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|l. PREFACE

This issue of RIKEN Accelerator Progress Report
reports research activities of the RIKEN Accelerator
Research Facility (RARF) during the calendar year of
2002. The research programs have been coordinated
in the framework of the project entitled Multidisci-
plinary Researches on Heavy-Ion Science. The project
involves a variety of fields such as nuclear physics, nu-
clear astrophysics, atomic physics, nuclear chemistry,
radiation biology, condensed matter physics in terms
of accelerator or radiation application, plant mutation,
material characterization, application to space science,
accelerator physics and engineering, laser technology,
and computational technology.

These activities involved ten laboratories, five Cen-
ters involving seven divisions, the RIKEN-RAL Cen-
ter, and the RBRC (RIKEN BNL Research Center),
and more than 350 researchers from domestic and for-
eign institutions. Thirty-six universities and institutes
from within Japan and 33 institutes from 10 countries
are also involved.

Major research activities of the RARF are based on
the heavy-ion accelerator complex consists of the K=
540 MeV RIKEN Ring Cyclotron (RRC), the energy-
variable heavy-ion linear accelerator (RILAC), and
the K=70MeV azimuthally varying field cyclotron
(AVF), which have altogether provided a beam time
(on the target) of about 7800 hours through the year.
The RILAC beam line and the experimental room are
remodeled, thus providing extra opportunity for us-
ing high-intensity low-energy beams. The three ac-
celerators deliver heavy-ion beams of a variety of el-
ements with energies ranging from a few A MeV to
135A MeV. The two-injector machines (AVF and
RILAC) are equipped with ECR heavy-ion sources.
The AVF is additionally equipped with a polarized
ion source for vector and tensor polarized deuterons.
The three accelerators have been used in various con-
figurations. The RRC operates either with the AVF
or the RILAC as the injector. The AVF has been
providing beams of ions of mass numbers up to 60.
The energy booster for the RILAC has been installed
so that the maximum beam energy from the RILAC
has been raised to 64 MeV. High-intensity beams of
intermediate-mass ions have been delivered. Taking
advantage of the intensity an experiment on searching
superheavy elements has been started. This also en-
abled to deliver high-intensity beams of intermediate-
mass elements such as Ni and Kr up to 854 MeV from
RRC. In addition, the AVF and the RILAC are used
separately, when they are not used as the injector, for
low-energy applications. Two thirds of the RRC re-

search beam time (~4470 hours is the total RRC run
time) is used for nuclear physics and nuclear astro-
physics, and remaining one third is used for atomic
physics, material science, nuclear chemistry, radiation
biology and others. While, the AVF beam time was
also used for fields other than nuclear physics. Stud-
ies with low-energy RI beams have been started. The
research beam time at the AVF was 476 hours and it
was 2880 hours at the RILAC.

The RARF carries many international collabora-
tions. Among them are two large-size international-
collaboration programs using overseas accelerator fa-
cilities: one is the muon science project at ISIS in
collaboration with the Ratherford-Appleton Labora-
tory (RAL), and the other is the spin physics program
at the RHIC in collaboration with the Brookhaven
National Laboratory (BNL). The pulsed muon-beam
facility at ISIS has been operating steadily. At the
RHIC facility, the first heavy-ion beam and the first
polarized proton beams have been successfully accel-
erated. The first data with polarized-proton collider
have been accumulated. Other smaller collaborations
using foreign facilities are underway on at Lanzho
(China), Dubna (Russia), CERN, GSI (Germany), and
TRIUMF (Canada).

We have collaborated with the CNS of the Univer-
sity of Tokyo for installing the new low-energy RI beam
separator (CRIB) to use the low-energy beam from the
AVF. High-quality low-energy RI beams are now avail-
able as a CNS/RIKEN facility. Several experiments
have been completed this year.

One of the highlights of the year is the starting of the
Superheavy element search. (1) Using high-intensity
beams from the RILAC to the GARIS (Gas Filled
Recoil Ion Separator) an isotope of element [110] has
been produced. This experiment, observing 14 sets
of alpha-decay chains, gave the first confirmation of
271[110] that was observed so far only at GSI. New
transuranium heavy isotopes 2°°Am and 2**Bk have
been discovered with the same system. (2) Concern-
ing the new isotopes, the nuclear chart in light nu-
cleus has been expanded to more neutron-rich nuclei.
New isotopes of 3*Ne, 3"Na, and #3Si have been dis-
covered using high-intensity “Ca beam. (3) A clear
evidence of proton skin has been observed from the
interaction-cross-section measurement of Ar isotopes.
(4) An rf deflector has been newly installed at the RI
beam separator RIPS. This deflector adds a separa-
tion by the TOF of a secondary nucleus between the
production target and the deflector. Orders of magni-
tude reduction of admixtures in secondary beams has



been achieved. (5) The gas-filled rf-ion guide and trap
of the RI beams has being developed. High collection
efficiency has been achieved.

The RI beam factory project is progressing well. The
building for the cyclotrons and the separators will be
completed soon. The construction of the experimental
facility building has been started. This building will

be completed in 2005.

I. Tanihata
Director, Experimental System Group
RIKEN Accelerator Research Facility
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In the previous year, an energy upgrade program
of RILAC from 4 to 6 MeV/nucleon in collaboration
with the CNS (Center for Nuclear Study, University
of Tokyo) was completed.)) In the beginning of 2002,
we obtained an official license for the new RILAC per-
formance and started the RILAC operation after an
eighteen-month shutdown.

Table 1 shows the statistics of the RILAC operation
from January 1 through December 31, 2002. Table 2
summarizes the number of days allotted to different
research groups. The percentage of beam time used
by the RIKEN Ring Cyclotron (RRC) was approxi-
mately 32% of the total. The “He, %8Ni, 84Kr, 136Xe,
181, and 29°Bi ions accelerated by RILAC were in-
jected into RRC. Among these, the 86Kr and “8Ca ions
were accelerated by RILAC together with the charge-
state multiplier (CSM) Al and A2 cavities and injected
into RRC with a harmonic number of 8.

Various experiments have been carried out routinely
since spring 2002 using the new six beam lines (el—e6)
of the RILAC experimental hall.

Research experiments on superheavy elements began
in March 2002 with a gas-filled recoil isotope separator
(GARIS) at the e3 beam line.?®) In order to study the
characteristics of the GARIS, the beams of 4°Ar, 48Ca,
and %8Fe with energies of 4.6-4.9 MeV /nucleon were
used. Since July 2002, a confirmation experiment on

Table 1. Statistics of RILAC operation from January 1
through December 31, 2002.

No. of Days %

Beam time 187 51.2

Overhaul and improvement 77 214

Periodic inspection and repair 33 9.0

Scheduled shutdown 68 18.6
Total 365 100

Table 2. Beam time allocated for different research groups.

No. of Days %

Atomic physics 11 5.9
Nuclear physics 83 44.4
Radiation chemistry 13 7.0
Material analysis and development 12 6.4
Accelerator research 8 4.3
Beam transport to RRC 60 32.1
Total 187 100

*  SHI Accelerator Service, Ltd.

the synthesis of element 110 using a **Ni ion beam with
an energy of 5.0 MeV/nucleon has been performed. A
total of 14atoms of the 271110 isotope were success-
fully observed so far. The total service time for the
experiments was 1403.7 hours. The 18 GHz ECR ion
source with the MIVOC method and the new six cav-
ities of CSM worked actively to provide these beams
with a high stability and a strong intensity for a very
long time.

The CNS group performed beam-plasma interaction
experiments related to heavy-ion inertial confinement
fusion research experiments at the e4 beam line.”)
The stopping power in a plasma was measured by the
time-of-flight method. Now the group is measuring
the charge state distribution of the projectile passing
through the plasma using a magnetic spectrometer and
MCP. The ion beams 8*Kr, 136Xe, and 81 Ta, with an
energy of 1.0 MeV /nucleon were used. The total ser-
vice time for the experiments was 144.7 hours.

Tables 3 and 4 show the statistics of the number
of days of the RILAC ion beams delivered using the
Cockcroft-Walton injector with an 8 GHz ECR ion

Table 3. Statistics of the RILAC ion beams delivered using
the Cockcroft-Walton injector with an 8 GHz ECR ion
source (NEOMAFIOS).

Ion Mass Charge state No. of Days

Ar 40 8 2

Ni 58 9 3

Kr 84 8 2

Bi 209 16 2
Total 9

Table 4. Statistics of the RILAC ion beams delivered using
the RFQ injector with an 18 GHz ECR ion source.

Ion Mass Charge state No. of Days
He 4 2 2
Ar 40 8, 11 40
Ca 48 11 17
Fe 58 13 9
Ni 58 9 6
Ni 64 13, 14 52
Kr 84 17, 19, 20 7
Kr 86 20 9
Xe 136 18, 20, 27 31
Ta 181 20 5
Total 178




source (NEOMAFIOS) and those delivered using the
RFQ injector with an 18 GHz ECR ion source, respec-
tively. The ion beams of 11 elements were used for the
experiments and beam acceleration tests.

We carried out the following machine improvements
during this reporting period.

(1) A solenoid magnet was installed between
RIKEN 18 GHz ECRIS and the analyzing mag-
net.8) The maximum magnetic field on the axis
is 0.65T. As the result, the beam intensity com-
pared with that without the magnet increased
by about 50% at the exit of the analyzing mag-
net.

(2) A turbomolecular pump of 24001/s for the No. 6
RILAC cavity was replaced with a cryogenic
pump of 130001/s. As the result, the oper-
ating pressure decreased from 1 x 107*Pa to
4 x 107° Pa.

(3) To obtain a stable operation, the phase con-

" trollers of the six rf systems and the amplitude
controllers of the No. 5 and No. 6 rf systems
were replaced with newly designed ones.?) The
basic design is similar to that of RRC. The
new controllers and the existing automatic tun-
ing and amplitude controllers were connected to
programmable logic controllers by InTouch soft-
ware.

(4) A Mitsubishi M60/500 minicomputer, which
has been used for the RILAC operation since
1986, was completely replaced with an exper-
imental physics and industrial control system
(EPICS).'?)

We experienced the following machine problems dur-

ing this reporting period.

(1) The No. 6 rf power amplifier had troubles. A
parasitic oscillation with a frequency of 105 MHz
was detected at the final amplifier. This para-
sitic mode was suppressed by mounting dumping
resistors on the circuit.

(2) The No. 4 rf power amplifier was splashed with
water due to a small hole in the cooling pipe
inside the grid stub. We replaced the grid stub
with a spare one.

(3) In the No. 5 and No. 6 cavities, a thin copper
sheet (10 cm wide, 7 cm long, and 0.3 mm thick)
used for electric contact melted due to the ex-
cessive rf current and parasitic oscillation.
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The statistics of operation of the RIKEN Ring Cy-
clotron (RRC) in 2002 is shown in Table 1. The RRC
together with the AVF and the RILAC have routinely
provided a beam time of more than 4400 hr through-
out the year 2002. The beam time had decreased by
15% in the previous year due to the RIBF construction
work but it recovered this year up to a regular level of
the RRC operation history.

Table 2 shows the statistics of beam time used for
each beam course. Ninety-three experiments were car-
ried out in 2002 using the RRC beams. Among these,
thirty-one RIPS experiments were carried out in the
E6 room and they used a total beam time of 3113 hr,
that is, 70% of the total beam time in 2002. Each RIPS
experiment normally required a preparation time of a
week at least. In order to use a beam time more ef-
ficiently, an increase in number of experiments, other
than RIPS experiments, is desired, which can be sched-
uled during the preparation time. In fact, the RRC
operation was interrupted for two weeks in April and

Table 1. Statistics of RRC & AVF operation from Jan. to
Dec. 2002.

Operation time of RRC 6058 hr
Beam Service Time 4399 hr
Mchine troubles 172 hr
Nuclear Physics Experiment 78%
Non—Nuclear Physics Experiment 22%
RILAC-RRC Operation 11%
AVF-RRC Operation 89%
Operation time of AVF standalone 670 hr
Beam Service Time 476 hr

Table 2. Beam time for each beam course in 2002.

Target room  Total time (hr)  No. of experiments

El 257 6
E2 157 4

E3 275 15

E4 (SMART) 327 5
E5 273 29

E6 (RIPS) 3114 31
E7 (CRIB) 476" 8’

"AVF stand-alone only, and used for CNS of Univ.
Tokyo.

*1 " Center for Nuclear Study, University of Tokyo
*2  SHI Accelerator Service, Ltd.

May due to the installation of RIPS experimental de-
vices. An rf deflector was installed in the RIPS beam
line, which gives an additional separation power of RI
beams to the RIPS.

The official license grounded on the radiation-
protection law was obtained for the upgrade of the
RILAC in February 2002, and then some high-intensity
beams became available in use of the new acceleration
scheme. The harmonics of the rf system of the RRC is
designed to be 9 when the RILAC is used as an injec-
tor. The additional velocity gain through the Charge-
State Multiplier (CSM) after the RILAC makes it pos-
sible to operate the RRC in the harmonics of 8, which
indicates that the extraction velocity can be boosted
by a factor of 9/8 at the same rf-frequency. This energy
gain is very useful to produce more intense radioactive
beams far from stability. This new acceleration scheme
for the RILAC, CSM and RRC was successfully tested
using a 63 MeV /u 85Kr beam. More than 100 pnA of
48(Ca beamn was accelerated up to 63 MeV/u in order
to apply to new isotope search, resulting in discoveries
of the new isotopes of 3*Ne, 3"Na and 43Si. The data
of these beams are listed in Table 3. As shown in the
table, the new scheme gives much more intense beams
than the traditional one, although their energies are
slightly lower. These results are mainly due to the fol-
lowing two facts. The 18 GHz-ECR ion source gives
more intense beam than 10 GHz-ECR ion source. The
t