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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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LBNL 88-INCH CYCLOTRON IMPROVEMENTS

CM.LYNEIS, Z.Q. XIE, DJ. CLARK
Lawrence Berkeley National Laboratory, 1 Cyclotron Rd, Berkeley, CA 94720, USA

A number of recent improvements have been made in the Cyclotron, ECR sources and beam lines. An
aluminum oxide wall coating in the AECR source produces more secondary electrons to increase high
charge state ion production by 2-4 compared to electron injection. Development of simultaneous multiple
frequency ECR heating with 10 and 14 GHz results in two ECR zones and increases the high charge state
intensities by a factor of 2-5. The best transmission from the AECR source through the Cyclotron occurs for

. low energy first harmonic beams, where it varies with intensity from over 25% at low intensity (10 yA

injected) to 12% at high intensity (180 A injected). A double drift buncher was built by adding a second
harmonic drift tube after the existing one for 1st harmonic. This has produced up to 40% increase in external
beam. New beam lines have been set up for nuclear structure experiments with Gammasphere and laser
trapping of radioactive atoms. The new Gammasphere dispersion-compensated beam line transports up to
60% of the beam coming through a collimator at the cyclotron exit to a 3 mm diameter beam spot at the
target 50 m downstream. Improvements now under way include a pulsing system for the axial injection line,
a second cryopumping system for the cyclotron, phase width reduction using internal slits and the design of

a 3rd generation ECR source.

1 Introduction

The 88-Inch Cyclotron is now operating with beams of
higher energy, greater intensity and variety, with more hours
of beam on target and supporting a larger number of users
than any time since it began operation in 1962. At a time
when many small accelerators are being closed down it may
seem paradoxical that the cyclotron and its scientific
program are doing so well. There are two major reasons for
this. First, the development of the ECR ion source by Geller
etal! and its subsequent development? have made it possible
to produce a wide range of beams with intensities and
energies well matched to the study of nuclear structure,
nuclear reaction mechanisms and heavy element research. In
addition the 88-Inch Cyclotron which began its operation as
a light-ion cyclotron has maintained this capability, which
provides research opportunities in new areas such a laser
atom trapping for the study of weak interactions and
fundamental symmetries. The second reason is. the
development of a new generation of high energy resolution
detectors such as Gammasphere and Eurogam which has
opened up a new area of research in the study of highly
deformed nuclei. Much of the research with these new
detectors involves the formation of rapidly rotating
compound nuclei. Production of the compound nuclei is
typically done by using projectiles with 9<A<80 with 4 to 6
MeV/nucleon. In many cases to produce the desired
compound nucleus neutron rich beams such as 36S or 4Ca
are required. This research puts strong demands of the ion
source capabilities both with respect to making beams from
almost every element up to mass 80 and to be able to use
separated isotopes in an economical way. For example,
current cost of 36§ and 48Ca are about $47,000/g and
$250,000/g, respectively.

2 Accelerator description

The 88-Inch Cyclotron is nominally a k140 cyclotron with
three sectors and three external ion sources. The main
magnet can be operated to produce k160 operation, but the
transmission efficiency decreases rapidly above k140 due to
defocusing of the beam at extraction and in most cases with
heavy ions it is better to use a higher charge state from the
ECR ion sources rather than operating k values above 140.
The cyclotron RF frequency can be varied from 5.5 MHz to
16.2 MHz and both first and 3rd harmonic beams are
routinely accelerated. Minimum and maximum energies in
first harmonic are 6.1 and 55 MeV/nucleon and in third
harmonic 0.7 to 6 MeV/nucleon. Beams have also been
accelerated using 5th, 7th and 9th harmonic, although the
transmission efficiency decreases rapidly with the high
harmonic numbers due to poor RF capture in the center
region.
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Fig. 1. Isometric view of the 88-Inch Cyclotron with external ion
sources.



Currently all beams being used by the research
programs are produced by the two high charge state ECR
ion sources located on the vault roof of the cyclotron as
shown in Fig. 1. The LBL ECR ion source® began operation
with the cyclotron in 1985 and a second higher performance
source the Advanced ECR* was brought into operation in
1990. The horizontal beam lines for each source contain a
double focusing 90 degree analyzing magnet with slits at the
image and object for charge state selection. Ion beams from
cither source can be selected by reversing the 75 degree
bending magnet at the top of the axial injection line and
injected into the cyclotron. There are several advantages to
having two ECR ion sources for the cyclotron. From the
point of view of operations it allows "beam development” in
terms of developing a specific ion beam from the ECR
source without taking accelerator time. For difficult beams
requiring ovens, isotopic feeds or maximum ion source
performance the ion source can be brought on early and a
rapid changeover to the next beam can be made. From the
point of view of ion source development it is essential to

_have a second source especially when the cyclotron is

operating 7 days a week with only one 8 hour shift for
maintenance each week.

The axial beam line uses three solenoid lenses to
transport the beam onto the gridded electrostatic inflector
located on the axis of the cyclotron. Beam bunching is
provided by a first harmonic buncher located 2.5 m above
the cyclotron mid plane and a new second harmonic buncher
located 0.4 m below the first harmoni¢ buncher. The
bunchers are both two gap devices with tungsten wire grids
to provide the equipotential surfaces. The phase and
amplitude of each buncher can be independently adjusted to
maximize transmission. Typical bunching factors are 3 for
the first harmonic buncher and 4.5 for both bunchers. An
axial line chopper was recently installed to provide
chopping of the beam injected into the cyclotron. The
present rise time is about 7 ps and modification of the drive
circuits are underway to provide 1 ps rise time. This
chopper is used for experiments with collection wheels and
for experiments where the researchers need to control the
integrated flux on target. :
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Fig. 2. This shows the energy mass curves for the cyclotron at an
intensity of 1 particle nA.

3. System performance

The evolution of the heavy-ion performance of the 88-Inch
Cyclotron is illustrated in Fig. 2. These curves are drawn for
beams of at least 1 particle nA extracted current, which is a
typical intensity required for nuclear structure experiments,
and the dashed line at 5 MeV/nucleon indicates the
approximate cutoff in energies useful for nuclear science
experiments. Higher intensity beams can be produced at
energies less than those indicated by the curves. Prior to the
operation with the first ECR ion source the heavy-ion
operation was limited to elements with mass 40 or below.
The LBL ECR began regular operation with the Cyclotron
in January 1985 and it reached its full operating potential a
few years later. With this source it was possible to accelerate
masses up to xenon at useful intensities and energies. In
1990 the AECR began operation and with improvements in
its performance described below it is now possible to reach
masses up to 160. A conceptual design for a 3rd Generation
ECR source® which would extend the energy mass
characteristics of the cyclotron significantly is underway and
the cyclotron's projected performance is indicated with a
dashed line in Fig. 2. _

Along with developing higher ion source performance
with respect to producing higher charge states and higher
intensities, the development of a wide range of beams has
been an important aspect of providing new research
opportunities at the cyclotron. Both the LBL ECR and the
AECR have radial access ports provided by slots in the
sextupole structure which allow ovens.to be installed. The
oven lechnology was first developed on the LBL ECR.S
Ovens are now in use with many ECR ion sources although
they are typically mounted on axis and with maximum
temperatures of 1500 °C. The high temperature oven
developed for the ECR ion sources at Berkeley can operate
up to 2100 °C which can evaporate more elements. To date,
the 88-Inch Cyclotron has produced beams of 41 elements,
from hydrogen through zinc (the first 30 elements) as well
as Ge, Kr, Ag, Sn, Xe, La, Sm, Tb, Au, Biand U.

Efficient use of separated isotopic feed material has
been developed with the ECR sources also. For example in
FY94 more than 300 hours of research utilized “4Ca beams.
For these experiments, which required about 2 particle nA .
on target, typical usage rates of 40% enriched “4Ca were 20
to 30 pg/hr. Several factors go into the overall efficiency
including the source efficiency, the injection and extraction
efficiency and beam transmission to the experimental
target. In a typical experiment about 150 particle nA of
Cal® is produced by the ECR source (to minimize
consumption), 15 particle nA is extracted from the
cyclotron, and 5 particle nA is delivered to the Cave 4c
where Gammasphere is located. This represents an order of
magnitude improvement in transmission efficiency
compared above that achieved in the first few years of
operation the LBL ECR. The improved overall
transmission is a result of improvements in the transport
through the injection line, higher bunching efficiency with
the second harmonic buncher, better cyclotron settings and
improvements in the beam transport system to the cave.



stripped Ar ions were produced. Figure 4 shows the best
charge state distributions of 233U obtained with single-
frequency and two-frequency heating from the AECR
source. With about 15% more microwave power compared
to the optimum single-frequency heating, two-frequency
heating shifted the peak charge state from 33+ to 36+ and
increased the intensity by a factor of 2 to 4 higher for charge
states from 35+ to 39+.
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Fig. 4 Charge state distributions for 28U produced with the
AECR source are shown for single-frequency (14 GHz, curve 1)
and two-frequency (14 + 10 GHz, curve 2) heating.

The improved performance of the AECR source with
two-frequency heating makes it possible for the 88-Inch

. Cyclotron to accelerate the very heavy ions such as bismuth

and uranium to an energy greater than S MeV/n. Table 1
shows the highly charged ions obtained with the two-
frequency heating and accelerated through the 88-Inch
Cyclotron.

Table 1: Beams Produced by Two-frequency Heating and
Accelerated by the 88-Inch Cyclotron

Ion  Extracted Cyclotron Energy

Current (enA) (MeV) (MeV/n)
36K 30+ 0.22 1408.1 16.37
209B 45+ 0.5 1309.4 6.27
209Bj47+ 033 14279 6.83
20949+ 0.021 1551.7 742
209p50+ - 0,015 1615.4 7.73
209B;S1+ 0.004 1680.3 8.04
2852« . 0017 1562.0 6.56
238 J53+ 0.008 1662.9 - 6.99

An upgrade of the AECR is underway to modify its
magnetic structure to improve the plasma confinement to
further enhance the source performance. The existing
solenoid magnets will be replaced by new ones with larger
conductors and higher maximum current density. With these
modifications and at the same total dc magnet power of 75
kW as the existing configuration, the peak field strengths at
the injection and the extraction regions will increase about
70%. The central field strength will remain the same which
produces mirror ratios of 4.1 at injection and 3.0 at
extraction. The wall thickness of the new aluminum plasma
chamber wall be reduced and a stronger permanent

sextupole magnet will be installed to increase the radial
magnetic field at the wall from 0.64 to 1.0 Tesla.13

A 3rd Generation ECR source is being designed to
produce higher charge states and intensities so the 88-Inch
Cyclotron can deliver useable heavy ion beams such as
bismuth and uranium at energies above 5 MeV/anucleon.
ECR source development, especially in the last few years,
indicates that further enhancement of the production of high
charge state ions by ECR sources is possible with higher
ficld strengths and higher magnetic mirror ratios,!4 chamber
surface with high secondary emission materials and heating
the plasma with multiple frequency microwave power.12
The solenoid and sextupole magnets of this new source will

" be made from superconductor to produce the high magnetic

field strengths. The design fields are more than 3 T in the
axial direction and up to 2.5 T radial field at the plasma
wall. This would provide mirror ratios of 15 at injection and
10 at extraction.
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