnet model in FEMM, a CAD
model of the assembly and a comparison of the magnetic
field on axis between the solenoid and the permanent
magnets.

a)

Ns2 Plastic  gygql

N42 Magnet

Magnet

Chamber

Steel

Solenoid
Permanent Magnet

0 20 40 60 80 100

Position [mm]
Figure 7: a) FEMM model of permanent magnet solenoid.
b) CAD model of the assembly. ¢) Simulated magnetic
field on axis for the solenoid and permanent magnet model.

The permanent magnet assembly was tested on the test
stand. A krypton plasma could be ignited in the plasma
chamber, however there were frequent high voltage
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breakdowns when the ion source was set to more than 5 kV.
Upon further inspection with a viewing window, a plasma
was observed between the ion source and the grounded
vacuum box. This plasma discharge is likely caused by the

ExB trapping of electrons generated in this region. The
magnetic field outside the plasma chamber is significantly
higher with the permanent magnet than it is for the
solenoid, explaining why the discharge is seen only with
the permanent magnet version. Figure 8 shows a
photograph of the plasma inside the chamber (no voltage
applied to the ion source) as well as the discharge seen
when a voltage is applied to the ion source.

O

Figure 8: a) Photograph of plasma in the plasma chamber
looking through the aperture. b) Glow discharge seen with
5 kV on the ion source.

CONCLUSION AND FUTURE WORK

D-Pace successfully started testing its 2.45 GHz ECR
ion source at its facility. This ion source has been shown to
extract more than 10 mA of krypton beam and will be used
for the Neutron Target Demonstrator project at LANSCE.

A solid state power supply is being used, allowing for
variable tuning of the input power frequency.

A permanent magnet version of the ion source is being
developed. Initial tests show that a plasma can be generated
in the plasma chamber, but frequent breakdowns due to
electron trapping in the extraction region prevent the
extraction of beam out of the ion source.

The permanent magnet version of the ion source will be
redesigned to reduce the magnetic field in the extraction
region to prevent the breakdowns seen.
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Abstract

In this paper we present a methodology to infer the state of
the plasma in an ECR source without using any sensor that
modifies its behavior. For this purpose, machine learning
techniques are explored. In a first stage a characterization
experiment is carried out in which the different states of the
plasma are detected, using clustering algorithms. Subse-
quently, a supervised learning paradigm is adopted to train a
neural network that is capable of determining the state of the
plasma at different working states. The control data: deliv-
ered RF power and gas flow, together with the data that can
be measured without altering the plasma: incident power,
reflected power and plasma luminosity, are provided to the
system as an input, in order to achieve the state detection.
Moreover, good results can also be achieved without mea-
suring luminosity, which cannot be easily measured when
the ECR source is the start of an injector. This methodol-
ogy has been applied to a low-power ECR source in which
low-density hydrogen plasmas are generated at the IZPILab
laboratory of the University of the Basque Country.

INTRODUCTION

Electron cyclotron resonance ion sources (ECRIS) are
now widely utilized for ion production in both basic research
and industrial applications due to their dependability and
ability to generate multiply charged ion beams from most
stable elements. This widespread adoption is attributed to
their consistent performance and versatility across various
fields [1].

These sources generate plasma that undergoes state
changes over time, necessitating precise measurements to en-
able effective operation. Furthermore, it is crucial to perform
these measurements non-intrusively to avoid interference
with the plasma dynamics. This necessity forms the pri-
mary motivation for developing the methodology presented
in this paper, which aims to infer the state of the plasma in
an ECRIS source without employing any sensors that could
alter its behavior. This is achieved through the application
of advanced Machine Learning (ML) techniques.

lon Source Operational Details

The source designs and implementations used for the
experiments are comprehensively described in Ref. [2].
These designs are tailored for low current industrial and
bio-applications, leveraging Electron Cyclotron Resonance

* Work supported by Basque Government Department of Industry grants
KK-2024/00065 and KK-2022/00026
T anderrua@gmail.com
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(ECR) principles. The main design parameters are summa-
rized in Table 1. Although the table specifically references
Hy, the ion source is versatile and can operate with other
gases, such as Helium, Nitrogen, or any other elemental gas
for ion production.

Table 1: Main Design Parameters of PIT30 Ion Source

ECRIS parameters

Microwave frequency 3GHz
Microwave power <500 W

Gas mass flow <5scem (Hp)
Magnetic field 110 mT
Extraction voltage <30kV
Beam current <50pA (HY)

Beam emittance <0.2 mm mrad

Figure 1 depicts a CAD-rendered cross-sectional drawing
of the proposed plasma chamber, assembled from standard
components. This chamber is configured as a circular waveg-
uide, and for the chosen operating frequency, the smallest
commercial diameter suitable as a resonant cavity within the
CF flange system was DN 63. To produce the required mag-
netic field within the chamber for electron resonance, perma-
nent magnets were utilized. The magnetic field strength was

T,

&

Figure 1: Cross section of a CAD drawing of the pro-
posed plasma chamber made from standard CF components.
(1) gas inlet, (2) RF port, (3) magnetic structure, (4) plasma
chamber, (5) extraction electrodes, (6) turbo-molecular
pump port, (7) pressure sensor, (8) Faraday cup/scintillator
screen port. The entire assembly shown is 600 mm long.

determined using the equation for the resonant frequency
of a free electron in a magnetic field (B = 27 f %), where B
represents the magnetic flux density, f is the frequency of
the microwaves, and m and e are the mass and charge of the
electron, respectively. For the intended 3 GHz microwaves,
this results in an approximate field of 110 mT. To achieve
this, a Halbach array consisting of eight permanent magnet
bars was designed to create an axial magnetic field aligned
with the plasma chamber.
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In this source, both the power of the signal transmitted to
the chamber (or RF power) and the gas flow can be adjusted.
The signal power can be varied using a signal generator
capable of producing a variable power signal of up to The
hydrogen flow is regulated by a flow controller, allowing
independent control of the hydrogen flow up to 5 sccm (stan-
dard cubic centimeters per minute under conditions of 273 K
temperature and 1.01 bar pressure).

Plasma Chamber Dynamics

The gas transferred to PIT30 is molecular hydrogen (Hy).
In the processes that take place in the hydrogen plasma, in
addition to protons (H), other ionic species such as H; and
HJ are generated. Figure 2 shows the surfaces that define
the ionic densities as a function of the two variables (RF
power and gas density), and Fig. 3 shows the regimes in
which each species is predominant. We consider the plasma
has changed its state when the predominant species in the
plasma changes.

s HY
e H
. Hy

[ 12.5

H OB oM

[ = ]

o wn o
logig(m) (cm~—3)

t
=
=
L

110.0

[ 9.5
-___"———l——_____-_‘_‘_—(—/___—-—’-—(—/‘-
7
13.613.814.014.214.4 14.614.8
fog1o(ng) (cm=3) '
Figure 2: Density of H" (blue), H} (red), and HY (green) as
a function of power density and neutral gas density.
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Experimental Data Insights

The dataset used to initially train the algorithms consists
of gas and power sweeps in the accelerator source, so that
for an introduced power, two gas sweeps were performed, as
shown in Fig. 4. Each measurement was always taken in the
steady-state regime, thus avoiding introducing noise into the
measurements. The following measurements were taken:
Time (s) : Time in seconds, referring to the time interval
of each measurement.

Reflected (W) : Reflected power in watts, indicating the
amount of power that is not transferred to the plasma
and is reflected back to the power source.

MOP08
46

ECRIS2024, Darmstadt, Germany JACoW Publishing
doi:10.18429/JACoW-ECRIS2024-MOPO8

Py (W/m?3)

10%
ng (em=3)

Figure 3: Map of the regions where each species predomi-
nates. Blue where protons predominate, red where HJ pre-
dominates and green where H} predominates.

@
|

L6

luminosity (a.u.)

IS
Potencia RF (dBm)

IS

gas flow (sscm)
|

20 40 60 80 100 120 140

Time (min)

Figure 4: Representation of the acquired data.

Forward (W) Forward power in watts, measuring the
amount of power emitted by the power source towards
the plasma.

Adaptation (W) Adaptation of the signal injected into the
source.

Noise (W) : Noise in watts, quantifying the random pertur-
bation affecting the measurement signals.

Gasflow (scem) Gas flow in standard cubic centimeter per
minute, specifying the volume of gas passing through
the system per unit of time.

Rfpower (W) RF power in watts, referring to the radio fre-
quency power used in the source.

Frequency (Hz) Frequency in Hertz, describing the oscil-
lation rate of the injected signal.

Luminosity (ua.) Measured luminosity of the plasma com-
ing from the source, measured in arbitrary units.

If the cross-correlation of these data is studied, it is ob-
served that there is a positive correlation (0.67) between the
beam luminosity and the adaptation at the source input. This
relationship will be useful later, as it implies that analyzing
changes in one of the variables is almost equivalent to ana-
lyzing changes in the other, allowing us to eliminate one of
the variables without losing significant information. Since
luminosity is not always an accessible variable (especially
in accelerators where the particle source is already fully
integrated), this information suggests that substituting lumi-
nosity with adaptation could enable non-intrusive operations
in the accelerator.
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Figure 5: Detected jumps (in red) with configuration 1.

IDENTIFYING PLASMA STATE JUMPS

As previously explained, we designed a method that de-
tects changes in the plasma state of the ion source and clas-
sifies them into one of three possible states. Therefore, the
main challenge involves two tasks: detecting these changes
and classifying them.

The easiest way to find state transitions is to analyze
luminosity as a function of time. Whenever the plasma
changes state, a sudden change in beam luminosity is ob-
served. Therefore, the analysis of luminosity growth pro-
vides the necessary information to locate these transitions.

Firstly, an algorithm is proposed that performs linear re-
gressions for every interval of n points. The slope of this
line is proportional to the average growth of luminosity in
that interval. Next, the difference in growth between con-
tinuous intervals is calculated and compared to the average
difference of their neighbors, thereby avoiding issues due to
isolated very high or low values. This allows us to identify
regions where abrupt changes in growth occur compared
to the local growth rate. Finally, the intervals that meet the
requirements are selected.

As explained earlier, luminosity and adaptation are cor-
related variables; therefore, substituting one for the other
allows for a similar analysis of plasma behavior. From now
on, configuration 1 will refer to the use of luminosity as the
variable, while configuration 2 will indicate that luminosity
has been substituted by the adaptation. In Fig. 5 and Fig. 6,
the results of this method in detecting state changes with
configuration 1 and configuration 2, respectively are shown.

TECHNIQUES FOR CATEGORIZING
PLASMA TRANSITIONS

Once the state changes are detected, we will attempt to
classify them into one of three possible states using various
algorithms: k-means, Random Forest and neural networks.
We will then compare their performance, using the F1-score,
to determine the most effective approach.

k-means

Initially, the k-means clustering algorithm is applied [3],
utilizing features derived from windows of points around
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Figure 6: Detected jumps (in red) with configuration 2. The
adaptation is shown in black, and the noise in blue.

each identified jump. The variables and parameters used
to train the k-means algorithm include: Adaptation, Lumi-
nosity, Maximum Luminosity Change, Mean Gas Change,
Gas Flow, and RF Power. The optimal number of clusters
is four, although initially a classification into three groups
was considered. This additional fourth cluster has proven
crucial for capturing false positives within the datasets.

The results presented in Fig. 7 effectively illustrate the
ability of the k-means algorithm to accurately identify and
classify jumps in configuration 1.

3.0

Time (min)
Figure 7: Final result of the k-means algorithm in classifying
the detected jumps in configuration 1. False positives are

shown in green.

Figure 8 displays the results applied to configuration 2. Al-
though not as precise as when luminosity is included among
the variables, due to the correlation between adaptation and
luminosity, the algorithm still manages to detect and classify
the majority (78.3 %) of the jumps adequately.

Random Forest

After experimenting with the k-means algorithm [4], we
opted to try a supervised learning approach using the Ran-
dom Forest algorithm to classify the data.

To optimize the model’s performance, it was configured
with the following parameters: number of trees set to 10,
maximum depth of the trees set to 5, and the criterion for
the quality of the splits set as Gini.
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Figure 8: Final result of the k-means algorithm in classifying
the detected jumps in configuration 2.

To test de performance a cross-validation was conducted.
This process involved dividing the complete dataset into five
folds. The model was trained and evaluated five times, each
time with a different fold designated as the test set and the
remaining as training sets. An Fl-score result of 98 % was
achieved with configuration 1 and 97 % with configuration 2.

Neural Networks

Finally, the use of neural networks [5] is proposed as
a solution to the classification problem. Various types of
networks have been explored, with sequential networks and
Recurrent neural networks (RNN) proving to be the most
effective.

To train the sequential network, the data were split into
training and test sets, using 20 % of the data for testing.
After experimenting with various configurations, the highest-
performing network was set up as follows: a flattening layer,
followed by a first dense layer with 512 neurons using the
ReLU activation function. The second and third dense layers
have 256 and 128 neurons, respectively. The output layer
uses the softmax activation function. A F1 Score of 76 %
was achieved with configuration 1, and a F1 Score of 64 %
with configuration 2.

The RNN model was reconfigured to simplify its structure
and adjust its performance. The updated features of the
model are as follows: An LSTM layer with 200 hidden units
that processes input sequences, where each sequence consists
of 1000 time steps, each with 10 features. Additionally, there
is a dense output layer with 3 units, utilizing the softmax
activation function. A F1 Score of 53.1 % was obtained with
luminosity, and an F1 Score of 53.9 % was obtained without
luminosity.

Clearly, the sequential network is much more accurate
than the RNN. However, we can see that this network
achieves very similar results when classifying points with
and without luminosity, indicating that with more data, it
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could be a good solution for performing non-intrusive clas-
sification.

Table 2: Comparison of the F1-scores of all Algorithms

Random Forest Sequential NN RNN

Config. 1 98 % 76 % 53 %
Config. 2 97 % 64 % 54 %
CONCLUSION

In this paper, a method has been designed to detect state
changes in the plasma of a particle accelerator source. The
use of ML has been explored to achieve an automatic identi-
fication of the injector’s state. Two alternative methods have
been developed to detect plasma state transitions, including
the possibility of doing so without using luminosity, since
obtaining measurements of this variable is very challeng-
ing once the accelerator is fully completed. Additionally, it
has been verified that the unsupervised learning algorithm
k-means is effective in classifying state transitions when lu-
minosity is included, though it is not very accurate when this
information is unavailable. Therefore, the use of a Random
Forest algorithm has been proposed for these cases. More-
over, neural networks have also been proposed as a solution
to the problem and the best architectures have been studied
to achieve the most effective classification. Table 2 shows a
quick comparison of the F1-scores of all the algorithms.
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Abstract

After a record pulsed ion beam current density measured
up to ~1 A cm™2 obtained with the 60 GHz SEISM (Sixty gi-
gahErtz Ion Source using Megawatt magnets) ion source in
2014 at LNCMI, the experiment resumed in 2019, following
a source repair and a beam line upgrade. New measurements
shown a limitation in the beam pulsed current measured at
~0.3Acm™. A careful investigation pointed out that the
performance reduction is due to the upgrade of the beam line
base vacuum from ~10~% mbar to ~10~7 mbar. The charac-
teristic time for the ion beam to reach the steady state’s space
charge compensation is calculated and is found to exceed the
500 ps pulse beam duration in the latter case. This analysis
is confirmed using IBSIMU which can reproduce the beam
intensities measured in the two pressure configurations, as-
suming a space charge compensation of 65 % in 2014 and
35 % in 2024. Finally, the development status of the super-
conducting cusp magnet planned to upgrade the source is
presented.

INTRODUCTION

The development of new generation 45 GHz ECR ion
sources is ongoing to increase the achievable beam intensi-
ties at IMP (Lanzhou, China) [1] and at LBNL (Berkeley,
California) [2]. These new developments bring many stimu-
lating technical challenges, among which are the high ion
source microwave power and the high intensity ion beam
transports. These challenges are being addressed with the
LPSC 60 GHz program.

In the 2010s, LPSC developed a 60 GHz ECR ion source
named SEISM (Sixty gigahertz Electron cyclotron resonance
Ion Source using Megawatt magnets), using a gyrotron deliv-
ering high-intensity high-frequency (HF) pulses (up to 1 ms,
300kW, 2Hz) [3]. This development was historically in-
tended to be applied to the CERN Beta-Beam factory project,
as a radioactive ion source [4]. The source magnetic field
is simplified to an axial cusp using a set of un-expensive
polyhelix copper coils, resisting to radiations. The SEISM
source is installed at the LNCMI high magnetic field facility
in Grenoble on a dedicated test bench. The cusp generates
a closed ECR magnetic surface at 2.14 T. The source pro-
duced its first ion beams in 2014 (extracted from a 1 mm
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diameter plasma electrode) with a record pulsed current
densityup toJ =1 A cm2 [5]. After a long shutdown, the
experiment resumed in the allocated room at LNCMI in 2021
and the results obtained so far are presented in this paper.

STATUS OF THE SEISM EXPERIMENT
Experiment Upgrade

After the failure of a set of the ion source copper coils
in 2014, new ones were designed and built, using advanced
three dimensions printing techniques [6]. Numerical simula-
tions performed with the Tracewin code [7] to reproduce the
2014 results campaign was used to design a new low energy
beam line (LEBT), assuming a 80 % ion beam space charge
compensation. It is composed of a quadrupole triplet and
an available 90° bending magnet (with a 650 mm curvature
radius and a 90 mm vertical gap). Figure 1 shows a top view
of the experimental beam line. The LEBT is equipped with
three faraday cups named: (1) FC-Source, to measure the
ion beam intensity 397 mm away from the source extraction,
(2) FC-Dipole, located between the quadrupole triplet and
the bending magnet and (3) FC-Analysis to measure the
beam selected after the dipole. A pepper pot emittancemeter

L
]

Einzel Lens
Faraday Cup

Quadrupoles| Faraday Cup

>Faraday Cup|
| Pepperpor

Figure 1: 2D top view of the experimental bench of the
SEISM source. From left to right: Source, extraction box
(Faraday cup source (FC-source)/Einzel lens), quadrupole
triplet, Faraday cup dipole entrance (FC-dipole), dipole, end
of line diagnostics (pepperpot/ Faraday cup (FC-analyze)).

is also installed close to FC-Analysis to measure the beam
emittance. The IBSIMU simulations indicated a theoretical
transmission of 90 % through the LEBT for a 1 mm plasma
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electrode diameter with 1 A cm™2 current density [8] . The
experimental ion source and the LEBT base vacuum was
improved from 1077 mbar to 107% mbar.

Experimental Results

The primary objectives of the new experimental cam-
paign were to reproduce the former current density results
(obtained in 2014) and validate the higher ion beam transport
through the new LEBT. In 2022, early beam transport mea-
surement yields appeared below expectation. An Einzel lens
was added as close as possible from the ion source extrac-
tion, before the quadrupole triplet to enhance the extracted
beam focusing. Measurement made in February 2023 with
Oxygen support gas at 18 kV source voltage shows a mean
extracted current around 1.4 mA in FC-Source, which cor-
responds to a current density of 180 mA cm~2. Without any
focusing, the beam transport in the LEBT is poor, with a
transmission about 23 Y% (ratio of the current measured in
FC-dipole and FC-source, see Fig.1). The tuning of the
quadrupole triplet and the Einzel lens allowed the transport
of 1 mA beam intensity up to FC-Dipole, improving the
transmission to 73 % [8].The experiments stopped after the
short-circuit of the two injection coils. The experiments
resumed in 2024 after the fixing of the damaged coils. The
extracted beam current measured with FC-source was stud-
ied as a function of the source high voltage. The results are
presented on Fig. 2. Figure 2a shows the time evolution
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Figure 2: (a) Temporal evolution of the total beam intensity
measured in FC-Source for various source high voltage, with
a RF power of 80 kW. (b) Evolution of the average ion pulse
current as a function of the source high voltage for the 2014
data (orange) and the 2024 data (blue).

of the beam intensity for different extraction voltage. One
can see that the ion beam intensity increases with the poten-
tial of the source, showing no sign of saturation up to the
maximum experimental voltage. The black vertical lines
indicate the start and stop time of RF injection in the source.
One can also note the presence of an afterglow peak right at
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the end of the RF pulse. Figure 2b shows the mean current
intensity (temporal average of the plateau signal) versus the
source high voltage for the 2014 (orange curve) and 2024
experiment (blue curve). One can observe that, for both
dataset, the current extracted is linearly proportional to the
voltage applied. However, the curve slopes and intercepts
are different. For 2014 data, the beam intensity increase by
~300 uA/kV applied whereas, for the data of 2024, the slope
is about 100 pA/kV. In short, the current density transported
in 2024 is ~3 times smaller than the one of 2014 (2.2 mA
against 7mA). After carefully checking that the injected RF
power in 2024 was equivalent to the 2014’s one, the only
remaining parameter different from 2014 was LEBT base
pressure.

BASE PRESSURE AND
SPACE CHARGE COMPENSATION

Having identified the LEBT base pressure level as the
possible factor limiting the beam transport, we investigated
the characteristic beam space charge compensation time of
our experiment, defined as in Ref. [9]:

1
T Ng vy

ey

Tscc =

where o is the ionization cross section of the beam with the
residual gas, n, is the gas density and v, the velocity of the
impinging beam. Tgcc corresponds to the time after which
the SCC ratio reached 1/e =~37 %.

The ionization cross-section is estimated with an available
experimental measurement done for N* impact on N; [10] at
20kV, which leads to o; ~4 x 1071 cm?, Indeed, the nitro-
gen mass being close to the nitrogen one, this cross-section is
deemed sufficiently close to our experimental configuration
to use it as an estimator.

Figure 3 represents the evolution of 7gcc with the LEBT
pressure. The green area corresponds to the 2024 oper-
ational range while the blue is the 2014’s one. The red
line represents the 500 us beam duration. Before the up-
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Figure 3: Space Charge compensation time 7scc as a func-
tion of the LEBT pressure. Range of operation of the ion
source, blue for 2014, green for 2024.
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grade, due to a rough base vacuum level (7.5 x 107% mbar
to 5 x 107 mbar), tscc varies respectively from 31 ps to
Sus. After the upgrade, the vacuum level span from
7.5 x 10~ mbar to 5 x 107 mbar which gives a 7gcc be-
tween respectively 314 us and 47 us. One can assume that
a SCC steady state is achieved after T = 3 - 75cc. In 2014,
we observed that the worst SCC steady state time is 7014
~90 ps, a value much lower than the beam duration of 500 ps.
In comparison, 7024 can be three times higher than the beam
duration itself, leading to a low SCC and resulting in a low
beam transport yield.

The future experimental campaign will investigate the
current extracted as a function of the pressure in the beam
line injecting heavy noble gas, such as argon or krypton.

PACIFICS PROJECT:
FUTURE OF THE 60 GHz PROGRAM

Funding was approved by the French Agence Nationale
de la Recherche for the PACIFICS project which will allow
pursuing the R&D on the 60 GHz ion source. The project in-
cludes the design and procurement of a new superconducting
cusp, with a magnetic field intensity on the extraction side
adjustable from 2.5 to 3.5 T and the radial component B, <
4 T. Equipped with a 200 mm plasma chamber diameter, the
plasma will feature a closed 2.14 T ECR surface inside for all
the foreseen magnetic configurations. The superconducting
coils have been ordered and are currently under construction.
The project also funds the upgrade of the gyrotron high volt-
age power supply to operate in continuous working (CW)
operation to deliver up to 20 kW of 60 GHz RF (see Fig. 4).

ey

-

L

Figure 4: 3D conceptual view of the future superconducting
60 GHz ion source.

One goal of the project is to transform the pulsed current
densities measured so far into actual CW high intensity ion
beams. Recently, Vybin [11, 12] demonstrated the extraction
and the transport of ion beams with current density up to
1.15 A cm™2 using a point effect extraction system. Such a
design will be adapted to the new source to target at least
100 mA beam intensity measured in a faraday cup.
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CONCLUSION AND PROSPECTS

The new SEISM LEBT installed since 2019 at LNCMI
has demonstrated a significant improvements in the ion beam
transmission up to 73%. The reduction of the base pressure
in the new LEBT by a decade dramatically increased the time
for the pulsed beam to reach a sufficient SCC yield and to be
efficiently extracted from the source and transported. This
effect resulted in the reduction of the total current extracted
from the source with the new LEBT. Such a reduction is
well understood by calculating the characteristic time of
SCC. The effect is finally reproduced by an (IBSIMU) ion
beam simulation with a decrease of the beam SCC from
65% in 2014 down to 35% in 2024. A new system of gas
injection will be installed to adjust the LEBT pressure and
study the pulsed ion beam current transported as a function
fo the pressure and the time. A new budgeted 60 GHz source
using superconducting coils, an upgraded CW RF injection
and a new extraction system is under design at LPSC. The
project’s goal is to demonstrate the production of ~100 mA
of multi-charged ion beams.
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LIGHT IONS FROM THE GTS-LHC ION SOURCE
FOR FUTURE PHYSICS AT CERN

Detlef Kiichler*, Bichu Bhaskar, Giulia Bellodi, Maciej Slupecki, Richard Scrivens
European Organization for Nuclear Research (CERN), Geneva, Switzerland

Abstract

Starting from 2028, physics programmes using ions at
CERN have requested lighter ions than the lead usually pro-
duced. The Working Group on Future Ions in the CERN
Accelerator Complex has been mandated to assess the fea-
sibility of the production and operation of these new ion
species. The ion beam production from two of the cho-
sen elements, krypton and magnesium, was studied in the
GTS-LHC ion source, and the preliminary results of beam
intensity, stability and emittance will be presented, as well
as proposed modifications to improve performance.

INTRODUCTION

The CERN accelerator complex was upgraded in 1994 to
deliver heavy lead ions for the ion physics programme of
the fixed target experimental area called North Area (NA)
of the Superprotonsynchotron (SPS) and since 2007 for the
ion physics programme of the Large Hadron Collider (LHC).
Some exceptions to the standard lead operation were indium
(2003), oxygen (2005), argon (2015) and xenon (2017).

Recently a working group "Future Ions in the CERN Ac-
celerator Complex" was created to define future ion oper-
ation needs based on the requests from the LHC and the
fixed target experiments and their implications for the ion
injector accelerator complex [1]. The aim is to find syner-
gies between the different experiments to limit the number
of different ion species, to study challenges and limitations
in the ion accelerator complex and to make proposals to
schedule tests of selected ion species.

Presently a limitation for the study of new ion species
is the existence of only one ion source in the complex, the
GTS-LHC ECR ion source [2], which has to be used for the
operation of requested ion beams and the development of
new ion beams.

The setup of the ion accelerator chain and the following
physics period can be up to 6 months. This means, depend-
ing on the physics programme, only two ion species can be
operated or studied per year. Only precise long-term sched-
ule allows under this condition to serve all the needs of the
ion community.

Due to these long operation periods it requires an excel-
lent long-term stability over weeks or months of the source.
This is more demanding than just reaching the target beam
intensity, especially for metal ion beams based on oven op-
eration.

For the LHC, the working group studied if by using differ-
ent ions, the nucleon-nucleon luminosity could be increased.
One candidate ion is krypton. With nobel gas ions the source

* email address: detlef kuchler@cern.ch
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conditioning time is usually shorter, and stable operation is
reached within 2 weeks, so a short 3 week test with krypton
before the start of the setup of the ion accelerator chain with
lead was scheduled in the beginning of 2023.

For the fixed target physics the list of ions to be prepared
for the next years could be limited to magnesium and boron.
In the beginning of 2024 a 8 weeks test of magnesium was
done. Boron has to be tested in one of the following years.

KRYPTON TEST

The aim of this test was to find the settings of the source
for a reliable and stable operation, information about the
charge state distribution, beam intensity and beam emittance.
Due to the short time available the beam could be studied
only in the Low Energy Beam Transport (LEBT) and in
the following RFQ. The rest of the linear accelerator was
not available at that moment. To transport the ion beam
through the RFQ the extraction voltage has to be set to a
value corresponding to a beam energy of 2.5 keV/u.

The linear accelerator Linac3 injects the ion beam into
the Low Energy Ion Ring (LEIR) [3]. Depending on the
ion species and the charge state available from the source
the beam needs to be stripped at the end of the linear ac-
celerator as only a limited range of charge-over-mass can
be injected into LEIR. For the test isotopically pure 3¢Kr
was used (17.3 % abundance in natural krypton). A charge
state around Kr?** would have been a good option to avoid
stripping.

The source was mechanically already set up for the follow-
ing lead ion beam commissioning (to minimize the switch-
over-time), i.e. the extraction gap was not adjusted for the
low extraction voltages needed for the krypton ion beam.
Oxygen was used as support gas.

In the first stage of testing a charge distribution peaking
at Kr'%* could be achieved (see Fig. 1, FC2 is the Faraday
cup directly after the separation spectrometer). But this
charge state would have been too low for a direct injection
into LEIR. After re-adjusting the source parameters a charge
state distribution peaking at Kr??* could be achieved (see
Fig. 1).

After a couple of days of commissioning we achieved
around 120 epA of Kr?** at an extraction voltage of 9.8 kV
out of the source and around 80 epA out of the RFQ (see
Fig. 2). The stability of the ion beam was excellent compared
to the standard lead ion beam.

The transverse emittance in front of the RFQ was mea-
sured using tomographic reconstruction [4] from beam pro-
file measurements on a profile grid, as a function of current
in a upstream quadrupole magnet. The results show that
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8Kr charge state distribution The experiment was very successful. Source and LEBT
120 | 0 wned ggnKJ;T:age ek settings and beam performance values were recorded. No
< 100|| @ tnedte gf;age osky i show stoppers could be identified.

O 807 MAGNESIUM TEST
£ 607 The aim of this test was as well as for the krypton test
3 404 to find the settings of the source for a reliable and stable
s 20 operation, information about the charge state distribution,
1 "' ’_i beam intensity and beam emittance. Magnesium ions bring
0 T2 13 14 15 16 17 18 19 20 21 22 23 24 25 26 the additional challenge of finding suitable parameters for
charge state the evaporation and measuring consumption from the micro-

oven.

Figure 1: Charge state distributions of the krypton ion beam
optimized for two different peak charge states. FC2 is the
Faraday cup after the spectrometer.

Magnesium consists of three stable isotopes. But as >*Mg
has an abundance of 79 % we performed the first test with
chemical pure, natural magnesium. The source has two
ovens that can be installed in parallel. Each oven could be
filled with around 250 mg of magnesium.

First Magnesium beam from the GTS ion source
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Figure 2: Beam stability of the krypton ion beam out of @ @@ O OO
the RFQ over a period of 48 hours. FC3 is the Faraday cup 26 28 80 32 34 36 38 40
. spectrometer current / A
directly after the RFQ.

Figure 4: Charge state distribution of the magnesium ion
beam. All three magnesium isotopes are visible, the ratio of
the emittance of the krypton ion beam is clearly bigger than  the intensities roughly correspond to the natural abundance
the lead ion beam at this location (see Fig. 3). The not well ~— ratios. The peak of He'* is cut due to saturation. FC2 is the
adapted extraction gap may be the reason for this behaviour. ~Faraday cup after the spectrometer.
Further studies, to better understand this, are needed.
Out of the source up to 75 epA of 2*Mg’* (see Fig. 4)
could be measured (routinely 30-40 epA). The charge state
7+ was chosen, as with this charge state no stripping before

injection into LEIR is needed. Out of the RFQ the intensity
o was around 20 epyA and at the end of the linac we measured
{ Kr
pF0

2] 10-15 epA. During the final two days of the test the intensity

could be increased to 20 euA, which would be sufficient
Xe for the operation of LEIR. The beam stability over shorter
periods was excellent (see Fig. 5). Over periods more than
one or two days the stability suffered due to the high material
consumption.
z o T As shown in Fig. 3 the emittance for the magnesium ion
horizontal emittance / mm-mrad beam is in the same range as the emittance of the lead ion
beam. The transmission through the RFQ was significantly
lower than what was observed for other ion species, this is
currently not understood (at least not in terms of transverse
emittance).
As mentioned earlier 250 mg of material could be installed
per oven. Oven operation was limited to 2-5 days with

Mg

0.14

vertical emittance / mm-mrad

Figure 3: Horizontal and vertical emittances (normalized
RMS emittance) of different ion beams in the LEBT. The
values are averaged over several measurement campaigns.
The error bars represent the rms values. For argon only one
measurement was available.
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Figure 5: Measurement of the magnesium ion beam stability
over a period of 24 h. ITL.BCTOS is the beam transformer
in the LEBT in front of the RFQ, ITE.BCT25 is the beam

transformer at the end of the linac.

250 mg of Mg installed, which results in an average con-
sumption of 2.7 mg/h over the whole test period. Due to this
the ovens had to be regular refilled and there were periods
were the source was running with low magnesium input. As
aresult, the conditioning of the source and the beam stability
suffered. The peak performance of the source could only
be reached by the end of the test while pushing the oven
operation to higher oven power.

For this test source settings and settings for the linear
accelerator and beam performance values were recorded.
The oven operation was identified as the main performance-
limiting factor. No other show stoppers could be found.

CONCLUSIONS AND FUTURE PLANS

Both tests, krypton and magnesium, can be counted as
success. Both tests showed that the required charge states
and beam intensities can be provided by the source.

During the krypton test the beam could be sent only
through a part of the linear accelerator. A follow-up test
is needed to send the beam through the whole ion injector
chain to study the performance and limitations along the
accelerator chain.
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For the next test it is also planned to improve the gas injec-
tion system to allow the flow rate of the two simultaneously
injected gases to be better controlled.

The source extraction gap should be shortened compared
to the initial krypton test to see if this lowers the emittance
and improves transmission.

The next test with magnesium is scheduled during the
Long Shutdown 3 (LS3) period (2026-2028). As the ma-
terial consumption was the main issue in the present test
the installation of a hot screen inside the plasma chamber is
foreseen [5]. To achieve similar operation periods per oven
as for lead (around 30 days) the magnesium consumption
needs to be reduced to values below 0.5 mg/h.

If this test does not show the required results an experi-
ment with magnesocene is foreseen as a fallback solution.
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Abstract

Recent advances with the CERN infrastructure for ma-
chine learning allow to deploy state-of-the-art data-driven
control algorithms for stabilising and optimising particle
accelerator systems. This contribution summarises the re-
sults of the first tests with different algorithms to optimise
the intensity out of the CERN LINAC3 source. The task is
particularly challenging due to the different latencies for the
various control parameters that range from instantaneous to
full response after only ~30 minutes. Next steps and vision
towards full deployment and autonomous source control will
also be discussed.

INTRODUCTION

The GTS-LHC 14.5 GHz Electron Cyclotron Resonance
(ECR) ion source [1] at the CERN LINAC3 provides differ-
ent heavy ion beams for the LHC, as well as the PS and SPS
fixed target experiments. In the case of the main species of
lead ions, the beams are produced by vaporisation of solid
samples that are heated with an oven in the plasma chamber.
Tuning the various parameters of the source, such as oven
power, to maximise its intensity output as well as ensuring
reproducible intensity during the pulse and on a shot-by-shot
level is non-trivial and is frequently slow due to condition-
ing effects. For example, during commissioning or after a
stop, the oven’s power needs to be slowly ramped up until
lead evaporation is initiated. It is then increased over two to
four weeks to maintain a sufficiently high evaporation rate
until the next oven refill. Figure 1 shows an example of the
reconditioning of the source in May 2018 with the discussed
slow ramp-up of the oven power and non-linear response
of intensity over the course of about 11 h. Various other
parameters need to be adjusted as well as part of this process
that are not indicated in Fig. 1. All of this is usually done
manually.

This paper summarises the first tests of deploying CERN’s
Generic Optimisation Framework [2] to automatically opti-
mise the intensity out of the LINAC3 source with the final
goal of making recovery after oven refills and commission-
ing more efficient and less dependent on singular experts.
Algorithms to stabilise the performance after commissioning
were also part of the investigation.

To date, only preliminary tests of various sample-efficient
optimisation and stabilisation algorithms could be carried
out. However, they were already sufficient to start address-
ing the challenging aspects of time-varying dynamics and
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control knobs that act at significantly different time scales.
Another test is planned towards the end of the 2024 run
where the lessons learned will be incorporated.
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Figure 1: Evolution of the beam current measured by
BCT.ITLOS at the end of the Low Energy Beam Transport
in blue during lead ion beam setup in May 2018. The oven
power (red) needs to be ramped up slowly. In this particular
case this phase took roughly 11 h while tuning other param-
eters in addition.

GENERIC OPTIMISATION FRAMEWORK
AND FRONTEND AT CERN

A significant step towards automating parameter optimisa-
tion and stabilisation was the implementation of the “Generic
Optimisation Framework and Frontend” (GeOFF) in Python
at CERN [2]. GeOFF standardises interfaces for optimi-
sation tasks and provides adapters for various third-party
packages such as SciPy, Stable Baselines 3, Scikit-Optimize,
BoTorch. GeOFF tasks can scale to arbitrary complexity
and depend on any Python package; they can use any con-
trols system and even communicate with external simulation
tools, as long as they have Python bindings. It comes with
a GUI application, readily usable with the CERN control
system in the various control rooms. It allows to add custom
plotting in addition to a pre-defined set of plots that show
the evolution of the objective function and the actors. It
also allows to save the optimisation evolution in terms of
objective function and actors, which was used to produce
the plots in this paper.
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DESCRIPTION OF LINAC3 SOURCE
OPTIMISATION PROBLEM AND FIRST
TESTS

The tests described in this paper were carried out during
a so-called Machine Development (MD) session as part of
the LINAC3 lead ion commissioning phase between July
8-10, 2024. The objective was to optimise the intensity out
of the source measured by the Beam Current Transformer
(BCT) ITL.BCTOS as well as the rms intensity fluctuation
o over the pulse length, i.e. to maximise the intensity and
minimise its rms. The objective function y that yielded the
best results was

y=(-1)-IT+2-0, (1)

where I corresponds to the mean intensity measured at
ITL.BCTOS and o to the standard deviation of the slice of the
intensity pulse of interest for injection into the downstream
elements followed by the Low Energy Ion Ring (LEIR) [3].
The optimisation task was formulated with up to five degrees
of freedom: the currents of the three solenoids that confine
the plasma in the plasma chamber, the voltage of the bias
disc electrode located at the entrance to the plasma cham-
ber, and finally the oxygen gas injection regulated according
to the voltage setting with a feedback controller. The used
parameter ranges are summarised in Tab. 1. Whereas the
effects of the solenoids and bias disc changes were imme-
diately measurable with the BCT, any changes to the gas
injection system would only stabilise after several minutes
and a waiting time had to be applied before reading out the
BCT. See Fig. 2 for the evolution and the "ringing" of the gas
injection measured voltage during one of the optimisation
runs. The waiting times when working with the gas injection
system were either set to 30 s or 120 s. The plots shown
in the following were all from the period with 30 s waiting
time. While 30 s might not be long enough for full decay of
the "ringing", especially for large settings changes, it was
sufficient to allow for convergence for the overall optimisa-
tion together with the faster actors. A more detailed study
on which waiting time to use will have to be carried out in a
future test campaign.

To implement the optimisation task within GeOFF, while
respecting the different delays in response for the various
control knobs, the problem was split into two optimisation
tasks running in parallel and independently with the same
objective function. One task would adjust the "fast" degrees
of freedom (solenoids and bias disc voltage) and another one
would adjust the gas injection and only acquire intensities
and rms after 120 s or 30 s, respectively. In a continuous
control setup during e.g. gas injection adjustments, the "fast"
actors were supposed to catch up with the new conditions of
the source and optimise their settings, while the gas reading
was stabilising. No other synchronisation between the two
optimisation environments was built in during these first
tests.
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THE ALGORITHMS

In the following, the different algorithms tested during
the MD will briefly be introduced. The most relevant re-
sults were achieved with Bayesian Optimisation [4] and
Adaptive Bayesian Optimisation [5]. Note that the algo-
rithms BOBYQA [6] for optimisation and Extremum Seek-
ing (ES) [7] for stabilisation were also tested briefly — with
success however only in the case of BOBYQA. However, we
will not discuss BOBYQA and ES results further.

Bayesian Optimisation

Bayesian optimisation (BO) is a powerful black-box opti-
misation algorithm, which learns a probabilistic model of
the objective function with Gaussian processes (GP) [4].
To make use of the model’s uncertainty, the so-called Ac-
quisition Function is optimised, rather than the mean pu(x)
of the objective function. In our case, we used the Upper
Confidence Bound Acquisition Function (UCB):

a(x) = u(x) + VB (x), )

where £1(x) is the mean of the posterior GP and o2 (x) the
variance.  is a hyperparameter that needs to be tuned for
the specific application. It defines the balance between ex-
ploration and exploitation during the optimisation process.
For the LINAC3 source tests, Bayesian Optimisation was im-
plemented with BoTorch in a custom optimiser available in
GeOFF only for the LINAC3 optimisation environments. To
enforce "smooth" parameter optimisation, proximal biasing
was applied [8].

Adaptive Bayesian Optimisation

To use Bayesian optimisation as a continuous control al-
gorithm and make the algorithm adapt to changes — hence
Adaptive Bayesian Optimisation (ABO), the objective func-
tion can be modelled as a function of the control parameters
x and also as a function of time ¢. The kernel function, or
prior covariance, of the GP is chosen such that it can rep-
resent the correlations in the data well. Following [5] the
kernel that we use in ABO is a composite kernel with a
spectral mixture kernel S for t and the Matern kernel M for
X:

k([t1,x1], [t2,X2]) = Ok X S(t1,12) x M(x1,%2),  (3)

where 6y, is the output scale.

ABO was implemented with BoTorch [9] and is again only
available for the LINAC3 environments in GeOFF. To use
ABO for continuous control, the data buffers for conditioning
the GP models need to be truncated. These data buffers are
also stored for subsequent warm-starts such that random (or
any other policy) data collection is not necessary. As for
BO, proximal biasing was used.

FIRST OBSERVATIONS

Figure 3 shows the evolution of the objective function and
the normalised currents of three solenoids during optimisa-
tion with BO. Proximal biasing ensures that the solenoids
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Figure 2: Evolution of the measured gas injection regulation
system voltage during one of the tests on 9" of July described
below. The larger the step size, the larger the excursions are
around the set values. The oscillations settle eventually. See

bottom plot of Fig. 5 for the set values during this phase.

smoothly arrive at the optimum settings avoiding big jumps,
while the noisy objective function is minimised. The inten-
sity after this optimisation was indeed higher than initially
(improvement from 0.45 to 0.5 mA). A similar test with suc-
cessful convergence was also carried out including the bias
disc voltage, indicating that optimisation of the "fast" actors
could be relatively easily automated. An important ingre-
dient for good convergence was to not average over several
acquisitions and let the GP learn the alleatoric uncertainty.
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Figure 3: Bayesian Optimisation for the three solenoids
around the LINAC3 source plasma chamber using proximal
biasing and historical data to condition the GP at the start of
the optimisation. The objective function is a combination of
mean intensity and rms measured during the slice of interest
of the ion pulse, see Eq. (1).

As a next step ABO was tested for the "fast" actors in
combination with optimisation of the slow gas injection sys-
tem. The best configuration was achieved with 8 = 1.5 in
the UCB acquisition function and §,,,x = 0.5 for proxi-
mal biasing. Figure 4 shows the evolution of the objective
function as well as the three solenoid settings for this case.
The GP of the algorithm was conditioned with a previously
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recorded dataset, thus the solenoids start with good settings
and maintain those for the first roughly 115 iterations. The
sharp increase of the objective function away from the op-
timum is caused by the start of the optimisation of the gas
injection system, which collected its initial data by a linear
ramp of its settings between predefined bounds. See Fig. 2
for the gas injection voltage acquisition and Fig. 5 for the
perspective of the controller during the optimisation of this
slow actor, respectively. The linear ramp instead of the usual
random policy for initial data collection was chosen to min-
imise the excursions of the gas injection regulation system.
The solenoids do not manage to establish the original perfor-
mance for most of the linear ramp of the gas injection system
and stay at the bounds of their allowed ranges (the bounds
correspond to (—1, 1) in the plots as GeOFF works with nor-
malised settings). Together the slow and fast tasks converge
however eventually to an objective value that is not as good
as the initial one, but very close to the optimum obtained
during the optimisation phase. Note that the starting gas
injection setting and corresponding objective function were
not used for building the model, see Fig. 5. This is believed
to be the reason for not getting back to the initial optimum.
The result is promising and indicates that adequate optimisa-
tion of the system gas injection system and solenoids (plus
bias disc) is in principle possible with the used techniques.
If the optimisation routines were synchronised, where in-
stead of running ABO for the fast actors in the shadow, an
optimisation of the fast actors is triggered after each step
of the gas injection system, the global optimum should be
within reach. This would also allow for easier tuning of the
adequate waiting time after changing the settings on the gas
injection system.
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Figure 4: Evolution of objective function (upper plot) and
three solenoids (lower plot, normalised settings) during
Adaptive Bayesian Optimisation. At iteration ~120, ABO is
launched on the gas injection system, see Fig. 5. The three
solenoids eventually converge to a new optimum given the
changed setting of the gas injection system.

MCI: New Development and Status Reports



26™ Int. Workshop Electron Cuclotron Resonance lon Sources
ISBN: 978-3-95450-257-8

Table 1: Ranges of the Various Parameters used for LINAC3
Source Optimisation

Parameter =~ Parameter Range Unit

solenoid inj [1100, 1265] A

solenoid cen [1100, 1140] A

solenoid ext [0, 400] A

bias disc [0, 500] \'%

gas injection [9, 9.6] A%
NEXT STEPS

Towards the end of the 2024 run another test to control
the LINAC3 source is foreseen and the lessons learned so far
will be incorporated. Given the results obtained and the ex-
perience of the expert, the optimisation task for the next step
will be implemented as one GeOFF optimisation problem.
The different parameters will be optimised/stabilised in a
hierarchical and sequential manner: the outer loop will run
ABO to optimise the gas injection system; at each iteration
of this outer loop, first the solenoids will be optimised with
BO (conditioned on previous data) and then the bias disc.
The waiting times for the outer loop for the slow gas injec-
tion system will be established dynamically based on the
acquisition of the gas injection regulation voltage together
with the acquisition of the current of the extraction power
supply as additional information.
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Figure 5: Evolution of objective function (upper plot) and
gas injection setting (lower plot, normalised settings) during
Adaptive Bayesian Optimisation. The linear ramp is used to
avoid large excursions of the gas injection system regulator
and "confuse" the "fast" actors that are running ABO in
parallel.

SUMMARY

The LINAC3 ECR ion source at CERN provides heavy
ion beams for the LHC and the PS and SPS fixed target
experiments. Lead ion beams are produced through vapor-
isation of solid samples in a plasma chamber. Optimising
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the lead beam intensity out of this source is time consuming,
non-trivial and is usually done manually relying on year-
long experience of a few experts. This paper summarises
the first steps towards automating the source commission-
ing as well as the performance stabilisation thereafter with
algorithms based on Bayesian Optimisation. The CERN
Generic Optimisation Framework and Frontend (GeOFF)
was used as a platform for implementation and test execution
with its ready-made GUI and various features. Particularly
challenging for controlling the LINAC3 source are the differ-
ent latencies in response involved with the various control
knobs. This was addressed by running several optimisa-
tion/stabilisation tasks in parallel, separating the "slow" and
"fast" actors. The first results were promising and showed
that Bayesian Optimisation and Adaptive Bayesian Optimi-
sation are sample-efficient enough and can deal well with
the noisy environment. For guaranteed convergence it was
however proposed for the next test to modify the setup of
optimisation tasks and trigger for each iteration of the slow
system an optimisation of the fast actors and synchronise
the tasks in this manner. Given the results obtained already,
this should allow convergence to the global optimum in a
robust manner and to track changes adequately.
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PRODUCTION OF “COCKTAIL BEAMS” WITH ECR BOOSTER,
POST-ACCELERATED FOR INDUSTRIAL APPLICATIONS

R. Frigot, M. Dubois, B. Jacquot, M. Lalande, B. Lucarz, C. Michel, E. Dessay, A. Dubois
GANIL, CEA/CNRS, Caen, France

Abstract

The GANIL (Grand Accélérateur National d’lons
Lourds) in Caen produces with cyclotrons up to 20 % of
the beam times dedicated to industrial applications, such as
the irradiation of electronic components. The SAGA pro-
ject (Space Application at GANIL Accelerators) aims to
increase beam times for these applications in the future in
order to meet demand from French and European industries.

INTRODUCTION

In this context, one of the challenges is to be able to
switch rapidly from one beam to another in order to op-
timize the beam time available for irradiation. This project
involves technical and organisational developments (on exist-
ing GANIL and SPIRAL?2 facilities, see Fig. 1) to improve
the supply of medium and high energy beams for experi-
mental needs.

SPIRAL 2 - PHASE 1

Figure 1: Layout of GANIL/SPIRAL?2 accelerators.

The work package CIME 0°-HE plans to install a new irra-
diation station for medium energy beams (up to 20 MeV/u),
using the Charge Booster as stable ion source (from
SPIRALI1 facility) to provide cocktail beams (Fig. 2).

(a) Phoenix Charge Booster
Figure 2: Charge breeder (a) and SPIRAL1 layout (b).

(b) ECR SPIRALI Facility

To meet the requirements, this ECR Ion Source has to
produce several elements, with very close A/Q, which were
separated and post-accelerated by CIME cyclotron.

MOP13
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The Phoenix Booster, usually dedicated to increase the
charge state of a monocharged radioactive beams produced
by target ion source (FEBIAD, surface ionisation ion source),
can also produce gaseous stable beams in ECR source mode.
However, the needs for industrial application require a cock-
tail beam including metallic one. That implies few modi-
fications on Booster to be able to provide this cocktail with
acceptable intensities.

Finally, the chosen cocktail beam must be optimised to
deliver the highest energy reachable with the CIME cyclo-
tron, and to ensure a reasonable switch time between each
beam.

EXISTING SPIRAL1 FACILITY

The SPIRAL1 facility at GANIL (Caen, France) is a RIB
factory using the ISOL method [1]. It has been provid-
ing post-accelerated RIBs to experimental areas since 2001.
Over the last decade, SPIRAL1 has been upgraded to provide
beams of condensable elements, by coupling one or several
types of TISS emitting 1* ions [2] to a charge breeder, to
boost the charge state of radioactive ions from 1* to n* for
subsequent post-acceleration.

The charge breeder is a PHOENIX type ECR ion source
developed at LPSC and tested at ISOLDE, that was then
improved before being installed at SPIRAL1 [3,4].

Standalone, the Booster device can also produce stable
beams of gaseous elements.

A post acceleration of these beams, up to 20 MeV/u, is
feasible using the CIME cyclotron [5].

SAGA PROJECT - CIME 0°

Irradiation Station Project

The cyclotron extraction line has to be redesigned to ac-
commodate the SAGA’s irradiation station (see Fig. 3).

To allow the use of the beam, from 2026 ideally, some
arrangements are necessary for tunings and measurements:

e stripper and collimator to vary the flux and/or the en-

ergy,

 diagnostics to measure intensities, alignment, shape

and homogeneity of the beam,

* wobbler or high gradient quadrupole to adjust irradi-

ation surface.

The chamber, ending the line, would be equipped with a
vacuum-atmospheric pressure window to allow irradiation
in both modes: in a vacuum or controlled atmosphere. In
consequence, a fast protection valve system has to be de-
veloped to ensure the protection of devices and cyclotron in
the event of a breakage.
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Figure 3: CIME Extraction line and Irradlatlon station pro-
ject.

Users Conditions

To meet the requirements for the irradiation of their com-
ponents, experimenters specified their expectations and the
specifications of the beams to be supplied:

* energy beam >12 MeV/u,

* 5to 10 ions on the largest scale LET,

* intensity >10* pps,

* fast beam switch.

LET (Linear Energy Transfer) (Fig. 4) is the amount of
energy that an ionizing particle transfers to the material
being traversed, per unit of distance. It describes the action
of radiation on matter. This parameter depends on the energy
beam supplied and the ion chosen.

LET Cocktail CIME @ 15,5MeV/u

%
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E
; 40
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Figure 4: LET for several beams.

Cocktail Beam Proposal

The Accelerators Physic Group and the Target Ion Source
Group have jointly established a list of elements that could
fulfil the industrials requirements, cyclotron specifications,
and Phoenix Booster capacity of production.

This “cocktail beam” combines elements on a large mass
scale with a very close A/Q, which avoids repeated adjust-
ments on ion source and extraction line (Figs. 5 and 6). How-
ever, the difference of magnetic rigidity between chosen ions
is far enough to satisfy the CIME cyclotron resolution.
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Figure 5: Energies accessible after post-acceleration in
CIME as a function of the Q/A ratio. Coloured lines also
display the platform limitations in terms of magnetic field,
electric field and driving frequency.
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Figure 6: Cocktail Beam Proposal for EM 132.
Cyclotron Switch Mode

For the acceleration and extraction of an ion (with q/m
ratio), the magnetic field (B) and the HF frequency (FRF) of
the cyclotron must be adjusted with great precision, knowing
that:

q/m =2x[FRF/H] /B (1)

with H as cyclotron harmonics (here H = 2 @15.5 MeV/A).

After tuning the ion of reference [qo/my], the switch to an
element [q;/m;] is therefore obtained by a variation of the
RF frequency or of the magnetic field.

The frequency modification requires a scan in position
of the HF panels to obtain the resonance. This intervention
requires approximately 20-25 minutes and therefore cannot
satisfy the switch time requirements.

A variation on cyclotron’s magnetic field (B) below 2 %
can be considered without much re-tuning line injection and
accelerator. This operation, estimated around 5 minutes,
also involves adjusting High-Voltage (V) devices, included
Ion Source extraction energy.

Therefore, we obtain:

—(Bi1 = Bo) _ Q1/mi =Qo/mo) _ (Vi = Vo) @
By Qo/mo Vo
—AB =AQ/m=AV, 3)
with AB <2 %.
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COCKTAIL BEAM PRODUCTION

The gaseous elements of the cocktail [Xe, Kr, Ar, Ne, O,
N] are produced by injection into the Booster, via the UDV
valves and a calibrated leak, or thanks to the residual gases
present in the source.
To provide metallic ions, two modifications have been
done on the source to allow sputtering method (Fig. 7):
1. The 14 GHz RF Waveguide in Aluminum replaced by
a Copper reference. [Cu]

2. A removable rod is install instead of the 8-14 GHz
Wave Guide, to fix a sample of the needed metal [Fe,
Al, Ag, Ti, ...]

Both elements are insulated and connected to a polariza-
tion power supply.

Figure 7: Adaptation of device at injection of charge breeder.

Moreover, some metallic ions are “naturally” produced
by sputtering or evaporation of elements located close to
the plasma environment (injection nose, plasma electrode,
chamber, ...).

Preliminary Tests

Mainly used for charge breeding of 1* beams, these pre-
liminary tests consist of checking the functionality of the
Booster Phoenix in “ECR Source” mode:

1. after the modifications (waveguide and rod),

2. for the production of cocktail beams (8 to 10 ions) with

high extraction voltage (~30kV),!

3. with simultaneous injection of heavy elements [Kr+Xe],
to check the respective non-influence on their usual
distribution; especially on high charge states.!

Concerning point 3, a comparison was carried out
between single tuning mode and simultaneous tuning mode.

The respective distributions are shown in Fig. 8 for '**Xe
and 3°Kr when optimised to a single gas. The results show
that the distributions are not significantly affected by the
“cocktail” mode (Fig. 9). The maximum charge states for Kr
remains around 18", while that of Xe is around 26%.

! Conditions required to achieve: post acceleration, energies higher than
12MeV/A.
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Figure 9: 2024: Distributions of simultaneous '*°Xe and
86Kr @31kV.

The use of the sputtering rod also requires preliminary
tests to define the optimal insertion position, relative to the
plasma, and the polarization to apply. An incorrect use,
which could lead to the contamination of the plasma cham-
ber (deposition on the walls) or even the melting of the
sample, would be very critical for the current operation of
the Booster with the radioactive beams on SPIRAL1. The
2024 SPIRALLI planning did not allow to test these points
prior to the SAGA experiment. For metallic ions, the strategy
is therefore, first, to polarize the waveguide for copper pro-
duction, and to quantify the rates (post-acceleration) of the
elements from the booster parts.

EXPERIMENT RESULTS

Source Settings

Booster parameters for cocktail beam production:

* Gas injection: 84Kr and '°0 on UDV valves, '2Xe on

calibrated leak,

* High Voltage: 28.37kV (to reach post-acceleration, a

final energy of 15.5 MeV/A),

* RF: 14 GHz (klystron) — power 680 W,

* Magnetic Field (Solenoid coils intensities): Injec-

tion 1200 A, Medium 351 A, Extraction 654 A.

The 84Kr23+, predominant in the cocktail, is used as the
reference beam for line transport adjustment and cyclotron
tuning (Fig. 10).

From these settings, the theoretical variations are applied
to the magnetic field of CIME (ABx) and to the high voltages
(AV), including HV source, to shift on the next element of
the cocktail.
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© 8Kr A wopr + e, Cocktail Beam

Figure 10: Mass spectra during experiments. In yellow, A/Q
used for cocktail beam.

Switch times are recorded and intensities after post-
acceleration (Fig. 11) are measured using:

» a faraday cup when I >108 pps,

* a gas profiler when I <108 pps.

lons A/Q C;; 1: Af\c;r Switch Time (Posm’?c::ranon)
. 3,643 Ref. . 1.10'%pps
WAL 3,632 0,997 < 5min 2.10"pps
B4 23+ 3,643 Ref. 5 min 1.10pps
2N 1,005 1,005 £ Smin 2.10pps
E 129X @35* 1,009 1,009 < S5min 6.10°pps
L) A8Tj1 1,011 1,011 €  S5min 2.10°pps
g ccu™ 1,015 1,015 € 5min 2.10°pps
%,, 1,022 1,022 f’ 5 min 1.10%pps
£ e 1,028 1,028 < 5min 3.10pps
9yt 1,039 1,039 < 10min 2.10°pps
217 1,056 1,056 < 20min 5.10°pps
84y 23+ Ref. Ref. © 25min 1.10%ps

Figure 11: EM132 SAGA @GANIL - July 2024 : Produc-
tion rates.

Except for '%0°*, which is not evaluated regarding its

LET proximity with !N, all elements of the cocktail beam
proposal are measured at sufficient rates. Moreover, the
switch times between 2 beams, about 5 minutes, are in line
with expectations.

Additional test is done to estimate the required delay to
switch to an ion whose Q/A implies a greater field variation
(Fig. 12). First with '2Xe3**, needing AB > 1 %, intensity
is suitable but tuning time doubles. Finally, for 2’Al’* (metal
from the Booster plasma chamber), with AB = 2 %, the time
increases proportionally. These results show that transfer
times remain acceptable for industrial applications (~5 min)
for magnetic field variations below 1 %.

CONCLUSIONS

GANIL, with its SPIRALI1 facilities (Phoenix Booster +
CIME), has the capacity to supply a medium-energy cocktail
beam (>12 MeV/A) for industrial applications. The produc-
tion rates and switching times measured during the EM132
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experiment meet initial expectations. The modifications
made to the ion source, by replacing the waveguide and
installing a sputtering rod, make it possible to produce addi-
tional metallic elements.

Switch Time (min)
30

25 =9
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4
/
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0% 1% 2% 3% 4% 5% 6%

Figure 12: Switch time evolution according to CIME AB.

Means of improvement:

* Propose cocktail beams and define the settings for dif-
ferent energies, between 12 and 20 MeV/A),

* Try to produce other elements to extend the coverage
of ‘missing LET zones’, in particular between Kr and
Xe (with Ag or Rh, using a sputtering rod).
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STUDY OF NOBLE GAS MEMORY EFFECT OF ECR3 AT ATLAS*

R. Scott’, J. McLain, R. C. Vondrasek, Argonne National Laboratory, Lemont, IL, USA
S. Bhattacharya, M. Paul, Racah Institute of Physics, Hebrew University, Jerusalem, Israel

Abstract

Over the past three decades a portion of the accelerated
beam time at the Argonne Tandem Linac Accelerator Sys-
tem (ATLAS) has been reserved for ultra-sensitive detec-
tion of argon radioisotopes. A unique noble-gas accelerator
mass spectrometry (NOGAMS) technique at ATLAS com-
bines electron cyclotron resonance ion source (ECRIS)
positive ion production, acceleration up to ~6 MeV/u and
detection methods for separating isobars and other m/q
contaminants. The ECR3 ion source was recently chosen
for such experiments due to the limited scope of material
introduced into the plasma chamber, inferring a lower
background production compared to ECR2. A recent
3942 Ar NOGAMS experiment has highlighted a need to un-
derstand the beam production of material that is no longer
being actively introduced into the ECRIS, known as
memory effect. A quantitative study of source memory was
performed to determine the decay characteristics of argon
in the ECR3 ion source. Results of this study as well as
details of setup and operation of ECR3 for NOGAMS ex-
periments are presented.

INTRODUCTION

The ATLAS facility at Argonne National Laboratory has
provided heavy ion beams for nuclear physics experiments
for over 40 years. ATLAS runs experiments 24 hours a day,
7 days a week with a typical ion beam species change once
per week and maintenance time dispersed throughout. The
ultra-sensitive noble-gas accelerator mass spectrometry
NOGAMS [1,2] technique has been developed and im-
proved at ATLAS over the past 30 years. The technique dif-
fers from conventional accelerator mass spectrometry
(AMS) which, based on negative ion injection, cannot an-
alyze noble-gas ions. Positive ions are produced from an
electron cyclotron resonance ion source (ECRIS) followed
by mass/charge (m/q) selection with a dipole magnet, ac-
celeration to ~6 MeV/u using linear accelerator sections
and delivery to the gas-filled Enge split-pole spectrograph
[3] for ion detection, as well as isobaric and background
separation (see Fig. 1).

The first detection of low concentrations of ' Kr and *Ar
at ATLAS occurred in 1992 [4] using the now retired ECR1
[5]. In 2002, ECR2 [6] was used to provide ion beams for
39Ar detection in ocean samples for the study of ocean cir-
culation, allowing smaller sample sizes than those required
for low level counting (LLC) [7]. ECR2 was used again in
2015-16 to provide ion beams of low concentration 3"*°Ar
for a measurement of *Ar(n,y)*’Ar and 3*Ar(n,y)*Ar neu-
tron-capture cross sections [8]. ECR3 [9] was used for the

*This work was supported by the U.S. Department of Energy, Office of
Nuclear Physics, under Contract No. DEAC02-06CH11357 and used re-
sources of ANL’s ATLAS facility, an Office of Science User Facility.

T rscott@anl.gov
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most recent NOGAMS detection of **?Ar in a study of
neutron induced reactions at the National Ignition Facility
(NIF) [1,10,11]. Parameters of ECR3 operation are dis-
cussed later. Table 1 provides a summary of a few of the
ion source operating parameters of the mentioned NO-
GAMS experiments.

ECR2 ECRI1 /ECRCB
1997-present 1988-2015

Enge split-pole
spectrograph

PII Linac

Booster Linac
ECR3
2019-
present

proxy FC

Figure 1: ATLAS accelerator NOGAMS layout.

Part of the recent ECR3 NOGAMS experiment was de-
voted to detection of ?Ar in a NIF shot gas sample. Prior
to running the NIF sample, a sample with a high concen-
tration of “?Ar [12] was used in ECR3 for identification and
calibration with the detection system. Unexpected, but ver-
ified ?Ar counts were observed with the NIF sample fol-
lowing the calibration run. Ion source memory of the cali-
bration gas was suspected to produce those counts. A study
of the ion source memory was performed, replicating the
same ion source operating conditions. These results are
provided within.

NOGAMS BEAM CONTAMINATION

Early NOGAMS experiments were predicated on a high
sensitivity *Ar/Ar measurement, below naturally occur-
ring Ar (8.1 x 1071%), of multiple samples in ~ one week. A
100 epA “°Ar®* beam, with a *Ar/*Ar concentration of 1
x 107" at the ion source would yield 1 count/hr, assuming
a typical 35% transmission from ECRIS Faraday cup (FC)
to experimental station. At these low rates, m/q beam con-
taminants, such as the isobar *K, can limit the measure-
ment due to pile up at the detector. The work done to re-
duce *Ar m/q contamination in ECR2, including quartz
liners and cleaning methods, has been presented here [13].
In 2015, higher ¥Ar concentration samples > 1 x 107!* were
to be measured. Therefore, a lower beam intensity at the
ion source could achieve sufficient detection. ECR2 was
run at low RF power (22 W) without support gas. With a
weaker plasma and less electron interaction with the
plasma chamber surfaces, this operation resulted in signif-
icantly lower contamination rates of K8, without using
any of the previous experiments mitigation methods (see
Tables 1, 2).

Based on these results, ECR3 was chosen for the 2021
¥Ar and *Ar series of experiments. ECR3, which was
commissioned at ATLAS in 2019, has no history of solid
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RF Ar Source Ar Cons. Sample
Year Ion Power  Support  Intensity Rate Isotopes  Detection
Measured  Source W) Gas (pnA) (cc-STP/hr)  Detected Limit
1992 ECR1 105 oxygen 1312 1 PAr, ¥Kr 8 x 1016
2003 ECR2 300 nitrogen 13500 0.2 PAr 4 x 10"
2015 ECR2 22 none 250 2Ar 9 x 10716
2016 ECR2 50 none 1500 SAr
2021 ECR3 none 37.5 0.007 ¥Ar,2Ar 1 %1071
2023 ECR3 7 none 29.4 0.007 PAr,2Ar

material introduction, and was expected to have similar or
less 3Ar®* m/q contamination than ECR2. ECR3 was op-
erated at 7 W in 2023 for the NIF *°Ar and *Ar detection
experiments. Even though ECR3 was run at lower RF
power, K8 contamination rates were twice as high, and
3487 contamination rates were over 100 times higher than
when using ECR2 (see Table 2). In both 2015 and 2023,
the full contaminant rates were measured with no blocking
at the detector. In 2023, with further blocking put in place,
0 cps/pA for ¥*K and 74 cps/pA were observed with no de-
crease in the ¥Ar rate. Perhaps the larger volume (1.37 1),
diameter (7.6 cm) and radial pumping of the plasma cham-
ber of ECR2 compared to ECR3 (0.53 1), (6.4 cm) with
pumping only through the extraction hole, play a role in the
lower raw potassium rates of ECR2. The larger ECR3 3S7*
(Mo/dM = 1:270) contamination rates can mostly be ex-
plained by the inherently higher m/q discrimination of the
ECR2 low energy beamline, when compared to that of
ECR3. For “Ar detection, the isobar **Ca rate was easily
separated at the detector, while #*Cu'?* was considerably
higher but still separated at the detector to provide a clean
“Ar rate.

ECR3 NOGAMS OPERATION

As described for contamination reduction, the ECR3 ion
source is run at low RF power, about 7 W, shifting the
charge distribution lower than usual operation. The source
peaks at 8+ with helium support and 62 W RF power, but
peaks at 5+ at 7 W without support gas. Ideally, the charge
state with the highest intensity would be used for faster
sample concentration measurements. The first accelerating
section of ATLAS has a m/q acceptance below 7/1 and the
masses to be used for the NIF experiments are 38,39,40,
and 42. The charge state “?Ar®" falls out of this acceptance,
and “>Ar™" is inseparable in the accelerator from '2C?". This
leaves 8+ as the lowest charge state without high intensity
m/q contaminants.

Figure 2 shows the simple gas handling system used to
feed a sample of interest into the ECR3 ion source. The gas
of interest is fed directly into the plasma chamber through
the injection side of ECR3 with an Agilent model 9515106
[14] variable leak valve with fine motor control. Gas sam-
ple sizes as low as 5 cc-STP can be expected with some
samples containing a mixture of known proportions of ¥Ar

MC(5: Radioactive lon Beams

and “°Ar. The smallest sample size can be run multiple
hours without a significant enough pressure decrease in the
gas line to require a leak valve adjustment to maintain
beam intensity, with a maximum consumption rate of
0.007 cc-STP/hr measured for Ar®" at 300 enA.

The sample cylinder change sequence, intended to limit
cross contamination of samples is as follows: leave RF on,
stop extraction of beam, shut leak and sample cylinder
valves, pump-out gas volume with independent pump to
millitorr range, and stop pump-out. Then, while continu-
ously purging the volume with boil-off nitrogen from the
ATLAS cryogenic system, remove sample cylinder, attach
new sample cylinder, stop continuous purge, perform
pump-purge cycle on gas volume 10 times ending on
pump-out, shut valve leading to pump and purge valves,
open leak valve to ECR3 while maintaining a maximum
ion source pressure of 2 x 1077 Torr until leak valve is fully
open. When source pressure is below 1.4 x 108 Torr (after
about 15 min), shut leak valve, open new sample cylinder
valve, resume beam extraction, and open leak valve to
achieve desired total Ar®* intensity.

pump-out dry nitrogen

purge
sample
cylinder
leak valve
pressure Varian 951506
transducer

Omega PX309
gas feed to ECR3

Figure 2: ECR3 NOGAMS gas handling system.

ECR3 ARGON GAS MEMORY EFFECT

ECR ion source memory is described as the continued
ion beam production resulting from previous feeding of
materials which are no longer being actively introduced
into the plasma chamber. For argon gas, the beam intensity
will follow a decay curve as residual material is consumed
after the leak valve is shut. At the end of a recent NO-
GAMS experiment, two series of measurements were
taken looking for the presence of “*Ar in a sample resulting
from neutron-induced reactions on “°Ar seeds at the Na-
tional Ignition Facility (NIF) [11]. In between these meas-

MOP15
65

&= Content from this work may be used under the terms of the CC BY 4.0 license (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



©=2d Content from this work may be used under the terms of the CC BY 4.0 license (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

26™ Int. Workshop Electron Cuclotron Resonance lon Sources

ISBN: 978-3-95450-257-8

ISSN: 2222-5692

Table 2: NOGAMS *°K and 3*S Contamination at ATLAS

ECRIS2024, Darmstadt, Germany
doi:10.18429/JACol-ECRIS2024-MOP15

JACoW Publishing

ECR
Source 39K Detec-  34S Detec-
Ar8+ tor Rate/Ar tor Rate/Ar
Intensity Intensity Intensity
Ref Date Ion Source (epA) (cps/epA) (cps/epA) Configuration
[13] Jun 2007 ECR2 83 50602 no treatment
[7,13] Aug2001 ECR2 75 17333 open quartz liner
[7,13] May 2002 ECR2 76 129 closed quartz liner
[13] Jun 2007 ECR2 98 459 ultrapure alum. thin liner
[13]  Apr2008 ECR2 55 27973 ultrapure alum. coated.PC +
open quartz + cleaning
[8] Oct 2015 ECR2 5.5 30 3 low rf power, no support gas
Oct 2023 ECR3 0.16 66 355 low rf power, no support gas

-urements, a calibration sample with a concentration of 1.6
x 1012 2 Ar/Ar was fed into ECR3 for 4.9 hours to confirm
the setting of the spectrograph magnetic field. While the
first series detected no presence of “?Ar, the second series
detected 4 legitimate “*Ar counts. Even though an added
purge with UHP "Ar was performed between the calibra-
tion and NIF sample change, the four counts can be sus-
pected to be a result of memory effect from running the
calibration sample. Investigating the origin of the **Ar
counts was considered important since they would imply a
fast two neutron capture process if they originated from the
NIF sample.

A quantitative study of source memory was conducted
following the experiment, replicating its operating condi-
tions and run sequence. The spectrograph and accelerator
were unavailable for this study, so measurement was lim-
ited to the FC after m/q separation using the dipole magnet
following extraction from ECR3. Highly enriched 3*Ar
(99.96%) [15] was used as a surrogate for the **Ar calibra-
tion sample, “°Ar (99.99%,%Ar 0.004%) [15] was used to
replicate the NIF sample, and the FC was used as a proxy
(see Fig. 1) for the detection system. If the *®Ar enriched
sample is run with same total Ar beam intensity, running
conditions and period as the “*Ar calibration sample, then
their decay curves would be the same. The ratio of total
“2A1/*8 Ar memory ions over a specific period will equal the
ratio of the total ions “’cal/*3enr measured (normalized for
time) prior to decay. This relationship can be expressed as

Z42mem __ t3genr

238mem

42
cal *
$38enr

b
tazcal

where £42.,; is the number of counts detected from the cal-
ibration sample over 4.9hours, and ¥42,,.,, is the expected
detector counts from memory after running the calibration
sample. Solving for ¥42,,.,, we get

242cq1 % t3g enr
238enr

242mem = 238mem *

tazcal

For the memory test, enriched *3Ar®* was run and moni-
tored for 4 hours with a beam intensity of 235 enA, equal-
ling the total Ar®* intensity achieved during the experiment.
MOP15
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The number of ¥Ar ions X38., was derived from the
charge current on the FC and the run time. The cylinder
sample change sequence described earlier was performed,
installing next “°Ar (99.99%) and opening the leak valve to
achieve 235 enA of “°Ar¥". The *®Ar®" intensity decay (see
Fig. 3) and stable “°Ar®" intensity were monitored for the
same period as the NIF sample. The number of ¥Ar
memory ions X38,,.,, was derived from the integral sum of
beam intensity over the decay period. Assuming no
memory effect or background Ar contribution, the enriched
“Ar would yield ¥Ar®" intensity of 9.4 epA. For the FC
measurement a Keithley 6485 digital picoammeter with
zero correction was used [16].

700

600

500

400

300

200

38Ar beam intensity (epA)

100

0 L 1 L
0 5000 10000 15000

20000 25000

Time after loading #°Ar sample (s)

Figure 3: Decay curve of *¥Ar on the proxy FC following
ECR3 operation with enriched 99.96% *Ar gas at 235 enA
on the same FC.

The resulting value of expected memory counts 42,
was 0.8. Based on this estimate (three valid “*Ar counts and
one memory count) the “?Ar yield in the NIF sample could
be higher than expected. With such low statistics, all 4
counts coming from memory cannot be strictly ruled out,
but a proposal for a repeat experiment is justified.

CONCLUSION

NOGAMS experiments at ATLAS have seen a large re-
duction in beam contamination from background materials
using lower RF power from the ECR ion sources with a
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reduced Ar beam intensity that does not affect measure-
ment of ¥*2Ar samples with concentrations > 1 x 10715,
ECR3 has recently been used for NOGAMS and has
demonstrated higher *°K and S contamination rates per
epA of Ar®" ions when compared to ECR2, but rates were
still low enough for the 3Ar detection levels needed. Live
“Ar was detected for the first time using NOGAMS at AT-
LAS from a calibration sample with a *Ar/Ar concentra-
tion of 1.6 x 10712, ANIF sample installed in ECR3 follow-
ing the calibration sample resulted in unexpected **Ar
counts. A study was conducted to see if these counts were
from source memory, with results indicating some could
have come from a higher yield in the NIF sample. ATLAS
beam time dedicated to a longer measurement of “?Ar yield
in the NIF sample has been requested and approved for No-
vember 2024.
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DESIGN OF A NEW IRON PLUG FOR THE
TRIUMF ECRIS CHARGE STATE BOOSTER CONFERENCES*

J. Adegun, F. Ames', O. Kester, TRIUMF, Vancouver, BC, Canada

Abstract

This paper presents a solution to address the issue of asym-
metric dipole fields in the injection region of the TRIUMF
electron cyclotron resonance ion source PHOENIX booster.
The asymmetric fields arise from a wide gap in the injection
soft iron plug of the booster, which allows the connection
of the RF waveguide to the plasma chamber. Simulations
and experimental measurements have revealed that singly
charged ions, injected for charge breeding, experience de-
flection and get lost due to the asymmetric magnetic fields
instead of being effectively captured by the plasma, thereby
diminishing the efficiency of the charge state booster. To
address this problem, an iron plug with an enlarged inner
diameter, which allows the RF waveguide to connect to the
plasma chamber, was designed. This redesign necessitated
modifications to the injection electrodes and plasma cham-
ber, including repositioning the waveguide and gas-inlet
windows. By implementing these changes, the TRIUMF
charge state booster is anticipated to achieve efficiency levels
comparable to other PHOENIX boosters.

INTRODUCTION

The Electron Cyclotron Resonance Ion Source (ECRIS)
has been used at TRIUMF’s Isotope Separator and Accel-
erator (ISAC) facility since 2010 [1] to charge-breed exotic
isotopes, particularly those with an atomic mass greater
than 30. This is essential to match the mass-to-charge
(A/Q) ratio of the linear accelerator (LINAC) before post-
acceleration, enabling the use of these isotopes in nuclear
physics and astrophysics research. The ECRIS is a highly
efficient ion source that operates continuously and can pro-
duce highly charged ions at high intensities. It offers sev-
eral advantages over the electron beam ion source (EBIS),
including low-maintenance requirements and a prolonged
operational lifespan. Systematic investigations conducted
at TRIUMF [2, 3] have shown that the ECRIS charge state
booster (CSB) performance can be significantly enhanced by
optimizing and improving various components, such as the
injection optics, injection system, RF power and frequency,
magnetic field, plasma parameters, extraction system and
optics. Research activities have commenced at TRIUMF to
improve the performance of the CSB based on the results
of these investigations. The superior two-frequency heating
technique using a single waveguide was recently implemen-
ted, and the associated transport optics and the extraction
system were optimized. The global efficiency of the booster
for cesium charge states between 20* and 32*, increased
from 34 % under single-frequency heating operation to 41 %

* Work supported by NSERC and TRIUMF
T ames @triumf.ca
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under two-frequency heating [2]. While this improvement
is substantial compared to previous performance results, it’s
important to note that the efficiency still needs to improve
compared to other PHOENIX boosters. For instance, the
LPSC booster has reported a remarkable global efficiency of
up to 92 % [4]. This comparison highlights the potential for
further enhancements of the TRIUMF booster. Furthermore,
during the systematic investigations, it was discovered that
the wide gap created in the injection soft iron plug to connect
the waveguide to the plasma chamber creates an asymmetry
in the magnetic field in the plasma chamber that steers ions
to the electrodes and chamber wall during injection, thus
reducing the charge breeding efficiency. To address this
problem, a new soft iron plug was designed. The redesign
led to modifying the injection electrodes and plasma cham-
ber and repositioning the waveguide and gas-inlet windows.
The paper presents the results of designing a new soft iron
plug, magnetic field simulation of the CSB, and RF model-
ling of the plasma chamber without plasma.

THE TRIUMF PHOENIX BOOSTER
AND EFFECT OF A GAP IN THE
INJECTION SOFT IRON PLUG

The TRIUMF ECRIS PHOENIX booster, initially de-
veloped by Pantechnik for single-frequency heating opera-
tion at 14.5 GHz, has recently been upgraded to support two-
frequency heating using the existing single waveguide. Refer
to [2, 3] for detailed information about the two-frequency
heating setup. The single charge state efficiency of the CSB
under the single-frequency heating operation has been meas-
ured up to 8.8 % for '*3Cs?* and up to 9.1 % for 13*Cs?**
under the two-frequency heating operation [3]. The source
utilizes three room-temperature solenoid coils and hexapole
permanent magnets to generate axial and radial magnetic
field distributions for plasma confinement. ARMCO™ soft
iron plugs are installed in the injection and extraction regions
to enhance the injection and extraction magnetic fields. How-
ever, a wide gap was created in the injection iron plug to
allow the waveguide and water cooling lines to be connected
to the plasma chamber. Figure 1 shows the injection iron
plug as designed by Pantechnik. To investigate the effect
of the wide gap, the geometry of the CSB was modelled in
OPERA 3D [5], and the trajectories of an ion beam were
calculated and visualized using the ray tracing package of
the software. The simulations, which considered only the
magnetic fields created by the three solenoids and hexapole
of the ion source (excluding plasma space charge and elec-
tric fields from the injection system), revealed significant
beam deflection. Figure 2 shows the trajectories of *3Cs*
ion beam, initially travelling parallel to the beam axis. The
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beam begins to deviate from its intended path at approx-
imately —300 mm, eventually moving perpendicular to its
original direction, indicating the presence of a dipole field
near the injection region.

Figure 1: Injection soft iron with a gap to accommodate
the RF waveguide to the plasma chamber. It has an inner
diameter of 80 mm,outer diameter of 194 mm, and length of
142 mm.

The impact of the dipole field was further confirmed
through experimental observations. In the experiment, the
plasma was extinguished by switching off the RF power,
and the magnetic field in the injection region was switched
off while the center and extraction fields remained active.
Subsequently, a beam of '*3Cs* ions with an intensity of
approximately 10 nA was injected into the booster. Down-
stream of the booster, the nearest Faraday cup recorded a
current of about 3 nA. However, upon switching on the in-
jection magnetic field, the measured current on the Faraday
cup decreased to approximately 0.1 nA, consistent with the
simulation results presented in Fig. 2.

j . T—
R_J] 1

Figure 2: Simulation of ion beam deflection induced by the
dipole magnetic field component at the injection region of
the TRIUMF CSB. The plots in red are the solenoid coils,
while the blue plots are the hexapole magnets.

Further analysis of the measured transverse magnetic
fields (Bx and B,) and the longitudinal field (B;) around the
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injection region revealed that the transverse components are
not zero (Fig. 3). Particularly, the By component (blue plot)
peaked at around 1kG at a distance of —210 mm, represent-
ing approximately 10 % of the main B, field (10kG). At
this location, due to the deceleration caused by the injection
electrodes, the injected singly charged ions had low energy
(a few tens of eV). If we assume that 133Cs* beam has an
energy of about 10eV at this location, then the calculated
Larmor radius for 1 kG field is 53 mm, which significantly
exceeds the 20 mm aperture of the last injection electrode
of the CSB. This suggests significant ion loss during injec-
tion, explaining the observed low efficiency compared to the
LPSC booster.

10} —— Bx:Atr=0mm
—— By:Atr=0mm
—— Bz:Atr=0mm

/((//\‘\

-350
Z [mm]

-500 —450 —400 —300 -250 —200

Figure 3: Spatial distribution of magnetic field components
around the CSB injection region. The B, component is up
to 1kG around -210 mm.

DESIGN OF A NEW INJECTION
SOFT IRON PLUG

A new soft iron plug has been designed to address the
dipole magnetic field component issue at the injection re-
gion of the CSB caused by the gap. This was achieved by
increasing the inner diameter of the iron from 80 mm to
120 mm, providing sufficient space for the waveguide con-
nection, support gas connector, and cooling line connectors
without requiring a gap. Figure 4 presents a 3D drawing
of the newly designed soft iron plug. Consequently, the

Figure 4: SolidWorks engineering drawing of the newly
designed injection soft iron component. It has an inner
diameter of 120 mm,outer diameter of 194 mm, and length
of 142 mm.
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soft iron plug redesign impacted the injection system and
the portion of the plasma chamber where the waveguide is
connected, prompting a redesign of these components. It is
worth noting that only the portion of the plasma around the
injection region was modified. The main chamber where
the bulk of the plasma is expected to be confined remains
unchanged. The inner diameter of this injection portion of
the chamber was reduced from 62 mm to 55 mm to have
enough space for the waveguide. Additionally, the wave-
guide and gas-inlet windows were repositioned during this
process. Figure 5 shows a cross-sectional view of the new
soft iron plug with the injection electrodes and the injection
portion of the plasma chamber.

Insulator

Injection electrodes .
Gas windo

Figure 5: Cross-sectional view illustrating the newly de-
signed injection soft iron component integrated with the
redesigned injection system and a segment of the plasma
chamber.

DISCUSSION

The CSB was modelled using OPERA 3D software, fea-
turing the newly designed injection iron plug. The magnetic
field was calculated, and it was found that increasing the
inner diameter of the iron plug increased the air volume
around it. This change impacted the magnetic field lines of
the solenoid at the injection region. With the original iron
plug, a current of 1050 A on the injection solenoid could
produce a magnetic field strength of up to 1.0 T at the injec-
tion region. However, with the newly designed iron plug, a
higher current of about 1107 A was required to achieve the
same 1.0 T magnetic field. Fortunately, the power supply of
the solenoid coil was rated to supply current up to 1300 A,
which allowed for compensation of the reduced magnetic
field. As shown in Fig. 6, removing the gap eliminated the
transverse asymmetric field, thus preventing deflection of
the injected ion beam, in contrast to Fig. 2. Figure 7 com-
pares the transverse fields of the original soft iron design by
Pantechnik with the new design. The results indicate that the
transverse field associated with the gapped soft iron (blue
plot) was eliminated in the new design (green plot).

The modification of the injection region in the plasma
chamber necessitated a careful assessment of its impact on
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Figure 6: Ion beam trajectories at the injection region of
the CSB incorporating the newly designed iron plug. The
simulation illustrates how the modified plug influences the
beam’s path. The plots in red are the solenoid coils, while
the blue plots are the hexapole magnets.

1000

= Original Design
= New Design

800

600

By [G]

400

—500 —450 —400 —350

Z [mm]

—300 —250 —200

Figure 7: Comparison of the transverse magnetic field (B,
component) at the injection region for two iron plug designs.
The blue curve shows the B, component resulting from the
gap in the original Pantechnik-designed iron plug. The green
curve shows the elimination of this field when the gap is
removed in the new design.

the RF electromagnetic modes essential for plasma heating.
Despite the localized changes, their potential effects on the
entire system could not be overlooked. To evaluate these
effects, the redesigned plasma chamber (without plasma)
was modelled using COMSOL multi-physics software [6]
to simulate the electromagnetic modes. The original cham-
ber, designed for electromagnetic waves at a frequency of
14.5 GHz, was a reference point for comparison. Simulation
results, as illustrated in Fig. 8a, revealed a localized field
island at the injection region (around —200 mm) in the ori-
ginal plasma chamber. The electric field in this region does
not contribute to plasma heating. Interestingly, this field
island disappeared in the modified geometry. This suggests
that the changes made to the plasma chamber around the in-
jection region improved wave propagation, resulting in more
uniformly distributed modes, as shown in Fig. 8b. These
findings indicate that the minor modifications avoided negat-
ive impacts on the RF electromagnetic modes and potentially
enhanced the overall electromagnetic field distribution in
the plasma chamber. This improvement could lead to more
efficient plasma heating, which is crucial for increased effi-
ciency.
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(a) Existing plasma chamber
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(b) Modified plasma chamber

Figure 8: These figures illustrate electromagnetic wave
propagation simulations at 14.5 GHz in two plasma cham-
ber configurations. The left portion of each figure shows
the injection tube, while the right depicts the plasma elec-
trode. Electromagnetic waves are launched from a wave-
guide positioned at the top of the injection tube, approxim-
ately —200 mm on the top horizontal axis. The simulations
demonstrate that the modified chamber could still excite the
modes required to sustain the plasma.

CONCLUSION

The new soft iron plug and other modified components
have undergone a design review and are currently being man-
ufactured by Pantechnik. After the modified components
are installed, the efficiency of the TRIUMF PHOENIX CSB
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is expected to improve significantly, bringing the source to
the same performance as its counterpart in LPSC.
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ECR2 PERFORMANCE UPGRADES AT ATLAS
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Abstract

The user requests for higher beam energies and intensi-
ties have driven the decision to upgrade the ECR2 ion
source at the Argonne Tandem Linac Accelerator System.
Multiple upgrades are in progress with the expected out-
come of dramatically increased ECR2 beam intensities and
charge state capabilities. The magnetic upgrades include
integrating an improved hexapole permanent magnet array
that provides the ion source radial fields, reworking the
magnetic materials surrounding the plasma chamber, and
installing a new cooling system for the electromagnetic so-
lenoids that govern the ion source axial fields. The new
hexapole and higher solenoid magnet operating currents
will increase the ion source magnetic fields and support the
use of 18GHz RF heating, further increasing the ECR2
beam capabilities. Following these improvements and sub-
sequent source performance, simulations of beam transport
devices on the ion source platform will need to be revisited
for transmission of high intensity beams. Details of these
upgrade projects and simulations of the ion optics are pre-
sented.

INTRODUCTION

ECR2 at The Argonne Tandem Linac Accelerator Sys-
tem (ATLAS) was commissioned in 1997 [1] and has since
delivered the majority of the delivered ion beams for the
internationally supported user facility. The electron cyclo-
tron resonance ion source (ECRIS) has a normal running
condition that includes multiple frequency heating of nom-
inally 12 GHz and 14 GHz at powers up to 1100W using
frequency generators that feed into traveling tube wave
amplifiers (TWTA). The ECR2 configuration includes two
water cooled solenoids to produce the axial magnetic
fields, an open hexapole permanent magnet assembly to
provide the radial magnetic fields in the plasma chamber,
and turbomolecular pumps to pump on the plasma cham-
ber, both axially and radially through the open ports in the
plasma chamber, made possible with an open hexapole de-
sign. Lastly, gaseous material can be easily introduced to
the plasma chamber through the vacuum system or solid
materials can be introduced radially through the hexapole
ports with either an oven or sputter rod that is biased to
release material from the probe.

Since 2015, ECR2 was the exclusive ECRIS at ATLAS
until the commissioning of ECR3 [2], an entirely perma-
nent magnet ECRIS. This ion source does not have the
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same level of flexibility that ECR2 leverages for a few rea-
sons. The solenoid magnets are not adjustable, the hexa-
pole is not upgradeable, the plasma chamber has a smaller
volume, and there is not radial access to the plasma cham-
ber for material introduction. However, the performance of
the ion source is sufficient for many of the requested ion
beams at ATLAS, especially the requests for species that
can be introduced in gaseous form. For this reason, a two-
source dynamic is utilized to allow for both ion sources to
be properly maintained and consistently upgraded without
jeopardizing the beam hours that the facility delivers annu-
ally.

The ATLAS facility continues to make improvements,
including the capabilities of the superconducting linac and
target stations. The beam requests for higher energies and
intensities have followed suit. Although the ion sources
have been able to keep up with the requests, there are an
increasing number of requests that exceed the capabilities
of even ECR2 in its current configuration. It is decided to
upgrade ECR2 to produce these increasingly difficult
beams. The plan is to support 18 GHz operation of ECR2
while keeping a room temperature design [3]. Other facili-
ties” results from similar upgrades [4,5,6,7] would all
achieve the intensities that are needed, further justifying
that this path forward will meet our operational goals of
doubling the intensities that we currently produce. The up-
grade projects that are needed to support this goal were a
redesign of the hexapole permanent magnet array and cor-
responding plasma chamber, an improvement of the mag-
netic materials surrounding the plasma chamber, a solenoid
magnet cooling upgrade, and an improvement of the
transport capabilities of the ion beam directly downstream
of ECR2.

MAGNETIC UPGRADES

The first and most complicated technical upgrade needed
is the hexapole magnet array. The same hexapole has been
used in ECR2 since 2005 and produces a simulated Br.g of
0.98 T. For this reason, ECR2 typically runs at 14 GHz for
peak performance but would not be able to run at 18 GHz.
A hexapole upgrade that could produce a Brgof 1.18 T
would optimize performance at 14.5 GHz and support op-
eration of an 18 GHz driving frequency. To satisfy the EC-
RIS scaling laws, the axial magnetic fields must also in-
crease. The extraction iron was modified slightly, and the
injection iron was upgraded to incorporate a vanadium
permendur cap and a thinner boron nitride insulation disk
behind the biased disk, bringing the iron closer to the
plasma chamber. Figure 1 shows the upgraded axial mag-
netic field from these modifications with the solenoid mag-
nets set at S00A each.
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Axial Magnetic Field of ECR2 Upgrade
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Figure 1: Axial magnetic field profile of the ECR2 up-
grade.

The pre-upgrade hexapole incorporated 6 magnet bars,
each with two segments. The upgrade hexapole magnet
bars make use of 4 segments per bar with a new magneti-
zation vector configuration and have a larger total volume
than the previous version of the hexapole [3]. The new hex-
apole was originally considered using the same material as
is currently used and yielded a 3D simulated Braq of 1.18 T,
but the risks associated with demagnetization were consid-
ered too high to move forward with the material. Addi-
tional materials were considered, and demagnetization
analysis was completed for a new material, Vacodym 745
HR with a surface diffusion treatment of Vacodym 745
DHR [8]. The results yielded similar magnetic fields as the
current material, but the demagnetization fields are far less
concerning. Table 1 shows a comparison between the old
hexapole and the upgrade hexapole.

Table 1: Magnetic Parameters of the ECR2 Upgrade

Parameter Current Upgrade
Binj 1.85T 244T
Bumin 0.34T 0.36T
Bext 092T 1.00 T
Bast 0.85T 1.00 T
Coil currents 500 A/500A 525/525A
Brad 0.98T 1.18 T
Plasma chamber radius  38.1 mm 38.1 mm
Plasma chamber length 297 mm 297 mm
Hexapole inner radius ~ 42.4 mm 42.4 mm
Hexapole outer radius ~ 74.7 mm 79.7 mm
SUPPORTING UPGRADES

To supplement the magnetic redesign work, components
surrounding the plasma chamber needed to be revisited and
redesigned. The first modification that was made accom-
modated a larger magnet volume. The plasma chamber
outer diameter was expanded by 0.5 inches. Next, the cool-
ing channels within the plasma chamber were updated. Af-
ter having difficulty with consistent hermetic welds on the
aluminum plasma chamber base, it was decided to explore
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alternative options that would decrease the risk of a leaking
aluminum weld. The plasma chamber design retained the
aluminum construction for the plasma facing surface and
through the bulk of the material that was designed to con-
ductively cool the plasma chamber and the magnet bars.
The decision that would yield a higher success rate for
these hermetic welds was the application of explosion
bonding the aluminum body of the plasma chamber to a
stainless-steel endcap. The stainless-steel endcap encom-
passes all the welds to ensure a high success rate of her-
meticity, leveraging the experience of the machinists with
stainless steel welding. Figure 2 highlights the transition
region between the aluminum and stainless steel after ex-
plosion bonding the two materials.

Figure 2: Aluminum and stainless-steel explosion bonded
together.

With this new plasma chamber that is slightly larger than
the original design, the high voltage insulation must be re-
visited. ECR2 has incorporated CPVC as a main insulating
material since its inception and will continue to use it for
its standoff capabilities and mechanical strength. A new
CPVC tube and ring will be used around the extraction as-
sembly to support the extraction region hardware as well
as serve as the main high voltage standoff between the
plasma chamber and the ground potential electrodes of
ECR2. Additionally, an aluminum oxide insulator will be
used to similarly standoff the plasma chamber potential
from other nearby components at ground potential, as well
as provide a vacuum sealing surface with two o-rings.

Finally, to support operation of the solenoid electromag-
nets on the injection and extraction sides of the ion source
at higher currents than we are currently capable of, a de-
ionized water system upgrade is being installed. The sole-
noid magnets are actively water cooled, but do not receive
sufficient cooling to operate higher than 475A with their
present cooling system. The upgraded water skid will be
capable of supplying the required cooling for the upgrade
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that will require the solenoids to run up to 550A to achieve
the fields needed for 18GHz operation.

ION BEAM TRANSPORT

The present ECR2 intensities do not pose any beam
transport issues with the use of a glaser solenoid optical
device and simple magnetic steerers in the beamline di-
rectly downstream of the extracted ion beam. Simulations
of the ion beam transport were carried out in IGUN and
show that up to 100% of the ion beam is transported to the
first faraday cup after the analyzing dipole magnet for
100uA of 16/4+. An additional simulation at 1 mA, seen in
Fig. 3, showed 81% transmission to the faraday cup with
much of the lost beam being lost in a long drift space after
the analyzing magnet but before the faraday cup. From top
to bottom shows the simulation from extraction to the far-
aday cup.

Up=14022.9, 1
9.89E-4 A, c

0 eV, Ui=5.0 eV, mas
ver at z= 333, R=10.

6.0, Ti=1.0 eV, Usput=0 V
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Figure 3: Beam transport from source to the first faraday
cup after the analyzing magnet.

A simple solution of adding an einzel lens in the drift
space before the analyzing magnet allowed for the 81%
transmission to increase to 100%. Then, the extraction
voltage was increased from 14 kV to 20 kV, and the beam
current was increased to 3mA. Without the use of the einzel
lens at 11 kV, the transmission was 44%. However, this in-
creased to 100% with the einzel lens contribution. With the
intensity improvements of this ECR2 upgrade, it is ex-
pected that the extraction potential will need to increase
and the einzel lens will need to be added to the beamline to
maximize the deliverable intensities for the ATLAS pro-
gram. Figure 4 shows the simulation with the expected op-
erational conditions after the ECR2 upgrade.
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Figure 4: Beam transport from source to the first faraday
cup after the analyzing magnet with the added einzel lens,
increased intensity, and increased extraction potential.

CONCLUSION

ATLAS is continuing to improve the experimental areas
and linac capabilities, which in turn attracts new users and
experiments. These new experiments require higher beam
intensities and energies, which demand higher charge
states than ECR2 can produce. To provide these intensities
and charge states for the facility’s future, ECR2 must un-
dergo an upgrade. This upgrade will increase the operating
frequency of the ECRIS to 18 GHz, which has yielded suf-
ficient increases in intensity and charge state at other facil-
ities. The radial and axial magnetic fields are redesigned to
accommodate 18 GHz operation. A completely new hexa-
pole is designed for the radial fields, whereas the axial
fields leverage vanadium permendur’s high magnetic per-
meability and saturation flux density to produce the 18
GHz fields. The supplemental subsystems of ECR2 were
all reevaluated and modified as needed including the
plasma chamber, the cooling water skid, the high voltage
insulation, and beam transport. This upgrade is expected to
be capable of producing all the ion beams that are required
for the upcoming experiments at ATLAS.
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PROGRESS IN 3D SELF-CONSISTENT FULL WAVE-PIC MODELLING
OF SPACE RESOLVED ECR PLASMA PROPERTIES
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Abstract

We present updates of a simulation suite to model in-
plasma ion-electron dynamics, including self-consistent elec-
tromagnetic (EM) wave propagation and population kinet-
ics to study atomic processes in ECR plasmas. The EM
absorption is modelled by a heuristic collisional term in
the cold dielectric tensor. The tool calculates steady-state
particle distributions via a full-wave Particle-In-Cell code
and solves for collisional-radiative process giving atomic
and charge state distributions (CSD). The scheme is general
and applicable to many physics’ cases of interest for the
ECRIS community, including the build-up of the CSD and
the plasma emitted X-ray and optical radiation. We present
the code’s last updates and future perspectives, using as a
case-study the PANDORA scenario. We report about study-
ing in-plasma dynamics of injected metallic species and
radioisotopes ionisation efficiencies for different injection
conditions and plasma parameters. The code is capable of re-
constructing space-resolved plasma emissivity comparable
to measurements and modelling plasma-induced modifica-
tion of radioactivity.

INTRODUCTION

Electron cyclotron resonance ion sources (ECRIS) are
widely used in accelerator facilities around the world to pro-
vide high current ion beams with charge states tuned accord-
ing to experimental requirements. They operate on the dual
concept of resonance heating with microwaves and magnetic
confinement using a min-B profile that generates a compact
and dense plasma composed of energetic electrons and multi-
charged ions. In a complementary way, ECR ion trap can be
also serve as a facility resembling stellar plasma conditions,
useful for performing interdisciplinary experiments interest-
ing for nuclear physics, atomic physics and astrophysics [1].
While operational ECRIS are often designed using empirical
scaling laws [2], the physics of plasma leading the ion gen-
eration process as well as the charged particles’ dynamics
in it is really intricate due to the multi-physics interactions
between static and dynamic electromagnetic fields and par-
ticles. Simulations are a powerful tool to investigate the
microscopic structure of ECR plasma and improve our fun-
damental understanding of these devices thereof. In the
following, various aspects of space-resolved 3D full-wave
Particle-In-Cell (PIC) model developed to study the ECR
plasma properties and therein particle interactions are pre-
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sented in detail. The description of the code will follow a
schematic simulation pipeline: a first-level high-precision
input given in terms of steady-state electrons distributions in
the simulation domain; in cascade, a second-level input will
be given by computing steady-state ion charge distribution
in plasma imposed by the pre-simulated electron dynamics;
finally, external neutral/charged particles interaction with the
electron/ion distributions is studied aiming at reconstructing
their in-plasma reactions.

PLASMA ELECTRONS DYNAMIC
SIMULATIONS

The ground level of the 3D full-wave electron PIC code is
a set of routines employing MATLAB® as a particle pusher
and COMSOL Multiphysics® as a FEM solver to gener-
ate 3D profiles of electron density (n.) and average energy
(E.) self-consistent with EM field distribution [3,4]. The
electrons simulation implies a looped scheme where initial
macro-particles are first moved and energised by the EM
field distribution of the microwaves injected into the vacuum
chamber, generating a first density profile based on the dielec-
tric tensor treatment in cold plasma approximation. Then,
fields are recalculated based on the updated electron den-
sity, including long-range Coulomb collisions for catching
both particles’ deterministic frictions and random diffusion,
till convergence between the particle and field profiles is
reached. A flowchart representing the simulation scheme is
shown in Fig. 1(a). The algorithm has been applied to vari-
ous types of ECRIS configurations [5-8], and is an excellent
tool to produce space- and energy-resolved distributions of
ne and E,. Figure 1(b-c) shows a comparison of E, obtained
from the simulations of a 14.28 GHz, 200 W ECRIS opera-
tional at ATOMKI, Debrecen and of a 14.428 GHz, 100 W
ECRIS operations at INFN-LNL, Legnaro, hereafter LEGIS.
In both ECRIS distributions are strongly space-dependent,
owing to differences in shape and size of the plasma cham-
ber, microwave frequency and power. The data in these
plots represent the source maps which form the basis of
ion dynamics calculations. We have recently attempted to
overcome the cold plasma approximation in the EM wave
damping in plasma. Preliminary results of the developed 1D
semi-analytical model of EM wave propagation including a
hot tensor plasma response have been presented. The study
allowed to investigate on the coupling of antenna-generated
60 MHz fast X-waves to realistic plasma fusion scenario
within the Divertor Tokamak Test (DTT) project. Consid-
ering linearised Vlasov-Maxwell equations, stationary and
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Figure 1: Schematic PIC loop for electrons (a). Electron mean energy [keV] 3D distributions for the ATOMKI ECRIS
(Debrecen, Hungary) at 14.28 GHz and 200 W of RF power (b) and the LEGIS ECRIS (Legnaro, Italy) at 14.428 GHz and

100 W of RF power (c).

homogeneous plasma, with no strong EM perturbations, and
in a collision-less scenario, we could model the electron Lan-
dau damping of the wave imposed by the expected plasma
profile. Details can be found in Ref. [9]. Efforts to adapt
the hot tensor description in ECR plasma-based devices are
ongoing.

PLASMA IONS DYNAMIC SIMULATIONS

The second level of simulations allows to model ECR
plasma ions properties using a PIC Monte Carlo (MC) code
which takes as input steady state n, and E, maps from elec-
tron PIC outputs to compute the corresponding steady-state
ion maps, based on the following ion balance equation:
A Ni—1Yi-1,i=MiYi,i+1 01 nEiyy i—ninE; ;—1— G
e NeTi

with n; the ion number density of charge state i, y the electron
impact (EI) ionisation rate, n = ng/n,. the neutral gas over
electron density ratio, E the single-electron charge exchange
(CEX) rate, and 1; the characteristic confinement time of the
charge state.

The flowchart representing the PIC-MC simulation
scheme is shown in Fig. 2. For each charge state i, N rep-
resentative macro-particles are sampled according to an
ionisation map and moved in a collisional plasma. Dur-
ing their transport, EI and CEX ionisation are considered
via MC routine, and the trajectories of remaining particles
mapped to occupation maps. At intermediate time steps,
accumulated maps are extracted, properly scaled to charge
density maps, solving via the Poisson equation for the local
charge unbalance imposed by the self-built up electron and
charge-state distribution (CSD). The solution will provide
the self-generated electric potential map, thus the related
electrostatic field components acting to equilibrate the charge
unbalance and serving to the formation of the well-known
double-layer (DL) confinement close to the ECR surface.
At the end of the PIC simulation for each i, occupation maps
are converted into density maps using charge neutrality and
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Figure 2: Schematic of PIC-MC loop for ions.

a proper scaling accounting for all the forward (backward)
atomic processes in the CSD built-up.
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Figure 3: Volume averaged reaction frequencies for EI and
CEX process as function of the charge state g for ATOMKI
(a) and Legnaro (b) ECRIS. Mean charge distributions for
Argon (c) and Oxygen (d) buffer ions in ATOMKI and Leg-
naro, respectively.
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This allows to generate the CSD which converges to the
true steady-state value as more charge states are simulated.
An example of the utility of the PIC-MC code can be seen
in Fig. 3(a-b) which shows the EI/CEX average reaction
frequencies vs. ¢ charge state for Ar (O) buffer ions for
ATOMKI (LEGIS) ECR sources, respectively, correspond-
ing to E, shown in Fig. 1(b-c). Not only the different gas
species plays a role in a different trend of reactions as a
function of ¢, but also the different operative conditions (RF
power, gas pressure, geometry, frequency) impact on the
q where one of the processes overcomes the other. Such
predictions might help ECRIS operators in fine-tuning the
CSD accordingly to the expected atomic physics occurring
in plasma. In Fig. 3(c-d) the different mean-charge distri-
butions are shown for ATOMKI and LEGIS, respectively.
More details on the algorithm, its various components and
conclusive results are present in Ref. [4]. Experimental
benchmark of the ion dynamics from PIC-MC simulations
can be provided by comparing the predicted ion current as a
function of charge state (current profile) with its counterpart
read at the Faraday cup. The ion density n; is the given input,
then the simulated extracted current is given by:

LS(n;)q;e
(2\tigie

T

i = , ey
with « the transmission factor, L is the semi-plasma length
and S is the area of the extraction hole. A critical param-
eter in Eq. (1) is the confinement time 7; given as the re-
ciprocal sum of ambipolar diffusion and electrostatic con-
finement time. The latter arises from the electrostatic DL
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Figure 4: Experimental vs. simulated extracted ion beam
current for the ATOMKI ECRIS, including only ambipolar
diffusion (a) or both ambipolar and electrostatic confinement
(b).

self-generated in the PIC-MC simulation and predicted to
exist in ECR plasma [10]. Figure 4 shows a comparison of
TUBI
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the current profile extracted from the ATOMKI ECRIS and
that simulated using the PIC-MC code and Eq. (1). As can
be observed, the general trends and overall magnitude of the
current are decently reproduced only if the electrostatic con-
finement (in Fig. 4(b) is included in the confinement time,
underlining the reliability of the model usable to predict ion
beam currents in other ECRIS designs.

IN-PLASMA DYNAMICS OF
INJECTED RADIOISOTOPES:
STUDY OF IONISATION AND

NUCLEAR DECAY RATES

In the upcoming years a new facility currently under con-
struction at the INFN-LNS in Catania, Italy, will be available
to perform in-plasma inter-disciplinary experiments. The
PANDORA facility [1] aims to use a compact and high-
energy density ECR magnetoplasma as a stellar emulator
for in-plasma measurement of nuclear decay rates and heavy
element opacity. Both these quantities depend on ion CSD
and electron properties [11, 12] and which are expected to
vary strongly in the plasma. Here we present two appli-
cations of interest for the PANDORA physics cases of the
PIC-MC simulation tool described in the previous sections.
Plasma-induced decay rate modification is a cornerstone of
the PANDORA facility. In-plasma -decay rates are given
by A* = (In2/ft) f* where ftis related to the nuclear matrix
element of the decay, according to the Fermi theory of the
nuclear decay, and f* is the lepton phase volume calculated
in the plasma. Accordingly to Ref. [11], the in-plasma decay
rate can be strongly influenced by the presence of empty
atomic inner shells, entering in the so-called bound-state 3
decays (e~ emitted in a bound free shell) or decaying via or-
bital electron capture (picking up e~ from bound electrons
in the inner shells).

Such dependency is therefore strongly connected to the
in-plasma CSD and atomic level population, biased by the
thermodynamics of the radioactive isotope in plasma and
the ongoing atomic processes (ionisations and excitations).
The probability distribution of the radioactive ions in the
plasma and can be calculated using the ion PIC-MC code
with an extended balance equation including all collisional
and radiative processes [13]. The application of this method
can be seen in Fig. 5(c-d) which shows the ’Be mean-charge
distribution following the ionisation dynamics after injec-
tion of "Be!* in the LEGIS plasma oxygen at 5 x 107>
mbar pressure (c) and the related 3D variation (up to 50
%) in the electron capture half-life #1/, of "Be ions (terres-
trial 712 ~ 55 days), as expected from theoretical calcu-
lations [14]. The "Be decay into 'Li via electron capture
is one of the PANDORA physics cases, interesting for the
cosmological lithium problem and for its impact on the pri-
mordial nucleosynthesis. Another interesting case is the
134Cs isotope (terrestrial 7 /2 ~ 2 years), as being a key nu-
clei in a branching point of s-process nucleosynthesis in
massive stars. Its S~ -decay rate change in plasma could
be observed in PANDORA via a dedicated HPGe detectors

MC(8: Source Modelling
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Figure 5: Deposition rate maps of caesium isotope (**Cs) thermal evaporation (420 K) via resistively heated ovens and
after in-plasma ionisation, with (a) and without (b) hot screen (liner, simulated at 800 K) at the plasma chamber wall.
Mean-charge distribution of "Be in the plasma trap following "Be'* injection (c) and related half-life time accordingly to

the in-plasma nuclear decay modelling in Ref. [14] .

array surrounding the trap, looking for the daughter nuclei
EM de-excitation via y emission. However, the y signal
arising from the decay in plasma must be disentangled from
the overwhelming y noise self-generated by the plasma and
Bremsstrahlung emission. Moreover, neutral isotopes con-
densing at the cold plasma chamber wall decay too, and such
signal represents and additional source of noise to the detec-
tion system. A MC simulation has been recently performed
looking at the dynamics of injected Cs particles in plasma
via thermal evaporation, studying the ionisation efficiency
of the PANDORA non-axisymmetric injection system and
at the same time the expected amount of depositing neutral
metallic atoms. The latter aspect turned to be useful in es-
timating the y noise arising from the Cs deposition at the
wall in the detection system [15]. In Fig. 5(a-b) the deposi-
tion maps at the PANDORA chamber wall (unfolded in the
longitudinal z-axis and azimuth 6 coordinates) are shown,
where the recycling effects of low-melting Cs imposed by
the usage of a hot screen (b) is contrasted to the case where
no hot screen is used (a). The results underlines the relevant
role played by the plasma and magnetic field in the isotope
dynamics.

CONCLUSION

This paper presented an outline of coupled 3D full-wave
PIC and PIC-MC codes capable of describing space-resolved
properties of electrons and ions in an ECR plasma self-
consistently. The results of the simulations are fundamental
inputs to various physical processes, which can be used to
validate the models while simultaneously underlining their

M(8: Source Modelling

predictive power. The simulation schemes are currently be-
ing updated in various ways including substitution of the
cold electron approximation with the corrected hot electron
dielectric tensor, addition of more reactions and improve-
ment of previous ones for better modelling of ion dynamics
and full implementation of the collision-radiative model for
NLTE plasma-induced decay rate evaluation. The updated
simulations will be compared with suitable experimental
data from other ECRIS and the results will be reported in
future works.
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Abstract

The bremsstrahlung x-ray emission induced by the impact
of plasma electrons deconfined on the chamber wall of the
ASTERICS ion source is investigated by a suite of two sim-
ulations. First, the electron velocity and density distribution
of lost electrons is calculated by a dedicated Monte-Carlo
code. The specificity of the electron velocity, energy and
spatial distribution function on the walls is presented and
discussed. Second, the electron information is used as an
input for the Fluka Monte-Carlo code, used to investigate
the surface induced bremsstrahlung x-ray emission. The
electron distribution temperature at the wall is found to be
anisotropic and increases with By,,. The electrons impinge
the walls with large angles values with respect to the local
normal surface, which has consequences on the emission
direction of the x-ray. The x-ray dose is mapped inside and
around the ion source for two cases: (i) for a low B, mag-
netic confinement and an electron temperature set to 50 keV;
and (ii) for a large B, and an electron temperature artifi-
cially increased to 120 keV. The latter configuration gives
a dose in the cave at 5m from the source of ~100uSv/h
per kW of impacting electrons. A set of internal tungsten
shielding placed inside the source have been modelled to
investigate the dose attenuation inside the cave. This shield-
ing is very effective and significantly reduces the need for
external x-ray shielding to spatially limited solid angles lo-
cated on the injection side of the ion source, facilitating the
source maintenance and associated safety processes.

ASTERICS ION SOURCE

The ASTERICS ion source is currently under develop-
ment as part of the new GANIL injector (NEWGAIN)
project [1], aiming at designing and building a second in-
jector for the SPIRAL?2 linear accelerator, able to manage
heavy ion beams up to a mass over charge ratio equal to 7.
ASTERICS is a 28 GHz ECR ion source using a supercon-
ducting magnet system, composed of a cos 36 hexapole coil
and 3 axial solenoids to generate the minimum-B confine-
ment magnetic field [2,3]. A cutaway view of the (work in
progress) ion source design is proposed in Fig. 1. The super-
conducting magnet system is very close to the VENUS-FRIB
design, except for the plasma chamber dimension which is
enlarged to 600 mm length and 91 mm radius, in order to en-
hance the achievable ion beam intensities during operation.

* thomas.thuillier @lpsc.in2p3.fr
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The goal is to produce steadily 10 puA beams of U** for
nuclear physics experiments lasting several weeks.

P

11 B

Figure 1: Cutaway view of the ASTERICS ion source design.

ELECTRON LOSSES TO THE WALL

An existing Monte-Carlo code was adapted to study the
electron dynamics inside the ASTERICS ion source plasma
chamber [4]. The 28 GHz radio-frequency (RF) electric field
considered in the simulation is modelled with a transverse
travelling plane wave with a circular polarization and a con-
stant electric field intensity £ = 10 kV/m (corresponding to
7kW of injected RF power). Electrons are randomly gener-
ated inside the ECR volume with a random velocity direction
in space. The initial electron energies are randomly sampled
using a set of Gaussian distributions centered on each argon
ionization potential energies IP with a standard deviation
of 10 % x IP, with a relative abundance following a typical
argon ion spectrum having a mean charge state number of
8. The electrons are tracked until they touch the 3 possible
walls: injection at zj,j ~ —0.3 m, extraction at zex ~0.3m
and radial wall at ry = 0.091 m. Two static electric fields
are modelled in the Monte-Carlo simulation. One for the
injection biased disk with a voltage of 100 V and a diameter
of 20 mm. The second for the accelerating electric field of
the ion source on the extraction, being 10 kV/cm, extending
for 4 cm right after the extraction electrode hole of 10 mm
diameter. The electrons are propagated up to 1 ms and are
stopped above this time limit. Coulomb collision and elec-
tron impact are considered in the simulation to model at best
the electron deconfinement. The plasma density considered
is 15 % of the cut-off density at 28 GHz. A set of 1.25 x 10°
electrons was simulated for each magnetic configuration.
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The electron final positions and velocities on the plasma
chamber wall were stored and analysed.

The electron particle distribution at the plasma cham-
ber wall was studied for two axial magnetic field configu-
rations: 3.7-0.3-2.2 T and 3.7-0.8-2.2 T, deemed represen-
tative of the actual ion source operation. The hexapolar
radial magnetic field intensity at wall is fixed at 2.4 T. The
Bmin = 0.3 T configuration, suitable for double frequency
operation (18+28 GHz), is known to generate a low output
flux of energetic x-rays [5]. On the contrary, the By, =0.8 T
configuration experimentally maximises the production of
high energy x-rays [5—7]. The aforementioned magnetic con-
figurations are used to probe the minimum and maximum
x-ray dose in the accelerator cave, respectively. The electron
energy distribution function (EEDF) of the electrons impact-
ing the walls are plotted in Fig. 2(a) and Fig. 2(b) for the
magnetic configurations B, = 0.3 and 0.8 T respectively.
The EEDF for the injection, radial and extraction walls are
reported in each subplot in black, blue and red respectively.
The high energy part of individual EEDF have been fitted
with a Maxwell-Boltzmann distribution, and the tempera-
ture obtained with the fit are reported in the Table 1 for each
surface and magnetic configuration. It is interesting to note
that the EEDF both varies on the wall surface location and
with the intensity of Bp,. The normalized counts per wall
surface associated with By, = 0.3 and 0.8 T are proposed in
Table 2. One can note a transfer of the flux of electrons from
the radial (76 to 52 %) to the extraction wall (17 to 41 %)
when B, is changed from 0.3 to 0.8 T.

Table 1: Estimation of the EEDF high energy tail tempera-
ture obtained on the injection, radial and extraction plasma
chamber walls for B, = 0.3 and 0.8 T.

Axial profile Tin Traq Text

37-03-22T 198+1.6 41.7+x1.5 44074
3.7-0.8-22T 36.0+£86 52.0+3.1 632+79

Table 2: Distribution of the final position of the electrons for
the two magnetic axial profiles considered. The subscripts
Foinj» Toexe and %orag refer respectively to the particles de-
confined at the injection, extraction and radial walls. %oconf
stands for the amount of electrons still confined at the time
limit of 1 ms.

Axial profile o70inj Yoext Torada  Tocont
3.7-0.3-22T 3.2 173  76.0 3.6
3.7-0.8-22T 5.8 415 52.1 0.6

The reason for this shift is a change of the minimum mag-
netic field intensity at the plasma chamber wall, which passes
from 2.03 to 2.29 T, making the weakest magnetic point the
extraction peak field (2.2 T) for the latter case (see [8] for
details). The increase of By, is coming along with a temper-
ature increase of the hot electrons (7',q from 41 to 52keV,

TUB2
82

ECRIS2024, Darmstadt, Germany JACoW Publishing
doi:10.18429/JACoW-ECRIS2024-TUB2

dN/dE

0 100

200
E (keV)

400

Figure 2: EEDF of the electrons hitting the plasma chamber
wall for (a) Byin = 0.3 T and (b) By, = 0.8 T. The black,
blue and red plots are respectively recorded on the injection
(z=zinj), radial ( r=ryay) and extraction surfaces (z=zex().

T ex from 44 to 63 keV). This specific topic is thoroughly dis-
cussed in another paper dedicated to the ASTERICS plasma
x-ray volume emission [8]. It is also worth noting that, for
Bmin = 0.8 T, the 3 EEDF feature a visible hump for E ~ 15-
20 keV, which is known to cause plasma instabilities and
has been confirmed experimentally for such a high B, [9].
Figure 3 presents the distribution of angle of incidence 6
of electrons hitting the plasma chamber wall (6 = (V, i),
7i local normal to the surface) for (a) Bmin = 0.3 and 0.8 T.
The color plot convention in Fig. 3 is identical to the one
adopted in Fig. 2. One can observe how the magnetic field
intensity strongly influences the distribution shape. While
the distributions for the injection are almost identical for (a)
and (b), one can observe a stronger peaking of the extraction
wall distribution when B, is increased from 0.3 to 0.8 T,
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Figure 3: Distribution of the angle of incidence of electron

impacting the plasma chamber walls (6 = (V, i7)), 7 normal
to the surface) (a) for By, = 0.3 T and (b) for By, = 0.8 T.
The black, blue and red curves correspond to the injection,
radial and extraction surfaces respectively.
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Figure 4: Electron density distribution at the injection ((a) and (b)), radial ((c), (d), (e) and (f)) and extraction ((g) and (h))
surface of the plasma chamber wall for By, = 0.3 T (top plots) and B, = 0.8 T (bottom plots). The dimension scale of
images between the top and the bottom is conserved.

with a most probable angle of ~ 85°. And on the other hand, tures of 50 keV for By, = 0.3 T and 120keV for Bpin =0.8 T
a concomitant reduction of the most probable impact angle  respectively. The boost of the electron temperature with
at the radial wall is found, from 72° to 65°. The high val- respect to the one given by the MC simulation is necessary
ues of § are a consequence of the magnetic mirror effect, to enhance the rate of primary high energy electrons, re-
which converts the electron parallel velocity (to the local — quired to produce energetic bremsstrahlung photons able
magnetic field vector) into transverse velocity. The direction  to exit the source and contribute to the external dose in a
of impact of electrons on the wall influences the direction of ~ reasonable simulation time. The 50 keV temperature is se-
emission of bremsstrahlung photons and must be considered  lected to represent a typical example of operation which
in the bremsstrahlung simulation. The electron distribution =~ minimizes the x-ray dose emitted from the source, while the
of electrons on the injection, radial and extraction wall is  120keV value presents an over-estimation by 20 % of the
proposed for B, = 0.3 and 0.8 T in Fig. 4. While the in-  highest temperature expected during the safe and stable ion
jection electron distribution is marginally affected on the  source operation [5—7]. The latter configuration is used to
injection surface (with a triangular core centered on the axis  dimension the x-ray shielding of the ASTERICS source. In
which is twice larger when By, = 0.8 T), one can observe  Fluka, the secondary particles showers (mainly photons and
how the distribution is significantly re-balanced between electrons) generated by each primary electron are followed
the radial and the extraction walls. At By, = 0.8 T, the ra-  until they are fully stopped by matter. The local electron
dial electron distribution is concentrated on a much smaller  position and velocity distribution of each of the three plasma
surface, while the place where high flux of electron hit the = chamber surface (injection, radial and extraction walls) is
extraction wall is largely enhanced, showing by the way a  used to start an independent Fluka simulation.

distribution shape that is usually observed in ECRIS when
they are dismounted.

- ~

X-RAY FLUX SIMULATION e
A simplified version of the ASTERICS source’s geometry, H ‘

\N [3x10 mm w
PN
N

its extraction system and the first meter of its low energy
beam transfer line have been modelled with Fluka [10], as
can be seen in Fig. 5. The output of the MC electron simula-
tion (position and velocity direction) was used as an input for
the Fluka code. The electron energy was independently cast
assuming a Maxwell-Boltzmann distribution with tempera-

Figure 5: Sectional view of the ion source geometry mod-
elled with Fluka. Detail of the materials geometry used to
shield the x-ray emission from the source are provided. See
text for details.
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The 3 simulations results are next merged to obtain the full
x-ray spectrum of the ion source. Preliminary investigations
have shown that a non-negligible amount of initial electrons
impinging the walls bounce back toward the plasma chamber,
especially when @ is getting close to 90°. A bouncing elec-
tron would follow a magnetic field line and hit the chamber
wall elsewhere, following the initial distribution condition
rules provided as input to Fluka. It is deemed unnecessary to
track further such electrons (which is highly time-consuming
in Fluka), since it is approximately equivalent to cast a fresh
electron instead. The riddance of these parasitic electrons is
achieved by defining a volume area inside the source com-
posed of gas with a hard rule to stop any electron below
3 MeV, while the gas remain quasi-transparent to secondary
x-ray photons crossing it.

Figure 6 presents the x-ray fluence per electron generated
impinging (a) the injection surface, (b) the radial wall and
(¢) the extraction surface when B /kT, = 0.8 T/120keV.
One can see that the dominant x-ray photon leak able to
exit the source occurs on the source injection side, at the
place where the material thickness is the lowest. The whole
photon flux incoming towards the superconductor cold mass
is stopped in the first radial centimeters. The 5 cm thick iron
yoke surrounding the superconducting magnet cryostat also
strongly attenuates the x-ray flux passing through it. On the
other hand, the x-rays exiting on the extraction side are either
directed along the beam pipe axis or channelled radially in
the gap between the source and the first focusing solenoid
yoke.

Figure 6: Averaged x-ray fluence generated by the impact of
a single electron on injection (a), radial (b), and extraction
walls (c) when B, = 0.8 T and kT, = 120 keV.

Table 3 presents the total x-ray yield per electron gener-
ated for Bun/kT, = 0.3 T/50keV and 0.8 T/120keV. It is
striking to note that the configuration 0.8 T/120 keV favours
the leak of photons toward the injection and extraction walls
(27 and 62 % respectively) rather than the radial direction

TUB2
84

ISSN: 2222-5692

ECRIS2024, Darmstadt, Germany JACoW Publishing
doi:10.18429/JACoW-ECRIS2024-TUB2

Table 3: Total x-ray photon to electron yield passing
through the injection, radial and extraction wall surfaces, for
Bmin =0.3and 0.8 T.

Axial profile photon/e~ YoInj Yorad Yoext
3.7-03-22T 57x10°  15% 60%  25%
3.7-0.822T 1.6x10% 27% 11% 62%

(11 % only). This counterintuitive effect is likely a conse-
quence of the following facts: (i) an increase of the electron
yield on the extraction wall for By, = 0.8 T (see Table 2),
(ii) a high rate of electrons bouncing the walls and (iii) x-ray
traversing thick material layers are subject to diffusion and
back-scattering, favoring the remaining photons to escape
toward the direction with the lesser matter (injection and
extraction). On the other hand, one should remember that
Fluka propagates all the secondary particles generated by the
incident electron until the particle shower ends. The yields
presented in Table 3 also include numerous lower energy
photons subject to high scattering probability, which would
finally not be detected outside the ion source.

The ion source cave was added to the simulation to study
the dose around the source without extra x-ray shielding.
The result is displayed in Fig. 7(a). One can see that the
local dose can be as high as ~100 uSv per kW of injected
electrons in the corridor located on the left (Z<—600cm)
along the ion source axis, on its injection side. Because a
maximum dose rate of 7.5 uSv is allowed in this corridor, a
local shielding of the source was studied with Fluka. The
shielding presented here includes a set of three 10 mm thick
tungsten screens, located under vacuum inside the ion source
core, installed behind the plasma injection flange, as can be
seen in Fig. 5.

The shields modelled are hollowed by a set of three 40 mm
diameter holes, mimicking the passage of two metallic ovens
and the 28 GHz oversized waveguide. Since the latter is
pointing axially toward the plasma, the copper wave guide
was also modelled to study the x-ray dose distribution. The
x-ray escaping the three holes are next stopped by a 30 mm
thick lead shield located in the cave at the end of the injection
system frame and set to ground potential. This shield dimen-
sion is limited to a small solid angle and is located far away
from the place where the daily maintenance of the source is
done. A second local 30 mm lead shield (not represented)
was added at the waveguide bend to stop any x-ray channeled
in the waveguide. Finally, a 5 mm thick lead shield is fixed
along the fences closing the ion source high voltage zone.
On the extraction side, the x-rays are blocked by a 5 mm
thick cylinder around the extraction system and by a 20 mm
thick cylinder closing the radial gap between the source yoke
and the extraction solenoid yoke. The resulting x-ray dose
after filtering is displayed in Fig. 7(b), showing only places
where the dose is higher than 5 uSv/h per kW of electrons.
One can check that the modelled compact shielding screens
efficiently prevent the x-ray dose to extend outside the cave.
The dose in the corridor on the left is lower than 1 uSv/h.
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Figure 7: X-ray dose per kW of electron simulated in the
cave (a) without and (b) with shielding when By, = 0.8 T
and kT, = 120 keV.

CONCLUSION

The x-ray dose exiting the ASTERICS ion source has
been studied with Fluka, using as input the results of a MC
electron code simulating the hot electron dynamics in the
ECRIS. The MC code results indicate a strong spatial elec-
tron temperature anisotropy at the three plasma chamber
walls: injection, radial and extraction. An increase of the
electron temperature at the three walls is obtained when By,
increases. The distribution of electron flux to these surfaces
is also found to be strongly dependent on the value of Bpy;y,:
electron flux leaks preferentially toward the place where
the magnetic field of the Minimum-B structure is minimum.
This behaviour is a consequence of the electron Coulomb
scattering in the plasma. The distributions of angle of in-
cidence of the electrons with respect to the normal to the
local surface present a peak above 60° and 80° for the radial
and extraction walls respectively. These distribution angles
are a consequence of the magnetic mirroring effect happen-
ing in the strongly magnetized ECRIS. The large angle of
incidence of electron to the wall results in a large amount of
them being bounced back toward the plasma. It also results
in specific solid angles of photon emissions that must be
considered to appropriately simulate the x-ray spatial emis-
sion distribution from ECRIS. Without shielding, a dose
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higher than ~100 uSv/h per kW of electrons is obtained in
the corridor located at a distance of 5 m from the injection
side of the ECRIS in the NEWGAIN cave. A preliminary
shielding composed of several plates of tungsten placed in-
side the source, under vacuum and as close as possible to
the plasma chamber, are used to attenuate the x-ray dose
in the cave. Such a solution allows reducing dramatically
the places where x-ray shielding must be placed around the
ECRIS, which results in a simplified ion source maintenance
and a simpler and cheaper radiation safety design.
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Abstract

The energy spread of ion beams extracted from Electron
Cyclotron Resonance (ECR) ion sources is influenced by
plasma conditions such as the plasma potential, and effects
taking place in the beam formation region. Kinetic plasma
instabilities have a significant impact on the plasma proper-
ties, and consequently on the ion beam energy spread. We
present experimental results of time-resolved energy spread
behaviour when kinetic plasma instabilities are present in
CW and pulsed operation of the JYFL 14 GHz ECR ion
source. It is shown that the instability-induced energy spread
variation corresponds to a momentary plasma potential in-
crease up to several kV from the steady-state value of 5-30 V.
The method for measuring the time-resolved energy spread
variation is presented, and the consequences of the energy
spread and the underlying plasma potential variation for
ECRIS operation are discussed.

INTRODUCTION

Energy spread is a relevant parameter when assessing the
quality of ion beams produced with ECR ion sources, both
for the beam transmission considerations and the eventual
application the beam is used for. Recently, a comprehensive
simulation and experimental study has been performed to
determine the influence of different factors on the energy
spread of ion beams extracted from ECR ion sources [1]. The
study concludes that with stable plasma conditions the elec-
trostatic focusing effects taking place during beam formation,
i.e. extraction geometry and plasma beam boundary, are the
dominant factors determining the beam energy spread, and
exceed the contributions from magnetic field induced beam
rotation, ion temperature and plasma potential.

ECR-plasmas are prone to kinetic instabilities driven by
the anisotropy of the electron velocity distribution (see e.g.
[2,3]). The onset of the instability is characterised by a
sudden expulsion of electrons from the plasma, resulting in
a strong increase in net positive charge in the plasma volume
as the heavier and less mobile ions are left behind. As a
consequence, the plasma potential experiences a significant
momentary (a few ps) increase, until the situation is balanced
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by the losses of positive ions, which restores the plasma
quasi-neutrality. Because the potential has a spatial profile,
this leads to a significant increase in the longitudinal energy
spread of the extracted beam during the instability event.

The growth rate and broadly speaking the trigger point
for the onset of the instabilities is determined by the ratio
of the hot and cold electron densities in the plasma [4, 5].
As such, the instabilities can occur both in CW and pulsed
operation of ECRIS. In CW operation the plasma heating
and confinement leads to build-up of the hot electron popu-
lation, until a threshold is reached resulting to the instability
onset. In pulsed operation, following the switch-off of the
plasma heating microwaves, the loss rates of the hot and
cold electron populations are different as the plasma decays.
The hot electrons are better confined by the magnetic trap
compared to the more collisional cold electrons, hence the
ratio of hot to cold electrons increases as the plasma decay
progresses, eventually leading to the trigger point for the
instability [6]. Several instability events can be observed
during the plasma decay.

Previous studies [3, 7] have shown that the plasma po-
tential can reach values in excess of 1 kV during a kinetic
instability event, i.e. two orders of magnitude higher than
the 5-30V values typically measured in stable plasma con-
ditions [1, 8,9]. Consequently, in the presence of kinetic
instabilities the plasma potential becomes the dominating
contributor to the longitudinal energy spread of the extracted
beam. As such, temporally resolved measurement of the en-
ergy spread allows determining the plasma potential during
the instability. A proof-of-principle of this approach has
been demonstrated for CW operation in Refs. [3,7], where
the magnetic spectrometer of an ECRIS was utilized as an
ion energy analyzer. Here, this work is expanded to pulsed
ECRIS operation, studying the properties of the kinetic in-
stabilities during the plasma decay following the microwave
switch-off where the instabilities are stronger than in the CW
mode.

The following section describes the experimental setup
to measure the variations in ion beam energy spread (and
plasma potential) during the plasma instabilities. The ex-
perimental results section collates the main observations in
CW operation from earlier measurement campaigns [3, 7],
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and complements them with new results in pulsed operation
with varied ECRIS magnetic field. Finally, the results and
their implications for ECRIS operation are discussed.

EXPERIMENTAL SETUP AND
PROCEDURE

The experimental setup to study the ion beam energy
spread variation in pulsed operation is presented in Fig. 1.
All measurements presented in this paper were performed on
the JYFL 14 GHz ECR ion source [10]. A dedicated com-
puter was used to control the measurement procedure and
for data acquisition through a Picoscope 5000-series digital
oscilloscope. The computer communicates with the signal
generator driving the klystron to control the microwave pulse
pattern. The klystron output power monitoring signal is used
to trigger and synchronize the data acquisition to the trailing
edge of the microwave pulse. The computer also controls the
power supply of the dipole magnet to vary the dipole B field,
which was monitored with a Hall probe. The beam current
downstream from the dipole was measured with a Faraday
cup through a SRS SR570 transimpedance amplifier (TTA).
The ion source potential was monitored with a high voltage
probe to ensure it doesn’t vary during the measurement.

Signal
generator

——

Klystron

Microwaves

Dipole magnet <
power supply

High voltage X-ray
probe scintillator L Data Beam current
1 » acquisition - -
Klystron output signal 2 v Dipole B field
Microwave control Computer Dipole control

Figure 1: A schematic of the experimental setup.

A BGO x-ray scintillator coupled with a photomulti-
plier tube was used to monitor the x-ray emissions from
the ion source plasma. Sudden bursts of x-rays are a well-
established indication of kinetic plasma instabilities [2, 3],
and the x-ray diagnostic was used to verify that the observed
variations in the beam current during plasma decay are
caused by the onset of these intabilities. Figure 2 shows an
example of simultaneously measured He™ beam current and
x-ray signal following the microwave switch-off, demonstrat-
ing the correlation between the sudden discontinuities in the
beam current (a sharp peak followed by a dip as the plasma
recovers from the instability) and the instability-induced
X-ray bursts.
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Figure 2: An example of the correlation between the “He*
beam current and the instability-induced x-ray bursts follow-
ing the microwave switch-off at t = 0.

The measurement procedure is based on recording the
temporal evolution of the beam current following the mi-
crowave switch-off, i.e. during the plasma decay, at different
dipole magnetic fields, effectively scanning the B field re-
gion around the magnetic field value that corresponds to
the steady-state magnetic rigidity of the ion species of inter-
est. These individual (¢, [, ) traces are then combined to
create a three dimensional (£, Bgipole: heam ) COlormap plot.
This is demonstrated in Fig. 3. The sudden increase of the
plasma potential at the onset of a plasma instability event
causes a corresponding increase in the energy spread of
the extracted ions. As such, the ions of a given species are
”spread” momentarily to higher dipole B field values, form-
ing distinct lines in the (7, Byipole» fbeam ) PIOE, as the dipole
magnet acts as an energy analyzer and the timing of the in-
stability events from pulse-to-pulse is very repeatable. The
increase in the relative energy spread AE/E can be deter-
mined using the dipole field value of the beam before the
instability, By, and the field value at the maximum extent of
the spreading, By, as AE/E = (B2, — B3) /B3. 1t was
verified by careful monitoring of the ion source potential
that the extraction voltage remains unchanged during the
instability event, and thus the increase in the beam energy
spread is dictated by the increased plasma potential. As
the plasma potential before instability is much lower than
the source potential, the increase in plasma potential can be
estimated as AVp = (AE/E)V,, where V is the ion source
potential. The experimental procedure and data analysis was
automated with a custom Python based program [11].

The duration of the instability-induced beam current vari-
ations (peaks) observed during the plasma decay in a single
temporally resolved current measurement is in the order of
microseconds (see subplots (a)-(c) in Fig. 3), which agrees
well with the time scales reported also for the CW opera-
tion [3,7]. The delay time from the microwave switch-off to
the onset of the instability is very repeatable in consecutive
measurements, with variation within +0.5 ms (see the right
side subplot in Fig. 3).

The onset of kinetic instability influences the whole
plasma ion population. This gives freedom in choosing
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Figure 3: An example of the analysis of 103+ beam with B,;,,/Bgcg = 0.67 during the first 50 ms of the plasma decay
following the microwave switch-off at # = 0. Instability events are observed to take place at four discrete times: 18.6 ms,
23.6ms, 37 ms and 42 ms. These represent a combination of two distinct instability patterns exhibited by the individual
plasma decays, as is seen from the individual traces (a)-(c), each of which only show two instability events.

the extracted ion species for the studies. Especially, this
provides the possibility to choose such an ion species that
is well separated in dipole B field (i.e. in the ¢/m spectrum
of extracted ions) from the neighboring species at higher
magnetic field values. This separation can be considered as
the most significant challenge of this method. If the beam
energy spread increase causes a dipole field shift larger than
the separation between consecutive ion species, the beam
currents of these species overlap during the instability event,
and it is not possible to determine the absolute value of
the energy spread increase. In these cases only lower limit
estimates for the energy spread increase can be obtained.
Such situation is demonstrated in Fig. 3; out of the four
observed instability events, only in the last one neighboring
ion species do not overlap. This point is especially rele-
vant, if impurity elements are present in the plasma which
will further limit the available dipole B field regions. Also,
during the instability event the ion optics in the beam line
are no longer optimal which does impact the transmission
efficiency of ions from the ion source to the Faraday cup.

As previous studies have shown (see e.g. Refs. [2,3]), the
plasma confining magnetic field has a significant impact on
the occurrence and characteristics of the kinetic instabilities
in CW mode. As such, the pulsed operation results presented
here focus on the effect of the ECRIS magnetic field on the
instability-induced change observed in the energy spread of
extracted ion beams during the plasma decay. The measure-
ments were performed with oxygen plasma (4 x 10~7 mbar
plasma-off oxygen partial pressure), 300 W of microwave
power pulsed at 1 Hz with 50 % duty factor, —=70 V biased
disc voltage and 10kV beam extraction. The magnetic field,
characterized with the B,;,/Bgcg ratio, was varied between
0.63 and 0.81. The magnitude of the energy spread increase
of 103+ and the corresponding increase in plasma potential

were determined, as well as the delay time from the mi-

crowave switch-off to the onset of the first plasma instability.
TUD1
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1603+ was chosen instead of 1202+ or 1°0*, which would
have larger separation in dipole B field, because they would
have required lowering the extraction voltage, resulting to
worse transport efficiency through the low energy beamline.

EXPERIMENTAL RESULTS
CW Operation

The first temporally resolved results for energy spread
and plasma potential variations due to kinetic plasma in-
stabilities, measured with the method described here, were
published in Ref. [3] and later expanded in Ref. [7]. In
these experiments the energy spread variation was studied
with helium, oxygen and argon plasmas. The ECRIS was
operated in CW mode with strong solenoid field to drive
the plasma into unstable regime. In all cases an increase in
energy spread was observed at the onset of kinetic instability.
An energy spread increase of up to 15 %, corresponding
to plasma potential increase of 1.5kV at 10kV source po-
tential, was measured. However, in all studied cases the
measured change was limited by the overlap with neighbor-
ing ion species in the g/m spectrum, and thus only lower
limit estimates were obtained. Regardless, these results show
that the magnitude of plasma potential increase during the
instabilities can be significant. In addition, an increase in
impurities, e.g. carbon, was observed in the g/m spectrum
following the instability events. These were attributed to the
adsorption/sputtering from the plasma chamber walls by the
energetic ions expelled by the increased plasma potential.

Pulsed Operation

The results of the pulsed operation experiments are pre-
sented in Fig. 4. Figure 4(a) shows the relative energy
spread of 103+, and the corresponding plasma potential,
during the instability-induced transient with varied ECRIS
magnetic field. Up to B,,;,/Bgcr = 0.74 the plasma re-

MQ@3: Fundamental Process and Plasma Studies



26™ Int. Workshop Electron Cuclotron Resonance lon Sources
ISBN: 978-3-95450-257-8 ISSN: 2222-5692

mains stable during the microwave pulse. In these cases
the increase in energy spread during the plasma decay in-
stability is =51 %, implying that the plasma potential mo-
mentarily reaches values >5.1 kV. Unfortunately, these are
only lower limit estimates, as the actual values are obscured
by the overlap with the adjacent '°O* beam, which was
revealed during the offline data reconstruction. With higher
B nin/Brcr values the plasma becomes unstable already dur-
ing the microwave pulse, and significantly lower energy
spread variations are measured during plasma decay; 15 %
(1.5kV plasma potential) with B,;,/Bgcr = 0.77 and 4 %
(0.4kV) with B,;,/Bgcr = 0.81. This implies that the in-
stabilities provide a channel for the plasma to expel energy
during the microwave pulse, which then mitigates the energy
released in instability events during the plasma decay.

Figure 4(b) presents the delay time from microwave
switch-off to the occurrence of the first instability event dur-
ing the plasma decay. It is seen that the delay decreases with
increasing B,;,/Bgcr ratio. This behavior agrees with the
results obtained from other kinetic instability experiments,
where the onset of instabilities has been studied in pulsed
operation using x-ray and microwave emissions from the
ECRIS plasma [6], and is associated with the increased den-
sity and anisotropy of the hot electrons due to enhanced heat-
ing with lower magnetic field gradients at higher B,/ Bgcr
values. The fact that the decrease in delay time continues
when the plasma becomes unstable during the microwave
pulse implies that the instability onset is driven by the ratio
of hot to cold electron densities, not the actual plasma energy
content.

Multiple consecutive instability events are typically ob-
served during the plasma decay. Furthermore, certain dis-
crete patterns of instability onsets are identified when con-
secutive microwave pulses are compared. This is seen in
Fig. 3, where subplots (a) and (c) show one pattern and sub-
plot (b) a different one. These patterns are combined in the
colormap plot, giving the illusion that the plasma exhibits
four instabilities during the first 50 ms of the plasma decay,
when in reality each individual decay only has two instability
events. It was also observed that consecutive events tend to
become weaker as the decay progresses, in terms of beam
intensity and AE/E variation.

DISCUSSION AND CONCLUSIONS

The experimental results presented here show that kinetic
instabilities lead to drastic momentary increase in plasma
potential and energy spread of the extracted beam both in
CW and pulsed operation of ECRIS. The results obtained so
far show that this plasma potential increase can be in excess
of 5.1kV, which is an immense increase from the typical
values of some tens of volts measured for stable plasmas. It
is emphasized, that this value is still a lower limit estimate
for the potential increase, as the actual absolute values still
remain elusive due to the overlap issue associated with this
measuring technique.
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Figure 4: (a) The measured AE/E of 103+ and the corre-
sponding plasma potential increase during instability event
with varied ECRIS magnetic field. The dashed horizontal
line denotes the maximum AE/E that can be measured un-
til the results are obscured by an overlap with the next ion
species. (b) The measured delay time from the microwave
switch-off to the appearance of the first instability event dur-
ing the plasma decay.

The significant increase in plasma potential during the
instabilities has consequences for ECRIS operation. Espe-
cially in CW operation the instability disturbs the plasma
confinement, which consequently disturbs the ion produc-
tion leading to degraded beam performance, especially for
the high charge states. The increased plasma potential also
expels high energy ions from the plasma to the chamber
walls. This can have at least two undesired consequences;
firstly, the flux of energetic ions cause adsorption of impu-
rity elements from the walls, which are then ionized in the
plasma, leading to beam impurities. This effect, and the con-
sequent impact on the efficiency of ECRIS charge breeders,
has been reported in Refs. [12, 13]. Secondly, the increased
sputtering by the energetic ions can lead to chamber erosion.
In Ref. [14] structural chamber degradation due to heavy
sputtering and metal coating of extraction system insulators
was reported following a six month period of pulsed after-
glow operation of the GTS-LHC ECRIS with argon plasma.
In the experiments presented here instability events were
observed in pulsed operation with all ECRIS settings, which
implies that these effects can be always present when ECRIS
is operated in pulsed mode.
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Abstract

An all-permanent magnet electron cyclotron resonance
ion source-LAPECR3 (Lanzhou All Permanent magnet
Electron Cyclotron Resonance ion source No.3) had been
developed as the C** ion beam injector of Heavy lon Med-
ical Machine (HIMM) accelerator facility since 2009 in
China. The first HIMM demo facility was built in Wuwei
city in 2015, which had been officially licensed to treat pa-
tients in early 2020. The facility has been proven to be very
effective, and more than 1400 patients have been treated so
far. In order to prevent ion source failure, each facility em-
ploys two identical LAPECR3 ion sources. At present,
there are eight HIMM facilities are under construction or
in operation, and more than 16 LAPECR3 ion sources were
built. In order to improve the performance of the ion source
for long term operation, some techniques were employed
to optimize source performance and to avoid the damage
of key equipment. This paper will introduce the operation
status of LAPECR ion sources at these HIMM facilities
and present the latest results of carbon beam production.

INTRODUCTION

Carbon ion radiotherapy, with its unique Bragg peak,
good Relative Biological Effect (RBE) and higher Liner
Energy Transfer (LET), is considered to be one of the best
tumour treatment methods and has developed rapidly in
recent 30 years. Since the heavy ion medical accelerator in
Chiba (HIMAC) at the National Institute of Radiological
Sciences (NIRS) was constructed as the first medical
dedicated heavy ion accelerator in 19941, many countries
began to developed their own medical accelerator as a high-
tech medical instrument. Researchers at Institute of Modern
Physics (IMP) in China started carbon irradiation research
since 1996. The first medical carbon ion irradiation
accelerator in China, which was named Heavy lon Medical
Machine (HIMM), was constructed in Wuwei city in
2015M, The schematic layout ot HIMM facility as showed
in Fig. 1. Since the first HIMM facility was officially
permitted to clinical treatment in March 2020, more than
1400 patients have received carbon ion radiotherapy.

So far, there are 8 HIMM facilities either in operation or
under construction in China, and more than 16 LAPECR3
ion sources were built. These facilities are distributed in
Wuwei, Lanzhou, Putian, Wuhan, Hangzhou, Nanjing,
Changchun and Jinan separately.

Although the first demonstration facility in Wuwei city
has achieved remarkable results in the past 7 years, there

* Work supported by NSFC with contact No. E111561GJ0
+ Email address: lijiaging@impcas.ac.cn

MC6: Applications and Diagnostics

were some problems which affected the routine operation
of the accelerator. For example, the carbon contamination
leads the instability of the beam, short the lifetime of the
ion source. In the early operation of HIMM facility, the per-
formance of the ion source has degraded significantly after
one mouth operation. The beam intensity and the beam sta-
bility were decreased. Besides, the insulator ceramics of
the ion source could damage sometimes and the ion sources
could not sustain any more. In order to solve the problems,
continuous work had been carried out. This paper will il-
lustrate the operation status of LAPECR ion sources in the
HIMM facilities and present the latest results of carbon

beam production.
Fg‘,:,‘m 'U%

i
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Figure 1: Schematic layout of HIMM facility.
LAPECR3

According to the requirements of ion source applica-
tions, the LAPECR series ion sources were developed suc-
cessfully at IMP ¥, including the LAPECRI1 ion source for
light ion application, the LAPECR2 for atomic physics re-
search and the LAPECR3 ion source which was dedicate
designed for carbon irradiation. Table 1 presents the key
parameters of these ion sources. The LAPECR series ion
sources were designed to operate at 14.5 GHz, and the
magnetic field was generated from permanent magnet to
lower the power consumption and easy to maintain. The
LAPECR3 ion source features as compact size and high
performance, the requirements of the ion source are to pro-
duce intense carbon beams with better beam emittance,
such like more than 100 epA of C>* and more than 300 epA
of C*. So, an iron plug was adopted in injection side of the
LAPECR3 ion source to enhance the injection field. To op-
timize the microwave coupling, a movable bias disc was
designed with adjusting distance of =5 mm. Moreover, a
movable extraction puller electrode, which consists of a
Mo head and a stainless-steel base, was employed to opti-
mize the beam extraction. It is necessary to use a bigger
ceramic to improve the gas flow conductance at the extrac-
tion region. Besides, the plasma chamber was made from
stainless-steel with good water cooling, which allowed
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maximum power feeding of 650 W. Microwave was
directly feed into plasma chamber with WR62 wave guide.
Figure 2 gives the structure of the LAPECR3 ion source.

Table 1: Key Parameters of LAPECR Series Ion Sources

Species LAP- LAP- LAP-
ECRI1 ECR2 ECR3
RF 14.5 14.5 14.5
Biy 1.4 1.25 1.8
Buin 0.35 0.42 04
Bext 0.7 1.07 0.9
Brad 0.9 1.2 1.14
L nirror 78 255 170
Leer 46 100 64
Dehamber 40 67 50
Dimension ~ ®202*210 D650*560 D450*380
Applica- Light ions Multiple i- Carbon th
tion ons erapy

Ceramic

Extraction magnet

— Middle magnet
Injection magnet

Hexapole Movable puller

Plasma chamber

Movable bias disc
Insulator

Figure 2: Structure of the LAPECR3 ion source.

There are totally 16 LAPECR3 ion sources was built to
employed in 8 HIMM facilities so far, and the new ion
source was upgrade from the old version according to the
experience of operation.

OPERATION STATUS

The first HIMM facility has been used to treat patient for
about 4 years. There were many failures were found in the
early operation, including the shutdown of the microwave
generator and high voltage supply, also frequent discharges
in the extraction area were found. The failure was finally
verified to be caused mainly by two reasons. Firstly, some
equipment of the ion source system is easy to be affected
by the others. For example, due to the interference caused
by the other equipment, sometime the microwave signal in-
terrupt abrupt resulting in the microwave amplifier fault.
Another is the imperfect interlock between the high voltage
power source and the vacuum gauge, which lead to occa-
sional shut-down of the high voltage power supply.

Some methods were taken to avoid these malfunctions.
An improved microwave signal generator has been em-
ployed to resist electromagnetic interference. And a time
delay has been adopted to judge the reality of interlock sig-
nal. The recent operation status of the ion source indicates
that the main problems of the equipment has been resolved.
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In addition, the clear gas CH4 was fed to the plasma
chamber as working gas to enhance the stability of the
plasma, which also reduced the pollution of the chamber
significantly and consequently increase the operation time
of the ion source. Since the employment of methods above,
LAPECR3 ion source could remain stable operation for 3
months and no malfunction occurred.

Moreover, with the help of a signal generator to modu-
late the time structure of microwave, the LAPECR3 ion
source has successfully tested with afterglow mode, which
was hoped to decrease the duty cycle of the ion source op-
eration while with comparable or even higher output ion
current and hence reducing the carbon pollution in the
plasma chamber. The test results as shown in Fig. 3, the
maximum peak current of C** reached to 180 epA while
the beam current of 24 epA at the steady stage. The pulse
repetition rate was set to 10 Hz with the duty cycle of 50%
for the microwave. The result demonstrates the possibility
of the afterglow mode applied in the routine operation of
LAPECR3.

In order to extend the lifetime of the ion sources in
HIMM facility, the afterglow mode operation was adopted
in 2021 year in HIMM-WUWEI, the lifetime of the ion
source was extended significantly. Now, the maintenance
interval of the ion source exceeds 200 days, and the LA-
PECR3 ion sources could supply ion beam for more than
8500 hours per year.

180 epA

[ FWHM=2 ms

P

L. ¥ b

.,,-M\mvw \l

)

Figure 3: Afterglow mode test on C>* ion beam.

LATEST RESUTLS

In 2023, China 's 2nd generation carbon ion radiotherapy
accelerator start to designs, which requiring the ion source
to provide more than 1 emA of C*' ion beam for accelerator
injection. In order to meet the requirements of the new
facility, the production of intense current C*" ion beam was
systematically studied on a dedicated test bench.

In order to improve the extraction current of the
ion source, a high extraction voltage needs to be applied.
Figure 4 shows the dependence of the extraction high voltage
and the extraction gap on C* beam current. It can be seen
that C* beam current increases with the extraction voltage
improving; In addition, the extraction beam intensity can
also be well adjusted by changing the extraction electrode
gap. Finally, more thanl emA of C* ion beam was obtained
at 32 kV extraction voltage and a 26 mm extraction gap.
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Figure 4: C*" beam current versus extraction high voltage
with different extraction gap.

With the purpose of investigating the impact of the
extraction high voltage on the beam emittance, the C**
beam emittance versus the extraction high voltage has
been measured as shown in Fig. 5. Easy to see that with
the in-crease of the extraction voltage, the emittance of
the C* beam does not growth, which indicates that the
high voltage extraction mode is beneficial to the beam
transportation.

0.5 840
»
R 0.45 o P
g o 800 _
£ 035 <
g 780 B
e 03 ./‘//&—t—\‘ g
B £
§o,25 A 760 £
Z 02 4 40 &
wn 0.15 m
= 720
% 0.1 —&—Horizontal -—Vertical —-#—Beam current
0.05 * 700
0 680
22 24 26 28 30 32 34

Extraction voltage (kV)

Figure 5: C*" beam emittance versus extraction high
voltage.
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The beam emittance go against the requirement of the
ion source in the 2™ generation carbon therapy accelerator,
works should be carried out to reduce the growth of the
beam emittance. It is better to use a higher performance ion
source to supply such intense carbon beam, a hybrid super-
conducting ion source should be a good candidate. There
will be enough space to design a highly efficient beam ex-
traction system for intense carbon beam, it could be ex-
pected that the beam emittance could be limited to an opti-
mal value.

CONCLUSION

Based on the 10 years development of the LAPECR3 ion
source, the lifetime and the performance of the ion source
has improved significantly. Continuous work should be
carried out to reduce the carbon contamination and to im
prove the beam stability.
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TESTS OF A LOW-ENERGY PEPPERPOT BASED
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HIGH CURRENT PROTONS SOURCES
4D-EMITTANCE CHARACTERIZATION*
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Commissariat a I’Energie Atomique et aux Energies Alternatives (CEA-Irfu),
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Abstract

In the scope of high current protons sources characteri-
zation, the CEA is working on a 4D-emittancemeter based
on the pepperpot technology. After some unsuccessful de-
velopments with phosphorous scintillators, we decided to
test micro-channel plates (MCP) for measurements of pro-
ton beams at very low energy (typically between 50 and
100keV). MCP are supposed to resist to proton beams at
very low energy better than scintillators. This work presents
some results for MCPs with an Advanced Light Ions Sources
Extraction System (ALISES) on the Banc d’Etude et de Test
de Sources d’Tons (BETSI).

INTRODUCTION

In recent years, there has been a growing interest in accel-
erator instrumentation, particularly emittancemeter. Beam
characterization through emittance measurement is a key
factor in improving the efficiency of beam transport systems.

Nowadays, most emittancemeters are 2D emittanceme-
ters, measuring the [x-x"] or [y-y’] phase space. Although
studies on 4D-emittancemeter (given in a single shot the
six projections: x-x", y-y’, x-y, x"-y’, x-y’, y-x") have be-
come increasingly numerous in recent years, one problem
re-mains: projection resolution. The fundamental principle
of the 4D-emittancemeter (pepperpot) is described as the
re-construction of position and angular distribution of the
beam as like the slit-scan method but in a single shot by
applying a metallic mask which has equidistant pinholes
with the same diameter [1].

In this way, the angular and position resolutions of the
projections depends on the diameter of the holes, the distance
between them, and the resolution of the imaging device.
Thus, the resolution will in most cases be lower compared
to e. g. a slit-grid-assembly [2].

To achieve better resolution, the Accelerator Research
and Development Laboratory (LEDA) at CEA Saclay has
rethought the principle of the 4D-emittancemeter by pro-
posing a pepperpot that scans the beam as an Allison scanner
emittancemeter. Measurement is no longer performed in a
single shot, enabling more data to be acquired. The first
4D-emittancemeter was designed in 2016 for low-energy
(some keV) and intermediate-energy (some MeV) beams [3].

* Work supported by the Commissariat a I’Energie Atomique et aux Ener-
gies Alternatives (CEA, France)
anna.theze @cea.fr
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Due to unsuccessful developments with phosphorous scintil-
lators for characterization of ion sources, the specifications
were reduced.

Today, the laboratory focuses its studies on a 4D-
emittancemeter with a MCP. The diagnostic is designed
to be tested on an ALISES source producing a 50 keV beam
of 28 mA, on BETSI [4] since this source is easily available
for the experiments. Results are presented in this paper.

PREVIOUS WORK

The first version of the emittancemeter built in 2016 was
made of a pepperpot with an integrated cooling system, a
scintillator and a synchronized CCD camera. The entire
diagnostic is linked to a displacement system consisting of
two stepper motors (along the x and y axes).

When the pepperpot was manufactured, the assembly
welds failed to withstand hot isostatic pressing, resulting
in deformation, loss of thermal conductivity and loss of
flatness, making it difficult to drill the sampling holes. In
addition, several scintillators were studied and tested [5]
but no one satisfied the need for ion sources characteriza-
tion because of the first atomic layers of the scintillators
quick degradation. Even with MeV beams, the scintillators
degradation was too quick for precise measurements.

Combining the pepperpot defects and the scintillator het-
erogeneous light signal degradation (due to certain areas
more exposed to the beam), the results obtained for a beam
on the Injecteur de Protons a Haute Intensité (IPHI) (3 MeV,
9mA, 1 Hz, 1 ms pulse time) were not those ex-pected (see
Fig, 1).

The data obtained could not be processed, and none of
the six projections gave an accurate and precise emittance
value [3]. At lower energy (around 60keV), scintillators
were destroyed after a single pulse.

UPDATED EMITTANCEMETER

The pepperpot was redesigned without the cooling system
making the manufacturing easier. Thermal simulations were
carried out using COMSOL software. An aluminium plate
with the dimensions of the pepperpot was tested in front of
the ALISES 3 source beam (1 Hz, 29 mA and 65kV) [6].
Various operating cycles were tested in order to measure
the maximal local temperature and to avoid dam-aging the
pepperpot before measuring the emittance. For a 10 % duty
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Figure 1: The 6 emittance projections obtained by the 4D-
emittancemeter designed in 2016.

cycle, the maximum temperature measured was 81 °C. At
this duty cycle, no water cooling system is required.

The scintillator has been replaced by a MCP. Most recent
4D-emittancemetters use them due to their good temporal
resolution [7]. When the ion beam enters a channel and
strikes the wall, several secondary electrons are emitted
due to the electric potential between electrodes. They then
strike the opposite channel wall, emitting further secondary
electrons. The electrons thus move towards the end of the
MCP while repeatedly striking the inner wall of the channel.
The phosphor screen behind the MCP receives electrons
rather than protons, limiting its degradation.

The MCP used is a Hamamatsu MCP F2225-21P with
the small channel diameter (12 um), large effective surface
diameter (42 mm) and an integrated phosphor screen.

The displacement system has been retained. It was de-
scribed in [3]. The available 2D-displacement increases
greatly the spatial resolution (x and y) of the measurement.
The operator can define the step size of the acquisition.

The spatial resolution of each shot of a pepperpot 4D-
emittancemeter is determined by the distance between the
holes. This resolution is limited by the size of the spots on
the imaging plane, which must not overlap. Angular resolu-
tion is determined by the spatial resolution of the position-
sensitive detector and by the pepperpot-MCP distance.

By adding a displacement system that scans the entire
beam along the x and y axes, spatial resolution depends
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essentially on the step size, which can be far lower than the
single shot resolution. In this case, the measurement is no
longer instantaneous, the number of required shots is given
by the square of the ratio between the single shot resolution
and the step size.

Main design parameters are listed in Table 1.

Table 1: Main Design Parameters

Parameters Value Unit
Number of holes 69 —

Hole-to-hole distance 4 mm
Holes diameter 20.06 mm
Pepperpot to MCP distance 60 mm
MCP active diameter 242 mm
Materials of mask Al —

The camera uses for the acquisition is an AV MAKO
G-419B POE bought in 2013 with 12bit colour depth
(monochrome) and a 2048 x 2048 pixel resolution.

RESULTS

The emittance projections presented in this part were ob-
tained with the new version of the 4D-emittancemeter on
ALISES 2 on BETIS. The source parameters are as fol-lows:
1 Hz, 28 mA, 40keV beam, with a pulse time of 10 ms.

These values are a compromise to obtain a fully formed
beam and minimize the energy absorbed by the pepperpot. A
LabVIEW™ program controls the system. It moves along a
trajectory known as a “vertical comb”. For a chosen distance
and number of points, the acquisition system collects images
with the camera, with the defined step size. The acquisition
system recorded data at regular intervals of 0.5 mm over
4mm along the x and y axes. This gives a final spatial
resolution of 72 x 72. 81 acquisitions were made for one
emittancemeter measurement. A python program has been
written to reconstruct the phase-space distributions from
these acquisitions (see Fig. 2).

Each hole in the pepperpot has a different dimension due
to the precision of the manufacturing process. Therefore,
the quantity of particles incoming (beam sampling) differs
from hole to hole.

To overcome this problem, a calibration process was car-
ried out: At time t, an acquisition is made for a known
pepperpot position. A second acquisition is then made un-
der the same conditions, with the pepperpot offset by 4 mm
along the X or Y axis (inter-hole distance).

Assuming that the beam profile does not vary over time,
beam sampling should be the same.

By comparing the two acquisitions, it is possible to cali-
brate the sensitivity of each hole. By convention, the cali-
bration of the central hole is 1. After calibration, emittance
projections are shown in Fig. 3.

To evaluate the MCP and the phosphor screen response
over time and demonstrate that its reliability is better than
that of a scintillator, a first acquisition was made and then a
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Figure 2: The 6 emittance projections obtained before cali-
bration.
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Figure 3: The 6 emittance projections obtained after calibra-
tion.

second acquisition was carried out under the same conditions
a few moments later (see Fig. 4). The MCP response did not
seem to deteriorate in the face of the proton beam, unlike
the scintillator used in the first version.

CONCLUSION

In conclusion, this article presents the progress made in
the first development of a moving 4D-emittancemeter based
on pepperpot technology.
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Figure 4: First (on the left) and second (on the right) x’-
y’emittance projections.

Initially faced with difficulties with phosphorus scintil-
lators, the study turned to the use of microchannel plates
(MCP), because of their reliability over time.

The 4D-emittancemeter displacement system has enabled
more accurate and detailed measurements of proton beam
emittance projections. In addition, the results obtained vali-
dated the MCP as a better alternative to scintillators for such
applications.

However, MCP have limitations. They require several
elements that are not easy to integrate on a beam line (MCP +
P-screens + camera) and cannot differentiate ions and atoms
or molecules. Other acquisition methods will be studied and
developed in the near future.
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Abstract

In the scope of high current protons sources simulations,
we tried to simulate the plasma chamber of the SILHI pro-
ton source with HFSS. This work focuses on the RF and
multipactor simulation close to the boron nitride window.

INTRODUCTION

The CEA Saclay develops and produces ECR sources for
various projects. In particular, several sources have been
developed for high-intensity proton and/or deuteron
beams, as the SILHI and ALISES sources. Currents typi-
cally vary between 5 mA (Spiral 2) to 125 mA (IPHI,
IFMIF), and several test benches have been assembled,
BETSI and PACIFICS, to analyse these sources [1].

ECR sources, in general, require the production of elec-
trons, which, by interacting with the molecules and ions of
the gas, produce the ions beam. Part of these electrons are
produced by a dielectric window, (here made of boron ni-
tride), possessing very high primary and secondary elec-
tron emission coefficients [2].

Electron production is certainly mainly due to secondary
emission. Among the different processes that generate sec-
ondary emission, the multipactor, under certain conditions,
can be one of them. It has been widely described for exam-
ple on the ceramic windows of high-power RF couplers
[3]. The objective for RF couplers is in principle to mini-
mize this phenomenon. Here, we try to show that the mul-
tipactor can affect the production of electrons at the ce-
ramic level of an ECR source.

For this, we have simulated the RF field on the boron
nitride, in order to describe the field at the dielectric level.
Then, we tried, based on some analytical calculations, to
estimate the best conditions to get (or to do not get) multi-
pactor.

ABOUT MULTIPACTOR

The multipactor is a potential source of secondary elec-
trons in ECR sources, and Boron Nitride (BN) has a high
secondary emission coefficient [2]. So, the primary elec-
trons produced by the BN ceramic can themselves produce
new electrons, if their trajectory brings them back on the
ceramic.

The primary and secondary electrons follow a trajectory
defined by the RF electromagnetic field at 2.45 GHz, at the
time of their appearance (or their initial phase), as well as
by the external magnetic field. If the kinetic energy of the
primary electron acquired thanks to the RF field is suffi-
cient, secondary electrons can be produced.

T mathias.barant@cea.fr
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The ionization energy (or gap energy) of 5.8 eV for H-
BN (Hexagonal) [4] gives an estimate of the minimum en-
ergy to produce secondary electrons.

Moreover, if an electron comes back after an whole num-
ber of RF periods, the secondary electron starts with the
same phase, and thus, follows the same trajectory, and the
phenomenon continues indefinitely. The number of elec-
trons increases exponentially until reaching saturation,
which depends on the available electrons, the available RF
power, and the space charge generated. This phenomenon
was known as multipactor.

To test our hypothesis, we modeled the distribution of
electromagnetic fields in the cavity with HFSS software
and identified potential areas producing multipactor. An
analysis of the electron trajectory near the window is pro-
posed.

HFSS SIMULATION

These simulations were realised with the HFSS
software. We reproduced the cavity of the plasma chamber
of the SILHI source, measuring 45 mm in radius and 100
mm in length, and the boron nitride plate with a thickness
of 2 mm. The coupler of SILHI was simulated with its
three ridges.

The waveguide was modelled by a 550 mm long line. The
ATU (Automatic Tunning Unit) was modelled by a single
piston that modifies the coupling of the ECR cavity.

We have calculated the electric field on the BN for
several position of piston. For each position of the piston,
we have modified its penetration to adapt the cavity by
minimizing the reflected power. The frequency remained
close to 2.45 GHz + 100 MHz.

To realize the simulation, we defined a port in TE10
mode at the extremity of the waveguide. In a perfect
cylinder in the TE mode theory, the electric field is only
axial. Here, due to the coupler, the electric field on the
longitudinal axis is not zero on the boron nitride window.

The simulation was made for different distances between
the piston and the RF cavity, to observe how the piston
position affects the RF field on the window. All field patterns
are presented at the resonance frequency of the ensemble,
which always remains close to 2.45 GHz.

Figures 1 and 2 show that the electric field at the center
of the window is very intense (281 kV/m) at 335 mm, but
becomes less intense (11.4 kV/m) when the piston position
was at 410 mm, for an injected power of 50 W at the ex-
tremity of the waveguide. It seems reasonable to imagine
that the multipactor acts differently in both cases.
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During our experiments with SILHI, we observed that the
minimal power to see some “pink” light in the H source was
around 50 W. It shows that there are interactions between
electrons and gas, even without current emission
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Figure 1: Visualization of E-field at the center of the window
for a piston position of 335 mm.
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Figure 2: Visualization of E-field at the center of the win-
dow for a piston position of 410 mm.

SIMULATION OF THE ELECTRON TRA-
JECTORY CLOSE TO THE CERAMIC

The general equation of motion of an electron of mass m
and charge q in presence of an electromagnetic field is

a2 [x Erf 0 B, -B, d Ix
m@ [y] =q| |Erry| +|-B: 0 B, dat [Y] )
z Erf, B, —-B, O z

in our case, the magnetic field By, , includes a DC and
an RF component: By, , = Bgxy, + Brf .y, While the
electric field has only an RF component Ey ,, , = Erfxy 7.
The z axis is the longitudinal axis, and the x axis is the
radial axis where E,.¢ is maximal in average. ¢ defines the
initial phase between the electron and the electric RF fields
in the resonant cavity

Erpi = Eq; cos(wt + @),
Byri = —By; sin(wt + @).
Wextherefore have a first-order differential equation
in% }Zl , with constant and sinusoidal terms. The general

analytical solution to this type of equation is not developed
here.
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If B, is oriented along the z axis, and E; along the x axis,
ifw#w, = L
m

solution is given by

and the initial speed is zero, the analytical

N cos(wst)  sin(wct) 01]Cx
E[}’] = |—sin(w,t) cos(w.t) Of|Cy|+

z 0 0 11c,

w sin(wt + @)
ac
2wl |wc cos(wt + @)| >
1
witha = q'—E:,landC AL £ gre integration constant.

In normal conditions, at t = 0, the velocity is close to
the electron's thermal velocity, which is given by

,Bk T
/<Vt2h = [ =115000 m.s™.
m

The corresponding kinetics energy is 0.038eV.

In this specific case, the speed along the z axis is con-
stant, thus, primary electrons cannot go back and there is
no multipactor. This is the “perfect case”, where the B field
is longitudinal and the E field is transverse.

However, in an imperfect case, where the longitudinal
electric and transverse magnetic fields are different from
zero, the multipactor phenomenon can appear.

In this case, the longitudinal electric field tends to accel-
erate electrons on the z-axis, and the rotation plan of the
electrons is not parallel to the window anymore.

The magnetic field for simulations is By, = 78.75 mT
(90% of the ECR magnetic field, 87.5 mT @ 2.45 GHz).
The value of the electric field E, = 300 kV/m corre-
sponds to figure 1. Then we applied an x component to the
magnetic field By ,, = 23.3 mT and a small z component to
the electric field E, = 10 kV/m to force multipactor.

Figure 3(abc) shows the results along x, y and z axes
at different phases. Figure 3¢ shows that, for a phase ¢ =
1.1220 rad, the electron hits the wall after exactly one RF
period. The dotted lines represent also the trajectory of
electron. Figure 4 shows that the speed of the electrons af-
ter one period was around 10 000 km/s. This correspond to
an energy about 310 eV, enough for secondary emission.

This demonstrates that, in these conditions, multipactor
is likely to appear.

EXPERIENCES WITH SILHI [5]

We have carried out some experiments with the SILHI
source to observe the influence of the pistons position on
the beam generation.

We have used the following components (see Figure 5):
a 2.45 GHz magnetron (1) and its circulator (2), several
waveguides with different lengths (3), a bidirectional cou-
pler (4), a 3-pistons ATU (5), a 3-pistons MTU (6) and the
SILHI source (7).

MC(8: Source Modelling
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We minimized the reflected power with presence of
plasma with the ATU for different configurations of the
MTU (Manual Tunning Unit). Figure 6 shows an example
of beam current exiting the cavity.

We observed that the required power to launch the
source could vary significantly from one configuration to
another — from 450 W to 900 W, to get a stable beam — for
the same reflected ratio. In some configurations, the source
did not work at all.
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We also observed that, in some cases, having an inho-
mogenous B field (there are two coils that can be separately
driven with current sources), with a radial component, re-
duced the required input RF power.

This does not demonstrate that the multipactor comes
into play, but it at least shows that the shape of the RF field
on the boron nitride wall could be critical.
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Figure 5: Diagram of the SILHI source test.

Figure 6: Magnetron pulse gate (yellow signal). Beam cur-
rent (green signal). Time abscissa is 50 ms per division.
Arbitrary ordinate unit.

CONCLUSION

Thanks to the simulations realised with HFSS, we were
able to show that the electric field on the boron nitride can
greatly vary with the source settings. The analysis showed
that this could affect the appearance of multipactor on the
window.

Indeed, we observed experimentally with the SILHI
source that the position and adjustment of the ATU and
MTU have a significant impact on the required RF power.

The next step will be to develop a source, with poten-
tially different window geometries, targeting to maximize
the multipactor in simulation and observe the effect on the
ion beam.
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WIEN FILTER UPGRADE AND MEASUREMENT FOR
BETSI TEST BENCH"

A. Dubois’, O. Tuske*, O. Delferriere, Y. Gauthier, Y. Sauce
Commissariat a I’Energie Atomique et aux Energies Alternatives (CEA-Irfu),
Institut de Recherche sur les lois Fondamentales de 1’Univers, Gif-sur-Yvette, France

Abstract

During first operation of SILHI in 1995 at CEA Saclay,
a velocity filter diagnostic (Wien Filter) was installed on
the LEBT (Low Energy Beam Transport), analysing the
100 mA of protons at 95 keV. The device was used many
years providing beam proportion measurements on the beam
axis. Unfortunately, it was damaged while handling and was
no longer working as intended. This paper describes the
maintenance and upgrade of the diagnostic as well as the
first beam proportion figures with ALISES v2 ion source.

INTRODUCTION

A velocity filter or also called a Wien Filter combines a
constant dipole with a varying electric field, perpendicular
to the magnetic forces. When a sample of the beam enters
the dipole, the particles are naturally deviated thanks to the
magnetic field. By applying an electrostatic force, these
particles are brought back on the beam axis and can be
collected on an isolated wire. Depending on the mass of the
species, there is a specific value of bias to counter act the
dipole effect. For the same energy, the lighter the particle,
the stronger the electric field is required. So with the Wien
Filter it is possible to estimate the proton fraction of the
beam of an ion source. This value is an important value for
ion source characterization. The second question that was
never discussed before: does this proton fraction uniform
all over the transverse plane?

This Wien Filter was developed in the 90s for SILHI ion
source [1,2], to analyse the proportion of H*, H,* and H3™*
as well as measuring the total beam intensity. It was later
installed on BETSI test bench [3] to characterize the new
sources developed at Saclay, especially the ALISES ion
source family [4, 5]. However, the clearance between the
diagnostic and the vacuum chamber is very tight and it got
stuck during the removal of the Wien Filter from BETSI test
bench, damaging the actuator and the measurement system.

DESCRIPTION

This Wien Filter (see Fig.1) is composed of a water cooled
beam-stopper (A) that can handle 10 kW beam power. It is
equipped with a removable tantalum diaphragm (B) drilled
with a ¢ 250 pym diameter hole and 0.2 mm in length to let a
very small part of the beam through.

* Work supported by the Commissariat a I’Energie Atomique et aux Ener-
gies Alternatives (CEA, France)

T augustin.dubois @cea.fr

¥ olivier.tuske @cea.fr
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Right behind this diaphragm, the measurement unit is
composed of a Permanent Magnet structure (C), two elec-
trodes (D), a charge collecting wire (E) and a negative polar-
ized electron repeller (F). All these elements are enclosed in
a box constructed of 4 mm thick ARMCO plates (G) bolted
together to create a magnetic shield. The side panels of this
box are hollowed with an array of holes to allow the pumping
of the inside.

The (C) dipole is formed by six permanent magnets, dis-
tributed equally over and under the beam, originally designed
to create a 0.19 T magnetic field on the beam axis. During
the reassembly of the measurement unit, it was measured at
0.183 T with a Hall probe, which remains acceptable to sep-
arate Proton from molecular H,* and H3* at 95keV energy.

o)
O
o)
O
o)
o)
o

Ne

Q0000000

Figure 1: SILHI Wien Filter cross section.

The two stainless steel electrodes (D) are placed inside
the magnetic system with the following dimensions, 90 mm
along the beam axis, 36 mm in width, 7 mm thick and spaced
8 mm apart. Both of them are connected to SHV 10kV
feedthrough with Kapton insulated wire.

Coming after the deviation structure, an isolated
¢ 0.25 mm Tungsten wire (E) collects the particles, measur-
ing their intensity. A thin stainless steel (F) sheet connected
to another SHV feedthrough sits over the Tungsten wire to
act as an electron repeller electrode.

In order to measure the beam intensity on the beam stop-
per (A), it must be isolated from the measurement unit and
the actuator. Moreover, the measuring unit has to be me-
chanically mounted on the beam-stopper to ensure a good
alignment of the sampling pinhole (B) and the collecting
wire (E). The size of the measuring unit (see Fig. 2) left very
little space to design a stiff assembly. Therefore, the mechan-
ical attachment of the iron box to the shield was not sturdy
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enough to withstand the bound, creating a great misalign-
ment of the wire with the sampling pinhole. To repair the
Wien filter, it was compulsory to change the actuator and the
system supporting the measurement unit to the diaphragm.

Figure 2: Measuring unit assembly.

MODIFICATIONS

The LEDA (Laboratory of Study and Development for
Accelerators) developed its own motorized actuator, which
was designed to accept the heavy-duty diagnostics such as
Emittancemeter [6] or Faraday Cup or in this case a Wien
Filter. With this device, the bellow is now outside of the vac-
uum chamber and the mounting interface of the diagnostic
is close to the CF250 actuator flange. In parking position,
and thanks to the improved stroke, from 150 mm to 250 mm,
the distance between the permanent magnets and the beam
is increased by 100 mm, reducing the perturbation induced
by the permanent magnets on the beam.

The Stogra stepper motor SM56 used on the first actua-
tor was upgraded with a Neugart PL40 planetary gearbox,
compatible with the LEDA actuator motor interface.

The ability of measuring the total beam intensity with the
collimator is not required any more, enabling the design of
a new frame to hold the measurement unit. In the previous
design, the ARMCO plates were bolted together with small
screws and were attracted by the magnet during assembly.
Each maintenance tasks were quite tedious with a risk of
damaging a part or a cable inside of the measurement system.
The new frame follows the exact internal dimensions of the
box, each plate are independently positioned and bolted on
the new structure. This support is made out of aluminum
for its amagnetic properties and lightweightness.

MEASUREMENTS SETTINGS

The measurement campaign was performed with the
ALISES v2 source biased at different voltage, from 35 kV
to S0kV [7]. The extracted intensity is around 30 mA re-
duced to 18 mA on the beam dump after going through two
solenoids and a diaphragm. The beam pulse is set up at
10 ms and 7 Hz. The first measure is done in the center of
the beam, then the diagnostic is moved up 5 mm for each
9 other positions. The diagnostic is 850 mm away from
the extraction point of the ion source because the diagnos-
tic chamber is located after the first solenoid. This magnet
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stayed off not to alter the trajectories of the measured species
extracted from the ion source.

As for the deviation plates, one is connected to the
Trek amplifier (Trek 10/10B-HS) for +10kV and the other
one grounded with a special connector plugged on the
feedthrough.

SIGNAL TREATMENT
AND DATA ANALYSIS

A Labview program developed specifically for this diag-
nostics operates the Wien Filter. It communicates with the
servomotor and the Trek amplifier to respectively move the
diagnostic in the beam in the transverse plane and variate the
HV voltage ie the electric field between the deflecting plates
to make the mass selection. The collecting wire current
is amplified by a front-end electronic and is acquired and
synchronized with the beam timing trigger. The sampling
frequency is set 100 kHz for a 11 ms windows, giving a list
of 110 points to describe the pulse behaviour over time. This
list of points are saved for each HV voltage value within the
range of the HV ramp at each position of the Wien filter
position inside the beam. Then they are averaged and sub-
tracted to each pulse to remove the measure noise and obtain
“filtered data”.

In order to reconstruct the mass spectrum (see Fig. 3) at a
set transverse position, all these filtered data are averaged
and the raw spectrum obtained is corrected with a second
degree polynomial baseline fit. From the 10 ms initially
measured, 3 ms are cropped at the beginning of the pulse to
remove the beam formation phenomenon. In the following
graph, the beam current on the wire is plotted over the HV
value of the biased plates. The negative signal seen after
each peak is always present even with a -1kV bias voltage
on the electron repeller.

dataset 2024.08.05_15h20min47.64s.txt
POS=0.00mm

—— Filtered DATA
104 x Peak Detection Algorythm

0.8 4

0.6

0.4 4

Intensity on Wire [A.U]

0.2 4

ol iyl

—

0 1 2 3 4
TREK AMPLIFIER bias Voltage [kV]

Figure 3: Mass spectrum of ALISES v2 at 35 keV.

A simple algorithm was used to detect the peak position
of 10 different masses extended from one to 32 amu. The list
of detected mass was determined by the position of the peak
with respect to most intense proton peak and the squareroot
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of the mass ratio when the Wien filter stands on the beam
axis (Eq. (1)).

V(ion) = V(H*) » [T

(1)
Mion

Table 1 shows all the detected peak associated to their
mass. Most of them are related to oxygen and nitrogen
molecules, presuming a leak in the ion source. As for the
peak number 15, it could be either CH3 or NH, but it is
assumed to be NH since there is no C(amu = 12) peak de-
tected. A measure with a RGA (Residual Gas Analyzer) on
the LEBT is planned to confirm this hypothesis.

Table 1: Mass of Elements

Element H H, H; N NH O OH H;O N, NO
AMU 1 2 3 14 15 16 17 18 28 30

RESULTS

The intensity of all peak allows calculating the fraction
of all element and more particularly the proton fraction of
the ion source.

At different extraction energy (35, 40, 45 and 50kV) on
beam axis, the proton fraction is found to be around 65 and
70 %, 18 % for Ho*, 3 % for Hz* and 9 % for the remain-
ing heavier elements (Fig. 4). The proton fraction value is
very close to what is expected: when adjusting the LEBT
solenoids to transport the proton species, the normalized
transmitted intensity collected on the LEBT beam Stopper
over the power supply drain current at the same moment,
respectively 20 and 30 mA gives around a 66 % proton frac-
tion. It is possible to assume that the bias of the source does
not affect the plasma formation and the type of particles
created.
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Figure 4: Evolution of the proton proportion with respect to
the beam energy.

The next series of measures were done at different height
in the beam transverse plane within the same range of beam
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energy as previously done. The following Fig. 5 only rep-
resents the interesting value, the proton fraction. At 35kV
and 40kV, this fraction stays constant over the transverse
plane. However, at higher beam energy, the value is decreas-
ing after a certain radius, 25 mm for 45kV and 15 mm for
50kV. This phenomenon is directly related to the extraction
conditions of the ion source. Since the bias is higher, the
particles extracted are less divergent and the beam transver-
sal size is therefore smaller at the diagnostic position. When
the measurement is done far from the beam center, the wire
collects less particles, and so the signal over noise ratio is
decreasing making the result difficult to analyze in term of
ratio.
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Figure 5: Evolution of the proton proportion along the beam
transversal plane at different source bias.

CONCLUSION

The upgrade of the Wien Filter allowed us to measure the
proton fraction at the exit of ALISES v2 ion source. At first,
the proton fraction obtained on the axis is coherent with
measured transmission in the LEBT with a 65 % value for
both cases. Secondly, thanks to the motorized actuator, the
proton fraction along transverse plane seems to be uniform,
as long as beam exists. This Wien Filter is operational and
ready to be compared to a Doppler shift measure, and a RGA
to confirm the species detected.
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MODIFICATION OF THE FLEXIBLE PLASMA TRAP FOR
HIGH-INTENSITY METAL ION BEAMS PRODUCTION
C. S. Gallo*, A. Galata, G. R. Mascali, INFN-Laboratori Nazionali di Legnaro, (Padova), Italy

S. Marletta, D. Mascali, G. S. Mauro, S. Passarello, A. Pidatella, A. D. Russo, G. Torrisi
INFN-Laboratori Nazionali del Sud, Catania, Italy

Abstract

NQSTI (National Quantum Science and Technology Insti-
tute) is the enlarged partnership on QST established under
the National Recovery and Resilience Plan (NRRP) funded
by the European Union — NextGenerationEU. In this frame-
work, there is a growing interest in the availability of mA
beams of singly charged (1+) metallic ions to realise quantum
devices. To satisfy this request, the joint INFN Laborato-
ries LNS and LNL proposed to modify the Flexible Plasma
Trap (FPT), installed at LNS, thus transforming it into a
simple mirror Electron Cyclotron Resonance Ion Source
(ECRIS). This contribution describes the various techni-
cal solutions that will be adopted, foreseeing novel radial
RF and gas/metal injection systems, focusing particularly
on the design and simulations of a flexible extraction sys-
tem capable of handling different beam intensities and ion
species. Specifically, the project targets the production of
high-intensity beams of singly charged ions such as Fe*’
and Ba™, highlighting the versatility and innovation of the
proposed modifications.

INTRODUCTION

Within the NextGeneration EU project NQSTI (National
Quantum Science and Technology Institute), the scope of
the Task 3.1 of Spoke 3 is to develop novel atomic/molecular
systems to extend coherence time in quantum system. In
fact, there is an active field of research in the quantum tech-
nologies concerning the measure of the permanent electric
dipole moment of specific molecules’ electrons in a solid ma-
trix, looking for evidence of CP violation [1]. This atomic-
embedding in low-temperature solid matrix conventionally
resorts to glow discharge chamber and electrostatic elements
to select and transport ions to be embedded [2]. The two
INFN Laboratories LNL and LNS have studied novel tech-
niques to produce isotopically enriched metallic ion beams
(iron, barium), with intensities in the mA range end energies
of tens of keV. This will be accomplished by proper modifica-
tions of the Flexible Plasma Trap (FPT) [3], installed at LN'S
and used to date for fundamental studies of magnetically con-
fined plasmas, thus turning it into a simple mirror Electron
Cyclotron Resonance Ion Source (ECRIS) [4]. This contri-
bution describes the innovative technical solutions adopted,
with greater emphasis to the design of the extraction system
through numerical simulations. Finally, preliminary results
of the beam optics studies will be also reported.

* carmelo.gallo@Inl.infn.it

MC(C2: New Concepts and Next Generation

UPGRADES OF
THE FLEXIBLE PLASMA TRAP

The Flexible Plasma Trap (FPT) is an ECR plasma-based
facility present at the INFN-LNS to trap ionised particles
in plasma and perform in-plasma interdisciplinary measure-
ments. The FPT magnetic field is provided by means of three
solenoids, which allow the tuning of the field profile. The
plasma can be generated in both simple mirror and quasi-
B-flat configuration, adequately tuning the coils currents.
The RF power up to 500 W is injected through a WRD 350
waveguide entering radially the trap [5], at frequencies from
3 to 7GHz, leaving the longitudinal axis to the access of
plasma diagnostics. As being a trap, ions’ extractions have
never been attempted and thus no extraction system has been
developed so far. The modifications to the Flexible Plasma
Trap (FPT) have been focused on implementing innovative
metal/radiofrequency injection and beam extraction systems,
which are crucial for upgrading FPT to an ion source and
optimizing the production of singly charged metallic ion
beams. With reference to Fig. 1, the key upgrades include
the following listed below.

Radial RF and Gas/Metal Injection

The FPT will be equipped with a radial injection of ra-
diofrequency (RF) through a WRD 475, working at 5-7 GHz,
and a radial gas/metal injection system. This will improve
the power coupling to the plasma, as well as the efficiency
of metals ionisation, thus increasing the intensity of the
extracted beam.

Advanced Diagnostic Systems

Plasma and extraction conditions will be monitored
through a Langmuir probe and an optical emission spec-
troscopy (OES) quartz window. These diagnostic tools will
allow for precise assessment of plasma parameters, thus
facilitating the optimization of the source.

Flexible Extraction System

A three-electrode (accel-decel) extraction system has been
designed to produce beams with suitable quality for isotopic
selection. We conceived a flexible design that enables the
extraction gap to be adjusted without breaking the vacuum,
adapting the system to the specific requirements of the pro-
duced beam (a more detailed description will be given in
the next section).

DESIGN OF THE EXTRACTION SYSTEM

The requirements to fulfil the goal of task 3.1, Spoke 3
of the NQSTI project concern the production of a currents
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Figure 1: Schematic view of the Flexible Plasma Trap (FPT)
highlighting the radial RF injection system and the advanced
diagnostic components, the radial gas/metal injection system
and the flexible extraction system designed for optimal beam
extraction.

>1 mA of singly charged medium/heavy metallic ions (iron
in the first experimental phase, barium in the second one).
This level of intensity in known to be a challenge, due to
the high contribution of the space charge to the beam qual-
ity. This last aspect is very relevant for the project because
it influences the ability to reach the desired resolution for
isotopes separation, especially for heavy elements (~1/200
for Barium). In the first experimental phase, we plan to ver-
ify the ability of FPT to produce the required intensity by
proceeding through a preliminary step, that is the extraction
of 5mA of protons. In that case the FPT will produce a
plasma of pure hydrogen. Then, iron will be extracted by
creating a helium plasma where iron vapours produced by a
resistive oven will flow and be ionized. By keeping the same
total extracted current as in the case of hydrogen, it has been
reasonably estimated a beam ratio of 80 %—20 % between
helium and iron (this last one including all the stable iso-
topes). The design and construction of an extraction system
able to handle the above-mentioned intensities is part of the
modification of FPT. Such system should be able to:

¢ Extract beams with different masses/intensities by em-
ploying a common design;

* Produce beams with a quality suitable to reach the re-
quired resolution for isotopic separation;

* Employ an extraction voltage not higher than 35kV to
ensure proper high voltage insulation.
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The choice fell on a common three electrodes (accell-
decel) extraction system, with the possibility to vary the
extraction gap without breaking the vacuum to adapt it to the
extracted intensity. The design has been validated using the
numerical code IBSsimu [6], a Vlasov solver able to solve
the Poisson equation including the potentials applied to the
electrodes and the space charge generated by the extracted
beam, then tracing the motion of a given number of particles
resembling the whole beam.

The extraction hole has been fixed to 3 mm in radius, a
good compromise between the expected extracted current
density and initial beam dimensions. Before proceeding to
the design, some preliminary evaluations has been carried
out, the first being the contributions to the beam emittance.
In fact, the beams of interest for NQSTI will be extracted
from a magnetized plasma, so two possible contribution
could be expected: the ion temperature and the trap magnetic
fringing field at extraction. The latter is a trap’s parameter
(0.3 T maximum in the case of FPT), while the former is
quite difficult to be measured but reasonable values could be
guessed. With the use of two handy formulas [7], a compari-
son between the two contribution has been done considering
ion temperatures ranging from 0.1 eV to 10eV: except for
the highest value of the magnetic field and the lowest of ion
temperature, the major contribution comes from this last
parameter. This made easier the second preliminary evalua-
tion, that is the main extraction system parameters starting
from considerations concerning the Child-Langmuir (CL)
limit [8]. Normally, it is a good practice to configure the
extraction system in order the beam perveance to be a half of
the one foreseen by the CL limit: considering the limitations
on the voltage applicable and starting from an extraction
gap around 30 mm (in order not to have a too high electric
field leading to possible sparks), this limit was evaluated for
the two steps foreseen for the first experimental phase. For
protons, a CL limit of 10 mA is obtained with an extraction
voltage of 30kV, a puller voltage of —3 kV and an extraction
gap of 30 mm. For iron, extracting 4 mA of He* and 1 mA
of Fe* (supposed consisting entirely of the mass 54) is equiv-
alent to a proton current of around 15 mA: unfortunately,
in this case the CL limit gives an extraction voltage higher
than 60 kV for an extraction gap of 27.5 mm, being above the
limit of FPT. It has to be pointed out that the CL limit strictly
holds for particles generated by a fixed emitter with zero
velocity: in the case of the extraction from a plasma particles
are emitted with several eV of longitudinal energy, having
to satisfy the Bohm criterion [9]. This leads to an increase
of the CL limit because the condition of zero electric field
at the emitter does not prevent necessarily ions form exit-
ing the plasma. In light of all this, we launched systematic
numerical simulations by varying, in the case of hydrogen:
the extraction voltage (V;), the puller voltage (V},) and the
extraction gap (d). All the simulations considered a beam
space charge compensation of 90 %.

With the aim at optimizing the beam transport down-
stream the extraction system, the criteria adopted to choose
a proper configuration have been:
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* A RMS emittance (&) as low as possible;

* A RMS maximum divergence (x/,,, for the x axis, z

being the axis of propagation) not higher than 40 mrad;

* The highest beam percentage within four times the rms

emittance.

Table 1 shows all the simulated configurations. It has been
found that, for voltages equal to or higher than the evaluated
CL limit, the beam appeared to be over-focused with a dense
core and a rarefied halo: a direct view of this effect is visible
in Figs. 2 and 3, showing the 2D plots of the extracted beam

for 37kV/-1kV/37mm and 30 kV/-1kV/30mm (Vy, V,,, d).

Table 1: Configurations of the Extraction System Simulated
for H* Extraction

Extraction Puller Gap
voltage [kV] voltage [kV] [mm]
35 -1 37
30 -1 37
30 -1 35
30 -1 30
20 -1 30

y [mm]

-10 -5 0 5 10
x [mml]

Figure 2: 2D plot of the proton beam extracted at Vy=35kV,
Vp=-1kV and d=37 mm.

y [mm]

X [mm]

Figure 3: 2D plot of the proton beam extracted at V=30kV,
Vp=-1kV and d=30 mm.
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The optimization of the parameters proceeded, with the
best results given by the configuration 20 kV/-1kV/30 mm
(Vs, Vpp, d): figure 4 shows the beam distribution along the
X axis.

T 10* distribuzione lungo x

05

0

Figure 4: Proton beam distribution along the x axis at
Vs=20kV, V,= -1kV and d=30 mm.

It is worth noticing that the beam is very well distributed,
resembling almost a Gaussian shape. Concerning the se-
lection criteria, this configuration gave €.,s ~8 mm-mrad,
Xme= 26.6 mrad and the 88 % of the beam within 4*€;p;.
Once the best configuration to extract a proton beam has
been found, the numerical study proceeded on the composed
beam He*-Fe* starting from Vy=35kV (the highest possible
value) and optimizing V), and d. Despite the allowed value
for V, was considerably lower than the expected CL limit,
good beam properties where found by setting V,,=—5kV and
d=27.5 mm: Figure 5 shows the total beam emittance along
the x axis for the Fe* beam. It can be clearly seen that both
the beam dimension and divergence are fairly small, with a
X/ms €ven smaller than in the case of hydrogen (20.6 mrad)
and almost the same percentage within 4* €.

x emittance per Fe

x primo [mrad]
=

-0

-8 6 -4 -2 o 2 4 6 8
* [mm]

Figure 5: Total emittance along the x axis of a 1 mA Fe*
beam at V=35kV, V,,= -5KkV and d=27.5 mm.

Starting from the beam parameters found for protons ex-
traction, a preliminary study of the beam optics in the down-
stream beamline started, to verify the feasibility to reach the
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required resolving power. The first results (not including the
beam space charge) show that, by implementing a magnetic
solenoid and an electrostatic quadrupole between FPT and
the magnetic selection, the beamline turn out to be flexi-
ble enough to handle beams with different characteristics,
ensuring a high enough resolving power (1/660 calculated
for protons against 1/200 necessary for barium). Further
optimizations including the beam space charge will follow
and lead to the final design.
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PLANNED OPTIMIZATION OF THE ION SOURCES
ON THE HIT TEST BENCH
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Heidelberger Ionenstrahl-Therapie Center (HIT), D-69120 Heidelberg, Germany

Abstract

The Heidelberg Ion Beam Therapy Center (HIT) is a
hospital-based treatment facility in Germany. Since the
first treatments in 2009, more than 8,500 patients have
been irradiated with protons or carbon ions and since July
2021 with helium ions. At HIT, three supernanogan ion
sources from Pantechnik are in operation 24/7 for therapy
up to 335 days a year. A fourth supernanogan ECR ion
source is installed at the HIT test bench. The test bench is
currently being prepared for a measurement campaign that
will start in October. The aim of the investigations is to ob-
tain more beam current for the carbon ions used in the ther-
apy by feeding two microwave frequencies in parallel. We
expect this experiment to lead to a better understanding of
the ionization process in the ion source. In the first step, we
will feed 14.5 GHz and an additional frequency close to the
resonance frequency of 14.5 GHz + 0.5 GHz and in the
second step 14.5 GHz and 18 GHz are injected.

To characterize and evaluate the beam quality in this
setup, we use the Pepperpot as a 4D emittance meter. In

addition, it is possible to measure the beam current and the
beam profile on the test bench.

INTRODUCTION

Three lon Sources

Linac

Horizontal
treatment

Figure 1: Overview of the HIT facility.
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The beam production at HIT (see Figure 1) consists of
three ECR Supernanogan ion sources [1] for the routine
operation of proton, carbon and helium beams at 8 keV/u.

steerer

IH-DTL RFQ ECR1

- E'\‘lnplet

\ ) / doublet

triplets

stripper —
foil chopper

o -triplet

/ 2 diagnostics
singulet ./ -steerer

\ , diagnostics g
| re

solenoid, N steerer
}f@

ECR 2

—steerer

/ ECR3

Figure 2: Low energy beam line (LEBT) and the linear ac-
celerator (LINAC).

The compact 217 MHz linear accelerator (LINAC) con-
sists of a radio frequency quadrupole accelerator (RFQ)
and an [H-type drift tube linac (IH-DTL) with the end en-
ergy of 7 MeV/u for all ions; a foil stripper directly located
behind these cavities produces fully stripped ions (see Fig-
ure 2). A synchrotron of 65 m circumference accelerates
protons, helium, carbon and oxygen to predefined end en-
ergies e.g. for carbon ions from 89 to 430 MeV/u in 255
steps.

In order to minimize the already very short downtimes
at the ion source (Figure 3), we started testing the 14.5 GHz
solid-state amplifier (R&S PKU100) some years ago [2].
Until then, only tube amplifiers were used in clinical oper-
ations at HIT. After testing and checking the beam quality,
the tube amplifiers were gradually replaced by solid-state
amplifiers.

1,4%

4,4%

0,3%

94,0%

B Maintenance at the lon Source
= Breakdown
In Operation

B No Operation (Christmas and New Year)

Figure 3: Statistics of the three ion sources in 2023.
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The future use of multi-energy operation [3] requires the
synchrotron to be filled as quickly as possible. In order to
achieve this efficiently, the existing RFQ will be replaced
by a newly designed and optimized version [4]. By increas-
ing the transmission of the linac from the current 30% to
about 70% - 80%, efficient fast filling of the synchrotron
can be ensured.

In order to achieve a stable source setting with an ex-
tracted beam current of 250 epA C*, we will begin testing
the coupling of two frequencies [5,6,7] on the test bench in
autumn this year.

An increase in output would be particularly desirable for
the therapeutically used carbon ion. For protons (Hs") and
helium (4He?"), the intensity and stability are sufficient
with the mechanical changes to the plasma lens made to the
ion source in the past [8].

COUPLING OF TWO FREQUENCIES

The plasma chamber of the ECR ion source has multiple
excitations of different modes in the presence of non-mag-
netized homogeneous plasma. This leads to the generation
of different resonance modes when electromagnetic waves
are injected into the chamber.

Due to the complex magnetic field topology generated
by hexapole and solenoid magnetic fields, plasma electrons
are also heated outside the intended resonance surfaces. To
achieve this, they must oscillate at the frequencies of the
excited modes within the plasma chamber [9].

Since multiple modes are generated in the plasma cham-
ber when heated at one frequency, it is suspected that su-
perimposed multimodes are excited when the ECR ion
source is operated in heating mode at different frequencies.

To investigate this phenomenon, we start with the fol-
lowing setup (Figure 5): A TWT amplifier capable of de-
livering 13.75 GHz to 14.75 GHz is connected to one of
the RF ports, while a solid-state amplifier capable of deliv-
ering 13.75 GHz to 14.75 GHz is connected to a second RF
port (see Figure 4).

Figure 4: 3D model of the ion source with two waveguide
connections on the copper cube.
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Both RF systems are equipped with circulators, vacuum
windows, dummy loads and high voltage insulators. Find-
ing the two optimal frequencies that provide the highest
stable current for C*" will certainly require some iterations
given the strong dependence on the tuning bulb position.

In a second setup (Figure 6) we will investigate how to
increase and improve the beam intensity and beam quality
for C* by using two far apart frequencies (14.5 GHz and
18 GHz).

The coupling is also done via the second flange in the
copper cube of the SuperNanogan ion source, as in the ex-
periment with the nearby frequencies, see Figure 4.

It is expected that the interference of two microwaves
with far apart frequencies will lead to complex phenomena
and the highly charged ion currents will generally tend to
increase. Despite this complexity, we hope that the second
frequency will increase plasma stability and thus improve
beam quality for C*'.

The beam quality is measured on the test bench using a
pepperpot [10]. In addition, we have an RFQ on the test
bench (see Figure 7), with the help of which the measured
transmission also allows conclusions to be drawn about
possible beam-improving properties.
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Figure 5: Schematic drawing of the two-frequency heating
system (14.5 GHz & 14.5 GHz).
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Figure 7: 3D CAD model of the testbench with the Supernanogan ion source (from left: ion source, dipole analyzing
magnet, diagnostic chamber one with profile grid 1, analyzing slits, and Faraday cup 1, quadrupole triplet, diagnostic
chamber two with pepper pot, profile grid 2, and Faraday cup 2, solenoid magnet, RFQ accelerator, diagnostic chambers
three and four with a set of 3 phase probes, profile grid 3, and Faraday cup 3).
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Abstract

In this paper we analyze the behavior of a low beam cur-
rent proton ECR ion source for linac. During the operation
of the source, as a function of the operating parameters we
have observed a complex behavior. The state of the plasma
is highly dependent on the input parameters, and in some
cases even bi-stable conditions can be achieved showing
abrupt changes in the state. To try to understand this behav-
ior we carried out a series of experiments varying the input
parameters both sequentially and randomly to avoid follow-
ing the same path every time. Thanks to these experiments
we have been able to observe the change in the luminosity
of the plasma, which is an indirect measure of the degree of
ionization in the plasma, along with the changes in reflected
and transmitted RF power delivered to the source. We also
characterized the relation between the outer temperature of
the ion source chamber walls and the plasma. In addition
to this we have analyzed the resulting extracted ion beam
using a pepperpot and a faraday cup. We have observed that
our beam does not have one dominant species and has three
species that are found in comparable quantities.

INTRODUCTION

The LINAC 7 project is a research project that aims to cre-
ate a compact low intensity proton accelerator with an energy
of 7MeV. As detailed in Ref. [1], while some accelerator
stages are still in design, this work focuses on characterizing
the Ton Source where positively charged particles are gener-
ated, the beam extraction to create the particle beam, and the
Low Energy Beam Transport (LEBT) stage, which focuses
the beam to go onto the next accelerating stage. A good
understanding and control of the first stages of a LINAC is
essential, because this is where many of the most important
properties of the beam are determined. Among them, the
most important are the current of the beam, which mostly
depends on the performance of the Ion Source and the beam
extraction [2], and the emittance of the beam, which once
the beam is generated keeps constant through all the path of
the accelerator [3].

To better understand the Ion Source and the extracted
beam, various experiments have been conducted, exciting
different behaviors in the plasma and beam and measuring

* Work supported by Basque Government Department of Industry Grants
KK-2024/00065 and KK-2022/00026
" pellousabiaga @ gmail.com
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relevant parameters. By analyzing the results of the experi-
ments, it is possible to better understand the behavior of the
first stages of the LINAC 7 accelerator.

Between the instruments used to manage and measure the
parameters of the accelerator, many are of common use, like
gas flow control, pressure measurement, a pepperpot and
a Faraday cup to measure the characteristics of the beam,
and luminosity measurements to determine the ignition de-
gree of the plasma on the Ion Source. In addition to those,
there is a specialized instrument developed for the LINAC 7
project that allows to measure the amplitude and phase of
the incident and reflected RF signals used to excite the Ion
Source, allowing calculation of the reflection coefficient,
which varies with plasma state [4].

Some of those experiments deal with the effects of the
temperature on the inner walls of the Ion Source, which
increases during its operation, affecting the plasma [5]. The
rest of the experiments are about better understanding dif-
ferent states on the plasma, which are believed to be linked
with the chemical reactions on the ionized plasma, where
different states belong to different predominant chemical
species generated inside [6]. By better understanding this
phenomena, it is intended to prioritize a state on the plasma
where H* is the main generated element, and to maximize
the amount of generated H*.

* Measurements

2.254 Linear regresion, r = 0.93

2.00
1.75 A
1.50 4
1.25 4
1.00 1 dr

0.75 4

T T
30 40 50 60 70
Plasma chamber surface temperature (2C)

Gas flow value in which plasma turns off (sccm)
*
*
L3
"
3

Figure 1: The relation between the temperature on the sur-
face of the Ton Source, and the value of gas flow in which
the plasma turns off.

PLASMA EXTINCTION AND
TEMPERATURE RELATION

Since during the operation of the ion source a consider-
able amount of energy is used to generate the plasma, the
temperature of the resonant cavity increases over time. This

MC6: Applications and Diagnostics
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temperature has an effect on the behavior of the plasma,
which can be measured on the moment the plasma turns
off. By keeping a constant RF power incident onto the Ion
Source, and decreasing the gas flow so that the plasma turns
off, it is possible to measure at which gas flow value turns
off the plasma. By comparing these measurements with the
temperature of the surface of the Ion Source at each moment,
it is possible to obtain the graphic shown in Fig. 1. It can
be seen that there is a clear relation between the two values,
one that appears to be linear.

The higher the temperature on the Ion Source, the higher
the amount of gas flow required to keep the plasma on. There
are many possible explanations for this phenomenon, and
two hypothesis have been raised on our team:

On the one hand, it is possible that the temperature in-
crease is affecting the permanent magnets that create the
magnetic field for our Ion Source. With the increase in the
temperature, it is possible that they generate a different mag-
netic field, and that this changes the ECR resonant frequency
of the cavity. By changing the resonant frequency, it is pos-
sible that the frequency of the RF signal is closer to it on
low temperatures than in high ones, and therefore the effect
would be due to the generally lower stability of the plasma
at high temperatures.

On the other hand, this effect can also be linked to gas
expansion inside the Ion Source. If the gas inside the cavity
behaves like an ideal gas, and its temperature is linked to
the temperature on the surface of the Ion Source, at higher
temperatures it would expand, reducing the density of Hj.
If the relevant magnitude for the plasma generation is the
H,; density inside the cavity, and not the incident gas flow,
the observed effect would be again explained.

FREQUENCY CYCLES WITH
TEMPERATURE INCREASE

To see if the first of the previous hypothesis holds, a sim-
ple experiment has been performed. The frequency of the
incident RF signal has been changed, and how the relative lu-
minosity varies with the frequency and temperature changes
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have been measured. The results of the experiment can be
seen in Fig. 2.

It can be seen that the luminosity for the same frequency
generally decreases with the increase in the temperature,
but that the frequency with highest luminosity always stays
the same, around 2975 MHz. Hence, the ECR resonant
frequency does not highly change with the increase of the
temperature on the surface of the Ion Source.

DENSITY MODEL WITH
IDEAL GAS EQUATION

Discarding the first hypothesis, let us analyze the second
one, according to which the density of the gas inside the
ion source changes with the temperature of the chamber. In
order to try to test this approach, a model of the density has
been created, and it has been used to try to compensate for
the effect of the temperature on the gas density inside the
ion source.

For the model, some assumptions have been done. First of
all, let us assume that the gas inside the ion source behaves
like an ideal gas. Also, let us assume that the temperature of
the gas inside the cavity is proportional to the temperature
on the surface of it, so that (Tsyrface = Tamb) = K1(Teas —Tamp)
is fulfilled. Finally, it is assumed that the plasma shutdown
shown in Fig. 1 always happens at a constant density. With
these assumptions, the density of the gas on the ion source
can be calculated as:

P
o .
K (Tgas - Tamb) + Tamb

P (1)

Given that the volume is constant. p is the density of gas,
P is the pressure, Tg,s and Ty are the temperature of the
gas and of the ambient and K is a constant.

With this, the relation between the temperature and the
plasma shutdown density derived from the values on Fig. 1
can be calculated, and K can be fitted until the relation is
null. The optimum value for K| has been estimated at 6.308,
so that the normal range of temperatures for the gas inside
the chamber would be between 22 °C (ambient temperature)
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Figure 3: Images taken from the pepperpot camera with
different currents on the focusing solenoid. The color repre-
sents the intensity of each pixel, in arbitrary units.

1200

and 440°C. This range is reasonable, because the steel
of the chamber has suffered no damage, but in a previous
experiment a piece that was soldered with tin came off, due
to the tin melting (about 232 °C).

With this model, a simple controller has been created to
maintain a constant density inside the ion source varying the
gas flow depending on the temperature. With this controller,
the experiment of the frequency cycles has been repeated,
obtaining the results shown in Fig. 2 down. It can be seen
how the effect of the temperature is largely compensated.

ANALYSIS OF ELECTRICAL PROPERTIES
OF THE PLASMA

Continuing with the analysis of the behavior of the ion
source of the LINAC 7 accelerator, there are a couple of ex-
periments that appear to show different states on the plasma
of the ion source. It is believed that those states can be linked
with the generation of different species on the ion source
plasma, which have been studied on previous works on the
team [6]. Thanks to the new instrument that can measure
the reflection coeflicient of the ion source at the frequency
of the incident RF signal, it has been possible to perform the
experiment shown in Fig. 4.

In this experiment, it can be seen how the luminosity of
the ion source changes abruptly with smooth changes on the
gas flow. These changes happen between states where it is
hard to distinguish the plasma from one that is off (blue and
dark blue) and states where the luminosity appears to change
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more smoothly with the gas flow at high luminosity values
(red).

DIFFERENT SPECIES ON THE
PEPPERPOT

As have been mentioned before, there are multiple species
being generated on the ion source and extracted on the beam
to the LEBT. It is believed that those species are H*, HJ
and H}. Due to their different mass-charge relationships,
each species responds differently to electric and magnetic
field applications. Those which have more mass will reach
smaller velocity when electrostatically accelerated on the
beam extraction, and they will be curbed less when under a
magnetic field, like on the solenoids that focus the beam.

This effect is measurable using the pepperpot in the LEBT.
An experiment was designed where the beam extracted from
the ion source is focused using solenoids. By changing the
current that goes through the solenoids, it is possible to apply
more or less curvature to the beam, focusing it more or less.
Thus, an experiment was conducted where solenoid current
was varied, and a photo was taken of the pepperpot for each
current setting.

In Fig. 3 some of the resulting images of the experiment
can be seen. With low currents, it is not possible to dis-
tinguish the different species, and none of them is focused.
With the increase of the current to 4.75 A, one of the species
gets focused on the pepperpot, and the rest stays at the same
place. If the current is further increased, it can be seen
that the beam becomes divergent for one of the species, and
when getting close to 7-8 A another species starts to focus
too. In the final image at least three species can be seen, one
diverging, the other focused, and the rest not focused at all.

FARADAY CUP CURRENT
MEASUREMENTS

The Faraday cup in the LEBT has a limited radius, so
it only measures the current of particles near the center of
the beam. As a result, different focusing conditions yield
different current measurements. In the previous experiment
it has been seen that by varying the current on the LEBT
solenoids it is possible to focus certain species, while keep-
ing unfocused others. Hence, using appropriate parameters
on the different stages, it should be possible to measure the
current of each different species separately on the Faraday
cup. This way, by knowing how each species reacts against
the parameters on the accelerator (specially the Ion Source),
it would be possible to favor the generation of the desired
species for the LINAC 7, the H*.

An experiment has been done to try to measure this, in
which the same parameters of the previous experiment have
been used, setting the solenoids current to 4.75 A. This way,
the first of the species (which is believed to be H*) is focused
while the rest are unfocused, and the current on the Faraday
cup should be mainly proportional to this species. Then, the
power of the RF signal going to the Ion Source has been

MC6: Applications and Diagnostics
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Figure 4: On the left, gas flow cycles and measured luminosity at each moment. On the right, the polar plot of the reflection

coeflicient of the ion source.

changed on cycles, increasing and decreasing it. In the Fig. 5
the results of this experiment can be seen.
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Figure 5: The current measured on the Faraday cup with
4.75 A on the focusing solenoid in function of the power
going through the Ion Source. The blue is the result of
increasing the power, and the orange of decreasing it.

While in previous experiments it has been seen that the
luminosity of the Ion Source always increases with both the
gas flow and the power of the RF signal that goes to the Ion
Source, it can be seen how in the current of the beam the
same is not true. We found that there is a certain RF power
where the current of the species selected by the focusing is
optimum, and further increasing the RF signal power rather
than increasing it decreases its intensity.

Currently, this experiment has not been repeated using
different focusing currents on the solenoids so that other
species can be analyzed. But when those experiments have
been done, it can be possible to determine the composition
of the plasma for different parameters on the Ion Source, and
how each of its components affects to the luminosity of the
Ton Source, to see if the measurements on the Faraday cup
can be somehow correlated to those of the luminosity.

CONCLUSIONS AND FUTURE WORK

Thanks to the experiments shown in this work, the team
now has a much better understanding about the behavior of
the Ion Source of the LINAC 7 accelerator, and it is hence
more prepared to optimize its performance and the overall
performance of the accelerator. It also provides some clear
points where future work have to be put in:
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* The temperature of the Ion Source is an important fac-
tor on the charged particles generation. It has to be
included in the control of the system, by taking into
account the changes in the temperature, or by introduc-
ing a cooling system to keep it constant after a thermal
conditioning step.

» Thanks to the analysis of the photos on the pepperpot
scanner, we have experimental proof of different species
being formed on the Ion Source and accelerated. How
each of those species behaves and how the generation
of H* can be maximized has to be further explored, in
order to get the maximum current on the particle beam,
and to apply the correct magnetic fields on the LEBT
to focus the desired species only.

* Regarding this, the next experiments can be to perform
more measurements using the Faraday cup and different
focusing currents on the solenoids, so that how the
current of different species answer to the parameters
on the Ton Source can be explored.
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OPTICAL DIAGNOSTIC STUDIES TO ANALYSE
ELECTRON CYCLOTRON RESONANCE PLASMA
PRODUCED IN THE GTS-LHC ION SOURCE

B. S. Bhaskar®, D. Kiichler, CERN, Geneva, Switzerland
T. Kovener

Abstract

The GTS-LHC electron cyclotron resonance (ECR) ion
source is an integral part of the chain of accelerators at
CERN. It produces the heavy ion beams which are accel-
erated using a series of accelerators from LINAC up to the
LHC. The ion beams are extracted from an ECR plasma
generated at the GTS-LHC ion source, however, there has
not yet been a non-invasive diagnostic device to study the
plasma. This research focuses on the implementation of an
optical diagnostics and studies the optical emission spectra
(OES) as a monitor of the performance of the ion source.
Furthermore, we explore the correlation between spectral
properties and changing source parameters, offering insights
into the behaviour of the ion source, which in turn helps
in fine-tuning of the source. Specifically, the study concen-
trates on long-term OES analysis spanning several weeks,
focusing on the production of magnesium and lead ions
using the GTS-LHC ion source.

INTRODUCTION

The production of ion beams at CERN is crucial for a
wide range of research activities, particularly in the field of
heavy-ion physics, where specific ion species are required
for diverse experimental needs. The GTS-LHC 14.5 GHz
Electron Cyclotron Resonance (ECR) ion source [1], located
at the start of the Linac3 accelerator, is essential to this pro-
cess. It has been predominantly used for producing lead ions,
which are vital for many of CERN’s high-energy physics
experiments.

A new working group was formed recently “Future Ions
in the CERN Accelerator Complex” to define future ion
operations based on requests from LHC and other fixed target
experiments at North Area (NA) of CERN. One light ion
selected is magnesium. Mg Highly Charged Ions (HCIs) can
be produced by the GTS-LHC ion source, the magnesium
atoms are introduced into the source by a micro-oven, which
evaporates the metal samples by controlling the oven power
based on the required vapour pressure. Helium is injected
as a buffer gas to enhance magnesium ion production.

The study of new ions at CERN is limited because there
is only one ECR ion source, which is used for both current
experiments and developing new ion beams. Due to the
complex accelerator setup and long experimental periods
(up to six months), only two types of ions can typically be
studied each year. These long periods require the ion source
to remain stable for extended times, which is an additional
challenge for metal ion beams made with oven-based evapo-
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ration. Maintaining stability over time is often harder than
achieving high beam intensity.

To address these challenges, recent research has focused
on optimising the ion source’s performance using Optical
Emission Spectroscopy (OES). OES is a non-invasive diag-
nostic tool that allows for the analysis of plasma by examin-
ing the emitted light, providing insights into parameters like
electron density, electron temperature (7, ), ion temperature
(T;), and the densities of both neutral atoms and ions [2, 3].
These parameters are crucial for fine-tuning the ion source
to ensure efficient and stable ion beam production.

The installation of a new OES setup has further enhanced
the diagnostic capabilities of the ECR ion source, enabling
continuous monitoring of the plasma. This study is focused
on finding a correlation between the optical emissions with
ion source parameters and thereby helping to optimise the
production of HClIs.

EXPERIMENTAL SETUP
AND PROCEDURE

The experiment is performed on the 14.5 GHz GTS-LHC
ECR ion source at CERN. The HCIs are generated based on
stepwise ionisation of neutral atoms. The neutral atoms are
primarily introduced to the source by means of evaporation
using a micro oven [4]. The resultant ions are extracted
via a suitable extraction system [5] and is directed through
a dipole magnet, which is employed to isolate and select
the specific charge state of interest, a Faraday cup for direct
measurement of beam current by blocking the ion beam,
and a beam current transformer (BCT), which enables non-
invasive beam current measurements. Subsequently, the ions
are accelerated through a series of accelerators.

The experimental setup includes an optical spectrometer
system designed to observe the optical emissions from the
plasma through the port on the first dipole magnet as shown
in Fig. 1. A concave mirror is placed at this point which
collects and focuses the light onto the entrance of an optical
fiber. The other end of the optical fiber is connected to the
optical spectrometer (Ocean Optics USB4000 Spectrometer).
A vacuum valve is positioned between the concave mirror
and the dipole magnet, providing the flexibility to change or
adjust the optical components without needing to vent the
entire low-energy beamline thereby maintaining the vacuum.
This valve also serves as an external shutter for measuring
the background spectrum.

The experiments were performed by simultaneously col-
lecting optical spectra and monitoring the total beam current
using the BCT. An OES measured during magnesium pro-
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Figure 1: Schematics of the experimental setup show the
ECR ion source, followed by dipole magnets, the newly
installed optical spectrometer, along with a faraday cup and
beam current transformers positioned downstream from the
dipole magnet.

duction is shown in Fig. 2 where emission peaks of neutral
Mg (i.e. Mg D), singly ionised Mg (Mg II), neutral helium
(He I) and singly ionised He (He II) have been detected.
The subsequent analysis is focused on isolating the emission
peak of interest, quantifying its integrated intensity and cor-
relating it with the beam current, as recorded by the BCT.
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Figure 2: Recorded optical emission spectra of magnesium,
where helium is used as a buffer gas. The spectrum shows
emissions lines corresponding to neutral and singly ionised
magnesium and helium.

A series of optical emission spectra of magnesium was
recorded and one such representative of the recorded spec-
trum is shown in Fig. 2. It should be noted that in all cases,
the source was operated in afterglow mode with an RF pulse
duration of 50 ms and a repetition rate of 10 Hz. The optical
spectrometer collected sufficient light with an integration
time of 1 second, and the spectra for magnesium were aver-
aged over 50 acquisitions.

A dedicated experimental campaign to study the influence
of various source parameters on the spectrum was conducted
for magnesium, with the results detailed in the following
sections. The term ‘infensity’ is used to refer the integrated
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signal from one particular transmission line in the OES
spectrum ( i.e. for Mg I at ~285 nm and He I at ~668 nm).
Throughout the measurements, Mg7+ was selected using the
dipole magnet spectrometer and is accelerated downstream
from the dipole magnet. Furthermore, the reader should
note that the optical notation “I” indicates optical emission
from a neutral atom, while “II”’ denotes emission from 1%
ion and so on.

EXPERIMENTAL RESULTS
AND DISCUSSION

Optical Emission Studies on Magnesium

This study of intensities of Mg I with the simultaneous
measurement of BCT current resulted in identifying a linear
correlation with the intensity of neutral magnesium optical
emission spectra with BCT current (which measures Mg’
beam current).

The temporal behaviour of the optical intensity of Mg I
and He I is shown in Fig. 3, along with the beam current of
Mg’" measured on the BCT. The correlation of the optical
emission from Mg I with the current measured in the BCT
are shown in Fig. 4. This data was taken over a span of
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Figure 3: Figure showing the temporal evolution of the op-
tical spectral intensities of neutral magnesium (top plot),
neutral helium (middle plot) and the total beam current mea-
sured in the BCT (bottom plot) for Mg’ ions.

115 hours 50 minutes from May 15% 2024 (08:09:00 CEST)
to May 18™, 2024 (04:00:00 CEST). During this period, the
only source tuning parameter that was increased was the oven
power (by 2 W), while all other source tuning parameters
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remained nearly constant, (with variations of less than +1 %).
Additionally, the optical spectrometer settings also remained
the same throughout the measurement.

Another observation is the linear increase in the optical
emission from Mg II with the increase in intensity of neutral
magnesium optical emission (Fig. 5). These two relation-
ships suggest that the increase in Mg® intensity increases
the intensity of Mg!", with a high fraction of ions possibly
being further ionised to Mg’" in the ECR plasma. How-
ever, it is important to emphasise that this observation is
based on a specific measurement and therefore cannot be
generalised to all conditions especially because of the the
complex ionisation mechanism in ECR ion source. A similar
observation was reported by Kronholm et al. [6], where an
increase in the optical emission intensity of Ar'>" correlated
with an increase in Ar'3" ion beam current (as a function of
microwave power), while no such correlation was observed
for Ar¥".
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Figure 4: Figure showing the linear correlation between
the measured beam current using BCT and the intensity of
optical emission spectrum from the neutral magnesium.
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Figure 5: Figure showing the linear correlation between the
optical emission from neutral magnesium and singly ionised
magnesium.

Consequently, the study was further extended to system-
atically investigate the effects of source parameters such
as microwave heating power, biased disk potential (a neg-
atively biased electrode placed axially at the injection end
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of the source), and neutral buffer gas pressure (adjusted by
adjusting the valve control value ranging from O to 10 V).
The microwave power and biased disk potential were held
constant for two-minute during the experiment. For the gas
valve control settings, a four-minute interval was chosen to
allow sufficient time for the changes to be fully reflected in
the plasma conditions.
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Figure 6: Systematic study of optical emission from neutral
magnesium and helium is studied by varying (a) the input
microwave power, (b) the biased disk potential, and (c) the
gas valve settings, while keeping all other parameters con-
stant throughout the measurements (i.e the nominal settings
of the source for this experiment are: microwave power at
1700 W, biased disk potential at 200 V and gas valve control
settings at 8.89 V).

It has been observed that increasing the neutral buffer gas
pressure (using helium) resulted in a higher optical emis-
sion intensity from neutral helium, whereas no significant
changes were noted with variations in microwave power or
biased disk potential (see Fig. 6). Additionally, as helium
neutral gas pressure increased, the intensity of Mg I also
increased, reaching a peak at a gas valve setting of 9.2V and
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subsequently decreasing. This behaviour indicates the role
of the buffer gas in the production of highly charged Mg ions
(HClIs).

Preliminary Optical Emission Studies on Lead

The optical spectrum produced by evaporating lead using
micro-ovens was recorded at a later stage (refer Fig. 7) with
oxygen as the buffer gas. In this case, adequate light was
only obtained for lead after integrating for 10 seconds and
averaging over 15 acquisitions. However, unlike the case
with magnesium, no systematic measurements of the source
parameters for lead ions were performed, as the source was
no longer available for further experimental studies. In
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Figure 7: Recorded optical emission spectra during lead op-
eration, where oxygen is used as a buffer gas. The spectrum

shows emission lines from lead, oxygen and iron.

analysing the spectrum, it was observed that, in addition
to the expected emission lines from lead and oxygen, there
are also distinct emission lines from iron present. Moreover,
the spectrum exhibits a continuous background signal that
spans across the wavelength range, which is not accounted
for by the discrete emission lines alone. To investigate this
background continuum more thoroughly, two different fit-
ting techniques are employed (i.e. Gaussian and blackbody).
The fitting results, shown in Fig. 7, could provide insights
into the characteristics of the background and may help to
identify its underlying cause. The blackbody fit resulted in
a temperature of ~0.44eV. However, this result does not
match with any known energy or temperature in the source
indicating the need for further investigation into other pos-
sible mechanisms that could be contributing to the broad
signal in the spectrum.

CONCLUSION AND FUTURE SCOPE

The study demonstrates the successful implementation of
a new optical diagnostic setup for continuous plasma mon-
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itoring. Optical spectra were collected for two ion beam
operations at CERN (i.e. Mg and Pb). The Mg spectra
showed a linear relationship between the optical emission
from neutral magnesium and the extracted HCI beam cur-
rent, indicating that OES could play a role in optimising the
ion source. Further analysis with other source parameters
also showed a clear correlation between neutral buffer gas
pressure and the optical emission spectra. Measurement
with lead ion plasma displayed a background continuum
requiring further investigation.

The future work will focus on investigating the origin of
the background continuum observed in the optical spectrum
measured for the lead run, as understanding this will improve
understanding of the physics of ECR ion sources. Addition-
ally, the study will explore the correlation between optical
spectra and different charge states of the ion beams, which
could simplify and optimise the operation of the ion source.
Both tasks aim to enhance the efficiency and control of ion
sources in future applications.
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Abstract

This study investigates an efficient injection of high-in-

kept almost unchanged and the transverse beam size should
not increase too much.

tensity light ions from an Electron Cyclotron Resonance 10 10
(ECR) ion source into a Radio Frequency Quadrupole - o8 - "
(RFQ) accelerator. An often-adopted solution for the beam T o B W -
matching between an ion source and an RFQ is to apply E o o ok -
two solenoids as a Low Energy Beam Transport (LEBT) ¥ * 5
section. There are also other solutions which skip the -5 : N =75 il
LEBT section and inject the ion-source output beam di- Hoas 02X 33 * A% U8 B3 55 *
rectly into an RFQ e.g. the so-called Direct Plasma Injec- o o
tion Scheme (DPIS). For this study, a compact electrostatic 7 1 v 7 ”
LEBT using an einzel lens as well as an efficient RFQ 5 . e T ol e _ "
based on a special design method have been developed to E o - E o M '
achieve high transmission of a 60 mA proton beam. Addi- = N 1
tionally, the RFQ design has been also checked with the 75 L o B
LEBT removed. The design and simulation results will be -50 -25 00 25 50 o0 -50 -2.5 00 25 50 00
presented. y/mm N y/mm
0056
INTRODUCTION e
5 005
Usually a particle beam extracted from an Ion Source %232 :
(IS) is defocused in both transverse (x and y) planes. At the = oon
entrance to an RFQ accelerator, however, an input beam ZZ:Z B N
focused in both x and y planes are desired. To transport a R 200 -100 0 100

particle beam from an IS to an RFQ accelerator, there are

different approaches:
e Using a magnetic LEBT (M-LEBT) typically consist- ECR-IS (left) and at the RFQ entrance (right, obtained
ing of two solenoids, e.g. [1].

e Using an electrostatic LEBT (E-LEBT) with one or

two einzel lenses, e.g. [2].

Ap/© bgp/®

Figure 1: Particle distributions at the extractor exit of the

from the beam dynamic simulation using TraceWin [4]).

EINZEL LENS

e Using a zero-length LEBT (Z-LEBT) i.e. direct injec- ELECTRODE 1 ELECTRODE 3
. (GROUND) (GROUND)
tion, e.g. [3]. ION SOURCE ~ EXTRACTOR ELECTRODE 2 RFQ
OUTLET ‘GROUND ] ENTRANCE
An M-LEBT often needs more space than an E-LEBT 50 kv . .
é

and a Z-LEBT solution usually causes high beam losses at
the injection due to lake of beam matching, this study fo-
cuses on the R&D of a compact einzel lens for an efficient
injection of a 50 keV, 60 mA proton beam into an RFQ.

EINZEL-LENS DESIGN

For the design of the aimed einzel lens, a particle distri-
bution with 10000 macro particles (see the left graphs of
Fig. 1) generated at the extractor exit of an ECR-IS was
taken as the input beam. This generated 50 keV, DC input

o’ L L

T 1] T 1
60 80 100 120 140

beam has a transverse size of ~5 mm in diameter and it is [mm]

defocused in both transverse planes. The task of the aimed
einzel lens is to convert the particle beam to be focused in
both transverse planes, whereby the beam energy should be
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Figure 2: Schematic layout of the designed einzel lens,
where Points A and B represent the start and end positions
of the beam transport simulation through the einzel lens,
respectively (the electrostatic field calculated using the
CST Studio Suite [5] is shown in the bottom graph).
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As shown in Fig. 2, a defocusing-focussing scheme has
been chosen for designing a ~8 cm long einzel lens. The
defocussing part of the lens system (between the first and
second electrodes) tries to smoothly increase the transverse
beam size, the transverse diverging angles, and the beam
energy. The focussing part (between the second and third
electrodes) will then try to reduce the above-mentioned pa-
rameter values, whereby the position and shape of the elec-
trodes as well as the applied potential were optimized to
obtain a particle beam focused in both x and y planes with
minimum emittance growth and energy spread. The re-
sulted particle distribution at the exit of the einzel lens can
be found in the right graphs of Fig. 1, which shows that the
einzel-lens output beam has a transverse size of ~12 mm in
diameter and +4% of energy spread. The beam dynamics
simulation through the einzel lens was performed using the
TraceWin code with electrostatic field calculated by the
CST Studio Suite.

EZ-LEBT RFQ DESIGN

Due to the relatively large transverse size and energy
spread of the input beam for the downstream RFQ, the fol-
lowing RFQ design parameters have been decided:

o A relatively low working frequency i.e. 176.1 MHz
was taken to allow a relatively large electrode aperture
for the beam transport.

o The RFQ output energy was chosen to be 1.5 MeV in
order to keep the structure length below 4 m.

In addition, for such an RFQ input beam, the ratio of lon-
gitudinal to transverse emittance - w111 be very likely be-
yond the optimal emittance-ratio range 09<2 o <1.4)re-
quired by the MEGLET (Minimizing Emittance Growth
via Low Emittance Transfer) method [6—8] after the pre-
bunching, so another method so-called SEGLER (Small
Emittance Growth at Large Emittance Ratios i.e. 2.0 <
q < 4.0) [7, 8], which pr0V1des a “safe Y ellipse” (the or-
ange -marked area with % =00~10 and 7=
0.25 ~ 1.0 in Fig. 3) for the tune footprints of the beam
motion on the corresponding Hofmann Chart, has been
adopted

£1/6=3.0
-0/ Oy |

> 0/ oy

0.5 1.0 L5 20 25 3.0 35
Figure 3: Hofmann chart for = = 3.0 with the “safe  el-

lipse” (and the tune footprlnts of the EZ-LEBT RFQ from
the beam beam dynamics simulation mentioned later).
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For this study, a SEGLER-style RFQ (hereafter also re-
ferred to as the EZ-LEBT RFQ, because this RFQ has been
designed for an E-LEBT and later will be checked for the
Z-LEBT case) has been designed. The main parameters of
the EZ-LEBT RFQ are given in Fig. 4.

10 —r 0
9 1 . - - - - « . - - B 710
E 81 =20
= a —
B 7 30
= 6 m . o
% -0 @
s 54 @ e =
= ’ -50
v U/1o ==
i 5 | . - -60
- 2 =70
. o - -80
() mrrrrr e PR T T -90

150
Cell
Figure 4: Main design parameters of the EZ-LEBT RFQ,
where a is the minimum electrode aperture, m is the elec-
trode modulation, ¢ is the synchronous phase, U is the in-
ter-vane voltage, and W is the beam energy.

200 250

The beam dynamics simulation performed with the
RFQGen code [9] tells that that the pre-bunching ends at
around Cell 90 (see Fig. 5) where %z 2.0 and afterwards %

is still increasing up to Eﬂtz 4.0 (see Fig. 6, the averagegﬂt

for the main RFQ is ~3.0). As the transverse emittance
keeps relatively constant after the pre-bunching, it indi-
cates that the increase of the longitudinal emittance was not
caused by emittance transfer, but because of the particles
that were not well captured by the pre-bunching and were
moving further and further away from the bunch center
(see Fig. 5). The tune footprints of the EZ-LEBT RFQ are

plotted on the gﬂt = 3.0 Hofmann Chart in Fig. 3. It is clear
that most of the footprints are well located in the “safe Y

ellipse” and only touch the resonance peaks very briefly,
which explains the low emittance transfer.

wwwwwwwwwwwww

Figure 5: Beam transport simulation along the EZ-LEBT
RFQ.
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Figure 6: Evolution of emittances along the EZ-LEBT

RFQ.

Z-LEBT (NO LEBT) CASE

The EZ-LEBT RFQ was also checked in case the Einzel-
Lens LEBT is removed namely the IS output beam (see the
left graphs of Fig. 1) will be injected into the RFQ directly.
Obviously, the orientations of the transverse emittance el-
lipses for both the Einzel-Lens LEBT case and the Z-LEBT
(i.e. no LEBT) case are quite different. To improve the
matching at the entrance, the RFQ design shown in Fig. 4
has been slightly adjusted in the beginning part for the Z-
LEBT case.

In Fig. 7, one can see that with a defocused input beam,
the oscillation of the transverse beam envelopes becomes
much stronger (compared with that shown in Fig. 5), while
the beam transmission is about 10% lower

Figure 7: Beam transport simulation along the EZ-LEBT
RFQ for the Z-LEBT case.

Figure 8 shows that for the Z-LEBT case, gﬂt reaches ~1
which is actually ideal for applying the MEGLET method,
but the tune footprints (see Fig. 9) are not located in the
“safe rectangle” (5 = 0.5 — 2.0 and 7> = ~ 0.25 — 1.0) [6-8]
required by MEGLET.

For the Einzel-Lens LEBT case and the Z-LEBT case,
the main design and simulation results are summarized in

Table 1 and the corresponding RFQ output distributions are
compared in Fig. 10, respectively.
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Figure 8: Evolution of emittances along the EZ-LEBT
RFQ for the Z-LEBT case.
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Figure 9: Tune footprints of the EZ-LEBT RFQ for the Z-

LEBT case.

Table 1: RFQ Design and Simulation Results

Parameter Einzel-Lens No LEBT
LEBT

f[MHz] 176.1 176.1
Win ! Wou [MeV] 0.053/1.512 0.050/1.511
I[mA] 60 60
UkV] 85 85

€x, in, n., rms / €x, out, n., rms 0.3767/ 0.3001 /
€y, in, n., rms / €y, out, n., rms 0.3599/ 0.3001 /
[ mm mrad] 0.6068 0.6726
€2z, in, n., rms / €2z, out, n., rms 48870 / 00000 /
[% MeV deg] 0.4148 03123
Ncell 251 246
RFQ length [cm] 383.9 385.0
Transmission [%] 95.2 83.0

CONCLUSION & OUTLOOK

It has been demonstrated that one can use a very compact
(<10 cm) einzel lens and a SEGLER-style RFQ to achieve
an efficient injection of a 50 keV, 60 mA proton beam from
an ECR-IS into an RFQ. With small modifications at the
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Figure 10: Output particle distributions of the EZ-LEBT
RFQ for the E-LEBT case (left) and for the Z-LEBT case
(right), respectively.

entrance, the SEGLER-style RFQ can still reach 83% of
beam transmission even for a direct injection from the IS
into the RFQ. Further improvements, e.g. to remove the
“wings” in the einzel-lens output distribution (see Fig. 1)
by optimizing the einzel-lens design and to change the
SEGLER-style RFQ to a MEGLET-style RFQ for the Z-
LEBT case, have been foreseen.
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Abstract

A 48.5MHz RFQ has been designed to transport and
accelerate 2%U** (0.52emA) and *¥Bi*"* (1.047 emA)
beams extracted from a high performance ECR ion source.
The RFQ design comprises of a pre-buncher built into the
vanes to narrow the transmitted charge state distribution as
much as possible. The design parameters as a function of
cell length is optimised on 2098i30* It is shown that the
losses of various ions without using an inlet aperture are
inevitable, but by proper coating of the vanes of the RFQ,
sputtering can be minimised to a great extent. Titanium
shows better results when compared with gold or copper
and this has been verified using the modelling results from
SRIM. The design details of matching the ECR and the RFQ
and the predicted performance will be presented.

INTRODUCTION

Recent emphasis at many heavy ion accelerator facilities
has been to develop, extract and transport intense beams of
highly-charged, heavy ions from ECR ion sources. Assum-
ing that these highly charged ion beams can be extracted
with high intensities, the next technical challenge is to de-
termine how to transport them without large losses of the
desired ion species. All recent high performance, third gener-
ation, superconducting Electron Cyclotron Resonance (ECR)
ion sources, such as the VENUS (LBNL) [1], SECRAL
(IMP) [2], SUSI (MSU) [3], and the SCECRIS (RIKEN) [4],
operate at higher frequencies than older sources and hence
have higher plasma densities and magnetic fields. A design
study of a 56 GHz source by the ECR ion source group at
Berkeley shows that the source can have even higher plasma
densities, since the density scales as the square root of the
operating frequency [5]. A new type of ECR source has been
proposed by D.Z. Xie [6] for operation at 50 GHz. Further,
an upcoming new ion source, FECRAL [7], being built by
the ECR group at Lanzhou, is designed to be operated at
45 GHz. The enhancement in the beam intensity for 20930+
at 45 GHz is expected to be greater than 1 emA at an ex-
traction voltage of 50kV. Considering the frequency scaling
for the VENUS ion source from 28 GHz to 56 GHz with
an increased volume of the plasma chamber of a factor of
10, the heavy ion beam of 2380+ produced earlier by the
VENUS source [1] at an intensity of 13 epA can be ex-
tracted with an intensity of possibly as much as 0.52 emA
at the higher 56 GHz operating frequency. The extraction
of these intense highly charged heavy ion beams, however,
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poses several problems. Generally, conventional accelerat-
ing—decelerating systems coupled to these ECR ion sources
have shown inherent problems extracting intense beams of
highly-charged ions due to sparking at the high voltages re-
quired and the poor vacuum conditions, which in turn limit
the extraction currents. Therefore, this type of extraction
system generally fails due to problems with the high voltage
power supplies. This eventually keeps the ion source from
functioning smoothly and increases the downtime of the
accelerator.

In the applications of laser ion sources, with their much
higher plasma densities, severe problems of handling intense
beams due to sparking and/or beam loading are avoided by
using an ingenious technique, the so-called Direct Plasma
Injection Scheme (DPIS) [8]. This technique was utilized
for injecting intense beams directly into an RFQ using the
combined focusing of the gap between the ion source and
RFQ vanes (or rods) and the focusing of the RF fields from
the RFQ penetrating into this gap. In this scheme, the plasma
expands to the entrance of the RFQ where the electrons are
deflected by the RFQ’s fringe field and only the ions get
trapped by the RFQ focusing field. Hence, space charge
effects are efficiently controlled, with the great advantage
being the ability to transport very intense highly-charged
beams. This technique was experimentally demonstrated for
the acceleration of carbon (C>*, C*, C°*) and aluminum
(A19+) ions with beam intensities greater than 60 mA [9].

In the case of the next generation ECR ion sources, the
development of higher operating frequencies in supercon-
ducting ECR ion sources will result in higher plasma den-
sities. Therefore, much higher beam intensities will not
only be possible by using extraction voltages higher than
the 30kV in use today in most ECR sources, but also by
changing the extraction electrode aspect ratio. Operating
at these higher extraction voltages would result in operat-
ing the conventional accelerating—decelerating extraction
systems at relatively higher voltages, thus increasing the
probability of sparking. In order to circumvent this prob-
lem in conventional ECR ion source extraction systems, a
proposed solution is to couple an RFQ directly to a high
performance ECR ion source using the DPI scheme. For
high performance ECR sources that use superconducting
solenoids, the stray magnetic field of the source can also be
used in the DPI scheme to provide more focusing in order
to overcome the space charge blow-up of the beam [10].

After the correct matching is accomplished between the
ion source and the RFQ, the next task is to design the RFQ
to select the ion of interest for further beam transport and to
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discard the unwanted ions. Therefore, the RFQ is in principle
be used as a filter in a charge/mass (Q/M) selective mode
for a reduced bandwidth of Q/M. By matching the velocity
of the desired charge state to the vane modulation in the
RFQ, other unwanted charge states will not be focused or
accelerated and will be lost in the RFQ. The RFQ will then
resemble a Paul quadrupole filter [11] where the action of the
dc voltage on the electrodes is replaced by the modulation.

This filtering can be very efficient for ions with larger
Q/M, such as carbon and aluminium, but is restricted to
several charge states being transported for much lower Q/M
ion beams. Some initial work was reported in this direction
for the case of uranium ions, which assumed an ion source
configured to work at 56 GHz and scaled for currents with
data taken from the VENUS ECR ion source operated at
28 GHz [12].

Work on charge state selective ion beam acceleration using
a laser ion source directly coupled to an RFQ was reported in
Ref. [13]. However, this was for low charge states of bismuth
to be used primarily as a driver beam for heavy ion beam
inertial fusion (HIF). Other studies, for example Ref. [14],
report on use of a DPI scheme mainly for acceleration of
C>* jons.

In the present study, a high performance ECR ion source
is assumed to be directly coupled to an RFQ that is designed
for charge state selection of heavier ions with higher charge
states and very high intensities. We have considered two
ion species, uranium and bismuth ions, where the charge
state distribution (CSD) data have been reported from exist-
ing ion sources for each specie, VENUS and SECRAL II
respectfully. Although the 4" generation ion source being
proposed by C. Lyneis et al. would be operated at 56 GHz,
the FECRAL ion source being built by the ECR group at
Lanzhou is designed to be operated at a modest frequency
of 45 GHz to reduce the complexity as compared to 56 GHz.
The beam intensity for 2098°0* at 45 GHz is expected to be
greater than 1 emA at a designed and operable extraction
voltage of S0kV [2]. It should be emphasized here that the
emerging charge state distribution will be essentially nar-
rowed down by the RFQ. This further reduces the transport
problem for the beam line as well as reduces the emittance
growth for the transmitted charge states as they are further
accelerated.

ECR-RFQ MATCHING SECTION

It is well known that the RFQ is very efficient for accel-
eration in the energy range from 1keV/u to 1 MeV/u, but
space charge effects are dominant at the low energies and
relatively higher beam intensities that are used for injecting
beam into them. Therefore, our proposal is to operate the
ECR ion source at an extraction voltage in the range of 60
to 70kV (i.e., 10.084 keV/u) to overcome the defocusing
forces in the extracted beam due to the beam’s space charge.
New ion sources which are under commissioning, such as
FECRAL [7] have designed their extraction systems to be
operable at S0kV [2]. For example, at an extraction voltage
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of 50kV, a V32 enhancement factor of 2.15 in the beam in-
tensity is expected as compared to extraction at 30 kV. Since
most existing superconducting ECR ion sources operate at
~30kV with conventional accelerating—decelerating extrac-
tion systems, the gain in the beam intensities are expected to
be even higher, when the extraction voltage is further raised
above 50kV.

In the RFQ, the Twiss parameters depend on time (or radio
frequency phase), but the Twiss parameters for the injected
beam from the ion source are constant and do not vary with
time. Although the PARMTEQ code has generally used for
the design of an RFQ, it cannot be used for designing the
proposed DPI matching system because it does not simulate
the plasma meniscus and the static accelerating field. The
full simulation of this problem requires matching a time
independent beam from the ion source to a time dependent
beam inside the RFQ, which poses a serious matching prob-
lem. Therefore, a symmetric beam is required which has
the same Twiss parameters in both the planes. However,
the design of such a combined extraction/matching section
can easily be performed using the IGUN code [15]. The
unique features of IGUN take into account the electrostatic
field between the ion source and the RFQ, the stray mag-
netic field of the ECR source, the defocusing space charge
of the intense beam, and the RF focusing in the fringe field
between the RFQ electrodes and the RFQ flange [16]. In the
matched beam condition, as shown in Ref. [16], the effective
current becomes zero which is independent of the emittance
to acceptance ratio, and the result is a homogenous focusing
of the RFQ using unmodulated electrodes. Even in the case
of a mismatched condition, the beam envelope will depict
betatron oscillations that may finally get damped in the initial
acceleration in the RFQ. The code allows the user to simulate
the beam from the plasma meniscus of the ECR source to the
position in the RFQ where the axial acceleration starts with
the modulation of the electrodes. This matching technique of
high current beams has been shown to be very effective [17].
An added advantage is that the Kapchinsky—Vladimirsky
equations used in the IGUN code can handle axisymmetric
charge density distributions of the input beam, which com-
pared to other distributions, has only linear space charge
fields and does not contribute to the emittance growth. Al-
though, these are not fully realistic distributions, analytic
computation of these fields is possible.

DIRECT INJECTION OF ECR SOURCE
INTO AN RFQ

The injector design being proposed implements the match-
ing of the beam from a high performance ECR ion source
into a special matching section of an RFQ, which is a section
without any vane modulation. The radial matching section
of an RFQ is typically 4 to 6 cells in length and has a varying
vane tip radius with a constant vane voltage along its length.
However, for this design a 6-cell matching section with a con-
stant tip radius was used with no focusing element between
the ECR source and the matching section. The ECR source
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axial magnetic field (~4 T maximum value generated by the
superconducting solenoid) is positioned at the extraction
electrode for optimum extracted beam optics, and it defines
the beam size at the start of the simulation.
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Figure 1: Model of the extraction and matching problem
simulated using IGUN.

The geometry of the proposed extraction system simu-
lated in IGUN is shown in Fig. 1. Due to the large axial
magnetic field necessary in the ECR ion source, the mag-
netic field extends significantly into the matching section
of the RFQ (shown as the green dashed line). The distance
between the position of the plasma electrode and the start
of the RFQ matching section was chosen to be 28 mm. The
source extraction voltage defines the beam injection energy
for all extracted charge states. The basic plasma parameters
of the electron and ion temperatures were chosen to be 5 eV
and O eV, respectively. Higher values may be more realistic
at these higher frequencies since the electron and ion tem-
peratures are expected to increase with frequency. However,
as those values are unknown, the values chosen seem to
be justified for a first approximation. In the first series of
simulations for this design, the ECR stray magnetic field
was varied from low to high values to determine its effect
on the focusing at the entrance of the RFQ matching section.
For a matched beam at the entrance of the RFQ channel,
the variation of the axial magnetic field gives the smallest
radius for different Q/M at different magnetic fields, and the
radius and divergence decrease with increasing magnetic
fields. Therefore, there is an optimal magnetic field for each
charge state of the injected beam.

For injection of bismuth ions, a total beam intensity of
25 mA was assumed, consisting of 1.047 emA of 20930+
ions, other charge states of bismuth ions, and ions of the
mixing gas used in the ECR. While keeping the beam inten-
sity constant in the simulation (i. e., the total ion current is
25 emA), IGUN adjusts the plasma density over many itera-
tion/convergence cycles until the loss to the RFQ entrance
aperture has converged. The final extraction geometry and
the calculated results are shown in Fig. 2 for bismuth and
oxygen ions (the mixing gas). The RF focusing parameter
(%) for the RFQ is plotted as the black dashed line, with the
values given on the vertical axis in the middle of the plot,
and the stray magnetic field from the ECR source (the green
dashed line) is labelled on the right vertical axis.
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Figure 2: Optimized design using IGUN for transporting
25 emA from 45 GHz ECR ion source, consisting of 20930+
and other charge states, including oxygen mixing gas ions
directly into the RFQ.

THE RFQ AS A CHARGE FILTER

A number of RFQ beam dynamics calculations have been
performed using PARMTEQ [18] in order to sharpen the
output CSD for 209839+ However, this is generally not an
easy problem. In order to have a high current limit, one needs
alarge focusing force and large RFQ bore. This allows a wide
selection of charge states to be focused. The unmodulated
RFQ vanes (or rods) focus the ions with no acceleration, so
all the charge states are transmitted. Selecting only 209p30+
acceleration in the RFQ is not possible, but the aim was
to narrow the CSD as much as possible and eliminate the
oxygen carrier gas ions.

The RFQ design proposed here is a 4-rod RFQ using
the constant radius matching section described above as the
first stage, which matches the input beam from the ECR
as calculated by IGUN. A normal RFQ was then designed
to follow this matching section. The performance of this
RFQ was calculated for the matched input beam. In order to
operate the RFQ as a “charge filter”, the normal design of
a conventional RFQ with adiabatic bunching will not serve
the purpose as a charge filter, since all charge states other
than the designed charge state (M/Q) will also pass through
the RFQ due to the large longitudinal acceptance. Here we
describe the new design of the RFQ called as a charge filter.
The RFQ design was modified to use a short buncher sec-
tion using few cells with modulation in the front end of the
RFQ just after the IGUN matching section and then another
unmodulated section (drift region) before the RFQ bunching
and acceleration begins. It should be noted here, that, the
various sections described here are integrated into one com-
plete RF structure. The length of this pre-buncher and drift
region was adjusted in such a way that ions with different
charge states can be pre-bunched separately in longitudinal
phase space. This “pre-buncher” in the beginning of the
RFQ was used to reduce the width of the transmitted charge
state distribution, but as noted by Fuwa et al. [19], while
the pre-bunching slightly reduces the transmission in the
lower charge states, it also slightly shifts the transmitted ions
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toward the higher charge states. A further decrease of the
width of the transmitted CSD can be achieved by a slight
lowering of the operating vane voltage or by decreasing the
modulation. However, this action reduces the 209830+ trans-
mission slightly. It should be noted that the modified design
of the final resulting RFQ with the pre-buncher has the same
length and RF power requirement as the original RFQ design
without the modifications.

The resulting realistic 48.5 MHz 4-rod RFQ has a total
length of 298 cm and an average vane bore radius of 11.5 mm.
Its performance was calculated using PARMTEQ, assum-
ing an injection beam energy of 10.084 keV/u for a beam
of 2PBi*™ (M/Q =6.966). The results showed that >94 %
transmission could be achieved for this beam, and a total
beam current of 8 mA could be accelerated to a final en-
ergy of 60keV/u. At these energies, the short RFQ cells are
advantageous since the stable phase and accelerating field
change very slowly over the length. Therefore, the dc beam
from the ion source is bunched by the RFQ with minimum
emittance growth. Since the characteristic impedance of the
structure depends on its type, design parameters, and operat-
ing frequency, a lower operating frequency of 48.5 MHz and
shorter length were chosen to minimize the RF power require-
ments. This RFQ requires an input RF power of ~18kW.
The concept of a “variable energy” RFQ can also be easily
adopted here, especially in the case of using a 4-rod RFQ as
compared to using the 4-vane RFQ, since the electrodes and
the driving inductances are practically separable [20].

This RFQ for 209830+ i almost identical to the earlier
reported 48.5 MHz RFQ designed for 2849+ [12], which
also had a length of 298 cm for input ions at 10.084 keV/u
and output energy of 60keV/u with an input rf power of
18 kW. The design and operating parameters of the 20930+
RFQ are shown in Table 1. Table 2 lists the energy and
velocity levels at various sub-sections of the RFQ calculated
for 2Bi*™, In this table, 3 is defined as the ratio of the
particle velocity, v to the velocity of light, ¢ ; f = v/c. Fig-
ure 3 shows the design parameters of the RFQ as a function
of cell number. This matching section replaces the normal
radial matching section used in most RFQ’s. For the calcu-
lations that are reported here, the emittance and rms ellipse
parameters were calculated using IGUN at the position Z =
432 meshes (4.32 cm) in the matching section as indicated
in Fig. 2, and these values were used as input parameters to
PARMTEQ for calculation of the beam bunching and accel-
eration through the RFQ. The transverse and longitudinal
beam parameters have been computed through the final RFQ
design as a function of the cell number. These are shown in
Fig. 4 for the case of 209830+ The RFQ beam transmission,
shown in Fig. 5, has a narrower charge state distribution than
the beam extracted from the ECR ion source.

Similarly, the case is shown for the 2*U*** RFQ in Fig. 6,
again clearly depicting the selection of a much narrower
charge state distribution than the beam extracted from the
ECR ion source. In both cases, as shown, the modified RFQ
with the pre-buncher has a narrower charge state distribution
than the original design. Finally, the two assumed ECR
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Table 1: Design and Operating Parameters of the RFQ

Parameter Value

Mass (M) 209

Input Energy 10.084 keV/u
Charge (Q) 30
Frequency 48.5 MHz
Aperture 1.15cm
Vane voltage 94.0kV
Electric field (surface) 11.45MV/m
Bravery factor 1.3
Capacitance/m 75 pF/m
Power/m (at vane voltage of

90.56kV) 0.0061 MW/m
Stored energy/m 0.3575J/m
Quality factor 17768
Maximum vane modulation 1.45
Focusing strength 4.354
Accelerating efficiency 0.2841
Focusing efficiency 0.7566

Vane l'ength ('mcludlng IGUN 298 cm
matching section)

Beam current limit 59.8 mA
Normalized acceptance 0.40 cm-mrad
Maximum capture efficiency of 94 9%

2O9B i30+

Table 2: Energies and Velocities Through the Various Sub-

sections of the RFQ Calculated for 2*°Bi*%*

RFQ w wQ

subsection [MeV] Wh [MeV] p=vic

Initial (beam 1 6101 0.0600 0.0046

entry point)

Shaper 6.90 0.033 0.230 0.0084

Buncher 11.19 0.0535 0.373 0.0107

Final 12.54 0.060 0418 0.0114

Accelerator 40. 0.191 1.333  0.018
e -
22; ::):jl;RFQGEN . Z:

. F ARG
Tt I' ZZ g
z 15 021 \s‘-:
5:125 ‘F 018 2
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Figure 3: RFQ design parameters as a function of cell length
for 209830+

output current distributions are shown in Fig. 7, along with
the predicted RFQ output beam current distribution for the
209]3i30+ and 238U40+ peaks.
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Figure 4: Transverse and longitudinal beam parameters as

function of cell number in the final RFQ design for 209B30+,
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Figure 5: Transmission of 299B; jons through the modified

RFQ design compared with the original design as a function
of the input charge state distribution.
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Figure 6: Transmission of 28U ions through the final mod-
ified RFQ design compared with the original design as a
function of the input charge state distribution.

It is to be noted here, that both the charge state distribu-
tions have been obtained from two different ion sources and
the resulting widths of the emerging charge state distribu-
tions after the RFQ will be different, although the difference
in their M/Q values are not substantial.
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Figure 7: Input and output RFQ current distributions calcu-
lated for both bismuth and uranium beams.

BEAM LOSSES AND
COOLING REQUIREMENTS

The distance between the plasma electrode of the ECR ion
source and the start of the matching section of the RFQ is
such that the extraction flange of the ECR extraction system
can be attached to the entrance flange of the RFQ. Hence
the beam power of the extracted beam, which is estimated
to be a maximum of 1.5 kW assuming a total extracted ion
current of 25 mA, extracted at 60 kV, is mostly deposited in
the entrance of the RFQ. It is important to use an aperture
at the entrance of the RFQ to avoid unwanted ions getting
sputtered on the RFQ rods and further damaging them and
at the same time increasing the beam transmission through
the RFQ. This is a possible measure to be adopted or to
be considered for improving the lifetime of the RFQ rods.
Figure 8 depicts the calculated beam losses (charge states
24" to 35%) all through the RFQ, considering an input of
10000 macroparticles, without using an input aperture and
this may possibly result in sputtering of the RFQ rods. It is
to be noted that 24" is predominantly lost in the first 10 cells
of the RFQ and the higher charge states up to 25" are about
25 % of the total loss of 24 throughout the remaining cells
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Figure 8: Beam losses calculated (charge states 24" to 35%)
all through the RFQ using 10000 macroparticles, without
using an input aperture, and may result in sputtering of the
RFQ rods.
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of the RFQ. Figure 9 shows the transmission achieved for
2098130* 45 a function of cell length. It may be important to
perform a hard metal coating of the RFQ rods (instead of a
thin metal coating of nickel of few mils which eventually gets
sputtered out [21]) to mitigate sputtering effects resulting
from the use of heavy ions. High-gradient experiments [22]
suggest that titanium vane tips support higher surface fields
compared to copper, up to 40 MV/m, and are more resistant
against beam irradiation. In the worst case scenario, the
damaged RFQ rods may be replaced with new RFQ rods,
which may cause downtime of the accelerator. It should be
noted that sputtering of the RFQ rods is inevitable and the
suggested measures mentioned above should be seriously
considered.
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Figure 9: Transmission of 20983+ a5 a function of cell

length.

The beam power of the filtered ions through the RFQ
is expected to be smaller than the remaining part of the
non-filtered ions. Since the beam power is very high, it is
important that the RFQ entrance flange is water cooled to
dissipate the heat. This will further reduce the outgassing
and discharges in the extraction area. The RFQ itself will
have good pumping to evacuate the gas load coming from the
non-filtered ions in addition to the pumping system installed
between the extraction and RFQ flanges.

DISCUSSION AND CONCLUSION

It has been shown in this study that an RFQ can be used as
a charge filter to efficiently transport highly charged heavy
ion beams of interest with a reduced emittance growth. It
should also be obvious that the proposed RFQ structures
could be designed to filter other charge states of uranium and
bismuth (i. e., 2’Bi*!* and 28U*!"). It is emphasized here
that the emerging charge state distributions have narrowed
down. In the case of filtering a 20930+ beam, the transmis-
sion through the RFQ is 94 %, while the resulting charge
state distribution shows a narrowed FWHM of 60 % of the
original distribution. For the case of 238U40+, the transmis-
sion is slightly above 90 %, and the FWHM of the resulting
charge state distribution has narrowed down to ~62 % of
the original distribution. This clearly demonstrates that the
RFQ is acting as a charge filter by removing the unwanted
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ions and at the same time, preserving the transmission and
improving the emittance with acceleration. The filtered ions,
consisting of the unwanted charge states and the carrier gas
ions, are lost inside the RFQ.

This technique has the advantage that axisymmetric forms
of charge density distributions can be properly matched from
the ECR directly into the RFQ. It is evident that such an
RFQ channel is very effective and less M/Q sensitive for the
extraction system of all high performance ECR ion sources.
This technique has promising applications for injecting and
transporting very intense beams into RFQ accelerators for
research, Accelerator Driven Sub-critical Systems (ADSS),
and more efficient, compact neutron generators [23]. The
ADSS being developed at various laboratories around the
world to create nuclear energy may also benefit from this
technique, both in terms of transporting intense beams of
protons and making the low energy segment more compact.
The charge breeding concept can be utilized with a powerful
ECR ion source directly coupled to this RFQ charge filter
and then injected into another higher frequency LINAC for
additional acceleration.
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Abstract

The simulation of the ion extraction from the Electron
Cyclotron Resonance Ion Sources (ECRISs) is necessary
for the optimization and development of the performance
of ion sources. Due to the magnetic field configuration of
the ECRISs the calculations need to be performed in 3D.
For this reason simulations based on the C** library “Ion
Beam Simulator” (IBSimu) were developed. In this work, a
physical model was implemented in IBSimu for performing
detailed 3D simulations of ion extraction from a CAPRICE-
type ECRIS. Simulations of multi-species Argon ion beam
including Helium contribution as support gas extracted from
CAPRICE are carried out. Simulation results are presented
and compared to experimental findings, in particular for ion
beam intensities and beam profiles measured with viewing
screens.

INTRODUCTION

Understanding and optimizing the performance of the
ECR ion sources, particularly in terms of beam formation
and transport, is crucial for their application in scientific
research and industrial processes. In this work, a study
of the CAPRICE ECRIS focusing on the comparison be-
tween experimental beam profile measurements and a novel
three-dimensional simulation is presented. The use of a 3D
simulation model provides a more comprehensive analysis
of the ion source behavior compared to a two-dimensional
approach and allows for a more accurate prediction of the
ion extraction from an ECRIS source. The simulation results
obtained using IBSimu [1], a versatile ion beam simulation
tool, have been compared with experimental measurements.
For the experiment, a viewing screen was employed to cap-
ture and analyze the beam profile, providing valuable data
to benchmark the simulation.

MATERIALS AND METHODS

Simulations

For the simulations, the C** library IBSimu was utilized.
This software was designed for ion beam simulations calcu-
lating the ion trajectories. However, since the library was
not originally intended for simulating ion beam extraction
from deep within a plasma volume, several modifications
were necessary to adapt the program for this purpose. Addi-
tionally, some fundamental assumptions regarding the ion
extraction process had to be made. These assumptions align
with the prevailing consensus in the field of ion sources, how-
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ever, their applicability to this specific type of simulation
requires further validation.

In the simulation, the ions are generated from a surface
located at the center of the plasma chamber (see simulation
results). This position was chosen based on the assumption
that the plasma occupies the majority of the chamber and by
results of previous simulations, which indicate that the ions
for each ion beam extracted from an ECR ion source origi-
nate from various positions within the plasma volume [2].
By placing the ion origin at this location, the simulation
aims to more accurately predict the real ion production and
transport dynamics. Additionally, an initial plasma had to
be defined to ensure accurate results for the simulation. For
this simulation the plasma potential was set to 20 V and the
plasma was positioned in the area inside the plasma chamber
(fromx = Omtox = 0.17m). A 98% space charge compen-
sation was also applied from x = 0.204 m to x = 0.5 m.

The simulations were conducted for various charge states
of argon (Ar** to Ar'%") together with helium (He* and
He?*) and hydrogen (H*) ions. The initial distribution of the
different charge states and different ion species used in the
simulation was based on a previously conducted experiment.
The magnetic field parameters and electrode geometry (STL
files) utilized in the simulation were based on the results of
simulations previously performed [3]. The following Table 1
presents the parameters setting used for the simulation.

Table 1: Parameters Used in the Simulation

Parameter Value Unit
parallel ion temperature 7, 0.1 eV
transversal ion temperature 7; 0.15 eV
electron temperature T, 5 eV
start energy of the ions E; 0.8 eV
screening electrode voltage -2 kV
plasma electrode voltage 15 kV
number of ions N 100000

plane of ion creation x=0.1 m

The current density j at the starting plane of the ions is not
included as different values for this parameter were tested,
and this parameter appears to have the biggest influence of
the outcome of the simulations.

Experimental Setup

The experimental setup employs a CAPRICE ECRIS (see
Fig. 1), whose plasma chamber and ion extraction system are
modeled in IBSmu by implementing its geometry, electric
potential and internal magnetic field. This computer model
is the base for all the simulations that will be presented in
this proceeding.
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Figure 1: Schematic of the CAPRICE ECRIS.

The experimental data have been obtained from an ECR
test stand. The ECR injector stand (EIS) includes an analysis
system capable of measuring various parameters, including
ion beam mass spectra and beam currents [4]. Figure 2
provides a schematic of the ECR test stand.

EIS TESTBENCH BEAM LINE WITH
TARGET POSITION

ECRIS SOLENOID

Figure 2: Layout of the EIS test bench.

During the measurement, the extraction parameters were
set as in Table 2.

Table 2: Parameters during the Measurements

Parameter Value Unit
extraction voltage 15 kV
screening electrode voltage -2 kv
total beam current 1.63 mA
gas pressure at source 1.75x 10°°  mbar
microwave power 400 W

In order to have a better comparison with the simulations,

it was decided to insert a viewing screen directly behind the
ion extraction (VT1 in Fig. 2, approximately 32 cm behind
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the plasma electrode) to obtain clearer pictures of the ion
beam profile. The viewing target, i.e. the viewing screen,
mounted on a feed through is shown in Fig. 3.

To visualize the ion beam profile the viewing screen was
coated with potassium bromide (KBr), as KBr glows upon
ion impact. The side length of the used square shape viewing
screen is 80 mm and it was introduced into the beam path at
an angle of 45 degrees, see in Fig. 3. The working gas for the
measurements was argon together with helium as auxiliary
gas.

r-r,f._[";f

TARGET
ORIENTATION

CAMERA

Figure 3: Top: Device for inserting the viewing screen.
Bottom left: Alignment in beam path. Bottom right: Used
screen with holes as distance markers.

RESULTS

Simulation

Figure 4 shows the results for the trajectories of the sim-
ulated ions for different current densities j at the creation
plane of the ions. The different colours represent the differ-
ent ion species, the light green lines represent the electric
potential lines, while the electrodes are depicted by the dark
blue surfaces. It can be observed that as the initial current
density decreases, the beam spreads more significantly indi-
cating a considerable divergence and loss of beam intensity
at lower current densities.

According to the simulation, the beam currents shown in
Table 3 are obtained for the different current densities j at
the starting plane. Figures 5 to 7 show the beam profiles, at
the end of the simulation box (x = 0.5 m), for the different
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Figure 4: Ton trajectories for different current densities j at the start plane x = 0.1 m. From Top to Bottom j = 5, 3, 1 A/m?.

current densities j. As the current density increases, the
expected triangular spiral geometry of the beam profile be-
comes progressively clearer. Upon closer examination, it
can also be observed that ions are lost at the edges of all the
beam profiles, a phenomenon that is particularly pronounced
in the profile corresponding to the current density of 1 A/m?.
This phenomenon originates from the boundaries of the sim-
ulation which are exceeded at the edges of the beam profiles.

Table 3: Simulated Total Beam Current at x = 0.5 m Depen-
dent on the Current Density j at the Starting Plane

Current densityj; Beam current at x =0.5m

5 A/m? 3.2mA
3 A/m? 2.1mA
1 A/m? 0.9 mA

Profile plotat x =0.5m
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Figure 5: Beam profile for a current density j of 1 A/m?.

The simulations also provided the emittance of the beam
at the position x = 0.5 m. Since it was not possible to mea-
sure the emittance during the measurements, the emittances
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Figure 6: Beam profile for a current density j of 3 A/m?.

Profile plot at x =0.5 m

0,07
0,06
0,05

004 .

z(m)

0034
0,02

0,01 .

0,00 4 o 3 .
T T T T T T T
0,00 0,01 0,02 0,03 0,04 0,05 0,06 0,07

y(m)

Figure 7: Beam profile for a current density j of 5 A/m?.

were not used for the benchmarking. For the sake of com-
pleteness the simulated emittances in the (y, y”) phase space
are shown in Fig. 8 where also the Twiss parameters are
reported. The figure shows clearly that the emittance € is
bigger for lower current densities, which indicate that the
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beam is not optimized at lower current densities. However, it
should be noted that the emittances considered here are only
suitable for phenomenological assessments, as the beams
are cut off at the simulation boundaries.

Emittance plotat x = 0.5 m
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Figure 8: Beam emittances at the position x = 0.5 m for the
different current densities j at the start plane. From top to
bottom j = 1, 3, 5 A/m?.

Experimental Results

Figure 9 shows a beam profile taken during the measure-
ments. The brighter areas in the picture indicate regions
where a higher concentration of ion impacts on the screen.
The characteristic triangular spiral structure of the beam,
originating from the hexapole used in the setup, is clearly
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visible. The image shown was not corrected from the dis-
tortion caused by the angle in which the screen was put into
the beam. The diameter of the measured beam profile is just
under 7 cm, closely matching the simulated beam diameter
(of approximately 7 cm). This image was used as a refer-
ence for comparison with the simulation results to verify the
accuracy and progress of this work.

Figure 9: Picture of a beam profile.

CONCLUSION AND OUTLOOK

We find that the simulations provide a reasonable pre-
diction of the beam profile for the CAPRICE-ECRIS, with
the results already closely matching the experimental mea-
surements. The primary difference between the simulation
and the experimental measurements lies in the beam profile
itself: in the experimental data, the profile appears signifi-
cantly sharper and rotated by 45 degrees counterclockwise
compared to the simulation. The beam current, however,
shows only slight discrepancies between the two, where the
simulation with the starting current density j = 3 A/m? is
closest to the measurements.

Future work will focus on testing various parameter con-
figurations until the optimal setup is found that best replicates
real-world conditions, especially the beam profile. Once the
correct configuration will be identified, the simulation frame-
work will be extended to explore different plasma electrode
geometries. These new simulations will also be validated
against experimental measurements to ensure accuracy and
consistency with observed results.
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Abstract

The Institute for Plasma Research has set up a 14-MeV
neutron generator facility. The stability, quality, and re-
peatability of the D* ion beam are critical parameters for
ensuring the reliable operation of the neutron generator.
Hence, a 2.45 GHz ECR ion source has been installed to
produce the deuterium beam. The primary D beam charac-
teristics are assessed by varying extraction voltage, micro-
wave power, gas flow, and solenoid current of the ECRIS.
By optimizing these parameters, the maximum design
beam current is achieved. The D ion beam contains various
species, including D', D,™ Ds", and impurities. Accurate
measurement of the D" content within the D ion beam is
the key parameter for a neutron generator. Multiple exper-
iments were conducted to determine the D" species and op-
timise the ECRIS parameters for maximum production of
D" species. Two beam current measurement devices, the
DCCT and the Faraday Cup, were installed in the beamline
to measure the total deuterium beam current and D* beam
current, respectively. Especially, the variation in the D*
fraction primarily depends on the operating parameters of
the ECRIS, such as extraction voltage, microwave power
and gas flow. This paper presents the results of the D* ion
current as a function of extraction voltage, microwave
power, and gas flow rate. Understanding and characteriz-
ing the D* species are essential steps toward achieving sta-
ble and efficient neutron production in fusion applications.

INTRODUCTION

The Institute for Plasma Research (IPR), India, has re-
cently commissioned a 2.45 GHz Electron Cyclotron Res-
onance lon Source (ECRIS)-based high-yield 14 MeV neu-
tron generator. This sophisticated system is designed to
produce a remarkable 10'2 neutrons per second, both in
continuous mode and pulse mode [1-3]. Deuterons, ex-
tracted from the SILHI ECRIS [4-6], are directed onto a
solid titanium tritide (TiT) target. The collision of deuter-
ons with the TiT target results in the production of fast neu-
trons. These fast neutrons are essential for various applica-
tions, such as benchmark experiments for the Fusion Eval-
uated Nuclear Data Library (FENDL), neutron spectros-
copy measurements, double differential cross-section
measurements, and neutron diagnostics, all aimed at the
development of future fusion reactors. Additional applica-
tions of the neutron generator include neutron radiography,
medical isotope production, explosive detection, and the
characterization of electronic components used in space
applications. The Institute for Plasma Research (IPR) has
developed an accelerator-based D-T neutron generator ca-
pable of producing 10'? neutrons per second as shown in
Fig. 1 [7].
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The 2.45 GHz Electron Cyclotron Resonance (ECR) ion
source is a critical component of the 14 MeV neutron
source, significantly contributing to its stability, reliability,
and performance. This paper details the experimental setup
of the accelerator-based 14 MeV neutron generator and
presents experimental results on ion beam characterization
and neutron yield measurement using various diagnostic
techniques.

- h

-3

Figure 1: Photograph of Accelerator based 14 MeV Neu-
tron Generator.

EXPERIMENTAL SETUP

The beam characterization process begins at the ion
source and is carried out in a step-by-step manner. To en-
sure smooth and successful beam characterization, exten-
sive preparatory work on accelerator physics and hardware
has been conducted. The beamline is evacuated to a base
pressure of 10”7 mbar before the production of the deuter-
um beam. Deuterium plasma is generated in the Electron
Cyclotron Resonance Ion Source (ECRIS), from which the
deuterium ion beam is extracted.

—— 25 KV
—a— 30 kV

164 —a— 35KV
—— 38KV

Beam Current {m#)

T T T 1
180 180 200 210 220 230 240
Sclenoid Cumrent (A)

Figure 2: Beam current as function of solenoid current at
different extraction voltage.

The extracted deuterium ion beam is then focused into
the acceleration column via the Low Energy Beam
Transport (LEBT) system and further accelerated using
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electrostatic acceleration. The parameters of the acceler-
ated deuterium ion beam are measured using the Beam Di-
agnostic System (BDS). The primary beam was measured
by varying extraction energy, microwave power, gas flow
rate, and solenoid current. By tuning these parameters, the
maximum design beam current was obtained. Figure 2
shows the results of beam current measurement as a func-
tion of solenoid current at different extraction voltages.
Figure 3 shows the results of beam current as a function of
extraction voltage and RF power. The deuterium ion beam
comprises species such as D', Dy", Ds*, and impurities. It
is crucial to measure the D* content within the deuterium
ion beam.
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Figure 3: Measured beam current as a function of extrac-
tion voltage at different MW power.

Beam
Dump

P
)

90 degree DCCT

bending magnet

Faraday Cup e

Figure 4: Schematic of the experimental setup for D* frac-
tion measurement.
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Figure 5: Measured beam loss as function microwave
power at 30 kV extraction.
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An experimental setup has been established to measure
the D" ion species, as illustrated in Fig. 4. The Direct Cur-
rent Current Transformer (DCCT) and Faraday Cup (FC)
have been installed to measure the total beam current and
the D" beam current, respectively, as shown in Fig. 4. Ini-
tially, the extracted beam passes through the DCCT with
the bending magnet power supply turned off, allowing for
the measurement of total beam currents. In the subsequent
step, the bending magnet is activated, and the magnetic
field is adjusted to allow only the D' species to pass
through. The beam is then focused onto the FC for the
measurement of the D* beam current.
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Figure 6: Measured beam loss as function microwave
power at 35 kV extraction.
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Figure 7: Measured beam loss as function microwave
power at 38 kV extraction.

RESULTS AND DISCUSSION

Several experiments were conducted to measure the D*
fraction as a function of microwave power and extraction
voltage. The results of the D" fraction measurements as a
function of microwave power are presented in Figs. 5, 6,
and 7. The percentage beam fraction is calculated from the
total beam current and the D* current. This percentage in-
cludes fractions of D,", Ds*, and impurities. It was ob-
served that the variation in the D" fraction is primarily de-
pendent on the operating parameters of the ECR ion source,
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such as extraction voltage and microwave power. The max-
imum and minimum D™ fractions obtained are approxi-
mately 82% and 60%, respectively. Notably, the variation
in the D" fraction primarily depends on the operating pa-
rameters of the Electron Cyclotron Resonance Ion Source
(ECRIS), such as extraction voltage, microwave power and
gas flow. Understanding and characterizing the D* species
are essential steps toward achieving stable and efficient
neutron production in fusion applications.

SUMMARY

An accelerator-based 14 MeV neutron generator has
been successfully commissioned at IPR. The following
critical aspects were thoroughly investigated. Rigorous
measurements were conducted for beam current, beam
profile, deuterium fraction, and emittance. The beamline
underwent evacuation, achieving a base pressure of
107 mbar. Within the plasma chamber, deuterium plasma
was efficiently produced. An extraction system facilitated
the efficient extraction of the ion beam. Extraction perfor-
mance was systematically studied, considering extraction
voltage, microwave power, and mass flow rate. A robust
14 mA ion beam, containing all species, was successfully
extracted from the ion source. Specifically, an 11 mA D*
(deuterium) beam was obtained after passage through the
analyzing magnet. This achievement represents a signifi-
cant milestone in neutron research, with promising impli-
cations for fusion studies and practical applications.
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Abstract

Recently, Accelerator Based Radiation Therapy (ABRT)
facilities for cancer treatment, that includes ion therapy and
BNCT, have been bloomed up rapidly and are being estab-
lished as a future modality to start a new era of in-hospital
facilities around the world. A high current, small emittance,
easy maintenance, long lifetime, high stability and reliabil-
ity ion source is crucially important for those ABRT facili-
ties. Research on this kind of ion source has been launched
at Peking University (PKU) ion source group for more than
30 years and some exciting progresses, such as hundred
mA beam current of H/N*/O' etc.,, less than 0.2
7-mm-mrad emittance, a continue 300 hours operation rec-
ord of CW proton beam without spark have been achieved.
In recent years, our involvement in the ABRT campaign
has extended to include responsibilities for ion sources and
LEBT section. In this paper, we will provide a summary of
two compact PKU standard 2.45 GHz permanent magnet
ECR sources (PM SMIS) that were developed for a proton
therapy (PT) machine and an accelerator based BNCT fa-
cility (AB-BNCT). The individual structure of the sources
as well as the LEBT along with the commissioning results
will be presented then.

INTRODUCTION

Cancer is a general term for a large category of diseases
that can affect any part of the body. It is a leading cause of
death worldwide, accounting for nearly 10 million deaths
in 2020, or nearly one sixth of deaths are due to cancer [1].
Many cancers can be cured if detected early and treated ef-
fectively. Radiation therapy (also called radiotherapy) is a
cancer treatment that uses high doses of radiation to kill
cancer cells and shrink tumors. There are two main types
of radiation therapy, external beam and internal. External
beam radiation therapy comes from a machine that aims
radiation at the cancer. The machine does not touch but can
move around the patient, sending radiation to a part of pa-
tient’s body from many directions. External beam radiation
therapy is a local treatment, it treats a specific diseased part
of the body. Proton therapy (PT), heavier ions therapy (HI-
RT) and boron neutron capture therapy (BNCT), are new
highly targeted external beam radiation therapy for cancer
treatment. Accelerator Based Radiation Therapy (ABRT)
facilities are compact and useful tools to generate desired
particles, such as energized protons, carbon ions or neu-
trons, to kill the cancer cells. Therefor ABRT has been
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bloomed up rapidly and is being established as a future mo-
dality to start a new era of in-hospital facilities around the
world [2,3].

For any ABRT type PT or BNCT facilities, a proton
beam with a current of several tens of mA in pulsed or con-
tinuous wave (CW) mode is required from the ion sources
by the accelerator. The 2.45 GHz Electron Cyclotron Res-
onance (ECR) ion source is considered to be the optimal
choice for ABRT facilities due to its advantages in high
beam intensity, stable performance, low emittance, good
reproducibility, high stability, simple structure, convenient
maintenance, low cost, long lifespan and ability to operate
in both CW and pulsed modes. Ion source group of Peking
University (PKU) initiated an ABRT campaign by devel-
oping compact 2.45 GHz ECR ion sources and LEBT for
these facilities.

The study on permanent magnet 2.45 GHz ECR ion
sources (PMECR) started at 1980’s at PKU [4]. Since then,
several series of 2.45 GHz PMECR ion sources have been
developed, including the PKU Standard permanent magnet
Microwave lon Source (SMIS) [5], Miniaturized Micro-
wave ion source (MMIS) [6], Surface plasma electron
source (SPS) [7], H2"/H3" ion source [8], 2.45 GHz micro-
wave driven H- source [9], O*", Ar** multicharged ion
source [10] and C?* ion source for PIMS [11]. The SMIS
has achieved a proton beam of more than 130 mA at 50 keV
with a ®6 mm emittance aperture [5]. In June 2016, a long-
term operation of 300 hours with a continuous wave proton
beam of 50 mA@50 keV was conducted using the SMIS.
Throughout this period, no sparks appeared and no plasma
generator failure caused any interruptions to the beam.
More than ten copies of SMISs have been developed for
different facilities such as SFRFQ [12], PKYNIFTY [13],
C-RFQ [14], DWA [15] and Proton therapy facility [16].
To better understand the discharge ignition and plasma sus-
tain process within a miniaturized 2.45 GHz microwave
driven ion source, a hybrid discharge heating (HDH) mode
has been proposed at PKU [6]. Additionally, a global model
based on electronic equilibrium equations has been pro-
posed to explain H*, H," and H3* generation [17].

This paper primarily focuses on the compact permanent
magnet 2.45 GHz ECR ion sources (PMECR) along with
LEBT developed for a PT machine and a BNCT facility.
The ion sources belong to SMIS type. In both cases, we
have followed the same structure as PKUNIFTY by de-
signing the ion source and the LEBT as a whole. In section
11, we will present the commissioning results of the Proton
Injector for PT Machine. Section III will depict details of
the pulsed/CW proton PMECR and two-solenoid LEBT
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developed for a BNCT machine. A summary and discus-
sion of next steps will be provided at the end of this paper.

PROTON INJECTOR FOR PT MACHINE

PKU involved the Proton Therapy Facility project was
charged by Shanghai APACTRON Particle Equipment
Company Limited and funded by the National Key Re-
search and Development Program of China in 2018. Its
LINAC mainly consists of a proton injector that includes
an ion source with a Low Energy Beam Transport line
(LEBT), a 3 MeV Radio-Frequency Quadrupole (RFQ)
and a 7 MeV Drift Tube LINAC (DTL) [16]. The output
proton current at the exit of DTL should be higher than 12
mA. This LINAC accelerator requires an 18mA pulsed pro-
ton beam with an energy of 30 keV. The repeat frequency
of the beam ranges from 0.5 to 10 Hz, with a pulsed length
between 40 to 100 ps, and a pulsed raising edge less than 2
ps. Further details can be found in Table 1. Figure 1 depicts
this LINACS from the ion source side, while Figure 2 pro-
vides a view from behind the beam direction.

Table 1: Beam Parameters at RFQ Entrance

Parameter Value
Ion type H*
Energy 30£0.1keV
Ion source current 20~30 mA
LEBT current >18 mA
Beam stability (LEBT) +1 mA
Emitt;r:)ceml()R MS, <0.2 m.mm.mrad
Repeat frequency 0.5~10 Hz
Pulse length 40~100ps
Raising edge <2.0ps

3

AN
AN

Figure 1: A photograph of PT machine taken from ion
source side.

The PT SMIS source test was conducted on PKU ion test
bench at the end of 2019. Test results demonstrate that the
source has the ability of delivering a proton beam with cur-
rent from 10 mA to 90 mA when duty factor changes from
1% to 20% (0.5 Hz - 100 Hz) with the peak RF power. Its
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rms emittance less than 0.1 7-mm-mrad at 30 keV. The re-
sults displayed in Figure 3 is an example obtained with
SAIREM GMP 30K SM microwave power supply during
ion source qualification at PKU. As depicted in Figure 3,
the beam current is 34 mA at 30 keV, the beam diameter
located 250 mm downstream from the particle emitting
plane is about 20 mm. H" faction is estimated to be around
91%, while its rms emittance is about 0.1 7w-mm-mrad. All
the data exceed the requirements of the machine.

Figure 2: A photograph of PT machine taken from end of
LINAC.

RF Signal
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Figure 3: Result of PT SIMS proton source when RF is
1600W. (Beam current: up left, beam profile: up right, ion
fraction: down left, RMS emittance: down right.)

The results of the proton injector commissioning were
presented in Figure 4. This test was done using a new 2.45
GHz microwave generator produced by Xian SIGNUM
High Voltage, which is a new Chinese company. The
kicker power supply (No. JNHP19-01) was also provided
by this company. As shown in Figure 4, the beam rise edge
without/with chopper is 5 ps/2 ps. The current at ACCT
equals to that reaches at FC2. This means that all proton
ions that travel through ACCT can be injected into RFQ.

Figure 5 is a hard copy of LINAC commissioning result
achieved at Match 2023. A proton beam with a current of
14.4 mA and energy of 7 MeV was achieved at the exit of
DTL, which is much higher than the required 12 mA.
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Figure 4: Beam current recorded with oscilloscope (OSC)
at the end of LEBT w/o chopper.

Tektronix TBS 20008 SERIES DIGITAL OSCILLOSCOPE

lrez=14.4MmA@7MV

Figure 5: LINAC commissioning result. A 14.4 mA beam
was obtained at 7 MV.

The PT injector has been delivering proton beams for
this facility since the beginning of 2021. Up to now, no
sparks have been recorded. Similar to other SMISs devel-
oped for SFRFQ, C-RFQ, PKUNIFTY, DWA, etc., no
maintenance is required.

CW/PULSED PROTON INJECTOR FOR
AB-BNCT FACILITY

The development of the accelerator base boron neutron
capture therapy (AB-BNCT) facility, charged by the Joint
Laboratory of Xi'an Jiaotong University and Huzhou Neu-
tron Science Laboratory, is currently underway. The accel-
erator is a LINAC consisting of a 2.45 GHz ECR ion
source, a two-solenoid LEBT, and a RFQ plus Cross-bar
H-mode DTL (CH-DTL). A 20 mA proton beam should be
delivered to the target for neutron production.

The required beam for this LINAC is a 30 mA@40 keV
proton beam in both CW and pulsed mode. Its beam duty
cycle should be adjustable from 0.5% to 100% at 200 Hz,
with a normalized root mean square emittance of less than
0.2 m.mm.mrad. Parameters at the entrance of RFQ are
listed in Table 2. In this framework, our group is responsi-
ble for designing and realizing both the CW and pulsed 30
mA@40 keV proton beams.

In order to provide a suitable beam for this facility, a pro-
ton injector that consisting of a standard PKU PMECR ion
source (SMIS) and a two-solenoid LEBT was developed.
Similar to the ones used for the PT facility, this source fol-
lows a Matryoshka doll style by embedding part of the ion
source body into the extraction system and inserting the
whole source into the first diagnostic box of LEBT. The
dimensions of this source body are 100 mm x® 100 mm,
with a plasma chamber measuring 50 mm x ® 40 mm. A
well water-cooled three-electrode extraction system de-
signed at 45 kV is also incorporated. The outside dimen-
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sion of the SMIS is 160 mm x ® 200 mm. Pictures dis-
played in Figure 6 show the source body, integrated source,
and online source; while Figure 7 depicts the AB-BNCT
proton injector (down). The total length of LEBT from
plasma electrode to RFQ electrode is about 1130 mm.

Table 2: Parameters at the Entrance of RFQ for AB-BNCT
Facility

Parameter Value

Particle H*

CW (rare), pulse:
1~500Hz, 200Hz spe
cific, length >200 ps

40 keV
>30 mA

Operation mode

Energy
Beam Current

Normalized rms emit-

tance at LEBT exit < 0.20 w*mm'mrad

H* fraction > 80%
Stability 24 h
Twiss parame- o=1.484, 3=5.622
ter at RFQ entrance cm/rad
gree I:)/Ifl ﬁfrré?fi(éhgn[)gaf;meter <30%
Raise/Full edge

|

S 1] Accessory
-

= » j 1 !"‘ ‘ /‘I . A b Ve 2d
Figure 7: Picture of the proton injector for AB-BNCT.
The commissioning process for this AB-BNCT proton
injector was carried out in two steps: ion source qualifica-
tion and LEBT testing. Ion source qualification took place
on a PKU ion test bench last year where characteristics
such as beam intensity, distribution, emittance, and H" fac-
tion were evaluated. With this SMIS, it was easily obtained
that more than 60 mA hydron beam at 40 kV with H" fac-
tion higher than 80% and rms emittance less than 0.11
pi.mm.mrad when changing duty factor from 10% to CW.
The RFQ acceptance tests of this proton injector was
launched at the end of 2023. A four-quadrant diaphragm
with a ®4 mm aperture that used to simulate the entrance
of RFQ electrodes, and a set of slit-grid emittance unit that
follow a ®4 mm aperture were used for this test [13].
This test was conducted in pulsed mode with a duty fac-
tor ranging from 5% to 90% due to the ACCT working

WEA2
141

&= Content from this work may be used under the terms of the CC BY 4.0 license (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



©=2d Content from this work may be used under the terms of the CC BY 4.0 license (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

26™ Int. Workshop Electron Cuclotron Resonance lon Sources
ISBN: 978-3-95450-257-8

range. The purpose of this test is to ensure that the current
at FC 2 (Ipc2), which represents the future current into
RFQ. At the same time, Irc2 should be closer to that ob-
tained at ACCT (Iaccr). Additionally, its emittance should
be less than 0.2 7-mm-mrad. Furthermore, its twiss param-
eters and mismatching degree should meet the specified
criteria.

The test results demonstrate that a beam with a current
greater than 50 mA can be easily obtained at the FC 2 lo-
cation. Simultaneously, the currents at FC 2 are equal to
that at IACCT. Its rms emittance is from 0.09 -mm-mrad
to 0.112 m-mm-mrad, o is approximately 1.285, B is about
5.788 cm/rad, and the mismatching degree is 12.5%. Fig-
ure 8 provides two examples of the beam current at FC 1,
ACCT and FC 2 when the duty factors were 70% and 90%.

The proton injector has been consistently delivering a
proton beam to the RFQ since January 2024. There have
been no recorded sparks during RFQ operation so far. A 33-
mA proton beam was achieved at the exit of the RFQ at the
beginning of July. Additional data i

W AccT
fom ety = ey

| Fe2 ;

e =
Figure 8: Beam current at FC 1, ACCT and FC 2 under
different duty factor. (Left: duty factor is 70%. Irci: 45 mA,
Iacer: 30 mA, Irco: 30 mA. Right: duty factor is 90%. Igc::
45 Il’lA, IACCTZ 30 mA, IFczZ 30 mA)

SUMMARY AND FUTURE PLAN

Two compact 2.45 GHz PMECR ion sources, along with
their LEBT, have been developed for use in accelerator-
based radiation therapy facilities at PKU. The ion sources
are PKU compact standard 2.45GHz permanent magnet
ECR ion sources, also known as SMIS.

The LINAC commissioning results for PT facilities
demonstrate that the proton injector has met all require-
ments in every aspect. The LINAC has been in routine op-
eration for over two years without any recorded sparks.

In the case of the AB-BNCT machine, results from RFQ
acceptance tests confirm that the proton injector already
meets the requirements for the LINAC.

Furthermore, a more compact SMIS is currently under
design for use with a dynamitron type LINAC.
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Abstract

The ionization of ions to a higher charge state is of central
importance for the development of new accelerator facilities
like FAIR (Facility for Antiproton and Ion Research) at GSI,
Darmstadt,and the resulting cost savings. That is why the
comparative analysis of the charge state stripping alternatives
is a relevant topic. Currently, mainly gas and foil strippers
are used for increasing the charge state even after using a
high performance ECR ion source in a typical Accelerator
chain. Even when the foil or/and gas efficiency or lifetime
has proved to be less than optimal, as these alternatives either
require great effort or are practically not suitable for smooth
operation in the long term.

INTRODUCTION

Free electrons in highly ionized plasmas can be effectively
used for improving the charge state of heavy ions as the rates
of radiative recombination of free electrons are much smaller
than those of electron capture on bound electrons, which
leads to a substantial increase of the effective charge in a
plasma compared to a cold-gas target of the same element.
Therefore, the use of highly ionized plasmas for charge state
enhancement are more effective than in the case of using
gas and foil stripper mediums and are advantageous when
compared to the limited lifetime of foils and lower mean
charge state distributions in gaseous media. In order to
realize such a plasma device, various types of pinch plasmas
have been explored to look into the possibility of heavy ion
stripping with an enhanced mean charge state distribution.
Theta and Z pinch plasmas are possible options which have
been explored and experimentally studied at IAP, Frankfurt,
Germany [1]. Typical electron line densities required to be
achieved are in the range of 10'° to 10!° cm™ and electron
temperatures of the order of few tens of €V are found to
be favourable as per modelling with the FLYCHK code [2],
but also challenging. Such a plasma device, the challenges
to be overcome, together with their design details will be
presented.

A collaboration [3] between BARC, Vishakhapatnam and
IUAC, New Delhi has been initiated to further modify plasma

* gerosro@gmail.com
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pinch devices and optimise them for the accelerator condi-
tions, in particular for the High Current Injector [4] pro-
gramme at [UAC, New Delhi, and to plan for the beam tests
as “proof of principle”.

With regard to the development of new accelerator tech-
nologies for high-intensity ion beams and efficient acceler-
ation, the transfer of beam ions into higher-charged states
is a necessary prerequisite for numerous experiments. The
acceleration of heavy ions is being pursued with increasing
efforts and especially during the last, few ten years, acceler-
ation techniques have been studied in detail. In reaching the
goal to produce intense beams of ions as heavy as uranium
and energetic enough to overcome the Coulomb barrier even
for the heaviest targets, many new problems must be solved
which were not important for the design of conventional
light particle accelerators. One of these problems concerns
the ionic charge of heavy ions which is an influential new
parameter. In this paper, the variation of ionic charge due
to collisions with matter (“stripping”) will be discussed, as
well as some associated phenomena of practical interest.

The effects of charge stripping on heavy ion acceleration
are twofold, On the one hand, the passage of heavy ions
through specially designed strippers can be exploited to pro-
duce a substantial increase of the ion charge which reduces
the effective potential required for further acceleration, In
order to find the most suitable stripper and to utilize the
highest possible charge states, it is necessary to investigate
the effects of strippers on heavy ion beams in great detail.
On the other hand, random stripping in the residual gas of an
accelerator may lead to beam losses. In order to calculate the
vacuum which guarantees a satisfactory particle transmis-
sion, it is necessary to know charge changing cross sections.
These cross sections are very complex quantities and they
can hardly be estimated without extensive knowledge about
fundamentals of charge changing processes.

BACKGROUND INFORMATION

Plasma has been discussed as a possible medium for ion
strippers since the 1960s. In his paper from 1991, T. Peter
calculated the achievable equilibrium charge states in cold
gas and plasma for iodine ions [5,6]. The equilibrium charge
states for uranium ions were calculated by V. Shevlko in 2012
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for the parameters and requirements of the plasma stripper
of the AG Plasmaphysik. They confirm an advantage of a
plasma stripper over a gas stripper. In the 1990s, experi-
ments with a Z-pinch were carried out by D. H. H. Hoffman,
J. Jacoby et al. [7] at GSI, Germany. Despite the results,
the Z-pinch is not suitable for use in beam operation due to
its instabilities. For this reason, the plasma physics group
of the IAP at Goethe University has been working for sev-
eral years on an inductively coupled theta pinch as a more
stable, homogeneous solution for use as a plasma stripper.
The plasma stripper built and investigated in recent years
was already developed with a view to the beam intensities
required at FAIR. With discharge energies of 50kJ, electron
densities of over 10'7 cm™ are achieved.

In heavy-ion accelerator facilities, solid or gaseous me-
dia are often used to strip electrons from the projectile ions
between acceleration stages because higher energies for a
given acceleration voltage result from higher charge states.
The stripping properties of these media have been studied
for many years. The charge state distribution of ions travers-
ing a stripping medium reaches equilibrium after passage
through a certain thickness of the target. Equilibrium charge
states in a solid material are generally higher than those in
gaseous media due to the density effect. However, owing
to radiation damage, sputtering, as well as thermal and me-
chanical stresses due to the irradiation, lifetimes of solid
media are limited. Also, the quality of ion beams from solid
strippers are degraded more than that from gas strippers.
The above disadvantages of conventional gaseous or solid
strippers can be overcome by using a hot plasma as a new
stripping medium. Not only in a plasma but also in cold
matter, the charge states of projectile ions are determined by
ionization and recombination processes in the target. The
free electrons are captured by projectile ions less often than
the bound electrons. This difference is based on the fact
that in the case of free electron capture, the excess binding
energy and momentum have to be removed by one of the
less probable processes, such as radiative recombination.

If the projectile-ion velocity v is larger than the electron
thermal velocity vy, in plasma, the stopping power of plasma
free electrons for non-relativistic ions is determined by the
Bohr formula

Zgew,\> 3
[ (o
dx | oiasma v Zo € W
T
VS>> vy = k%, 2)

where T is the plasma temperature, kg is the Boltzmann
constant, Z.g is the effective charge of incident ions, and
w,, is the plasma frequency, defined as follows, where is the
density of free electrons.

( 45N, €? )
wy = ——] ,
P m

where N, now refers to the density of bound electrons in gas.
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In the case of the stopping power for non-relativistic ions
propagating in a (gas) target, the following Eq. (4) can be
re-written in a form similar to Egs. (1) and (3):

[dE] (Zeffe wp)2 2my?
- == = In .
dx | gy v I

Equations (1) and (4) differ from each other by the ex-
pression under the logarithm sign. This means that even if
the effective charges in plasma and gas targets are the same,
the stopping power of free electrons in a plasma is always
greater than that in a gas due to the logarithmic term. For a
partially ionized plasma, the ion energy loss is defined by
the sum of expressions (Eq. (4)) for the bound electrons of
atoms and ions in a plasma and Eq. (1) for free electrons,
where each term has to be multiplied by the corresponding
particle density in a plasma.

“)

A comparison of ionization losses in a gas and in a fully
ionized plasma is schematically shown in Fig. 1. The stop-
ping power for a fully ionized gas is larger than for a cold
gas, for example, in a plasma, free electrons are much easier
to excite (plasma waves) than bound electrons in atoms and
ions. This is further confirmed by experimental data shown
in Ref. [7-10].

dE
dx

I

I Plasma
I
I

Uth Uorbit Up

Figure 1: Stopping power in a plasma compared with a cold
gas as a function of ion velocity, assuming that the effective
charge is the same for both cases. Adapted from Ref. [5].

In general, while the slowing down of heavy ions in solid
and gaseous targets have been studied sufficiently well and
many theoretical models adequately reproduce the experi-
mental results, the interaction of charged particles with a
plasma have been investigated in less detail, and the number
of available experimental data is also limited. The exper-
iments carried out so far have been mainly using plasma
pinch devices (theta pinch, Z pinch, screw pinch etc.) for
studying the stopping power of heavy ions and the ultimate
charge states which are achievable. However, few experimen-
tal groups have also utilised laser induced plasma devices
with ‘in-situ’ interaction with heavy ions which is presently
not discussed in this contribution.
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PLASMA PINCH DEVICES

The current stripper technology is only suitable to a lim-
ited extent for heavy ion beams with the desired intensity.
In the proposed project, a plasma stripper with fully ionised
hydrogen and simultaneously high particle densities in the
range of a few 10'7 to 10'8 cm™ is to be developed and inves-
tigated. In Ref. [10] the ionization percentages for several
pressures as a function of plasma temperature are depicted
using the Saha equation, and above 2 eV, ionization is larger
than 80 %. In order to study the energy loss measurements,
the ion stopping should not perturb the plasma thermody-
namics. Considering typical plasma parameters, i.e, n, =
5 x 10'7 cm™ and T, ~20.000 K, the stored energy per unit
volume is ~0.4 J-cm™. The actual projectile energy loss of
the beam would be much smaller, typically few orders of
magnitude, smaller than the stored energy. The plasma strip-
per is being designed to be positioned in the high energy
part of the High Current Injector facility (where the final
energy is 1.8 MeV/u) located at the object plane of the first
achromatic bend. Due to the pulsed nature of the beam, the
beam bunches are separated in time 82.47 ns apart, corre-
sponding to the bunching frequency of 12.125 MHz of the
multi-harmonic buncher which is placed upstream of the
48.5 MHz, RFQ and the 97 MHz drift tube LINAC accelera-
tors. The plasma device needs to be ON for a sufficient time
of at least 1 ns or even more, in order to utilise most of the
bunched beam. Similar to the gas stripper, the beam ions
lose the outer electrons through collisions and thus reach
higher charge states. The plasma stripper is characterised
by a lower recombination rate, so that higher charge states
can be achieved. These higher charge states facilitate the
further acceleration of the ions. The electron density to be
achieved and the degree of ionisation to be achieved are of
importance for the effectiveness of the plasma stripper. The
frequency of the Coulomb impacts responsible for ionisation
increases with density. The degree of ionisation achieved is
important for the recombination process: The recombina-
tion cross-section of ions with bound electrons is a factor
of 1000 larger than with free electrons. This means that
even a proportion of 0.1 % of not fully ionised ions/atoms
negates the advantages of the plasma stripper compared to
other stripper systems. The plasma devices which have been
designed, fabricated and routinely used for various applica-
tions at BARC, Vishakhapatnam [11, 12] are presently being
modified to be compatible for the upcoming beam tests in
the High Current Injector facility for validation as a ‘proof
of principle” device.

HIGH PRECISION DIAGNOSTICS

In order to be able to advance the targeted further develop-
ment, high-precision diagnostic equipment is required that
enables access to the parameters of the plasma [13]. For
this purpose, a combination of a vibration-compensated, het-
erodyne laser interferometer and a polarimeter for the time-
and spatially-resolved determination of the electron density
including magnetic field distribution of the new stripping
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cell would be required to be adapted to the experimental con-
ditions. The methods used so far by some working groups
to diagnose electron density are essentially limited to spec-
troscopy with the observation of the broad H B-line, i.e. di-
agnostics with passive electromagnetic radiation. Although
this type of spectroscopy is to be regarded as a standard
procedure, it nevertheless has certain shortcomings, which
are partly intrinsic, but are also partly caused by special
experimental conditions: On one hand, the intensity of the
recombination radiation is not necessarily temporally corre-
lated with the electron density, so that at the time of highest
density, little light intensity can be available for spectroscopy.
This non-mandatory temporal correlation means that when
using different optical recording systems, such as ICCD or
streak camera, the measured temporal course of the electron
density does not match. On the other hand, with regard
to the necessary time resolution, a compromise must be
found between the maximum resolvable time interval and
the brightness of the radiation at the detector, since the light
intensity available to the optical system decreases with a
better time resolution. It is problematic to perform a di-
agnosis with only one physical method. Verification and
confirmation, as well as the avoidance of systematic errors,
can only be achieved by using different physical measure-
ment methods. In order to avoid the problems mentioned
above, plasma diagnostic capabilities may be considered by
establishing laser interferometric diagnostics alongside spec-
troscopy would be required. Although laser interferometric
diagnostics can be classified as complex, it nevertheless has
reliability and precision when used correctly, which means
that a wide density range of the plasma can be investigated
with good time resolution down to the sub-nanosecond range.
An interferometer can be used to directly measure and that
is crucial for the interaction with an ion beam, the integrated
axial electron density. The interferometer/polarimeter com-
bination is to be so powerful that the plasma parameters that
are decisive for the interaction with an ion beam, including
the magnetic field distribution of the stripper cell, can be
determined radially spatially resolved with a precision that
has never been achieved before and at the same time with
high time resolution.

CONCLUSION

Plasma based heavy ion strippers are promising candi-
dates for use in heavy ion accelerators as they are rugged,
efficient and have a long lifetime when compared to gas and
foil strippers. For the upcoming FAIR project and other
projects worldwide, the use of plasma strippers will benefit
the projects by further lowering the operating voltages of
the LINAC cavities and reducing the running costs.
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Abstract

Within the framework of research on simultaneous heavy
ion radiotherapy and radiography, a mixed carbon/helium
ion beam with a variable He percentage has been success-
fully established and investigated at GSI for the first time in
order to study this new mode of image guidance for carbon
ion beam therapy. The mixed C / He ion beam was provided
by the 14.5 GHz CAPRICE ECR ion source for the sub-
sequent linac-synchrotron accelerator systems at GSI. Prior
to that experiment, different ion combinations (*C>*/ *He*
or 2C**/ *He*) out of CH, or CO, have been investigated at
the ECR test bench in terms of ion beam currents, stability,
and C-to-He-fraction quantified by optical spectral lines and
mass spectra. From an ion source perspective, it turned out
that each of the different combinations comply with all the
requirements of the experiments which successfully took
place utilizing a '>C**/ *He*- ion beam with an energy of
225 MeV/u. Finally, both ions were simultaneously accel-
erated, extracted and characterised in the biophysics cave.
This paper briefly outlines some of the measurements ob-
tained at the test bench and during the beam time from an
ion source perspective.

INTRODUCTION

Particle therapy, as a Bragg peak method of irradiation,
is subject to even small range uncertainties in especially for
anatomical changes like moving tumours. Mixed carbon
and helium on beams have been proposed for simultaneous
therapy and online monitoring [1-6].

Due to the similar mass-to-charge-ratio C** and “He* (or
C* and *He") ions can be accelerated to the same energy
per nucleon. At this same velocity the penetration depth of
He in water is three times the one of carbon ions. Therefore,
carbon ions stop in the tumour volume applying the dose
there while helium ions exit the patient and can be detected
and used for range verification and imaging. Previous works
revealed that the additional dose from a small, 10 % helium
percentage in the plateau of the depth-dose-profile of helium
is sufficiently low [1-4].

Most recent simulation works analysed the injection and
extraction process at a medical facility while the experi-
mental exploration is still ongoing [7,8]. Recently, such a
mixed beam has been produced at GSI with an energy of
225 MeV/u, slowly extracted with a particle rate of about
108 particles/second [9, 10]. This paper briefly reviews the
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major steps of the dual isotope beam production and some
of the important results achieved with an emphasis on ion
source development.

MATERIALS AND METHODS
lon Source Set Ups

In order to meet the requirement of 108 particles/second at
the experiment an ion beam of circa 150 pA (°C** or 2C*)
with a helium fraction of approx. 10 %, i.e. circa 5 pA (‘He*
or *He*) has to be provided upstream the subsequent linac-
sychrotron system UNILAC-SIS18 at GSI. The 14.5 GHz
CAPRICE type ECR ion source was utilised for this purpose
meeting all the requirements given.

The preliminary measurements were conducted at the
ECR ion source test bench which includes a low energy beam
transport line (Fig. 1). Different reasonable combinations
of methane/carbon dioxide and *He*/ *He* were checked in
terms of feasibility.

ECRIS: CAPRICE ECR lon Source DC3
SO Solencid

Qs: Quadrupole Singlet

MS: Magnet Spectrometer

DC1-3: Diagnostic Chamber

y
L = .
.
R
r@ i
h

ECRIS DC1SO  DC2 GS Nl

Figure 1: Sketch of the test bench: ion source and LEBT
(left), camera and optical spectrometer system (right).

The helium percentage was controlled by stepwise alter-
ing the helium inflow to the plasma and by measuring a) the
optical emission spectrum (OES) with an optical spectro-
meter (Oceaninsight QE Pro [11]) covering approx. the
visible light spectrum, b) the analysed ion beam current in a
Faraday cup, and c) the corresponding mass spectra. In the
two latter cases, it is impossible to distinguish between the
12¢3+/ %He* or '2C**/ 3He" ions, but the C-to-He ratio and
its long term stability also during operation can be estimated
by the optical emission lines of carbon (wavelength 465 nm)
and helium I (728 nm).

Finally, a mixed ion beam of and *He™ was provided
from the high charge state injector (HLI) to the experiment
(smaller deviation of the mass-to-charge ratios compared
to '2C* and *He*). After setting up the ion source, the
C-to-He ratio was adjusted and constantly monitored by
measuring the analysed ion beam current in a current trans-
former and by measuring the optical emission lines that is
by non-destructive beam instrumentation.

12C3+
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Unfortunately, the oxygen emission lines, and therefore
the evolution of the oxygen contamination of the plasma and
hence, the ion beam, were not recorded in both cases.

SIS18 and Beam Instrumentation at Biophysics
Cave

The sensitivity of the SIS18 even to the small difference
between the mass-to-charge ratio of carbon and helium (4He)
ions of 0.065 % is most challenging, in especially for slowly
extracted ion beams. The transverse RF Knock-Out (RFKO)
extraction scheme was used with reduced horizontal chro-
maticity minimising the effects of r in order to get an ion
beam with a constant carbon-to-helium ratio over a spill as
requested [9].

Since it was impossible to obtain information of the dif-
ferent ion beam species helium and carbon with the accel-
erators” beam instrumentation, the beam properties were
measured by different set ups in the biophysics cave. The
particle rates, for instance, were recorded by a stack of three
ionisation chambers (IC): at the beam nozzle (IC1) and at the
positions of the carbon (IC2) and helium (IC3) Bragg peak,
respectively. The corresponding ion beam ranges were set
by a set up of range shifters (Fig. 2) allowing for a separate
measurement of the carbon and helium ion beam.

MNozzle
|

A

1.7

Figure 2: Scheme of the set up with an arrangement of range

shifters and ICs; IC2 and IC3 are positioned at the carbon
(green line) and helium (orange line) Bragg peaks.
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EXPERIMENTAL RESULTS

Prior to the ion beam production at the injector beam line
and accelerator, different combinations of ions have been
checked at the ECR test bench (EIS) for their suitability.
Those were CH, / *He (C**/ *He™), CH, / *He (C**/ *He™),
and CO, / *He (C*/ *He™).

The charge state distributions (CSD) have been recorded
for various helium fractions after setting up a C>* or C**
beam of approximately 150 uA out of CH, or CO,. Fig-
ures 3 and 4 show different CSDs containing different he-
lium percentages. The CSDs are shifted on the momentum
axis for comparison of the various graphs. With increas-
ing inflow of He to the plasma only those combined peaks
(C**/ *He*, “He®* (methane) or C*/ *He*, *He?* (carbon
dioxide)) are increasing at the same time while the rest of
the beam composition remains nearly unaffected by adding
helium. A similar result for the system C**/ *He*, *He**
(methane) is reported in [12].
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Figure 3: Charge state distributions (methane and “He) as
function of the He fraction; shifted on momentum axis for
illustration; green: indicating oxygen part.
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Figure 4: Charge state distributions (carbon dioxide and
3He) as function of the He fraction; shifted on momentum
axis for illustration.

Additionally, the number of counts of an optical emission
line of He I at approximately 728 nm wavelength was read
from the overall optical spectrum (see Fig. 5). This distinct
He I line over some background was taken for probing the
relative helium fraction in the plasma over time. By con-
trolling the helium inflow to the plasma to different extents
only the corresponding helium lines alter (insert in Fig. 5:
black curve) while the residue of the spectrum remains al-
most unchanged. Thus, one can correlate the optical counts
to the analysed current and therefore the C-to-He ratio can
be elaborated (Figs. 6 and 7) while the actual particle rates
of the beams’ constituents helium and carbon cannot be
discriminated with the accelerator’s beam instrumentation;
the measured actual number of particles relies on the beam
instrumentation in the biophysics cave.

Finally a C**/*He* (methane) ion beam has been provided
by the ion source (smaller mass-to-charge-ratio of “He to C).
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Figure 5: Number of counts at 728 nm wavelength (He I) for
stepwise increase of He flow in a methane / helium plasma;
insert: part of OES, number of counts over wavelength w/o
He (red graph) and with He content (black graph) [10].
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Figure 6: Correlation between current and counts; system
CH, and “He.

The analysed beam current measured with a current trans-
former and the optical emission lines were used to adjust
the relative helium fraction during operation at the injector
and to monitor the overall stability of operation (Fig. 8). It
shows the good stability during the whole duration of the
experiment which lasted for about four days. There are two
main sources of fluctuating current measurement, that is HV
drops due to plasma fluctuations and partly a lack of timing
of the beam instrumentation devices; none of them being of
concern for the experiment.

The plasma and therefore the ion beam still contained a
small part of oxygen the amount of which could be reduced
(not eliminated completely) by conditioning of the ion source
over weeks of operation. Thus, an o+ part of less than 10 %
was expected in the beam the amount of which can be roughly
estimated by the height of the neighbouring peaks in the
CSD. This was quantitatively confirmed by the experiments’
instrumentation (see below).
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Figure 7: Correlation between current and counts; system
CO, and 3He.

Despite the small mass-to-charge difference, both C** and
“He* were successfully accelerated simultaneously at the
UNILAC and SIS18 to the required beam energy of 225 MeV
per nucleon. According to the objectives, a spill with a fairly
constant ratio of helium to carbon was achieved by using
the RFKO extraction scheme with adjusted, i.e. reduced
chromaticity. The C-to-He-ratio varied by +30 %, but it
was, however, stable over many cycles and suitable for the
exploration of this particular method of online monitoring
in carbon ion beam therapy (see [9] for details).

Figure 9 shows the depth-dose profile of the dual- isotope
beam with a helium fraction of 4.5 % and 20 % (related to
carbon) and stable over time. The signals are normalised
to IC1: the ruby graph shows the carbon Bragg peak and
the oxygen Bragg peak in front (percentage of 7 % related
to carbon); the light and dark green graphs show the helium
Bragg peaks also containing a background of fragments.
Thus, this new method of imaging was successfully invest-
igated. Many further experimental data (utilising a dE-E
telescope (particle composition), films (beam profiles), an
IC array (dosimetry), and a camera/scintillator system) were
collected, the results of which have yet been and will be
reported elsewhere (see for instance [13, 14]).

SUMMARY

A mixed carbon-helium ion beam was produced success-
fully with the CAPRICE ECRIS using methane, carbon
dioxide and *He and *He. C** and *He* were accelerated
and extracted simultaneously for the first time by using the
transverse RFKO extraction scheme. The achieved stable
conditions (inter-spill He-to-C ratio, fairly flat distribution
over the spill (30 %), and unwanted, but stable oxygen frac-
tion) permitted to experimentally explore the potential of
this new image guidance modality for carbon ion beam ther-
apy. To further reduce the oxygen content in the plasma the
ion source conditioning phase will be revised.
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APPLYING MACHINE LEARNING TECHNIQUES TO THE OPERATION
OF THE SUPERCONDUCTING ECR ION SOURCE VENUS*

D. S. Todd®, J. Y. Benitez, H. L. Crawford, A. Kireef,Y. S. Lai, M. Satathe, V. Watson
Lawrence Berkeley National Laboratory, Berkeley, U.S.A.

Abstract

An operator of the superconducting ECR ion source
VENUS tasked with optimizing the current of a specific ion
species or finding a stable operating mode is faced with an
operation space composed of ten-to-twenty knobs in which
to determine the next move. Machine learning techniques are
well-suited to multidimensional optimization spaces. Over
the last three years we have been working to employ such
techniques with the VENUS ion source. We will present
how the introduction of computer control has allowed us
to automate tasks such as source baking or to utilize opti-
mization tools to maximize beam currents with no human
intervention. Finally, we will discuss control and diagnostic
changes that we have employed to exploit the faster data
collection and decision making abilities when VENUS is
under computer control.

INTRODUCTION

Electron cyclotron resonance (ECR) ion sources are em-
ployed as injector sources for many accelerator facilities
around the world. The reason for this is simple: these sources
are capable of producing high current, highly-charged ion
beams from any material that can be introduced to the ECR
ion source plasma without destroying the plasma.

The typical ion source has an operation space defined
by ten-to-twenty control parameters, depending on the ion
beam being produced. Though this results in an enormous
operation space, the operator is typically tasked with max-
imizing or minimizing some beam quantity. For example,
it may be required that the species current be maximized,
its emittance be minimized, its stability kept below some
threshold, or some combination of these. Therefore, though
the operation space is broad, the problem is made somewhat
more tractable by the fact that much of that space may be
eliminated from contention.

Bayesian optimization [1] operates in this spirit: an op-
eration space is populated (typically) randomly with some
number of exploratory measurements . The code models a
distribution over the operation space using these measure-
ments and, using a user-determined balance between explor-
ing far from measured points and searching near currently
known extrema, searches a new point where it has deter-
mined the probability of being an extrema is largest. The
newly-measured point is used to update the modeled distribu-
tion and the process repeats. In this work, we use Bayesian
optimization to maximize the beam current of a species

* This work is supported by the U.S. Department of Energy, Office of Sci-
ence, Nuclear Physics program under Award Number DE-FOA-0002490.
T dstodd@1bl.gov
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of interest from LBNL’s superconducting ECR ion source,
VENUS, discuss the results, and use these results to motivate
and implement improvements to data collection times that
will aid our continued machine learning efforts with this ion
source.

VENUS ION SOURCE AND
COMPUTER INTERFACE

LBNL’s VENUS ion source is a fully-superconducting
ECR ion source optimized for 28 GHz operation [2]. The
plasma-confining magnetic field is produced through a su-
perposition of solenoidal and sextupolar NbTi coils. A sex-
tupole at each end provides radial confinement while one
in the center opposes these fields and helps set the center
minimum field. The source is able to produce over 2 tesla
fields on the radial walls and on axis at extraction, and up
to 4 tesla axially opposite the plasma from extraction. Two
frequency heating, 28 and 18 GHz, is used with up to 10 kW
and 4.4 kW available, respectively.

In recent years we have established the ability to both
completely control and read all of VENUS’ diagnostics by
computer. This was achieved by employing the Python li-
brary pylogix [3] to interface with VENUS’ programmable
logic controller (PLC). We created a Python class so the
computer could set and read all parameters that a human
operator can when running VENUS.

Controlling VENUS through the PLC has the distinct
advantage that the computer is operating the source just
as human operators do, and the more-than-two-decades of
safety logic written into the PLC to preserve safe operation
immediately applies to computer operation. However, this
comes at the cost of speed as the PLC has been designed for
human interaction rates, so data can only be written or read
at about 3 Hz.

Using this interface, we have been able to automate a
number of tasks that previously were time-consuming. Ex-
perimental data taking (e.g. sweeping a parameter between
two values and recording all source data) is now trivial.
Baking, the process where materials on plasma chamber
surfaces from previous runs, contaminants, or exposure to
atmosphere are removed by plasma-chamber interaction, has
been performed many times now with absolutely no human
interaction with the source. The heating microwave power is
brought up by the computer in a controlled manner until full
power is reached. At that point the confining magnetic fields
are adjusted by computer to alter the wall-plasma interaction
and accerate the removal of material from the wall. The
methods of doing this are no different than those that might
be undertaken by a human, but the computer is continually
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monitoring and making changes in a way that all but the
most attentive operators do not. The data retrieved from
these computer-driven baking efforts will be used to inform
future machine learning efforts to reduce this process that
typically takes tens of hours.

BAYESIAN OPTIMIZATION

Though somewhat limited by the slow interface speeds,
we were able to perform full optimizations of a *#Xe37+
beam from VENUS where all source control parameters
were under computer control. It is worth noting that the com-
puter has no information about VENUS: the computer sets
the nine control parameters within the operation range, sends
these settings to the PLC, and reads out a beam current. The
first 50 points are explored randomly from within the opera-
tion space listed in Table 1. The computer uses currents mea-
sured at these random points to estimate the operation space
topography and predict what point in the operation space
(balancing exploratory searches away from measured points
and exploiting attained knowledge and searching nearer mea-
sured extrema) is most likely to provide the peak '**Xe3"*
current and measure there. The new point is used to better
estimate the operation space, and the process is repeated for
a set number of new measurements. All measured data can
be used to initialize additional searches in the same operation
space.

Table 1: Exploration Range for Bayesian Optimization of
124Xe37* Beam Current from VENUS

Parameter [unit] Minimum Maximum

Bias voltage [V] 40 105

Oxygen valve [arb] 11.6 12.5

Xenon valve [arb] 8.0 13.0
Injection coil [A] 185.6 186.0
Extraction coil [A] 136.6 136.8
Middle coil [A] 152.0 152.3
Sextupole coils [A] 430.3 430.5
28 GHz RF [W] 5200 6000
18 GHz RF [W] 1400 1800

As can be seen in Fig. 1, a Bayesian optimization of the
operation space defined in Table 1 was able to achieve ap-
proximately 7.5 pA of '?*Xe3’*. Though this result is much
less than the ~50 pA record beams seen at IMP in Lanzhou,
China with their SECRAL II source, this result compares
favorably with the performance of relatively experienced
VENUS tuners. Additionally, it should be noted that the
operation space in Table 1 was severely limited to prevent
any damage to the VENUS plasma chamber while a spare
is being produced, and it is known that VENUS settings
that produced over 40 pA beams are outside the prescribed
range.

Each of the search points took approximately 5 minutes
to complete. Part of the reason for this is that changes to the
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superconducting coil setting, even for small current changes,
usually require a couple of minutes to complete. Addition-
ally, after any changes are complete, the source is allowed to
settle and then 50 beam current measurements at 3 Hz were
taken to provide beam current statistics.

Later Bayesian optimizations were performed where the
optimal coil setting was maintained from a full optimization
in order to speed up the exploration. For these runs, charge
state distributions (CSDs) taken at each search point indi-
cated that many of the higher current results had nearly the
same species current but wildly different current distribu-
tions, as shown in Fig. 2.
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Figure 1: '>*Xe?”* current plotted as a function of Bayesian
optimization search number. The first 50 searches are ran-
dom while later searches are based on the model’s under-
standing of the space based an all explorations to this point.
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From Fig. 2, one can clearly see that optimizing a specific
beam species current (here, '2*Xe3’*) while only looking
at the species of interest leaves the source operator missing
critical information. Human operators are able to glean gen-
eral trends with this CSD information, but computers have
the potential to use this information with tools like neural
network techniques to better understand and optimize source
performance within the operation space. However, the only
way for this to be useful in reasonable timescales is to reduce
the time to gather charge state distribution information from
the 3—4 minutes required using the PLC’s 3 Hz bottleneck.

FASTER DIAGNOSTICS

Though the 3 Hz beam current update rate through the
PLC has proven sufficient to determine beam stability for de-
livery to LBNL’s 88-Inch Cyclotron, this is an unacceptably
low rate when trying to calculate statistics to inform the ma-
chine learning effort. In order to improve the data collection
rate for beam current, a faster ammeter was employed, its cur-
rent read by computer, and then the rapid signal was averaged
at a 3 Hz rate and fed back to the PLC to maintain current
display capabilities. The ammeter, a Keysight B2983A, has
the capability of reading beam current at 20 kHz, but as dis-
cussed in [4] in detail, the Faraday cup does not serve as a
great diagnostic for fast instabilities. Therefore we typically
do not measure currents at a rate faster than 1 kHz and use
standard deviation calculations with these measurements as
a gross, and faster, stability measure.

Combining the faster ammeter measurements with com-
puter control of the VENUS analyzing dipole allows for
a significant decrease in the time needed to collect charge
state distribution data. By requesting dipole current changes
and reading the Faraday cup at 100 Hz each, charge state
distributions for M/Q from 2 to 8 to be completed in 5—
6 seconds with the same amount of information as the 3—
4 minute sweeps through the PLC. Sudden dipole current
changes from the top of the the CSD to the bottom to start the
next sweep were deemed hard on the dipole’s power supply,
so we now sweep the current up, sit for a second at the top
of the range, sweep down, wait a second at the bottom of the
range, and repeat. The full cycles take ~12 seconds, as can
be seen in Fig. 3, where a xenon-124 beam is analyzed.

In one full cycle of the dipole, as shown in Fig. 3, we
get two CSDs, as visible by the near-mirroring about the
center of that plot. By plotting the measured current as a
function of mass-to-charge ratio, as in Fig. 4, it can be seen
that the two CSDs agree relatively well. However, it can also
be seen that on the downward sweep the measured currents
for higher charge states are reduced relative to the upward
sweep. This is a result of all of the overbent species being
intercepted on a relatively small area of the wall of the beam
pipe. The temperature of this area increases as does the
pressure after the dipole, leading to beam losses. However,
this transient has settled for the most part by the start of the
next upward sweep, and therefore only upward sweeps are
used for diagnostic purposes.
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Figure 4: Charge state distributions with increasing dipole
current (blue) and decreasing (orange). Expected mass-to-
charge ratios for different species are indicated with symbols.

The ability to take charge state distributions faster allows
for the measurement of dynamic systems and get more rapid
feedback on how those changes are affecting the all ion
species. As an example of this, when running a 124-xenon
beam using oxygen as a mixing gas, we closed the valve in
regular steps over an hour. After each closing the system was
able to settle and charge state distributions were continually
measured at 12 second intervals. From each charge state
distribution we identified the species peaks and provided
some smoothing of each species’ current as a function of
time to get rid of measurement noise. As is well-known
in the field, the lowering of pressure caused a shift in the
charge state distribution from lower to higher charge states.
To visualize this, we normalized each species’ current over
the hour to its maximum and made the plot shown in Fig. 5.

Plots like Fig. 5 are very useful for ion source operators
to understand general behaviors and trends for ECR ion
sources. The data underlying this plot and similar data in
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Figure 5: Beam current for twelve 124-xenon ion species
and six oxygen species are plotted as a function of time as the
xenon valve is closed over an hour. Each species is normalize
to its maximum value during this hour. Both oxygen and
xenon distributions shift to higher charge state as the valve
is closed.

explorations of the ECR operation space will be essential
in the application of machine learning techniques not just
focused on optimizing the beam current, but also with the
goal of better understanding general source operation. For
example, after metals have been used in the source, metal
beams still appear in extracted beams for days after. The
amount of these unwanted elements in the beam decays with
time, and as it goes away it affects the charge state distribu-
tions. Without the machine learning computer (or a human,
even) knowing about the changing presence of these extra
elements in the plasma and extracted beam, it is very difficult
to generalize results. The ability to gather this information
rapidly gives machine learning a much better chance at suc-
ceeding at characterizing the operation space by providing
previously unobservable information and predicting how we
might improve our source operation.
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CONCLUSIONS

We now have the ability to completely control the VENUS
ion source by computer. Using Bayesian optimization, we
are able to have the computer optimize the ion source for
a given ion species and achieve currents that are compara-
ble with those a moderately trained ion source tuner could
produce. The operation space for this effort was limited
and distinct from regions where significantly higher currents
have been achieved with VENUS. It is expected that opening
the search space will lead to significantly increase achieved
currents.

The recent addition of the capability to read the source
Faraday cup at frequencies of at least 100 Hz significantly
reduces the time to determine the level of general beam stabil-
ity, and coupling this with faster analyzing magnet operation
has reduced charge state distribution times to approximately
10 seconds. We expect that these faster charge state distri-
butions will be extremely impactful as this machine effort
continues, both in terms of faster data and a more complete
understanding of what is in the source and what is coming
out.
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Abstract

Long-term beam stability is crucial for supplying multiva-
lent heavy-ion beams using an electron cyclotron resonance
(ECR) ion source . When the beam intensity drops during
long-term operation, the ECR ion source parameters must be
adjusted to restore the original beam intensity. Continuous
measurement of beam intensity using a Faraday cup (FC)
while using the beam is impractical. Currently, we estimate
the beam intensity during beamtime by monitoring the total
drain current, which is an unreliable method. Therefore, we
propose a new method for predicting the beam intensity at
FC using machine learning. In the proposed method, plasma
images captured through a hole in the beam extraction elec-
trode and the operating parameters are considered as input
data for training a machine learning model. The proposed
method successfully produced rough predictions of beam in-
tensity in short-term validation datasets. This paper presents
the prediction model and its prediction results using valida-
tion data. The developed model can immediately respond to
fluctuations in beam intensity and enable efficient operation
of the ECR ion source over extended periods.

INTRODUCTION

In the long-term operation of electron cyclotron resonance
(ECR) ion sources, the beam intensity frequently fluctuates
during delivery. However, methods such as Faraday cups
(FC) cannot be used to diagnose beam intensity during deliv-
ery because FC interferes with the beam. Consequently, we
have been operating ECR ion sources by inferring changes in
beam intensity using the drain current as the leading indica-
tor. Nevertheless, a non-destructive beam intensity measure-
ment method must be developed to automate its long-term
operation. Based on the empirical knowledge that operators
consider plasma light in the visible light region crucial when
tuning ECR ion sources, we devised a method to predict
beam intensity from plasma light. In this study, we created
and evaluated a model to predict the beam intensity by pro-
cessing images of visible plasma light obtained through a
CCD camera using machine learning. Previous studies have
suggested a relationship between plasma light intensity and
beam intensity [1]; consequently, this study further aims to
predict the absolute value of beam intensity based on this
relationship.

* yasuyuki.morita@riken.jp
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Figure 1: Schematic representation of the LEBT, where
beams extracted from the HyperECRIS are focused by
quadrupole magnets and then selected for the required charge
by bending magnets and slits. The plasma light was cap-
tured using a CCD camera through a window in the bending
magnet and through an extraction electrode.

EXPERIMENTAL CONDITIONS

HyperECR Ion Source

The 14-GHz ECR ion source “HyperECR Ion Source”
(HyperECRIS) [2] at the Center for Nuclear Study, The Uni-
versity of Tokyo, was used to acquire training and validation
data for developing the machine learning model. The Hyper-
ECRIS can supply gas ion species such as proton, helium,
and argon and metal ions such as lithium and iron. In the
HyperECRIS, a crucible containing metallic material was
attached to a rod tip, and the heat of the plasma was used to
vaporize the metallic material to provide metal ions. There-
fore, compared to gas ion species, the intensity of the beam
tends to fluctuate when metal ion species are supplied. In
this experiment, we used a S0pel5+ beam, considering that a
more stable gas ion species would not be suitable for evaluat-
ing the prediction accuracy, mainly because the fluctuation
of the beam intensity is slight.

Parameters

The low energy beam transport (LEBT) from HyperE-
CRIS to FC is shown in Fig. 1. The beam extracted from
HyperECRIS was selected through the bending magnets and
slits, and the beam intensity was measured at FC. The param-
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eters of HyperECRIS and LEBT are summarized in Table 1.
For these parameters, EPICS was used, and an acquisition
system was established to acquire data simultaneously. The
acquisition time was synchronized with the timing of the
plasma light imaging described below.

Table 1: Operation Parameters

Controllable parameters Observable parameters

RF power
Main gas valve
Sub gas valve
Main coil current 1
Main coil current 2
Rod position
Extraction voltage
- Slits position

(Up, Down, Left, Right)
Q magnet current
Einzel electrode voltage
Bending magnet current

Reflection power
Drain current
Plasma light
Beam intensity
Degree of vacuum

Plasma Light Image

The novel aspect of this study is the use of plasma light im-
ages. As shown in Fig. 1, plasma light images were obtained
through the window of the bending magnet at the extrac-
tion and plasma electrodes. A CCD camera with sensitivity
in this region was used to capture RGB information of the
emission in the visible light region. An example of an actual
plasma light image during the °Fe!>* beam supply is shown
in Fig. 2. Due to the 10 mm diameter of the plasma electrode,
the entire ECR zone was not captured. Nevertheless, the star
shape of the plasma can be observed. Moreover, the image
confirms that the star shape is twisted at the upstream and
downstream sides due to the mirror magnetic field.

Figure 2: Plasma light obtained through the extraction elec-
trode. The CCD camera captures only the visible light. Al-
though the entire ECR zone is not visible because the diam-
eter of the extraction electrode limits the visible area, the
star shape is clearly observed.

MACHINE LEARNING MODEL
Input Data

This study aims to develop a machine learning model to
predict beam intensity. As beam intensities are the predic-
tion target, they cannot be used as input data. Thus, plasma
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light image and operation parameters other than the beam
intensity should be considered as the input data for the ma-
chine learning model. In addition to tuneable parameters,
other parameters cannot be directly controlled but can be
observed, such as the degree of vacuum and RF reflected
waves. Other parameters can be tuned but are must be fixed
due to the accelerator requirements, such as the extraction
voltage and current value of the bending magnet. In this
study, all of these parameters were introduced into machine
learning without differentiating them using, for example,
weighting factors.

Neural Network Model

A machine learning model was developed using a neural
network. An overview of the neural network model is shown
in Fig. 3 . For the plasma light image, ResNet50 [3], a
convolutional neural network, was used. The image was
cropped to a size of 224 x 224 pixels to fit the input of
ResNet50, and one fully-connected layer after the output
layer of ResNet50 was included. The output and operation
parameters of the fully-connected layer after ResNet50 were
combined with the output of the fully-connected layer after
ResNet50. Two more layers of fully-connected layers were
used to model the output of the beam intensity values. The
output layer is a single continuous number. During training,
the mean squared error was used as the loss function.

RESULTS

The performance of machine learning was evaluated using
data acquired during the >°Fe!>* beam tuning and beam ex-
periments conducted on March 18-19, 2024. After the beam
supply ended on March 19, an experiment was conducted to
evaluate the effect of changing the current values of main
coils 1 and 2 on the *°Fe!>* beam. The set of operation pa-
rameters and plasma light images obtained simultaneously
were used as training data. The training data contained
72619 data points. The validation data were used from the
start of the accelerator tuning on March 18 to the end of the
beam supply on March 19. A validation dataset was used to
verify whether machine learning after training can predict
new data. The validation data contained 31646 data points.
The beam intensity predictions for the validation data and
the beam intensity measured at the FC are shown in Fig. 4.
In the validation data, the FC was evacuated most of the
time for the accelerator tuning and the beam supply; thus,
the beam intensity during that period was not measured, and
its value is shown as O uA. The developed machine learning
model can predict the beam intensity even when the FC is
evacuated and the direct measurement is impossible. Al-
though some errors in absolute values remain, the model
reproduces the decreasing timing trend of the beam inten-
sity well. These results suggest that this machine learning
model is practical as an indicator of the change of the beam
intensity during the beam supply.
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Neural Network model
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Figure 3: Schematic representation of the machine learning model. Images are input to ResNet50 and then pass through one
fully-connected layer. Two additional fully-connected layers are used to predict beam intensity with operating parameters.
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Figure 4: Results of machine learning beam intensity pre-
diction. The model could predict even though the measured
values were 0 because the FC were evacuated during accel-
erator tuning and the beam supply. Although an error in the
absolute value remains, the model could predict the beam
current without an FC.

CONCLUSION

This study developed a beam intensity prediction method
using plasma light images and machine learning for long-
term stable control of ECR ion sources. In the proposed
method, visible plasma light was captured through the ex-
traction electrodes and used as an input for machine learning
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along with operating parameters. Although the method still
has some limitations, such as absolute value errors, the re-
sults indicate that it performs well enough to identify trends
in beam intensity, such as a decrease in beam intensity. The
results suggest that predicting changes in beam intensity is
possible at any time during the beam supply. This method
enables us to respond immediately to changes in beam in-
tensity and operate the ECR ion source more efficiently for
long periods.

REFERENCES

[1] R.Récz, S. Biri, and J. Pélinkds, “Electron cyclotron resonance
plasma photos”, Rev. Sci. Instrum., vol. 81, no. 2, p. 02B708,
2010. doi:10.1063/1.3267289

Y. Ohshiro, S. Yamaka, S. Kubono, and S. Watanabe, “Devel-
opment of an ECR ion source at CNS”, in Proc. of 17th Int.
Conf. Cyclotrons Appl. (Cyclotrons’04), Tokyo, Japan, paper
19P20, 2004. https://jacow.org/c04/data/CYC2004_
papers/19P20.pdf

K. He, X. Zhang, S. Ren, and J. Sun, “Deep Residual Learning
for Image Recognition”, in Proc. IEEE Conf. Comput. Vision
Pattern Recognit. (CVPR’16), Las Vegas, NV, USA, pp. 770-
778,2016. doi:10.1109/CVPR.2016.90

(2]

(3]

MC6: Applications and Diagnostics



26™ Int. Workshop Electron Cuclotron Resonance lon Sources
ISBN: 978-3-95450-257-8 ISSN: 2222-5692

ECRIS2024, Darmstadt, Germany JACoW Publishing
doi:10.18429/JACol-ECRIS2024-THA2
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Abstract

The main aim of Plasmas for Astrophysics Nuclear Decays
Observation and Radiation for Archacometry (PANDORA)
project is to build a flexible magnetic plasma trap where
plasma reaches a density n, ~ 10'! — 10'3cm=3, and a
temperature, in units of kT, kT, ~ 0.1 — 30kV in order to
measure, for the first time, nuclear -decay rates in stellar-
like conditions. Here we present the numerical design of
the PANDORA magnetic system, carried out by using the
commercial simulators OPERA® and CST Studio Suite®.
In particular, we discuss the design choices taken to: 1) ob-
tain the required magnetic field levels at relevant axial and
radial positions; 2) avoid the magnetic branches along the
plasma chamber wall; 3) find the optimal position for the set
of plasma diagnostics that will be employed. The magnetic
trap has been conceived to be as large as possible, both in
radial and axial directions, in order to exploit the plasma
confinement mechanism on a bigger plasmoid volume. The
plasma chamber will have a length of 700 mm and a diam-
eter of 280 mm. The magnetic trap tender procedure has
been completed in June 2024 and the structure realization is
expected to start in late 2024.

INTRODUCTION AND MOTIVATION

In the last decades, much experimental and theoretical
efforts have been dedicated to investigate various possible
scenarios which can influence nuclear decays rates. It has
been predicted that sizeable variations in the decay proper-
ties can be observed in highly ionized nuclides. This would
have a strong impact in the stellar nucleosynthesis where a
hot plasma is formed and atoms can be found in different
ionization states. In particular, B decay properties of radioac-
tive nuclei can be strongly affected by the high-temperature
plasma of stellar environment. Few experimental evidences
showing variations in the beta decay rates as a function of the
atomic ionization state have been collected, up to now, using
storage rings. However, the storage ring approach is based
on the investigations of a single charge state at a time: while
clearly showing the role played by the high ionization state
of an atom in the f-decay process, is not able to reproduce
stellar-like conditions where, due to the high temperature of
the plasma, a Charge State Distribution (CSD) of the ions is
established. A totally new and challenging approach, based
on the study of decays rates in a plasma whose conditions can
mimic the hot stellar environment, has been conceived in the
PANDORA project [1]. The main idea is to build a flexible
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magnetic plasma trap and use it to measure, for the first time,
nuclear §-decay rates in stellar-like conditions. The decay
rates of the radioactive ions will be measured through the
detection of the y -rays emitted by the S-decaying daughter
nuclei, as a function of the charge state distribution of the
in-plasma ions by varying plasma conditions. This task will
be accomplished by an array of several Hyper-Pure Germa-
nium (HPGe) detectors placed around the trap, in specific
positions where holes were made in the cryostat structure to
directly look into the plasma through thin aluminium win-
dows. This new approach is expected to have a major impact
in the study of nuclear-astrophysics processes and cosmol-
ogy. The magnetic field, necessary for plasma confinement,
will be produced by employing a superconducting magnetic
system (as typical for ECR ion sources), consisting of six
hexapole coils (for radial confinement) nested inside three
solenoid coils (for axial confinement), i.e. a SEXT-IN-SOL
configuration. This magnetic system configuration is called
minimum-B and allows the confinement of a plasma located
around the plasma chamber axis (here z axis), providing
magnetohydrodynamical (MHD) equilibrium and stability.

MAGNETIC TRAP NUMERICAL DESIGN

Some considerations can be made for the design of a
magnetic system for ECRIS plasma confinement [2]. The
optimum charge state is proportional to the average mag-
netic field as g, o B3/2, so it is of our interest to increase
the average confining field. The highest value of the mag-
netic field will be in correspondence of the injection and/or
extraction axial coils inner surface, so during the numer-
ical design of the magnetic system one has to be careful
at not exceeding the threshold field values relative to the
magnet material. In superconducting traps, special attention
must be paid to the minimum field, B;,, that should be
tuneable within a wide range of values: it has been experi-
mental observed that, in order to obtain the highest electron
density and to reach the optimal charge state, one has to
have 0.65 < By,in/Brcr < 0.75 [3-5]. If this ratio exceeds
the upper value, sudden non linear effects arise, increasing
the plasma x-ray emission and thus the heat load on the
cryostat. The requirements and considerations previously
discussed, together with the necessity to have enough space
for non-invasive diagnostic tools and for the array of y-ray
detectors [6], allowed us to fix the plasma chamber dimen-
sions (internal radius Rcy v = 140 mm and axial length
L = 700 mm) and RF pumping frequencies (fgp; = 18 GHz,
Jfre2 = 21 GHz). Taking into account these values, the PAN-
DORA magnetic system field specifications have been ob-
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tained. The structure 3D conceptual model is shown in Fig. 1:
it is composed by three axial coils and six radial coils: the
field values as well as the operative ranges are reported in
Table 1. The structure has been simulated with the commer-
cial software packages OPERA® and CST Studio Suite®.
The simulated coil dimensions are reported in Fig. 2 and
Table 2. This model takes also into account a 25 mm thick
iron yoke (ARMCO iron), distant 20 mm from the injection
and extraction coils outer radius, employed to minimize the
stray field that could otherwise interfere with the external
detectors. The realized superconducting coils assembly will
be encased inside a cryostat that will include a central warm
bore for plasma chamber insertion.

Figure 1: 3D conceptual model of the structure comprehen-
sive of the magnetic system (pale red objects) and the iron
yoke (green object, only 1/4 visible).

Table 1: PANDORA Magnetic Field Operative Ranges

Parameter Value [T]
Bjpj max @ z = 350 [mm] 3
Bjj operative range 1.7-3
B.y max @ z = —350 [mm] 3
B, operative range 1.7-3
Bin @ z =0 [mm] 0.4
Bhex @ Rey 1N 1.6

! r

Cmen

Crs Cexr

Figure 2: Side and front view of the simulated magnetic
system with dimensional parameters. Note: iron yoke does
not appear in the picture.

The axial and radial magnetic field profiles are reported
in Fig. 3 and Fig. 4, scaled for the case fgg = 18 GHz.
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Table 2: Simulated Coil Dimensions

Axial coils

Parameter Value [mm]
Rc v 225722517225
Rc our 300/253 /300
Cinomepext  -350/0/350
WinoMeEDEXT 44746744
Hexapole
Parameter Value [mm]
Ruex N 165
Rygex_our 212
WhEX_IN 78

2.8
247¢

161
121
0.8
0.4

BI[T]

-300 -200 -100 0 100 200 300
Length [mm]

Figure 3: Magnetic field module, |B]|, along plasma chamber
z-axis for pumping frequency frr = 18 GHz.

120 160 200 240 280 320 360
0 [deg]

0 40 80

Figure 4: Magnetic field module, |B|, along a circumference
of radius Rcy (v = 140 mm (plasma chamber inner radius)
and axial position z = 0 mm.

Numerical simulations have also been performed to iden-
tify the positions of the magnetic branches that need to be
avoided when placing the array of gamma ray detectors. In
fact, in these positions a rather strong Bremsstrahlung ra-
diation generated on the plasma chamber wall is present
due to the intense flux of electrons escaping the magnetic
trap, leading to a high background rate on the detectors and
thus limiting their performances. The magnetic branches
are clearly visible in Fig. 5, which shows the |B| vector plots
(normalized to the value of 2.7 T) in the xy plane at the axial
positions z = —100, 0, 100 mm.

By employing the magnetic field profile obtained in the
simulations, the distribution of lost electrons on chamber
walls due to the magnetic branches has been calculated
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Figure 5: From left to right, |B| vector plot along the xy
plane at the positions z = =100, 0, 100 mm. The magnetic
branches position are indicated by a blue marker.

through the use of a MATLAB particle mover code. Fig-
ure 6 shows the obtained lost electrons mask on chamber
walls. The numerical study matches the expected branches
position given from CST® and at the same time provides a
lower boundary thickness of particle loss regions along the
branches. These information are relevant for both designing
the size of the bias-disk foreseen at the injection, and to
find the optimal position for plasma diagnostics, microwave
injection waveguides along the injection flange, as well as
for the isotope injection systems (e. g., resistive oven).

0.4

il

0.2 01 -005 0 005 0.1

0
yIml o7, X[l

m
o

* x [m]
€)) (b)

Figure 6: (a) 3D lost electron mask on chamber wall due to
PANDORA magnetic branches disposition; (b) detail of lost
electron mask on the injection end-plate (z = 350 mm, see
reference system of Fig. 2).

CONCLUSION AND PERSPECTIVES

In this work the numerical design of the PANDORA mag-
netic system, for plasma confinement, has been presented.
The design, whose scaling is based on the employment of
18 and 21 GHz pumping frequencies, has been carried out
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by using the commercial simulators OPERA® and CST®,
whose results are in agreement between each other. By em-
ploying the obtained magnetic field profiles, the positions
of the magnetic branches have been identified. These posi-
tions, along the plasma chamber side walls, are critical due
to generated strong Bremsstralhung radiation and needs to
be avoided when placing the gamma array detectors. Fur-
thermore, the lost electron maps on the plasma chamber end
plates have been calculated through the magnetic field pro-
file: this information will be relevant both for the design of
the bias-disk (at the injection end-plate) and for the correct
placement of the plasma chamber diagnostics.
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BREAKS WITH

OPTIMIZED IMPEDANCE MATCHING NETWORKS*
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Abstract

A custom 18 GHz waveguide DC break with a built-
in impedance matching network, consisting of two induc-
tive irises adjacent to a capacitive gap assembled around
a quartz disk, was built for Versatile ECR for Nuclear Sci-
ence (VENUS) ion source and simulated using the ANSYS
High Frequency Structure Simulator, a finite element anal-
ysis tool. The DC break effectively doubled the RF power
available for plasma production at the secondary frequency
of 18 GHz while maintaining a DC isolation of 32 kV. Mea-
surements of the forward and reflected power coeflicients,
performed with a network analyzer, showed excellent agree-
ment with the simulations [1]. Additionally, an extended
study was conducted to tailor the frequencies of 28, 35, and
45 GHz using WR-34, WR-28, and WR-22 waveguides with
built-in impedance matching networks, aiming to predict
performance for our upcoming 4th generation low-power,
multi-frequency operation of the MARS-D ion source.

INTRODUCTION

The Versatile Electron Cyclotron Resonance (VENUS)
ion source, developed at Lawrence Berkeley National Lab-
oratory’s 88-Inch Cyclotron [2], operates at frequencies of
28 GHz and 18 GHz. It utilizes a superconducting magnet
system to generate a strong, well-defined magnetic field for
confinement, creating two enclosed regions for plasma heat-
ing and enabling the production of ion beams with high
charge states and intensities.

Since the VENUS ion source operates on a high-voltage
platform meanwhile the RF system is at ground potential, a
waveguide HV DC break is required to maintain isolation
while allowing RF signals to pass with minimal microwave
leakage and insertion losses [3].

DC breaks can be mainly categorized into two types. One
common type is the choke flange [4—6], which creates a gap
in the waveguide using dielectric materials to achieve isola-
tion. Another type is the multi-layer DC break [7, 8], which

* Work supported by the Director, Office of Science, Office of Nuclear
Physics, Division of Nuclear Physics, U.S. Department of Energy under
Contract No. DE-AC02-05CH11231 and by the U.S. Army Program
Executive Office, Simulation, Training and Instrumentation (PEO STRI),
Test Resource Management Center (TRMC) Test and Evalua-tion/Science
& Technology (T&E/S&T) Program. These projects are funded by the
T&E/S&T Program through the U.S. Army Program Executive Office for
Simulation, Training, and Instrumentation (PEO STRI) Instrumentation
Management Office (IMO). Disclaimer: Any opinions, findings, and
conclusions, or recommendations expressed in this material are those of
the author(s) and do not necessarily reflect the views of the Test Resource
Management Center (TRMC) Test and Evaluation/Science & Technology
(T&E/S&T) Program and/or the Program Executive Office for Simulation,
Training & Instrumentation (PEO STRI).
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uses multiple layers of insulating materials between sections
of metal, enhancing the overall dielectric strength and re-
ducing RF leakage. Some advanced designs use innovative
techniques, such as a lattice structure made of dielectric ma-
terials [9] or tapered waveguide transitions combined with
low-loss dielectrics [10]. To further enhance RF power de-
livery and compensate for waveguide mismatches, tuners
equipped with screws, posts, or stubs are often used just
before the DC break, improving impedance matching and
maximizing power transfer to the plasma [11-13].

WAVEGUIDE DC BREAK

The DC break is constructed using two open-ended cop-
per sections that conform to the WR-62 waveguide’s dimen-
sions, with a width of 15.8 mm and a height of 7.9 mm. This
break includes a gap within the waveguide filled by a fused
quartz disk, measuring 100 mm in diameter and 1 mm in
thickness [14]. The quartz, known for its excellent thermal
properties and high dielectric strength, allows the system to
withstand up to 32 kV DC, furthermore, its low dielectric
constant of 3.9 and very low dielectric loss tangent of less
than 1 x 1073 ensure minimal RF energy loss, calculated
to be about 0.003 dB. This results in the primary losses be-
ing due to RF leakage, calculated by subtracting the total
transmitted and reflected power from 100 %.

Liris Liris

_______________

Figure 1: Waveguide DC break equivalent circuit.

To address impedance mismatches caused by the gap, the
design incorporates two symmetrical inductive matching
irises [15], each 1.85 mm thick, positioned adjacent to the
gap. As illustrated in Fig. 1, the gap introduces lumped ca-
pacitance Cp, due to fringing fields at the open-ended waveg-
uides and series capacitive coupling C across the gap, lead-
ing to impedance mismatch. The irises generate lumped
shunt inductances L5, which compensates for the lumped
shunt capacitances C,, effectively creating a band-pass filter
centered around the desired frequency. Additionally, the
waveguide apertures near the gap are expanded to form a
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circular surface with a diameter of 67.06 mm, resulting in
a series capacitance of approximately 1207 pF at 18 GHz.
This setup helps reduce reflections and minimize power loss.
Using Marcuvitz’s formula, as shown in Eq. (1), for es-
timating inductive reactance [16], the design achieves an
inductive reactance of 485.33 Q, equivalent to an inductance
of 4.29 nH, by choosing a window width of 7.87 mm and an
iris width of 3.96 mm.
2(md’\*
ey

where X represents the inductive reactance, Zj is the char-
acteristic impedance of the waveguide, a is the width of the
waveguide, 1, is the guide wavelength, d’ is the effective
width of the iris or discontinuity within the waveguide, and
A is the free-space wavelength.

The resonance frequency f; can be calculated with the
Liris lumped inductance resultant from the iris in parallel
with the Cp, lumped parallel capacitance resultant from the
open-ended waveguide, obtained from Eq. (2):
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Figure 2: Waveguide DC break: (a) hardware with an in-
ductive iris impedance matching network. One open ended
waveguide section is placed aside. (b) HFSS simulated mag-
nitude of the electric field for the TE10 mode.

Adjusting the iris width allows fine-tuning of the reso-
nance frequency by changing Ljs. This design ensures
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efficient RF transmission and minimizes losses, validated
through simulations and experimental measurements to opti-
mize the device for use at the klystron frequency of 18 GHz.

HARDWARE

The hardware shown in Fig. 2(a) consists of a WR-62
waveguide within a copper cylindrical structure, featuring a
gap for series capacitance, nitrogen gas injection for a non-
reactive environment, and ceramic standoffs securing the
components, all encased in a metallic shield to prevent RF
leakage (not shown in the image).

The HFSS [17] 3D model shown in Fig. 2(b) displays
the electric field distribution for the TE10 mode at 18 GHz
and it is used for simulating RF transport. The mesh was
refined to a maximum element length of 5 mm, utilizing
broadband adaptive solutions from 11.6 to 18.6 GHz, with
the waveguide constructed from a perfect electric conductor.

Figure 3 shows that the resonance frequency is determined
by the minimum S;; value in the simulation, indicating opti-
mal impedance matching, while the S, parameter measures
the efficiency of RF power transmission through the wave-
guide. Measurements performed with a network analyzer
show excellent agreement with the simulation.

Input Reflection
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Figure 3: Comparison of S parameters obtained with HFSS
simulations and measurements: (a) S;; input reflection,
(b) Sy, forward transmission.

The new DC break effectively doubled the RF power avail-
able for plasma production at the secondary frequency of
18 GHz while maintaining a DC isolation of 32 kV.

THA3
163

©-2 Content from this work may be used under the terms of the CC BY 4.0 license (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



©=2d Content from this work may be used under the terms of the CC BY 4.0 license (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

26™ Int. Workshop Electron Cuclotron Resonance lon Sources
ISBN: 978-3-95450-257-8

OPTIMIZATION

To predict performance for our upcoming 4th generation
low-power, multi-frequency operation of the MARS-D ion
source, an extended study was conducted to tailor the fre-
quencies of 28, 35, and 45 GHz using WR-34, WR-28, and
WR-22 waveguides with built-in impedance matching net-
works, aiming to optimize the HV DC break.

Since MARS-D requires an isolation of 45 kV, a feasibil-
ity study was performed with the WR-22 waveguide dimen-
sions. In the simulation, the quartz thickness was gradually
increased until it nearly doubled, with the corresponding res-
onant frequency shown in Fig. 4. As the thickness increased,
the resonant frequency f, decreased due to the increase in
shunt capacitance Cp, and decrease of the series capacitance
C;. Simultaneously, the insertion loss and the RF leakage
also increases.

44
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37
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Figure 4: Resonant frequency versus Quartz thickness.

An improved approach to achieve 45kV isolation is to
maintain the quartz thickness of 1 mm and introduce a sec-
ond gap with additional set of irises, placed at least a couple
of wavelengths apart in the waveguide, as shown in the model
of Fig. 5. The impedance matching is expected to occur at
the same frequency as the first set of irises, with reduced RF
leakage and enhanced impedance matching.
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Figure 5: Waveguide DC break with DC isolation of 64 kV.
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RESULTS

Table 1 summarizes the required inductive iris aperture W
for each waveguide type in the new configuration, ensuring
proper impedance matching at the target frequencies.

Table 1: Inductive Iris Aperture

. f Si1 S21
Waveguide |\ [GHz] [dB] [dB]
WR34 432 28  -3921 -0.06
WR28 320 35  -37.97 -0.04
WR22 223 45 2430 -0.03
CONCLUSION

The inclusion of inductive irises and quartz-filled capac-
itive gaps within the waveguide structure has effectively
reduced power loss and minimized mismatches at the target
frequencies. The successful simulations and measurements
underscore the reliability of this design, not only for the
VENUS ion source but also as a scalable solution for future
MARS-D multi-frequency ion sources.
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