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The 88-Inch Cyclotron is operated as a national facility in support of U.S. Department
of Energy programs in basic nuclear science. The central component is a
sector-focused, variable-energy cyclotron that can be fed by either of two Electron
Cyclotron Resonance (ECR) ion sources. This versatile combination produces
heavy-ion beams of elements throughout the periodic table. For helium to oxygen,
beam energies are up to 32.5 MeV/nucleon; for heavier ions the maximum energy per
nucleon decreases with increasing mass. Typical ions and maximum energy
(MeV/nucleon) are argon (23), krypton (14), xenon (8) and bismuth (5). Most
metallic ions and all gaseous ions up to mass 170 have either been accelerated or can
be developed as needed, with energies high enough for nuclear physics studies. High
intensity light ions - p, d, 3He and “He - are produced up to total energies of 55, 65, 135,
and 130 MeV, respectively.

Accelerator Use

The demand for beam time at the 88-Inch Cyclotron remained high in FYO01, a trend
which is continuing into FY02. A reduced operating schedule was implemented
beginning January 2002 in response to budgetary constraints. The Cyclotron will
continue in a mode of 9.5 days on and 4.5 days off every two weeks through FY02.
Gamma sphere continues to be a major attraction for outside users and is being
utilized at full capacity for both on-line and off-line experiments. The Berkeley
Gas-Filled Separator (BGS) ran a large number of hours in FYO1 resulting in the
confirmation of the Element 110 discovery at GSI and the first successful coupling of
the separator with the Univ. of Oslo liquid-phase chemistry apparatus, SISAK. The
BEARS project has demonstrated a '*O beam at the level of 2 x 10°/sec and is
working on increasing the intensity by another order of magnitude. Meanwhile
experiments continue using 'C. The research time (beam on target) in FYO01 was
4669 hours, an increase of 7% from FYO0O levels. The Accelerator Operation
Summary (Table 1) shows that in FYO1 65% of the calendar year was scheduled. The
Cyclotron operated very efficiently. Eighty-three percent of the scheduled time was
used for research (beam on target) while the remaining time was divided between
tuning (11%), machine studies (2%), and unscheduled maintenance (only 4%).

Nuclear science research accounted for 3792 research hours, applied research for 724
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hours, high energy, space and materials sciences for 118 hours, and biology for 35
hours. 90% of the nuclear science research utilized one of the two major facilities in
operation, Gamma sphere (60%) and BGS (30%). Radioactive beams provided by
BEARS, primarily ''C, accounted for 1% of the nuclear science beam research. The
nuclear science research can be broken down into nuclear structure (56%), heavy
elements and chemistry (34%), weak interactions (7%), exotic nuclei (2%) and
astrophysics (1%). The applied research - in partnership with both U.S. and foreign
industries, small business, and government laboratories - consisted primarily of
radiation effects testing for space applications using either the proton or heavy ion
irradiation facility. The research for high energy physics was done in support of the
development of detectors and associated electronics for the ATLAS detector at LHC
and as well as CCDs for particle astrophysics (SNAP). Some materials science work
was also performed to support of the study of radiation damage in semiconductor
materials by the Center for Advanced Materials at LBNL. The biology research was
done in support of NASA, DOE and NIH programs.

The cyclotron-fed by its ECR sources provides a wide range of ions, energies, and
intensities and most elements can be accelerated. In FY01, 30 different species were
accelerated, including the rare isotopes 180 36g, 3Ar, H:38Ca, 50T} and *Ni. Among
these, the “8Ca, Ti and Ni beams were used for BGS runs and required high beam
intensities. New magnets and an aluminum plasma chamber were installed in the LBL
ECR to provide higher performance and better reliability. A liner was inserted into the
AECR-U in order to prevent “*Ca from sticking to the walls of the source. This
improved the efficiency almost a factor of ten, and allowed the use of *Ca at high
intensities (0.7 puA from the Cyclotron) for two BGS experiments. We are working
towards improving the intensity of these heavy beams by upgrading the ion sources

and injection line.

Radioactive Beam Technology

The 88 Operations group is collaborating on several projects which involve the
production, transportation and ionization of radioactive atoms (RIBs). ECR ion sources
are crucial in these efforts in order to efficiently ionize radioactive atoms prior to
further acceleration. These efforts are important for the development of new scientific
opportunities at the Cyclotron as well as to further the technologies critical for the Rare
Isotope Accelerator (RIA) identified as the next major nuclear science facility in the
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2002 NSAC LRP.

The BEARS project, which couples the 88-Inch as a post accelerator with the
Biomedical Isotope Facility as a production cyclotron, is described in the Low Energy
Research Section (KB0401024) of this document. In FYO01, efforts were concentrated
on the production of '*Q, with a half-life of 70 seconds. This beam was successfully
accelerated in late FYO1 at a level of 2 x 10%/sec. Efforts are continuing to increase the
intensity of this beam.''C beams continue to be available with intensities up to 2x10°
pps. Two experiments have been carried out in FYOI and early FY02 using this
beam.'!C at 3 MeV/nucleon was accelerated for one of these experiments, a new
energy low for an accelerated RIB from the 88-Inch. In FY02, tests will be made to
determine the efficacy of using RIBs such as ''C in Gamma sphere. If feasible, this
may be a way to get directly at the "C(p,y) cross section which is important for the
CNO cycle.

A low energy (30 keV) 'O beam is produced using the 88-Inch Cyclotron. The
oxygen is then ionized in the IRIS ECR source, accelerated to 30 kV, then implanted
to provide an '*O source for beta shape spectrum measurements. The production of
this beam is now standard and the experiments have progressed. This technique has

also been demonstrated to work for the production of Ne.

For heavier species with longer half-lives, it is also possible to use the 88-Inch
Cyclotron as both the production and post-accelerator. A collaboration between
88-Inch Operations, the BEARS group, LLNL and Rutgers has been developing
beams of Kr and Br isotopes, both volatile species which are easy to extract from the
target and transport. A thin target of 4Se has been designed for the production of the
14-hour species "°Kr in the reaction "*Se(*He,2n)’°Kr. Production rates have been
measured and transport and trapping of the radioactive Br and Kr has been
demonstrated. In the Winter/Spring of FY02, ionization and acceleration of the Ky
will be tested, with a nuclear structure experiment planned for Summer FY02. In
FYO03, it is anticipated that ’Br will be developed and used to measure the (p,y) cross
section.

AIP and RIA R&D Overview
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During the time span of FY02 through FY04 the 88-Inch accelerator development
program will focus on two goals; extending the mass range up to mass 238 at energy
of 5 MeV/u at low intensity and significantly increasing the ion beam intensity up to
mass range 140.These improvements will provide new scientific opportunities for the
low energy nuclear physics community at the 88-Inch Cyclotron. The improvement
program will involve all parts of the accelerator: a new injector ion source, upgrade of
the cyclotron injection line, and the cyclotron vacuum as well as external beam lines.
Figure 2illustrates the timing of the upgrade projects. The first part of this plan is to
bring a new high performance ECR ion source VENUS (Versatile ECR ion source for
Nuclear Science) into operation. It is a 3™ generation Electron Cyclotron Resonance
ion source and will be the first ECR ion source with sufficiently strong magnetic
fields for optimum performance at frequencies up to 28 GHz, twice the frequency of
the LBNL AECR-U. For moderate charge states it will produce at least 4 times the
current of the AECR-U and the gains for very high charge states will be greater. This
will boost the maximum energies and intensities for heavy ions from the cyclotron,
particularly for ions with mass 60 and above. VENUS will also serve as a prototype
for the RIA ECR. It is designed to meet the intensity, charge states and emittance
requirements anticipated for the RIA driver linac.

The 88-Inch Cyclotron

o ™~ LBL ECR
“~AECRU
External
Beamline__~
RF Tank ——[ . —Magnet Yoke
N b
1 Zm
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Cyclotron
A 30 MeV H- cyclotron for isotope production.pdf

Commisioning and first operation of TR30 cyclotron.pdf
Cyclotron for isotope production.pdf
Operation of TR30 cyclotron.pdf

Ion source

A design of an ECR ion source for radioactive ion beams for ISAC
on-line.pdf

Dc H-D- source at triumf.pdf

Beam_induced_multipacting.pdf

Commissioning and initial operation of a radioactive beam ion source.pdf
A high intensity dc H- source for low energy injection.pdf

Ecr ion source for ISAC.pdf

Emittance mass scanner.pdf

Further development for H-D- multicusp source.pdf

Measurements on dc H- multicusp ion source for triumf.pdf
Multicusp source for ISAC.pdf

On the developement of 15 mA dc H- multicusp source.pdf

Optics for Cusp Source in Il.pdf

Radioactive ion beams at [SAC.pdf

Summary on radioactive beam ion source.pdf

RF

Multipacting_transmission_line.pdf

Stablizing power_amp.pdf

CERN Accelerator School and Rutherford Appleton Laboratory : Course on rf
engineering for particle accelerators, Oxford, UK, 3 - 10 Apr 1991 : proceedings, v 1
Turner, S [ed] CERN, 11 Jun 1992. - 312 p.

CERN Accelerator School and Rutherford Appleton Laboratory : Course on RF
engineering for particle accelerators, Oxford, UK, 3 -10 Apr 1991 : proceedings, v 2

Turner, S [ed] CERN, 11 Jun 1992. - 262 p.

Targetry
High current encapsulated target system for radioisotope production.pdf
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F-18 targetry.pdf

Encapsulated target for isotope production.pdf

High current radioisotope production with solid target system.pdf
Investigation of thermal performance of solid targets for radioisotope production.pdf

TRIUMF design notes
TRI-DN-93-08.pdf
TRI-DN-90-25.pdf
TRI-DN-92-20.pdf
TRI-DN-88-37.pdf
TRI-DN-93-25.pdf
TRI-DN-94-09.pdf
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500 uA system 1.2 mA system
H’ Source 5 mA 12 mA
Current 0.4 pi-mm-mrad 0.5 pi-mm-mrad
Emittance
Beam Bias 25 kV 27.5kV
Extraction System old type new type
Einzel Lens No Yes, -20 kV
Turbo pump 360 Us 2x3601/s
Buncher No Yes
Steering Mono-pole Bi-polar
Inflector +7.5kV 183 kV
Pop-up 0.5 mA 1.5mA
Centering injection No Yes
12" gap optics Original new
RF amplifier 40 kW 70 kW
RF control Original New
Transmission line 4 inch diam. 6 inch diam.
Bias for multipacting No Yes
External beam optics Original New
Target system Original New
Control software Original Modified
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INER TR30/15 Nordion original TR30
Source and injection H,D H
system
RF system Dual frequencies Single frequency
Sliding Dee Stems Solid Dee Stems
RF Amplifier Dual frequencies Single frequency
(more complicated input (simpler input circuit)
circuit)
Magnet Trim coils complicate the  |Simpler magnet structure

RF liner and Dees

No complication

Beam line optics

More beam lines

Less beam lines
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Estimate of Cyclotron upgrade

Item

Components

$US (thousand)

Manufacture Priority

Ton Source

Magnetic structure
Holder
Magnetic bar

10

Taiwan 2

Power supplies
Filament P.S. (> 375 A)

10

Power Ten 1

New extraction lens

2.5

Taiwan 1

New isolation for 25 kV
with shielding ring

Taiwan 1

Einzel lens and with

steering magnetic

Taiwan 1

Turbo pump > 550 Us

20

Seiko seiki 2

Beam chopper

15

Tom

Injection

Buncher and amplifier/control

30

Taiwan 1

Steering bi-polar ps

10

SQQ rotation

RF

11

New amplifier system (70 kW)

320

Cyclotron West 1

12

6>’ transmission line

50

13

RF control box

50

Triumf 1

External beam optics

14

4 quadrupoles and ps

Target station

15

High power target station
upgrade

cooling, collimatérs, vacuum
seal

50

Nordion, Taiwan 1
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Control system

50

Triumf, Taiwan

16

ControlView

17

PLC
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