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Abstract

The capabilities of the K140, 88-Inch Cyclotron at Law-
rence Berkeley National Laboratory (LBNL) have been
significantly enhanced through the addition of three suc-
cessive generations of electron cyclotron resonance ion
sources (ECRISs). These ion sources have helped the 88-
Inch Cyclotron to evolve from a light-ion accelerator to one
that has accelerated over half of the naturally-occurring el-
ements in the periodic table, and in particular has acceler-
ated ultra-high charge state heavy ions, such as xenon and
uranium. Recently, with >*Xe*" ions injected from the su-
perconducting ECRIS VENUS, the 88-Inch Cyclotron
reached a new peak extracted kinetic energy of ~2.6 GeV.
This is approximately a fifteen-fold energy increase over
what this K140 cyclotron could achieve when it started op-
eration almost six decades ago. A next-generation ECRIS,
MARS-D, is under development and will further raise the
extracted beam energy from the cyclotron. It is anticipated
that the higher charge state ions produced by MARS-D will
result in the 88-Inch Cyclotron accelerating ions in excess
of 3 GeV for use by the radiation effects testing commu-
nity. This paper will present and discuss the development
of the MARS-D ECRIS and the 88-Inch Cyclotron’s recent
and possible future achievements.

INTRODUCTION

The K140, 88-Inch Cyclotron at Lawrence Berkeley Na-
tional Laboratory (LBNL) has, in its nearly six decades of
service, evolved from a light ion accelerator to one that has
successfully accelerated ions ranging in mass from protons
to the heaviest naturally-occurring element, uranium [1, 2].
The enhancement of this cyclotron’s capabilities has con-
tinued through the addition of three successive generations
of Electron Cyclotron Resonance Ion Sources (ECRISSs).
To date the 88-Inch Cyclotron has accelerated the 49 ele-
ments indicated in Fig. 1, which represents more than half
of the naturally occurring elements including quite a num-
ber of their isotopes.

The wide range of ions capable of being accelerated
by the 88-Inch Cyclotron has led to its use for a diverse
range of applications, such as nuclear chemistry, syntheses
of super heavy isotopes, nuclear structure, neutron beams
for isotope breeding, space effects testing, etc. The very
first single event effects (SEE) tests in the world were con-
ducted using beams from LBNL’s 88-Inch Cyclotron by
the Aerospace Corporation in 1979 [3]. The combined ver-
satility of the ECRIS, coupled with flexibilities in both the
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88-Inch Cyclotron’s magnetic field and accelerating fre-
quency, allowed for the development of a number of “cock-
tail beams” in the mid-1980s where a collection of ions
with very similar mass-to-charge ratios are injected into the
cyclotron simultaneously and by employing small acceler-
ating frequency changes, single ion species are fully accel-
erated and extracted [1, 4]. This capability led to the estab-
lishment of the Berkeley Accelerator Space Effects
(BASE) Facility operating in conjunction with the 88-Inch
Cyclotron to provide beams of heavy ions, protons, and
neutrons for radiation effects testing. The continued ad-
vancement of different generations of ECRIS has led to
great enhancement of both ion energy and variety enabling
the BASE Facility continue to be at the forefront of radia-
tion effects testing.

Though older, 88-Inch Cyclotron has not yet reached
its full potential and the proposed ion source discussed be-
low could push this accelerator to new heights. A brief in-
troduction to ECRISs is given, followed by a description
of how advancements in ECR technology at LBNL have
enhanced the capabilities of the 88-Inch Cyclotron. Finally,
a case is made the novel design of a next-generation ECRIS
at LBNL may present the easiest path to the 88-Inch Cy-
clotron producing 3 GeV ion beams.

ECR ION SOURCE BASICS

The production of multiply-charged ions via ECR ion
source was first reported by Geller at GANIL in 1972. This
ion source uses a superposition of axial solenoids and a ra-
dial multipole (typically a sextupole) to confine a plasma
in a magnetic field where that increases in all directions
from the source center, i.e., a minimum-B field. Micro-
waves are injected into the source chamber at frequencies
that allow for resonant electron heating on closed shells of
constant magnetic field. These energetic electrons ionize
neutrals and ions in a step-wise fashion.

The ionizing electrons are more energetic and are more
likely to ionize if their source lifetime is long, therefore
better plasma confinement leads to both higher currents
and higher charge states. Geller developed semi-empirical
scaling laws [5] predicting that extracted ion currents will
increase as the square of both the injected microwave fre-
quency and the confining magnetic field (I; « f2 o< B2).
These scaling laws have continued to hold for three gener-
ations of ECRIS development, and it is expected that
source performance will continue to improve with in-
creased confining magnetic field.

ECRIS development since its invention has shown that

MOC02
119

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



22nd Int. Conf. on Cyclotrons and their Applications
5 ISBN: 978-3-95450-205-9

Cyclotrons2019, Cape Town, South Africa

JACoW Publishing
doi:10.18429/JACoW-Cyclotrons2019-M0CO2

great number of isotopes.

the source plasma is insensitive to the specific magnetic
geometry of the source and all that is required is a high-
% strength minimum-B field [6]. Further, recent studies at
-£ LBNL have demonstrated that a cylindrical plasma cham-
g ber is not necessary for a high charge state ECRIS as the
g centimeter-or-smaller microwave wavelengths can easily
travel into and resonate in a large complex-shaped plasma
chamber [7]. This insensitivity to both magnet geometry
and chamber geometry allows considerable flexibility
when designing a high charge state ECRIS.

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

ECR ION SOURCES AT LBNL

Motivated by Geller’s new ion sources, a 1% generation
-'§ ECRIS named the LBL ECR replaced the 88-Inch Cyclo-
& tron’s PIG sources in 1984 [1]. The increased versatility
2 this ion source provided the cyclotron led to the construc-
< tion and implementation of a 2" and a 3" generation ECR
& ion sources, AECR-U and VENUS, that were installed in
& 1996 and 2002, respectively [2, 8]. Each successive gener-
© ation of added ion source had higher confining magnetic
§ field and microwave frequencies, culminating with VE-
8 NUS, the first 3 generation ECR ion source built with a
o superconducting magnet. VENUS is capable of producing
” maximum axial and radial fields at the plasma chamber
M walls of 4 and 2.2 T, respectively and utilizing 18 and
O 28 GHz microwave heating.

Figure 2 clearly shows the greatly enhanced capability
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Figure 1: Since its commencement in 1962, so far the 88-Inch Cyclotron at Lawrence Berkeley National Laboratory has
accelerated 49 elements (indicated with blue color squares), which is more than one half of the natural elements, and a

Listed in Table 1 are a few of the ultra-high charge state
ion beams that have been accelerated through the cyclotron
in recent years with maximum total energies in the 2.4-
2.7 GeV range. This represents an energy increase of about
fifteen-fold over what the 88-Inch Cyclotron could achieve
almost six decades ago, and has been greeted enthusiasti-
cally by BASE Facility users desiring higher energy
beams. Two of these high-energy beams, Xe*" and Au®”,
are believed to represent the highest charge states of these
species that the cyclotron can accelerate using VENUS as
an injector source. Any further energy advancement will
require the development of a more advanced ion source op-
erating at higher confining fields and microwave frequen-
cies in order to produce higher charge state ions with higher
currents. Drawing on over 35 years of ECR ion source de-
velopment at LBNL, we believe the development of a 4th
generation ECRIS is the best path forward for this facility
to acceleration ions in excess of 3 GeV in the near future.

Table 1: Ultra-High Charge State lons Produced with VE-
NUS and Accelerated by the 88-Inch Cyclotron

Ton Ip* E Ertotal Iex®
(keV) (MeV/m)  (GeV)  (epA)
124Xe™  7.76 19.2 2.38 62
124X et 8.02 20.0 2.48 10.5
124X et 8.62 20.8 2.58 2.1
1A% 6.64 13.5 2.66 ~1

s of the

£

of the 88-Inch Cyclotron with each successive generation
of ECR ion source. With the introduction of each new EC-

& RIS, the 88-Inch Cyclotron’s ability to accelerate heavier
£ ions at higher currents followed. As can be seen in Fig. 2,
5 before the introduction of AECR-U (the 2" generation EC-
£ RIS) only ions with mass numbers up to 40 could be accel-
g erated by the cyclotron to energies that reach the coulomb
5 barrier for nuclear reactions (~5 MeV/nucleon). The
"2 AECR-U increased the mass of ion species reaching this
£ energy threshold up to uranium, while the addition of the
3™ generation source VENUS increased beam intensities,
as indicated in Fig. 2 by “Present with AECR-U" and “Pre-
sent with VENUS,” respectively. In particular, going from
a 2" to a 3™ generation ECRIS increased the intensity of
cyclotron-extracted uranium from 10s of epA to 1 enA.
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#: Ip the ionization potential.
%: Iex the current extracted from the 88-Inch Cyclotron.

CHALLENGES OF DEVELOPING A 4TH
GENERATION ECRIS

All existing 3" generation ECRISs, including LBNL’s
VENUS, have been built using NbTi superconducting
coils. These advanced sources have two different, success-
ful magnet geometries to produce the source magnetic
fields: the radially-confining racetrack sextupole coils are
either inside or outside of the axially-confining solenoids.
For either coil configuration, however, existing 3™ genera-
tion sources are operating very near the NbTi conductor
limits for safe operation in their high field environments. A
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4™ generation ECR ion source using one of these geome-
tries would therefore need to employ a superconducting
material capable of safe operation at even higher magnetic
fields. The present leading candidate for a higher field ma-
terial is Nbs;Sn. However, this material has never been suc-
cessfully used in the construction of the very complex EC-
RIS magnet. To use NbsSn many issues and challenges
need to be addressed and overcome, such as conductor brit-
tleness, increased coil fabrication complexity due to the
heat-and-react processes, substantially poorer Nbs;Sn
quench propagation requiring very demanding quench pro-
tection, etc.

Although there has been conceptual exploration into the
design of a Nb3Sn magnet for a future ECRIS [9], the ion
source group at the Institute of Modern Physics in Lan-
zhou, China, is the only group currently working on the
fabrication of an ECRIS utilizing Nb3Sn coils (attempting
sextupole-inside-solenoids geometry. This Nb3;Sn magnet
is being designed to generate magnetic fields on axis and
radially at the chamber walls of 6.5 and 3.3 tesla, respec-
tively, which will allow for operation at 45 GHz [10]. Un-
fortunately, the progress of the magnet fabrication has been
exceedingly slow as they attempt to address the expected
challenges and complexities.

The difficulties faced in utilizing a new superconducting
material to increase ECRIS magnetic fields motivates one
to ask whether source geometry changes could be used to
reach these higher fields while still employing NbTi coils.
Reaching these higher fields using a coil material with
nearly two decades of successful ECR ion source applica-
tion could offer an easier route to a 4™ generation, 45 GHz
ECRIS.

88-Inch Cyclotron Energy Map
for BASE Irradiation

Energy (MeV/u)

0 50 100 150 200 250
Particle Mass (amu)

Figure 2: This plot shows the energy-mass curves achieved
by the 88-Inch Cyclotron with the existing ECRISs and ex-
trapolation with a future ECRIS for the BASE Facility.
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MARS-D: A 4TH GENERATION ECRIS

A 4" generation ECRIS, MARS-D, capable of operation
at 45 GHz is under continuing development at LBNL. This
advanced source is expected to serve many roles, but it will
be a key element in the quest for using the 88-Inch Cyclo-
tron to accelerate ions in excess of 3 GeV total energy.

MARS-D employs a new magnet geometry: a Mixed
Axial and Radial field System (MARS), that will allow
NbTi-magnet-based ECR ion sources to achieve higher
confining fields [11]. The critical component of MARS is
a closed-loop-coil with a hexagonally-shaped cross sec-
tion, as shown schematically in Fig. 3 (a). The major dif-
ference between the MARS geometry and a conventional
racetrack design comes in the connections between the
long sextupole sections. The closed-loop-coil is one con-
tinuous winding, and as a result the currents in the ends of
the sextupole structure all rotate in the same sense about
the long axis of the sextupole. This is not true for the six
racetrack coils that make up a more typical electromagnetic
sextupole, where neighboring racetrack coils have end cur-
rents with opposite rotations about the long axis. This dif-
ference presents two major advantages for the closed-loop-
coil over a set of racetrack coils: there is a net solenoidal
field at each end of the closed-loop-coil so that this struc-
ture alone generates a minimum-B structure, and the forces
on each end of the structure are always in the same direc-
tion (outward) which makes for much easier coil clamping.
By generating its own axial magnetic field, smaller addi-
tional solenoid coils can be used, which keeps the internal
coil fields for the superposed structure further from critical
operation points. A design using relatively small solenoids
combined with a closed-loop-coil to construct a NbTi mag-
net for MARS-D is shown in Fig. 3 (b). Generally, ECRIS
design requires that the maximum axial fields within the
source, Biy and Bex: (injection and extraction), along with
the radial field at the chamber wall, B,.q4, be related to the
magnetic field for ECR heating via injected microwave,
Bicr in the following manner: Biyj ~ 3.5 — 4 By and Bex =
Brad > 2 Becer- Based on these requirements, MARS-D has
been designed to produce maximum fields of 5.7 T on axis
and 3.2 T radially at the plasma chamber walls: sufficient
for supporting operations at 45 GHz.

The two main advantages of the MARS magnet come at
the cost of a more complex winding for the closed-loop-
coil. Specific tooling and a new winding technique have
allowed for the successful construction of a closed-loop-
coil using copper wires. Field mapping of this coil agrees
very well with the computations demonstrating the feasi-
bility of fabricating a NbTi closed-loop-coil [12]. The
MARS-D plasma chamber and the warm bore of the cryo-
stat are to have a hexagonal cross-section to match the
shape of the closed-loop-coil and more efficiently use its
confining radial field.

Full construction of MARS-D is anticipated to begin
soon with scheduled completion in approximately four to
five years. Initial commissioning is planned by using mul-
tiple-frequency heating, such as a combination of commer-
cially available microwave generators of 22, 28, 35 and
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A
% 45 GHz with a total power of ~4-5 kW. This power level is
E{ estimated to be sufficient for the production of ultra-high
.Z charge state ion beams for use by the BASE facility. A full
% power solution for MARS-D would be 15-20 kW and that
2 will be treated as a power upgrade for the production of
intense highly-charge ion beams for other applications.

Tri-segmented
Solenoid

(@)

Split Extr.

Mid Solenoid Solenoid

p
Split Inj.
Solenoid
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Figure 3: (a). Schematic layout of a closed-loop-coil, the
MARS critical component. It combines six rectangular
straight bars (yellow color) and two three-segmented sole-
= noids (red color) into a closed-loop-coil. (b). The solenoids
< superimposed magnet system for producing the minimum-

E B field with high mirror ratios for MARS-D ECRIS.

licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the wor

C

% Table 2: Possible Ultra-High Charge State lons Produced
with MARS-D and Accelerated by the 88-Inch Cyclotron

Ion Ip* E Etotal
(keV) (MeV/n) (GeV)
124X 32 9.57 234 2.90
124X e 40.3 25.2 3.12
179 Auso* 8.26 16.2 3.19
179 Au70* 17.1 16.6 3.27
179 Au73* 18.3 18.0 3.55

#: Ip the ionization potential.

With a higher density of hotter electrons and a longer
plasma confinement time compared to VENUS, MARS-D
is anticipated to enhance the production of higher charge
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states heavy ions, such as xenon, gold, and uranium. Listed
in Table 2 are a few ultra-high charge state ion beams with
ionization potentials in the 10-40 keV range that are antic-
ipated to be produced with MARS-D. The 88-Inch Cyclo-
tron should be capable of accelerating these ions to a total
energy in excess of 3 GeV, thus furthering the achieve-
ments of this nearly 60-year-old machine and benefitting
the radiation testing community.

REFERENCES

[1] C. M. Lyneis, “Invited paper: Operational performance of
the LBL 88-Inch cyclotron with an ECR source”, in Proc.
11th Int. Cyclotron Conf. and Their Applications (Cyclo-
trons'86), Tokyo, Japan, Oct. 1986, paper M-02, pp. 707-
712.

[2] Z. Q. Xie, D. J. Clark, A. Guy, S. A. Lundgren, and
C. M. Lyneis, “Vacuum Improvements for Ultra High
Charge lon Acceleration”, in Proc. 15th Int. Cyclotron
Conf. and Their Applications (Cyclotrons'98), Caen,
France, Jun. 1998, paper B-07, pp. 179-182.

[3] E. L. Petersen, R. Koga, M. A. Shoga, J. C. Pickel, and
W. E. Price, “The single event revolution”, IEEE Trans.
Nucl. Science, vol. 60, no. 3, pp. 1824-1834, Jun. 2013.
doi:10.1109/TNS.2013.2248065

[4] M. A. McMahan et el., “Using a cyclotron plus ECR source
for detector evaluation and calibration”, Nucl. Instrum.
Methods Phys. Res., Sect. A, vol. 253, pp. 1-9, Nov. 1986.
d0i:10.1016/0168-9002(86)91118-6

[5] R. Geller, “Electron cyclotron resonance ion source and
ECR plasmas”, Institute Phys. Publishing, vol. 28, p. 395,
1996.

[6] D. Z. Xie, “A new structure of superconducting magnetic
system for 50 GHz operations”, Rev. Sci. Instrum., vol. 83,
p- 02A302, Feb. 2012. doi: 10.1063/1.3655530

[7]1 D. Z. Xie, W. Lu, J. Y. Benitez, and M. J. Regis, “Recent
production of ultra-high charge state ion beams with VE-
NUS,” presented at the 23rd Int. Workshop on ECR Ion
Sources, Catania, Italy, Sep. 2018, unpublished.

[8] D. Leitner et al., “Next generation ECR ion sources: First
results of the superconducting 28 GHz ECRIS — VENUS”,
Nucl. Instrum. Methods Phys. Res., Sect. B, vol. 235,
pp. 486-493, July 2005.
d0i:10.1016/j.nimb.2005.03.230

[9] C. M. Lyneis et al., “Fourth generation electron cyclotron
resonance ion sources”’, Rev. Sci. Instrum., vol. 79,
p. 02A321,2008. doi:10.1063/1.2816793

[10] H. W. Zhao and L. T. Sun, “FECRAL - a 45 GHz fourth gen-
eration ECR ion source and its technical challenge”, pre-
sented at the 22nd Int. Workshop on ECR Ion Sources,
Busan, Korea, Aug. 2016, paper MOBOO1, unpublished.

[11] D. Z. Xie et al., “Development status of a next generation
ECRIS: MARS-D at LBNL”, Rev. Sci. Instrum., vol 87,
p- 02A702, Sep. 2016. doi:160.1063/1.4931713

[12] D. Z. Xie, W. Lul, G. Sabbi, and D. S. Todd, “Possible opti-
mizations of existing magnet structures for the next genera-
tion of ECRIS”, presented at the 22nd Int. Workshop on
ECR Ion Sources, Busan, Korea, Aug. 2016, paper
MOBOO02, unpublished.

04 Operation and Upgrades



