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I. PREFACE

This issue of RIKEN Accelerator Progress Report
reports research activities of the RIKEN Accelerator
Research Facility (RARF) up to October 2003. The
research programs involve a variety of fields such as
nuclear physics, nuclear chemistry, radiation biology,
atomic physics, condensed matter physics, plant mu-
tation, material characterization, application to space
science, accelerator physics and engineering, laser tech-
nology, and computational technology in terms of ac-
celerator or radiation application. These activities
involved a few hundred researchers from domestic
and foreign institutions together with laboratories and
Centers in RIKEN.

Major research activities of the RARF are based on
the heavy-ion accelerator complex consisting of the
K = 540MeV RIKEN Ring Cyclotron (RRC), the
energy variable heavy-ion linear accelerator (RILAC),
and the K = 70 MeV azimuthally varying field (AVF)
cyclotron. Heavy-ion beams of a variety of elements
with energies ranging from a few A MeV to 135 A MeV
are provided. The two-injector machines (AVF and
RILAC) are equipped with ECR heavy-ion sources.
Vector and tensor polarized deuterons are also avail-
able. The three accelerators have been used in vari-
ous configurations. 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,
whereas the RILAC can accelerate heavier ions. An en-
ergy booster called CSM (Charge State Multiplier) has
been installed in collaboration with CNS, the Univer-
sity of Tokyo, so that the maximum beam energy from
the RILAC has been raised. This enabled to deliver
high-intensity beams of intermediate mass elements
such as Kr up to 64 A MeV from RRC. In addition,
RILAC and RRC can be operated separately, when the
AVF is used to inject ions to the RRC. This allows for
long runs with RILAC beams like the experiment of
super-heavy element search. Two thirds of the RRC
research beam time is used for nuclear physics and nu-
clear astrophysics, and remaining one third is used for
atomic physics, material science, nuclear chemistry, ra-
diation biology and others. The AVF beam time was
also used for fields other than nuclear physics.

The RARF carries many international collabora-
tions. Among them are two large-size collaboration
programs using overseas accelerator facilities: one is
the muon science project at ISIS in collaboration with
the Rutherford-Appleton Laboratory (RAL), and the
other is the spin physics program at RHIC in collabora-
tion with the Brookhaven National Laboratory (BNL).
The pulsed muon-beam facility at ISIS has been oper-

ating steadily. At the RHIC facility, the first data from
longitudinally polarized proton collisions have been ob-
tained. Other smaller collaborations using foreign fa-
cilities are underway at Lanzho (China), Dubna (Rus-
sia), CERN (Switzerland/France), GSI (Germany),
TRIUMF (Canada), and MSU (United States). We
have collaborated with the CNS for installing the low-
energy RI beam separator (CRIB) to use the low-
energy beam from the AVF. Light RI beams of a few
A MeV are now available as a CNS/RIKEN facility,
and several experiments have been performed.

Highlights of the year for the research at RARF are
as follows. (1) Experiments for super-heavy element
search have been performed. Alpha-decay chains from
residues of the 4Ni + 299Bi fusion reaction have been
observed, and production of the element 22[111] has
been confirmed. Together with earlier results at GSI,
properties of the decays have been revealed. An exper-
iment to search for the element 113 is underway. (2)
The lifetime of the first excited state in °C has been
measured. Its extraordinarily large value together with
the large neutron excitation component extracted from
the 16C + 298Pb inelastic scattering results indicate
anomalous dynamics of 16C excitation. (3) The "N
magnetic moment has been measured. (4) New tech-
niques are being developed to accumulate slow RI ions
from the fragment separator. The highest efficiency
of around 3% was achieved for the method based on
the gas-filled rf-ion guide. (5) A novel technic of TOF
mass spectroscopy is being developed. Mass accuracy
of 0.7ppm has been achieved. (6) The reaction cross
section for C isotopes (141%17C) and half lives for Cr,
Mn, Fe, and Co isotopes have been measured. (6) Be-
havior of neutron-rich N = 20 isotopes was studied.
The energy of the first excited state in *’Ne, which
was measured by a (p,p’ ) experiment in reversed
kinematics, indicates that the neutron shell closure dis-
appears in this nucleus. (7) The rf deflector, which was
installed in the last year, has been successfully used for
experiments with proton-rich RI beams.

The RI Beam Factory project is in progress. The
building for the cyclotrons and fragment separators has
been completed, and the experimental facility building
is being built. Most of the main components of the
cyclotrons IRC and SRC has been fabricated, and their
installation in the building has been started. The first
production of RI beams are foreseen in the year 2006.

T. Motobayashi

Leader, Accelerator-based Research Group
RIKEN Accelerator Research Facility
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RILAC operation

E. Ikezawa, M. Kase, S. Kohara, O. Kamigaito, T. Nakagawa, M. Fujimaki, M. Nagase, T. Kageyama,
N. Fukunishi, N. Sakamoto, H. Okuno, N. Inabe, M. Wakasugi, M. Kobayashi-Komiyama, M. Kidera,
S. Yokouchi, A. Yoneda, H. Ryuto, M. Hemmi, I. Yokoyama, Y. Higurashi, T. Aihara,* T. Ohki,*
H. Hasebe,* H. Yamauchi,* A. Uchiyama,* K. Oyamada,* A. Goto, and Y. Yano

During this reporting period, RILAC has been in
steady operation and has supplied various ion beams
for various experiments. Table 1 shows the statis-
tics for RILAC operation from January 1 through De-
cember 31, 2003. Table 2 summarizes the number of
days allotted to different research groups. The per-
centage of beam time used by the RIKEN Ring Cy-
clotron (RRC) was approximately 31% of the total.
The 4°Ar, 48Ca, °®Ni, 36Kr, 136Xe, and '®'Ta ions ac-
celerated by RILAC were injected into RRC. Among
these, the “°Ar, 48Ca, 86Kr, and '35Xe ions were accel-
erated by RILAC together with the charge-state multi-
plier (CSM) A1l and A2 cavities and injected into RRC
with a harmonic number of 8.

Research experiments on superheavy elements have
been carried out with a gas-filled recoil isotope sepa-
rator (GARIS) at the e3 beam line. The total beam
service time for the experiments was 2413.3 hours.

Tables 3 and 4 show the statistics for the numbers
of days on which RILAC ion beams were delivered us-
ing the Cockcroft-Walton injector with an 8 GHz ECR
ion source (NEOMAFIOS) and using the RFQ linac
with an 18 GHz ECR ion source, respectively. The ion
beams of 10 elements were used for the experiments
and beam acceleration tests.

Table 1. Statistics for RILAC operation from January 1
through December 31, 2003.

No. of
Days %
Beam time 216 59.2
Overhaul and improvement 56 15.3
Periodic inspection and repair 45 12.3
Scheduled shutdown 48 13.2
Total 365 100

Table 2. Beam time allocated to different research groups.

No. of

Days %
Atomic physics 4 1.9
Nuclear physics 134 62.0
Radiation chemistry 7 3.2
Material analysis and development 2 0.9
Accelerator research 3 14
Beam transport to RRC 66 30.6

Total 216 100

*  SHI Accelerator Service, Ltd.

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

Ton Mass Charge state No. of
Days

Ar 40 8 2
Ni 58 9 3
Kr 86 18 1
Ta 181 16 2
Total 8

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

Ton Mass Charge state No. of
Days

N 14 3 1
Ar 40 8, 11 14
Ca 48 11 10
Ni 58 9 6
Ni 64 13 52
Zn 70 16 82
Kr 84 17 2
Kr 86 18 17
Xe 136 18, 20, 26, 27 19
Ta 181 20, 24 5
Total 208

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

(1) The power supplies for the drift tube magnets
used in the No. 1, No. 2 and No. 3 cavities and for
the quadrupole magnets installed after each cav-
ity were replaced with new ones, because they
were worn out from many years of operation.
Each new magnet power supply is of the switch-
ing type and has a network 10 (NIO) interface.

(2) In the beam transport line between the No. 1
and No. 6 cavities, the Faraday cups, the beam
profile monitors and the phase probes were re-
placed with new ones in order to improve their
strengths against the high beam intensity ex-
tractable from an 18 GHz ECR ion source. They
were mounted on a new diagnostic chamber.

(3) The vacuum system using the turbomolecular
pumps of 1501/s was newly installed in the beam
transport line between the No. 1 and No. 6 cav-
ities. In the experimental room, the vacuum



system for the beam transport line was also re-
placed with a new one.

The power supplies for the dipole magnets (A-
DM2, A-DM-3 and GARIS-D) were remodeled
by replacing the current shunt with the DC cur-
rent transformer.®

We experienced the following machine problems dur-
ing this reporting period.

(1)

(2)

(3)

In the rf power amplifier of the RFQ linac, the
rf contact finger was melted due to the excessive
rf current. The rf power amplifier was improved
this summer.

The 18 GHz ECR ion source was splashed with
water due to the presence of a small hole in the
cooling pipe of the water jacket for the hexapole
magnet.

In the No. 2, 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 because of
the excessive rf current with parasitic oscillation.

The beam transport line of the RFQ linac with
the 18 GHz ECR ion source will be modified for
the RIKEN RI beam factory project during January
through February, 2004. Another 18 GHz ECR ion
source will be installed in parallel with the existing
18 GHz ECR ion source in the near future. Thus the
beam transport line of the Cockcroft-Walton injector
with the 8 GHz ECR ion source (NEOMAFIOS), which
has been used for many years, will be dismantled.

References
1) M. Nagase et al.: RIKEN Accel. Prog. Rep. 37, 273
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RRC and AVF operation

M. Kase, T. Kageyama, M. Nagase, S. Kohara, T. Nakagawa, E. Ikezawa, M. Fujimaki, N. Inabe, H. Okuno,
0. Kamigaito, M. Kidera, H. Ryuto, M. Kobayashi-Komiyama, N. Fukunishi, N. Sakamoto, M. Wakasugi,
Y. Ohshiro,** A. Yoneda, Y. Higurashi, I. Yokoyama, S. Yokouchi, H. Isshiki,*> N. Tsukiori,*?

K. Takahashi,*? T. Maie,*?> R. Ohta,*?> K. Kobayashi,*?> M. Nishida,*?

Y. Kotaka,*? S. Fukuzawa,*? A. Goto, and Y. Yano

The RARF accelerators (RRC, AVF and RILAC)
were operated under special budgetary conditions in
2003. To keep the RIBF construction schedule, the
operation budget was reduced by 30%. Moreover, on
the operation budget, the energy source for the accel-
erators was switched from electricity to gas fuel due
to the introduction of a new power-generation scheme
described below.

The co-generation system (CGS) of the RI Beam
Factory was installed in the spring of 2003 and the gas
turbine in the CGS has started to generate a power
of 6300 kW routinely since April. To reduce the power
cost, the accelerators use electricity from the CGS only
in the daytime of weekdays and Saturday, and use
commercial power during the other periods when the
charge is quite low. The accelerators had a scheduled
long shutdown (more than 40 days) in the summer and
will have another two-month shutdown in the winter
of 2004.

In November and December, experiments using
beams of the RILAC-RRC combination were post-
poned, and the experiment to search for a super-
heavy element (Z = 113) exclusively used beams from
RILAC.

Construction Time
(Hours)

9000

For the above reasons, the operation hours of the
RIKEN Ring Cyclotron (RRC) in 2003 was slightly
shorter than the previous years, as shown in Table 1.
Figure 1 shows the history of the RRC operation from
1996 to 2003. The RRC routinely provided a beam
time of 3789 hr throughout 2003.

Table 2 shows the statistics of beam time used for
each beam course. Ninety-six experiments were car-
ried out in 2003 using the RRC beams. Among them,

Table 1. Statistics of RRC and AVF operation from Jan.
to Dec. 2003.

Operation time of RRC 5684 hr
Beam Service Time 3739 hr
Machine troubles 239 hr
Nuclear Physics Experiment 74%
Non-nuclear Physics Experiment  26%
RILAC-RRC Operation 11%
AVF-RRC Operation 89%
Operation time of AVF standalone 1582 hr
Beam Service Time 1192 hr
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Fig. 1. Statistics of RRC operation from 1996 to 2003.

*1 " Center for Nuclear Study, University of Tokyo

*2 SHI Accelerator Service, Ltd.



Table 2. RRC and AVF beam time for each course in 2003.

Target room  Total time (hr) No. of experiments

(
El 100 (257) 6 (6)
E2 117 (157) 3 (4)
E3 342 (275) 13 (15)
E4 (SMART) 538 (327) 9 (5)
E5 286 (273) 40 (29)
E6 (RIPS) 2342 (3114) 25 (31)
AVF (CO3) 158% 58
E7 (CRIB) 10348 (4679%) 16% (8)

§ AVF stand-alone only, and used for CNS of the Univer-
sity of Tokyo. Figures in parentheses are data in 2002.

twenty-five experiments using RI beams from RIPS
were carried out in the E6 room and they used a total
beam time of 2342 hr, that is, 63% of the total beam
time.

A total beam time of 1034 hr is used by the Center
for Nuclear Study (CNS) of the University of Tokyo. It
was the second year since the physics experiments for
university students started based on the RIKEN-CNS
collaboration agreement. In autumn, four days were
spent for these experiments.

The hyper-ECR ion source has been used routinely
for injection of the AVF in collaboration with the CNS,
university of Tokyo. It took charge of the production
of beams such as 12C, N, 160, and ?°Ne, being used
for 60% of the total beam time of the AVF. The perfor-
mance of the 10 GHz ECR ion source has not been as

good as before for the production of high-charge-state
ions, since it has problems on the hexa-pole magnet
and extraction system.

The high-intensity nature of RRC beams enables us
to provide experimental opportunities like the use of
a parallel beam with an angular divergence less than
10 microradians. These parallel beams were used in
ion-channeling experiments performed in the E2 ex-
perimental vault. The typical intensity of the parallel
beam is several hundreds of particles per second. The
power supplies of beam transport magnets were mod-
ified to improve the long-time stability of these high-
precision beams. Their current detectors were con-
verted from a Zeranin shunts into DCCT (DC current
transformer).

We upgraded the EPICS base programs running on
the server computer for accelerator operation from ver-
sion R3.13.1 to R3.13.8 in the summer of 2003. It is
expected that we can add new convenient applications
supported by the EPICS community such as an oper-
ation archiver to our control system.

It was determined that the use of SMART in the E4
target room will be terminated in the summer of 2005
to install one of the cyclotrons (fRC) of RIBF.

The beam chamber of RRC is being evacuated with
fourteen sets of 100001/s cryogenics vacuum pumps.
Five of them had been out of order after more than
10000 hr use. The helium compressors for these pumps
were renewed in the summer of 2003. At the same
time, careful maintenance was carried out for the cryo-
pumps in RARF.
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CGS operation
H. Hasebe,* K. Yamaguchi, T. Fujinawa, T. Maie,* K. Oyamada,* E. Ikezawa, M. Kase, and Y. Yano

The RI Beam Factory (RIBF) requires a gas turbine
co-generation system (CGS)Y to increase the reliabil-
ity of the power supply, the He-cryogenic system, vac-
uum system and super-conducting magnets perform
poorly with any interruption of the power supply. The
gas turbine generates electric power from fuel energy - .
and supplies it to the above systems with top prior- S %!
ity. By utilizing gas heat exhaustion from the gas tur- gl compreSegr R}
bine, the CGS will also supply cooled water to the
cooling system of the RIBF accelerators as well as to
the building air-conditioning system. The whole sys-
tem is schematically shown in Fig. 1. Photographs of
the gas turbine and the overview of the CGS are shown
in Fig. 2 and Fig. 3, respectively.

The contract for the CGS construction was signed
with Mitsubishi Electric Co. in Jan. 2002. The instal- is usually mounted inside the heavy container, which
lation of the CGS was started in July 2002 on the open functions as a silencer.
space of the first floor of the RIBF accelerator build-
ing, and was completed in Feb. 2003. After inspec-
tions and tests had been conducted, the generation of
maximum power (6.3 MW) was achieved at the end of
March 2003. The opening ceremony was held at the
beginning of April with the chairman of the board of
Directors in attendance, and routine operation started
after that.

Until the RIBF is completed in 2005, the CGS will
supply electric power mainly to the RARF accelera-
tors (RRC, AVF and RILAC) during the daytime on
weekdays including Saturday. At night and on holi-
days and Sundays, the CGS is out of service, because
the rates for commercial electric power are very low
during these periods. On the other hand, this year the

combustor casing

Fig. 2. Photograph of the gas turbine. Air flows from the
left-hand side to the right hand side. Three sets of gas
inlets and igniters are seen in the middle. The turbine

stack chimney draft

Fig. 3. Over view of the CGS.

T [Rated Performances at 15°C]
SN N Hower;Cass. Output Power 6300 kW
Gas Turbine Cogeneration X 3
with variable thermal & electrical power *Fuel Gonsumption 1590 Nm'/h
3 *Steam Output 120 t/h
1590 Nm°/h Fuel (Natural Gas) o “Electrical Efficiency 343 %
8 t/h Injection *Thermal Recovery Ratio 8.1 %
Ca—— Steam -Total Efficiency 40.2%
Electrical Outout € «NOx Emission 31 ppm (0, 0 %)
B ~Sound Level 75 db(1 m)
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Cooled Water for Air Cooler

Fig. 1. Schematic diagram of the 6300-kW-power class gas turbine cogeneration system with variable
thermal and electrical power.

*  SHI Accelerator Service, Ltd.




use of the exhausted heat is limited to dehumidifying
the accelerator building.

The daily operation schedule of the CGS is as fol-
lows. An operator pushes the start button at 7:45
am in the CGS control room in the Nishina Memorial
Building. The gas turbine is ignited at 7:50 am and,
after the rotation of turbine reaches up to 14,000 rpm,
the generator is started and synchronized to commer-
cial electric power line at 8:00 am. The full power of
6.3 MW is achieved around 8:45 am by using as much
output steam as possible. The stop button of the CGS
is pushed at 9:40 pm and the generator is cut off from
commercial electric power line at 10:00 pm. The CGS
is totally stopped at 10:30 pm. The operation statistics
from April to the end of October are shown in Table 1.

We have encountered some premature failures and
the operation was occasionally interrupted. The bian-
nual inspection was carried out in Sept. 2003, and an
annual one is scheduled for Feb. 2004. Self-dependence
operations were accidentally initiated on Sept. 3. and
Oct. 2. The fist operation was triggered by an inter-
ruption of the power supply due to a lightning strike
and the second, by an instant voltage reduction. In
both cases, the fully automatic system for providing
non-stop power supply worked successfully in the RIBF
accelerator building.

RIKEN signed a new electric power contract with
TEPCO in Oct. 2003. The contract peak power was
reduced from 23.4MW to 18 MW. This downsizing

Table 1. Statistics of CGS operation from April to the end
of October, 2003.

No. of Days %

Operation time 176 82.2
Scheduled shutdown 29 13.6
Overhaul and improvement 9 4.2
Total 214 100
Cost

Electric out put power 13,877,360 KWh 151,981,901 yen
Used gas of the CGS 3,544,958 Nm® 136,423,900 yen
Profit 15,558,001 yen

Unit rate
10.12 yen/kWh
9.85yen/kWh

Electrical output only
Inc heat recovery (200kW)

has resulted in savings of more than 60 million yen
per year. However a full day of operation of what will
be required during the summer in 2004 to keep this
contract. In Feb. 2004, the CGS will starts to supply
cooled water to the Nishina Memorial Bldg. and the
Linac Bldg. mainly for the air-conditioning systems of
the existing accelerator vaults. It is expected that the
profits of the CGS will grow somewhat in 2004.

References
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Operation of the tandem accelerator

T. Kobayashi and K. Ogiwara

The 1.7 MeV tandem accelerator (pelletron) was op-
erated for a total of 119 days for experiments, except
for the time required for machine inspection and beam
test (36 days), during the annual reporting period from
Nov. 1, 2002 to Oct. 31, 2003.

Experimental studies on the following subjects were
performed, and are still in progress.

(1) Nuclear reaction analysis (NRA) (61 days)

(a) Lattice location of hydrogen in Nb-based al-
loys by means of the channeling method

(2) Particle-induced X-ray emission (PIXE) (38
days)

(a) Development of a highly sensitive high-
resolution in-air PIXE system for chemical
state analysis

(b) Trace element analysis of biological and en-
vironmental samples using energy dispersive
X-ray spectrometry

(c) Characterization of the II-VI ternary semicon-
ducting crystals

(3) Rutherford backscattering spectroscopy (RBS)
and Elastic recoil detection (ERD) analysis (20
days)

(a) RBS analysis of polymers and carbon materi-
als containing metallic nanoparticles

(b) ERD analysis of diamond-like carbon (DLC)
thin films determining hydrogen contents

The total time in days, which was spent for each
experiment, is shown in parentheses.
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Spontaneous-fission half-lives for heavy and superheavy nuclei

H. Koura*

[Spontaneous fission, Lifetimes]

Our group has constructed and is developing
a method of estimating the potential energy surface
for spontaneous fission?) using a method of calculat-
ing shell energies in a nuclear mass formula.?3) In this
formula, the shell energy of a deformed nucleus is ex-
pressed as a sum of an appropriate mixture of spher-
ical shell energies and an average deformation energy.
The potential energy surface for spontaneous fission
can be obtained by considering not only the equilib-
rium shapes but also the intermediated ones. With the
above energy surfaces, we estimate the spontaneous-
fission half-lives. We take the one-dimensional WKB
method as a virtual particle with an even-odd hin-
drance factor. That is,

Tsf
logy s

2
= logyq (1 + exp [;LK}) + logo(Ncon) — 0.159

+ héoadz + hboddN — Dooboddz00ddN (1)

K= /\/2ku(V(§) — ) dt. 2)

Here, p is a reduced mass of the symmetric fission frag-
ments. The path £ is described by the differential of
the deformation parameters « as

d¢ = roAéda, (3)

and taken to proceed to the lowest energy towards the
prolate shapes. In this study, we take the as, a4, ag
deformations in the range —0.2 < ag < 0.5.

Among the above parameters, we take ro = 1.2 fm,
and Ncoy = 102938, The value of k in Eq. (2) is ad-
justed to reproduce the experimental Ty for even-even
nuclei. The values of h and Ay, in Eq. (1) are ad-
justed for odd-A and odd-odd nuclei after fixed k. The
results are k =6.90, h = 3.54, and A,, = 3.0. Fig-
ure 1 shows experimental and calculated log (Tt /(s))
for even-even nuclei. The root-mean-square deviation
from experimental ones is 3.33.

Figure 2 shows the most dominant decay modes cal-
culated from the above estimation. We can find that
the region of fissioning nuclei is located in three areas:
the nuclei near the proton-drip line with 130 < N <
150, the nuclei with Z ~ 106 and N = 168, and the
nuclei with N > 184 and N/Z < 1.9.

*  Advanced Research Institute for Science and Engineering,

Waseda University
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Application of the generalized two-center cluster model to "Be and '2Be

M. Ito,*! K. Kato,*? and K. Ikeda

[NUCLEAR STRUCTURE, cluster model, Unstable nuclei]

Recent experiments strongly indicate the existence
of the resonant states which dominantly decay to the
SHe+%He and a+®He channels in the excited states of
12Be.Y) In 19Be and *Be, similar resonances, decaying
to “He + %He and %He + ®He, respectively, have also
been reported in recent experiments.’?) These exper-
iments strongly suggest the existence of exotic cluster
states consisting of the respective He-isotope clusters.
Furthermore, the molecular orbital has been shown to
provide a good description of the low-lying states of
Be isotopes as emphasized by recent studies.?) There-
fore, it is important to understand both the molecular-
orbital formations and the possible appearance of the
SHe and ®He cluster states consistently.

In order to understand the formation of these differ-
ent configurations equally, we proposed a “generalized
two-center cluster model” (GTCM)* and applied it to
0Be = o+ a+ 2n. In this model, the total wave func-
tion is expressed in terms of a linear combination of the
“atomic-orbitals states” having the (a+n)+(a+n) and
a+ (a+2n) structures. The « particle is described by
the (0s)* configuration in the harmonic oscillator po-
tential (HO) and the valence neutrons are specified by
the atomic orbitals in which the neutrons are localized
at one of a cores with Op; orbitals (i = z, y, z) in the
same HO potential. The constructed atomic-orbitals
states are fully antisymmetrized and projected to the
eigenstates of the total spin and the parity. The super-
position of the atomic-orbital states can generate the
molecular orbitals at a small a—a distance as well as
the asymptotic cluster states of a4+ %He and He+°He
at a large a—a distance.

The calculated energy surfaces are shown in Fig. 1.
We have found that at a short a—« distance (S <
4.5 fm), the valence neutrons form the molecular or-
bitals (MO), while in an asymptotic region (S > 6 fm),
the valence neutrons are localized at one of o cores
leading to the formation of the dinuclear states with
the a + %He or °He + 5He configuration. In these
states, He or °He has an intrinsic spin and couples to
each other with relative spin L, which just corresponds
to the so-called “weak-coupling states” (WS). In ad-
dition, at S = 4.5-6fm, we have found that the sys-
tem has an intermediate coupling scheme between MO
and WS. We also solved the a—« relative motions and
confirmed that the energy gains for the three local min-
imums in the surfaces of A, B and C amount to approx-
imately 1-2MeV.

*1

4)

Institute of Physics, University of Tsukuba
*2 Division of Physics, Graduate School of Science, Hokkaido
University
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Fig. 1. Adiabatic energy surfaces in '°Be. The solid sur-

faces of A, B, C, D, E and F have a dominant compo-

nent of (TI';/Q)Q, (032)2, (TI';/Q)Q, (7T;r/2)2, (7r1+/20;r/2) and

(w;r/2)2, respectively, while the dotted and thin surfaces
have a dominant component of (7,0, ,) and (UI/Q)Z,
respectively.

Therefore, this model naturally describes the forma-
tion of the MO at a short a—«a distance as well as that
of WS at an asymptotic region, which was generated
by the change of the orbitals for the valence neutrons
around two « cores. This model also predicts the ap-
pearance of the pure a—|—6Heg,s, and 04+6He(2f) cluster
states in the J™ = 1~ and J™ = 67 states, respectively,
which were not discussed in previous studies. The adi-
abatic energy surfaces of 12Be with J™ = 0" was also
calculated. We have found that the 6Heg.5. + 6Heg_s_
cluster configuration is enhanced in the third excited
surface. This result suggests that the 0;)r state will
be interpreted in terms of the molecular state of this
configuration. The extension of GTCM to high spins
where the resonances are observed is now under way.
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Tensor correlation in neutron halo nuclei

T. Myo,*! K. Kato,*? and K. Ikeda

[NUCLEAR STRUCTURE, Unstable nuclei, Cluster model, Tensor force]

Tensor force is an important component in nuclear
force and plays an important role in the nuclear struc-
ture. For example, the contribution of the tensor force
in the binding energy of *He is comparable to that of
the central force,! and triplet-even part is dominant.

In this report, we investigate the role of tensor force
in the structures of the two neutron halo nuclei *He
and ''Li. In most theoretical studies of these nuclei,
the core+n 4+ n model is often used, where the core
nucleus is treated as inert, such as the (0s)* configura-
tion of “*He for He. However, under this assumption,
tensor force cannot be incorporated in the core nu-
cleus or in the coupling to the core and valence parts.
Therefore, the effects of tensor force in the two neu-
tron halo nuclei have not been realized yet. For ''Li
and 19Li, the lowering of the 1s orbit near the Op orbit
has been discussed, however, the essential mechanism
of this phenomenon is still unclear. It is of interest to
examine the effect of the correlation induced by tensor
force on this problem.

We examine what kind of correlation tensor force
(tensor correlation) produces. Tensor force tends to
change the parity of the nucleon single particle orbit
due to the operator of (o - ). This originates from
the nature of the pion (pseudoscalar meson) because
tensor force mostly comes from the one-pion-exchange
potential. Then, in “He, the 0s and Op orbits can be
coupled by tensor force and the description of *He is
extended to (0s)* + (0s)?(0p)2. The amount of disso-
lution of *He can be estimated to be about 10% of the
D-state probability by the exact four-body calculation.

The 2p-2h excitation from Os to Op orbits is also
applicable in ?Li. In "Li and '°Li, the mixing of
such configurations in °Li couples to the motion of
the p-wave valence neutron. This produces the Pauli-
blocking effect, and the total energies of p-wave con-
figurations of 1°Li and ''Li are lost, which may be
sufficient to cause the energy to degenerate to that
of s-wave configurations. Then, we expect that ten-
sor correlation can be important to produce the halo
structure.

We show the effect of tensor correlation in the cal-
culation of “He, where we use the harmonic oscillator
wave function, and set the length parameter of the Os
orbit as 1.4 fm to fit the charge radius with the (0s)?
configuration. The length parameter of the Op orbit is
free to include the higher shell component effectively.
For effective NN interactions, we use the Minnesota,

*1
*2

Research Center for Nuclear Physics, Osaka University
Division of Physics, Graduate School of Science, Hokkaido
University

Furutani® and G3RS forces for the central, tensor, and
LS parts, respectively. These are used in the cluster
model calculation. Since the Minnesota force includes
the effect of tensor force, we adjust the triplet-even
part of this force to fit the binding energy of *He.

In Table 1, we show the results of *He with three
length parameters of Op orbit. It is found that when
the Op orbit shrinks, the contribution of tensor force
and the 2p-2h probability become large. In particular,
the Opy /o orbit is well mixed via 0~ coupling to the
0sy /o orbit. This is related to the pion nature.

We also analyze the p-wave resonances of °He by
solving the coupled channel problem of *He-+n, where
the length parameter of Op orbit of “He is 1.0 fm. Since
Pauli blocking mainly occurs in the 1/2~ state due
to the Op;/o component in 4He, doublet splitting of
1/2= — 3/27 is induced in ®He. A folding potential
is used between “He and n without an LS interaction.
The results of resonant poles are shown in Table 2,
where KKNN is the phenomenological *He-n potential
that fits the observed phase shifts.®) Our model pro-
duces half of the observed splitting, which is consistent
with other studies.?) From the results, the LS interac-
tion of 4He-n should be reexamined, and the structures
of 8He related to the Op, /2 orbit can be improved.

Tensor correlation and Pauli principle strongly affect
the properties of the Op;/, orbit. This is crucial in the
inversion problem in 'Li and °Li.

Table 1. Results of “He wave functions.

length of Op orbit [fm] 1.8 1.4 1.0
{(Viensor) [MeV] —-1.6 —6.4 —33.1
2p-2h [% 1.8 52 186
(0p1/2)? 0.7 35 148
(Op3/2)* 03 0.1 0.2
(Ops/2)(0p1 /2) 0.8 1.6 3.6

Table 2. Splitting energies in *He from two models.

Present KKNN
3/27 | (0.74,0.45) (0.74, 0.60)
1/27 | (1.45,0.94) (2.13,5.84)
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160 4+ 160 nature of the superdeformed band of 32S
and the evolution of the molecular structure

M. Kimura and H. Horiuchi*

[Nuclear structure, Cluster structure]

Recently, a rather conclusive result of the proper-
ties of 10 4 'O molecular resonance was obtained
by macroscopic models') using the unique potential.
These studies gave the following results for the low-
est three rotational bands whose principal quantum
numbers are N = 24, 26 and 28. The lowest Pauli-
allowed rotational band (N = 24) starts from the 0"
state located at approximately 9 MeV in the excitation
energy, and the energy gap between the N = 24 and
N = 26 bands and that between N = 26 and N = 28
bands are both approximately 10 MeV. In Ref. 1, it
is proposed that the observed 'O 4 60O molecular
states correspond to the third band (N = 28). Aside
from the molecular bands, the superdeformed state of
328 has also been studied by many authors using the
mean-field theories,>?) and one of their interests is the
relationship between the superdeformed state of 328
and the 50 + 0O molecular structure. It is notable
that these calculations predict that the superdeformed
band starts from the 0 located at approximately 8 to
10 MeV which agrees with the energy of the N = 24
band head obtained from the unique optical potential.
Therefore, it is sufficiently conceivable and has been
pointed out by some authors?) that the superdeformed
band and the lowest Pauli-allowed 60 +160 molecular
band (N = 24) are identical.

In the present study, we aim at clarifying the re-
lationship between the superdeformed state and the
160 + 160 molecular structure. The objectives of the
present study are summarised as follows. (1) To what
extent are the superdeformed state and the 60 + 160
molecular structure related? In the unique optical po-
tential analysis, the factors which distort the 604160
cluster structure, such as the effect of the spin-orbit
force and the formation of the deformed mean-field,
are renormalised into the optical potential. Therefore,
when we treat these factors accurately using the full
microscopic model, the pure %0 + 160 structure will
be distorted and can be understood as the superde-
formed state of 32S. (2) Do the excited states exist in
which the excitation energy is spent to excite the rela-
tive motion between the clusters? Do they correspond
to the N = 26 and 28 bands obtained from the unique
optical potential? When we consider that the superde-
formed states of 3?S have a considerable amount of the
160 + 160 component, we can expect the excitation
mode in which the excitation energy is used to excite
the relative motion between clusters.

*
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To investigate these points, we need to apply the
framework which can deal with the superdeformed
state (largely deformed one-body field) and the molec-
ular structure (two-center structure with the spherical
subunits) at the same time. We have studied these
points with the deformed-base AMD+GCM frame-
work®) which are appropriate for studying the interplay
of the deformed mean-field structure and the cluster
structure.

In this report, we mention the prominent feature
of our results, and readers are directed to Ref. 5
for more detailed discussions. The obtained superde-
formed wave function shows the large effect of the dis-
tortion of the 04160 cluster structure. Namely, the
superdeformed state obtained by the deformed-base
AMD is more deeply bound than the pure 0 + 60
state by about 10 MeV because of the energy gain in
the density-dependent force and spin-orbit force. The
non vanishing expectation value of the spin-orbit force
at the superdeformed minimum directly indicates the
distortion of the 0 +160 structure and the formation
of the deformed one-body field. However, the obtained
superdeformed wave function still has a considerable
1604160 component which amounts to approximately
50%. By superposing the obtained wave functions, we
have obtained three rotational bands which correspond
to the N = 24, 26 and 28 bands. The lowest band
(N = 24) has a mixed character of the 60 + 60
structure and deformed mean-field structure and its
excitation energy agrees well with the superdeformed
state obtained by the mean-field calculations. In the
N = 26 and N = 28 bands, we have found that the
amount of the 150+150 component increases markedly
and these two bands have an almost pure 6O + 160
structure. At the same time, these band members are
fragmented into several states and the assignment of
the N = 28 band members to the observed 60 + 60
molecular resonances appears plausible.
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12C412C —>8Beg,s,-|—160g,s, resonance reaction and multicluster
states of highly excited 2*Mg nucleus

M. Takashina, M. Tto,*!

and Y. Sakuragi*?

[nuclear reaction, a-transfer reaction, cluster structure]

In this decade, interesting resonance-like structures
have been observed in the excitation functions of
12C 4+12C collisions leading to multicluster exit chan-
nels (3a+43a, 3a+'2C, 2a+%0, etc.),") particularly
around E. ., = 32.5MeV. These experimental data
suggest the existence of a new multicluster state of
a highly excited 2*Mg nucleus. In the present study,
we investigate resonance-like structures observed in
a 12C —|—12C—>8Beg‘s‘+160gvsv a-transfer reaction by
coupled-channel Born approximation (CCBA). The
distorted waves are given by coupled-channel (CC) cal-
culations of the '2C+'2C and ®Be+'60 systems, us-
ing double-folding interactions based on microscopic
cluster-model wave functions? for '2C, ®Be and '¢0.
The T-matrix element of the transfer reaction process
is calculated by Born approximation.

Figure 1 compares the calculated angle-averaged dif-
ferential cross section for the 12C+12C—®Bey s +1604 5.
reaction with experimental data.!) The calculation well
reproduces the resonance structures, particularly in
higher excitation energies. The characteristic enhance-
ment at 90 degrees in the angular distributions (inset)
at Ec.m,, = 32.5 and 28.7MeV on-resonance energy (in-
dicated by arrows) is also well reproduced. Figure 2
shows the same cross section (solid line) as that shown
on Fig. 1 divided into contributions from individual
reaction paths. It is observed that the channels with
an (a-a)+(a—12C)-type four-cluster structure have a
dominant contribution in reproducing the resonance
structures, and by further analysis, it is found that
the peak at E¢ ,,. = 32.5 MeV is attributed to the four-
cluster resonance state produced in the 8Be+10 in-

Excitation function for °C('°C, *Bey,) °0y,
8=73.0 - 106.0 (degree)
0.4

£ =287MeV ] E,,=3256MeV

80

/a0 (mbist)

0.2l 8096 100 96100
- o (degree) 0 (degree)

< do/dQ > ( mb/sr)

25 30 35
E,, (MeV)

Fig. 1. Excitation function of the ?C + '2C — SBeg,s, +
160, . a-transfer reaction, and angular distributions
(inset) at the energies indicated by arrows.
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Fig. 2. Contribution from each transfer process. The solid
curve is the same as that in Fig. 1.

elastic scattering. These results strongly suggest that
(a—a)+(a—12C)-type four-cluster resonance structures
are produced in this a-transfer reaction.

We also investigate the rotational band formed in the
final 8Be+1%0 system. The result is shown in Fig. 3.
We observe many resonance states with three-cluster
(open circles) and four-cluster structures (solid circles),
although most of them cannot be observed clearly in
Fig. 1. The resonance peaks at E. . = 32.5 MeV and
28.7MeV in the a-transfer reaction (Fig. 1) are found
to reflect the resonances indicated by arrows in Fig. 3.

40

Rotational band for °Be +'°0 system
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g 12
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s
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J= 12 14 16 18 20
Fig. 3. Rotational band of the ¥Be+'¢0 system.
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Effect of halo structure on 'Be+12C elastic scattering

M. Takashina and Y. Sakuragi*

[NUCLEAR REACTION, Unstable nuclei]

Nuclear reactions involving neutron-rich nuclei have
been important subjects in nuclear physics. Particu-
larly, in light halo-nucleus-induced reactions, it is very
interesting to study how the halo structure affects the
reaction mechanisms. In the present study, we ana-
lyze the typical one-neutron halo nucleus '!'Be elastic
scattering on 2C at E/A = 49.3 MeV.

Because of the weakly bound feature, the breakup
process of the incident halo nucleus ''Be into °Be+n
is expected to be important. To describe its dynam-
ical breakup effect accurately, one needs to treat the
HUBe+!2C scattering as, at least, a three-body prob-
lem. Therefore, we apply the continuum-discretized
coupled-channels (CDCC) method,? which is one of
the practical and reliable methods for studying the
three-body reaction process.

In the CDCC method, the continuum-energy two-
body breakup states of the projectile nucleus are ap-
proximately represented in terms of a finite number of
discretized states in the prescription called the method
of momentum bins. The discretized breakup states
can be treated in the same manner as conventional
discrete-excited states, and coupled-channel equations
are numerically solved in the standard manner to ob-
tain the transition matrix elements for elastic scatter-
ing and breakup reactions.

The result of the CDCC calculation is shown in
Ref. 2, and is found to reproduce well the experimen-
tal data. The results of further investigation?) indicate
that the breakup effect is dominated by the coupling
to the p- and d-wave breakup states. Among the p-
wave breakup states, the second bin (EA’z = 0.954MeV,
where E, represents the mean energy of the bin) has
the largest contribution, while in the d-wave, the bin
containing the resonance state at £, = 1.778 MeV has
the largest contribution. The large effect of resonance
breakup can be understood from the good overlapping
of localized-resonance wave function with the ground
state one. However, the overlap integral of the contin-
uum wave function with the ground state one is not so
large.

To clarify the reason why the second bin of the p-
wave continuum breakup state has a large contribu-
tion, we investigate the coupling potential. First, we
define a function F5=L(r, R) as

Fpsas(r R) = ®pa(r) Vi(r, R) Pys(r), (1)

p2,8s

where Vi(r, R) represents the potential between core
(1°Be) and target (c-T), or that between neutron and

*
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target (n-T) with multipolarity A = 1. r and R rep-
resent the separation between core and neutron, and
that between the center-of-mass of 1*Be and target nu-
cleus, respectively. @, (r) is the °Be+n wave function
in state . Integrating Fp)‘fgls(r, R) over r and summing
the c-T and n-T components, we obtain the coupling
potential between the ground state and the second bin
of p-wave continuum state as a function of R.

Figure 1 shows Fj5-2(r, R) as a function of r. R
is fixed at 5.0fm. It is found that the c-T compo-
nent represented by a solid curve has a large ampli-
tude in the long-range region, while the n-T compo-
nents represented by the dotted curve is localized in
the short-range region. Since these two components
are summed when calculating the coupling potential,
the short-range parts cancel each other. However, the
long-range part of the c-T component survives, re-
sulting in comparable magnitude of coupling potential
with the d-wave resonance breakup. This large am-
plitude of the ¢-T component is due to the long-range
tail of the valence neutron wave function of the ground
state. Namely, the large contribution from the p-wave
breakup state is a notable property characteristic of
the halo-nucleus-induced reaction.

0.: T T T T

R=5fm

'(r,R)

A=
Frz, gs
g

-0.5 c-T
--------- n-T
o 10 20
r (fm)

Fig. 1. Fp5a.(r, R) defined in Eq. (1) as a function of the
separation r between neutron and core nucleus. R rep-
resents the separation between the center-of-mass of
"Be and target nucleus, and is fixed at 5.0fm. The
solid and dotted curves represent the core-target (c-T)

and neutron-target (n-T) components, respectively.

References

1) Y. Sakuragi, M. Yahiro, and M. Kamimura: Prog.
Theor. Phys. Suppl. 89, 136 (1986).

2) M. Takashina, S. Takagi, Y. Sakuragi, and Y. Iseri:
Phys. Rev. C 67, 037601 (2003).



RIKEN Accel. Prog. Rep. 37 (2004)

Back to Contents

A search for a unified effective interaction for Monte Carlo shell
model calculations (V)

M. Honma,*! T. Otsuka,*>*3 B. A. Brown,** and T. Mizusaki*®

[Shell model, Effective interaction]

The Monte Carlo shell model (MCSM)Y has en-
abled us to study various nuclear structure in a huge
shell-model space. For this purpose, we have devel-
oped an effective interaction GXPF123) for the full
pf-shell calculations. We have tested GXPF1 in de-
tail from various viewpoints such as binding energies,
electro-magnetic moments and transitions, and exci-
tation spectra. The semi-magic structure has been
successfully described for N or Z = 28 nuclei, sug-
gesting the existence of significant core-excitations in
low-lying non-yrast states as well as in high-spin yrast
states. The results of N = Z odd-odd nuclei have
also confirmed the reliability of GXPF1 in the isospin
dependent properties.

In this report, as an example, we show the results
for ®6Ni. Most of shell-model calculations were carried
out in a conventional way by using the shell-model code
MSHELL,* which enables calculations with M-scheme
dimensions of up to ~ 10® on recent powerful comput-
ers. We can handle essentially all low-lying states in
the pf-shell nuclei with a minimal truncation of the
model space. We took t = 7 truncated subspace, where
the truncation order ¢ denotes the maximum number
of nucleons which are allowed to be excited from the
J7/2 orbit to higher three orbits ps/o, f5/2 and py/s.
The agreement between the experiment and the calcu-
lation is rather good. The results are consistent with
those of MCSM shown in Fig. 2 of Ref. 2, confirming
the reliability of the MCSM calculations.

GXPF1 predicts? the deformed 4p-4h band® as 0;,
22+, -++. Special care should be taken concerning the
convergence of the calculation for such a deformed 4p-
4h band, since the present truncation scheme is ob-
viously not suitable for describing strongly deformed
states, as discussed in Ref. 6 for the case of the FPD67)
interaction. Figure 1 shows the calculated energies and
quadrupole moments of the lowest two 27 states as a
function of the truncation order ¢. It can be seen that
the 4p-4h state 23 is not completely converged even
in the t = 7 subspace, which corresponds to the M-
scheme dimension of 89285264. In the same figure, the
MCSM results are also shown, where 25 bases were
searched for each eigenstate. The MCSM energy of
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Fig. 1. Convergence of the calculated energies (lower panel)
and quadrupole moments (upper panel) as functions of
the truncation order ¢ for the lowest two 27 states of
56Ni. Horizontal lines show the corresponding MCSM
results.

the yrast 27 state is almost the same as that of the
t = 7 calculation, which shows reasonable convergence.
On the other hand, for 2; states, the MCSM energy
is lower than the ¢t = 7 result by about 0.2 MeV, and
should be more accurate. The electric quadrupole mo-
ment is Q(25) = —41.2 efm? in the MCSM calculation,
while it is —33.6 in the present ¢ = 7 result. Similar
results are obtained for the 4p-4h O; state. Thus, for
the description of such deformed states where a lot of
mixing among various spherical configurations occurs,
the MCSM calculation is more efficient and suitable,
because certain basis states can be sampled from and
around local minima.
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Ground states in even-even nuclei using random interactions

N. Shimizu and T. Otsuka*!*2

[Nuclear Shell Model, Quantum Chaos]

The random matrix theory has been investigated
to study the quantum chaos and nuclear physics, the
object of which is the quantum many-body system.
In the 1950s, Wigner introduced the random Hamil-
tonian matrix, whose elements are random numbers
obeying a Gaussian distribution in order to describe
the level distribution of highly excited nuclear states.!)
The level distribution had been the main topic of the
random matrix theory, until Johnson et al. discovered
the “J = 0 dominance” of the ground state provided
by a random Hamiltonian matrix.?)

The J = 0 dominance means that the angular mo-
mentum, J, of the ground state of even-even nuclei
obtained by a random Hamiltonian matrix favors zero,
although the subspace having J = 0 is very small in
comparison with the entire Hilbert space. All the real-
istic even-even nuclei are known to have J = 0 ground
states experimentally, and the origin of the J = 0 dom-
inance is considered to be the pairing correlation and
time reversal symmetry. However, the random inter-
action without time reversal symmetry was shown to
reproduce the J = 0 dominance,® and its investiga-
tion is still of interest. We discuss some properties of
the J = 0 dominance in this report.

Table 1 shows the ground state probability of the
sd-shell nuclei with N valence particles having angular
momentum zero (P(J = 0)). The Hamiltonian is taken

Table 1. Probability that the angular momentum of
ground states will be zero (middle row) as compared
to the ratio of the dimension of the J = 0 subspace to
that of the entire Hilbert space (lower row). The system
consists of N identical particles in the sd-shell. The sd-
shell consists of 1ds3/2, 1ds/2, and 25, /5. The probabili-
ties are obtained by 1000 runs of TBRE Hamiltonians.

N | 2 | 4 | 6

P(J=0) 14.0% | 56.6% | 71.3%
model space || 21.4% | 11.1% | 9.9%
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as the two-body random ensemble, or TBRE.?) P(J =
0) increases markedly with increasing N, while the J =
0 ratio of all states decreases. P(J = 0) generally
increases with increasing dimension of the entire model
space, while the ratio of the J = 0 subspace decreases.
Then, P(J = 0) of a half-filled system tends to be the
highest probability.

Table 2 shows the P(J = 0) and the ratio of the
J = 0 subspace of pf-shell nuclei. Whereas they show
a similar behavior to sd-shell nuclei for the values of
N =0,2,4,6, and 8, the P(J = 0) of N = 10 suddenly
decreases. This is mainly caused by the f7/, single
particle orbit, which does not favor the J = 0 ground
state. For example, P(J = 0) of N = 4 in f;/5 is
17.7%, which is far smaller than those of other single-j
shell systems.? The occupation probability of the f; /2
orbit of the N = 10 system is larger than that of the
N = 8 system, thus the P(J = 0) of N = 10 is sup-
pressed. The result that the pf-shell without f7/, does
not show such suppression supports this consideration.

This study is part of the RIKEN-CNS collaboration
project on large-scale nuclear structure calculation.

Table 2. Same as Table 1 except that this is for the pf-
shell. The pf-shell consists of 1f7,2, 1fs5/2, 2p1/2 and
2p3/2~

N | 2 | 4 | 6 | 8 | 10
P(J=0) 11.3% | 42.6% | 55.7% | 60.3% | 50.6%
model space || 13.3% | 5.0% | 3.5% | 2.9% | 2.7%
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Triaxiality of neutron-rich Mg isotopes

Y. Utsuno,** T. Otsuka,*?*3 T. Mizusaki,** and M. Honma*®

[NUCLEAR STRUCTURE, Shell model, Unstable nuclei]

Owing to recent experiments of in-beam ~-ray spec-
troscopy for neutron-rich Mg isotopes 323*Mg,"?) the
structure of these nuclei can be discussed in more de-
tail apart from the disappearance of the N = 20 magic
structure. Although both of them are regarded as well
deformed nuclei from the measured low 21+ energy lev-
els, the ratios of E,(4]) to E,(2]) are rather different,
i.e., 2.6 and 3.2 for 3234 Mg, respectively."'?) The latter
is very close to the value of the rigid axially symmetric
rotor, whereas the former is not. In this study, we in-
vestigate how this difference occurs by large-scale shell-
model calculation using the Monte Carlo shell model
(MCSM). The numerical computations have been car-
ried out with the Alphleet and Alphleet-2 parallel com-
puter systems as a RIKEN-CNS collaboration project
on large-scale nuclear structure calculation.

The shell-model Hamiltonian used in this study is
the same as that of our previous works.?) Figure 1
compares the energy levels and B(F2) values between
the experiment and MCSM. The observed difference
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Fig. 1. Experimental energy levels and B(E2) values of
32.34M\g (Exp.) compared with those of the MCSM cal-
culation (MCSM). The numbers near the arrows denote
the B(E2) in €* fm*.
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in E,(47)/E.(2]) is well reproduced, similarly to the
excitation energies and the B(E2) values. We also cal-
culate the non-yrast states, and find a difference be-
tween those nuclei: the 27 level of 32Mg drops closely
to the 4] level, and is connected to the 2] level with
a moderately large B(E2) value.

In order to examine the deviation from the rigid
axially symmetric rotor, the potential energy surface
(PES) is calculated within the shell-model space and
using the same Hamiltonian as illustrated in Fig. 2.
The PES of 3?Mg is more 7 unstable than that of
34Mg, and after the angular-momentum projection, the
energy minimum moves to v~ 20°. This v value ac-
counts for the shell-model result in Fig. 1, comparing
to the asymmetric rigid rotor model. On the other
hand, 3*Mg appears to be a rather good symmetric
rotor. The present result demonstrates that our shell-
model calculation is capable of describing not only the
shell structure but also the deformation giving rise to
more detailed properties.

(b) projected

(a) unprojected

q (fm’)

Fig. 2. Comparison of the potential energy surfaces of
32,34\g (a) without and (b) with the angular momen-
tum projection onto I = 0. The thin and thick lines are
drawn at intervals of 0.3 and 1.5 MeV, respectively.
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Charge- and parity-projected Hartree-Fock method for strong tensor
correlation and its application to the alpha particle

S. Sugimoto, K. Ikeda, and H. Toki*

[NUCLEAR STRUCTURE, Mean field model, *He|

We propose a mean-field framework in which the
charge and the parity symmetries of single-particle
states are broken. We break these symmetries to incor-
porate the correlation induced by the tensor force into
the nuclear mean field. The tensor force is mediated
by the pion. Recently, we proposed a new method of
treating the pion in the relativistic mean field (RMF)
theory by breaking the parity symmetry of the nuclear
mean field.) In the previous paper,’) we applied this
idea to the RMF theory and showed that the correla-
tion induced by the pion is obtained by this method.

Because the pion is an isovector meson, a single-
particle state in the mean field changes its charge state
when it emits or absorbs a charged pion. This fea-
ture indicates that the isovector nature of the pion can
be treated by introducing charge-mixed single-particle
states. The dominant part of the tensor force is of
the 71 - To-type, and therefore, the charge mixing is
important when we treat the tensor force in a nuclear
mean-field model.

The total wave function consisting of charge- and
parity-mixed single-particle states does not have a def-
inite parity and charge number, and therefore, the
charge and parity projections need to be performed.
For an A-nucleon system, we assume the total wave
function to be a Slater determinant of A particles. We
perform the charge and the parity projections on the
charge- and parity-mixed total wave function and take
the variation of each single-particle state. As a result,
the charge- and parity-projected Hartree-Fock (CP-
PHF) equation, which is a Hartree-Fock-like equation,
for each single-particle state is obtained. We solve it
self-consistently.

We show the results for the alpha particle in Table 1.
We take as the nucleon-nucleon potential the Volkov
No. 1 force® for the central part, and the G3RS force?)
for the noncentral part. Here, we reduce the attractive
part of the Volkov No. 1 force in the 3E channel by
multiplying it by the factor x1g. We also multiply
the 71 - 7o part of the tensor force by the factor zr.
The factors, zrg and xT, are determined to reproduce
the binding energy of the alpha particle in the CP-
PHF method. In the table, we show three cases. The
first one is the result of the simple Hartree-Fock (HF)
method, the second one is that of the parity-projected
Hartree-Fock (PPHF) method, and the third one is
that of the charge- and parity-projected Hartree-Fock
(CPPHF) method. In the PPHF case, only the parity

*
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Table 1. Results for the 07 state of the alpha particle
The potential energy ((2)(+?),
the kinetic energy ((7)(*?)), and the total energy
(E(+;2)) are given. (ﬁc>(+‘2), (ﬁT)H"Q), (ﬁLs)H;Q), and
<600u1>(+;2)

tensor, LS, and Coulomb potentials, respectively.

for various cases.

are the expectation values for the central,

HF HF PPHF CPPHF
o 1.0 1.5 1.5 1.5

TTE 1.0 0.81 0.81 0.81
(0c)H? (MeV)  —76.67 —56.85 —61.31 —64.75
(o) +? (MeV) 0.00 0.00 —10.91 —30.59
(pLs)H? (MeV) 0.00  0.00  0.67 1.91
(Dcou) TP (MeV) 0.83 0.76 0.78 0.85
(0)+ (MeV)  —75.84 —56.10 —70.76 —92.58
(T)+2 (MeV) 4854  39.98  49.67 64.39
EH2) (MeV) —27.30 —16.12 —21.09 —28.19

projection is performed, but in the CPPHF case, both
the charge and the parity projections are performed. In
the simple HF case, the expectation value of the tensor
force becomes zero. However, in the PPHF case, the
tensor correlation becomes finite. If we perform the
charge projection further, we can obtain much more
attractive energy from the tensor force. The energy
from the tensor force in the CPPHF case is about three
times larger than that in the PPHF case. In the PPHF
case, only the 797 part of the tensor force is active, but
in the CPPHF case, all the 7,7, 7_7, and 7979 terms
of the tensor force can contribute to the nuclear mean
field.

From these results, we can see that, by combining
the mixing of parities and charges and the projections,
we are able to treat the tensor force in a mean-field
framework. Here, we note that the projections need to
be performed before the variation, because even if we
assume the charge and the parity mixings in the sim-
ple HF method, we do not obtain a charge- and parity-
mixed wave function as a result of a self-consistent cal-
culation.

We are now trying to apply our method to heavier
systems and we can show the result in the near future.
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Chiral sigma model with pion mean field in finite nucleil

Y. Ogawa,*! H. Toki, S. Tamenaga,*' H. Shen,*? A. Hosaka,*! S. Sugimoto, and K. Ikeda

Chiral symmetry, Linear sigma model, Finite pion mean field, Relativistic mean field theory,

Magic number, Extended chiral sigma model

A theoretical framework to treat explicitly the pion
mean field in finite nuclei has been developed by intro-
ducing parity mixed intrinsic single particle states.)
The purpose of this study is to investigate the proper-
ties of finite nuclei and the role of the pion using a chi-
ral sigma model within the relativistic mean field the-
ory. Chiral symmetry is known to be the most impor-
tant symmetry in hadron physics, which is described
well in a linear sigma model.?2) The pion, which was
introduced by Yukawa as the mediator of the nuclear
force,? received its foundation through spontaneous
chiral symmetry breaking.*) We then attempted to un-
derstand the nuclei based on the fundamental symme-
try in hadron physics. We reconstructed an extended
chiral sigma (ECS) model Lagrangian in non-linear
realization, in which the nucleon and omega meson
masses are generated dynamically by sigma conden-
sation in vacuum.? All the parameters of the chiral
sigma model are essentially fixed from hadron proper-
ties in free space.

This model gives good saturation properties, which
are the density p = 0.141fm™> and the energy per
particle F/A = —16.1 MeV. The incompressibility in
this case, however, is determined to be very large,
K = 650MeV. Furthermore, both scalar and vec-
tor potentials, which are related to the strength of
spin-orbit interaction, are approximately one-half of
the phenomenological® ones.

We have applied this model to finite nuclei (N = Z
even-even mass from N = 16 up to 34). We have
solved the coupled equations for nucleon and mesons
by iterative calculations.’) The ECS model without the
pion mean field indicates that the magic number ap-
pears at N = 18 instead of N = 20. This is due to
the large incompressibility in the nuclear matter. This
property leads to the 1s-orbit pushed up anomalously.
We note that this problem originates from the ECS
model treated in the present framework. We expect to
eliminate this problem in our future work.

Another result obtained is that the magic number
does not appear at N = 28. This is due to another
characteristic property of this model, which leads to
the small spin-orbit interaction. Energy splittings be-
tween spin-orbit partners are small and have a negli-
gible role in producing the magic effect at N = 28.

T Condensed from the article in Prog. Theor. Phys. 111, 75
(2004).
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On the basis of this point, it is very important to in-
troduce the pion mean field. Pionic correlations due
to the finite pion mean field are expressed by coherent
0~ particle-hole excitations,") by which the coupling of
different parity levels, [ and I’ = [ £ 1, with the same
total spin j in the shell model language is induced. In
this mechanism, only the highest j spin level does not
find a partner in lower major shells. Once nucleons
start to occupy this level, these nucleons are able to
find partners in higher major shells. The highest spin
level is f7/5 in this mass region and the nucleons in
this level are used for the 0~ particle-hole excitations
into g7/2. The number of particles to be used in the
pionic correlation increases as the nucleon number in
the f7/2 level increases until 56Ni, where the f; /2 state
is completely occupied. For the nuclei above *°Ni, the
upper shells of f5/, are to be occupied and those states
are not used from the ds/, state due to Pauli block-
ing. Hence, the pionic correlation becomes maximum
at 96Ni. This is the reason why °°Ni obtains the largest
pionic correlation energy, which leads to the appear-
ance of the magic effect at NV = 28. Due to the pionic
correlation, parity partners, (s;/2 and p;/2), (p3/2 and
ds/2) and (ds/2 and f5/2), are pushed out, and conse-
quently, spin-orbit partners are split largely similar to
those of ordinary spin-orbit splittings.

The chiral sigma model determines the nuclear prop-
erty with only a small adjustment of the parameters
in the Lagrangian. The energy splitting between spin-
orbit partners is caused by the pionic correlation which
is completely a different mechanism from the case of
the spin-orbit interaction introduced phenomenologi-
cally.
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Accurate calculations for few-nucleon systems using
low-momentum interactions

S. Fujii,*! H. Kamada,*?> R. Okamoto,*? and K. Suzuki*?

[Low-momentum interaction, G matrix, Faddeev equation]

One of the fundamental objectives in nuclear struc-
ture calculations is to describe nuclear properties,
starting with realistic nucleon-nucleon interactions.
Since this kind of interaction has a repulsive core at
a short distance, one has been forced to derive an ef-
fective interaction or G matrix in a model space for a
nucleus from the realistic interaction, except for pre-
cise few-nucleon structure calculations.

Recently, Bogner et al has proposed a low-
momentum interaction which is constructed in mo-
mentum space for a two-nucleon system from a re-
alistic nucleon-nucleon interaction, using conventional
effective interaction theory or a renormalization group
technique.? They have shown that the low-momentum
interaction conserves the properties of the original in-
teraction, such as the half-on-shell T' matrix and the
phase shift within a cutoff momentum A which lim-
its the low-momentum region. The low-momentum
interactions for the typical A = 2.1fm~! correspond-
ing to Fjap ~ 350MeV are almost the same and are
not dependent on the realistic interactions employed.
Thus, as a unique low-momentum interaction, the low-
momentum interaction at approximately A = 2.1 fm™!
has been employed directly in nuclear structure cal-
culations, such as the shell-model and Hartree-Fock
calculations. The calculated results are similar to the
case of the G matrix taking account of the short-range
correlation, Pauli-blocking effect, and the state depen-
dence for each nucleus.

Since the low-momentum interaction can be com-
monly used in various structure calculations in contrast
to the G matrix case, there has been increasing ap-
plication of the low-momentum interaction. However,
Bogner et al.’s results of structure calculations using
the low-momentum interaction show the dependence
on the cutoff momentum at around A = 2.1fm™!.

One of the central aims of the present work is to
investigate the A dependence in structure calculations
for few-nucleon systems for which precise calculations
can be performed, and confirm the validity of the low-
momentum interaction in the structure calculation by
comparing the obtained results with exact values. As
an accurate method for the structure calculation, we
use the Faddeev and Yakubovsky equations.

*1
*2
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In Fig. 1, the dependence of the calculated ground-
state energies of 3H on the cutoff momentum A is
shown as one of the calculated results. The low-
momentum interaction for each A constructed from the
CD-Bonn potential is employed in the Faddeev calcula-
tion. For simplicity, only the np interaction is used for
all the channels, and the S-wave approximation is em-
ployed. The result for “exact line” denotes the exact
solution for the Faddeev equation under the above as-
sumptions. We see that the calculated result of ap-
proximately A = 2.1fm~! proposed by Bogner et al.
cannot reproduce the exact value. In order to reach
the exact value within an accuracy of 50keV, we need
values larger than A ~ 5fm~!. More detailed results
concerning the validity of the low-momentum interac-
tion will be reported in a separate paper.?)

75k 1
‘H

CD Bonn (S-wave approx.)
(Only the np int. is used for all the channels.)

exact line

8.5+ -

Ground-state energy [MeV]

o 5 1 15 20 2
Cutoff momentum {fm1]
Fig. 1. Dependence of calculated ground-state energies of
3H on the cutoff momentum A for the CD-Bonn po-

tential, exact line: the exact solution for the Faddeev
equation.
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Shell structure in nuclei around O and 2O described using modern
nucleon-nucleon interactions

S. Fujii,*! R. Okamoto,*? and K. Suzuki*?

[Shell structure, Single-particle level, Effective interaction]

The shell structure which is closely related to the
single-particle level is one of the fundamental prop-
erties in nuclei. When we calculate the energies of
single-particle levels in neutron- or proton-rich nuclei,
it would be desirable that the calculation formalism
is based on the particle basis. The advantages of the
particle-basis formalism are that the Coulomb force
can be treated accurately for the proton-proton chan-
nel and effects of charge dependence of realistic nuclear
forces are taken into account in structure calculations.
In the particle-basis formalism, one can obtain the en-
ergy differences between proton and neutron levels for
not only N ~ Z nuclei but also neutron- or proton-rich
nuclei in the same manner.

As one of the methods for solving nuclear many-
body problems, we have developed the unitary-model-
operator approach (UMOA). Recently, we have ex-
tended the formulation of the UMOA from the isospin
basis to the particle one,)) and applied it to the calcu-
lations of binding energies and single-particle energies
in nuclei near the N = Z nucleus 'O and the neutron-
rich nucleus 240.

We have employed modern nucleon-nucleon inter-
actions such as the CD-Bonn potential based on
the meson-exchange model which have high accu-
racy to reproduce nucleon-nucleon scattering data and
deuteron properties. In addition, we have also used
the next-to-next-to-next-to-leading order (N3LO) po-
tential based on chiral perturbation theory which has
recently been constructed by Entem and Machleidt.?)
Although nucleon-nucleon interactions based on chiral
perturbation theory are defined essentially in a low-
momentum region compared with the meson-exchange
potentials, the N®LO potential can accurately repro-
duce the nucleon-nucleon data below Ej,p, ~ 300 MeV.
Therefore, the N3LO potential as well as other high-
precision nucleon-nucleon interactions can be used in
nuclear structure calculations.

In Fig. 1, the calculated results of single-particle en-
ergies for the ground states of 70, 220, and 20 using
the CD-Bonn potential are illustrated. The results are
shown separately for the cases with and without the
three-body cluster (3BC) effect which is one of the
higher-order many-body contributions to the single-
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Fig. 1. Calculated single-particle energies for the ground-
states of 170, 230, and 2°0 with the CD-Bonn poten-
tial.

particle energy. The present study is the first attempt
at clarifying the 3BC effect on the single-particle en-
ergy in neutron-rich nuclei.

It can be seen that the 3BC effect makes signifi-
cant repulsive contributions to the single-particle en-
ergies and increases as the mass number increases. The
strong repulsive effect is favorable for the neutron-rich
nuclei 220 and 20 to reproduce the experimental val-
ues. On the contrary, the result for 17O becomes worse
in comparison with the experimental value when the
3BC effect is taken into account. We have confirmed
that the results for the N3LO potential show the same
tendency as those for the CD-Bonn potential.

It is notable that a genuine three-body force is not
included in the present calculation. The genuine three-
body force would show attractive effects on the single-
particle energies, and would have different contribu-
tions between the N ~ Z and neutron-rich nuclei be-
cause of the isospin and density dependences. In order
to obtain definite conclusions, large-scale structure cal-
culations are in progress.
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Modified Hartree-Fock-Bogoliubov theory at finite temperaturef

N. Dinh Dang and A. Arima

[NUCLEAR STRUCTURE, Hartree-Fock-Bogoliubov theory, finite temperature]

This work has derived the modified Hartree-Fock-
Bogoliubov (MHFB) theory at finite temperature,
which conserves the unitarity relation of the gener-
alized particle-density matrix. This has been done
by including the thermal fluctuation of the quasi-
particle number microscopically in the quasiparticle-
density matrix. It has been shown that the latter
can also be obtained by applying the secondary Bo-
goliubov transformation discussed in Refs. 1 and 2.
The MHFB equations at finite temperature have been
then derived following the standard variational pro-
cedure. Its Bardeen-Cooper-Schrieffer (BCS) limit
yields the modified BCS (MBCS) equations, which
have been derived previously in Refs. 1 and 2 using
the above-mentioned secondary Bololiubov transfor-
mation. Apart from being able to restore the uni-
tarity transformation, this secondary transformation
helps the modified quasiparticle random-phase approx-
imation (QRPA) to completely restore the Ikeda sum
rule for Fermi and Gamow-Teller transitions, which has
been violated within the renormalized QRPA.

The illustration of the MHFB theory has been pre-
sented within the MBCS theory by calculating the
neutron pairing gap and thermodynamic quantities for
12080, Detailed analyses of the results obtained show
that the calculations for open-shell nuclei within the
MBCS theory need to be carried out using the entire
single-particle spectrum, which includes both bound
and quasibound levels in a large configuration space
of about 7 major shells up to 126-184 one. When
the use of a reduced spectrum is unavoidable, the re-
duction should be done symmetrically from both side
of the chemical potential i so that the distribution
of quasiparticle-occupation number can be properly
taken into account as it is symmetric with respect to
ii. The MBCS gap decreases monotonously with in-

T Condensed from the article in Phys. Rev. C 68, 014318
(2003)
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creasing T' and does not vanish even at 7" ~ 5MeV.
The discontinuity in the BCS heat capacity at the
critical temperature T, is also competely washed out,
showing no signature of superfluid-normal phase tran-
sition. The temperature dependences of level density
and level-density parameter are also smooth.

The behavior of the MBCS gap as a function of T'
is found in qualitative agreement with that given by
the macroscopic treatment using the Landau theory
of phase transitions in the sense that both gaps do
not collapse at the critical temperature of the BCS
superfluid-normal phase transition. However, quanti-
tative discrepancies between microscopic and mascro-
scopic approaches are evident. In the low-temperature
region, due to the microscopic interplay between quan-
tal and thermal components, the MBCS gap starts to
decrease at a higher T" with increasing T' as compared
to the macroscopically averaged gap (A). At high tem-
peratures T' > 2MeV, the MBCS gap continues to de-
crease, while (A) remains nearly constant and even
start to increases with increasing 7T'.

The MBCS equations also show that thermal fluc-
tuations can induce a pairing gap even for closed-shell
nuclei. Results obtained using a single-particle space
restricted to hole orbitals have shown that such a ther-
mally induced gap increases with increasing tempera-
ture. However, its magnitude is negligible compared
with the gap in open-shell nuclei. Therefore, it can be
safely put to be equal to zero at T' < 5-6 MeV.
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Pairing effect on the giant dipole resonance width
at low temperature’

N. Dinh Dang and A. Arima

[NUCLEAR STRUCTURE, Hartree-Fock-Bogoliubov theory, finite temperature]

Intensive experimental studies of highly-excited nu-
clei during the last two decades have shown that the
width of the giant dipole resonance (GDR) increases
sharply with increasing the temperature T' from 7' >
1MeV up to ~ 3MeV. At higher T" a width saturation
has been reported. The increase of the GDR width
with T is described reasonably well within the thermal
shape-fluctuation model? and the phonon damping
model (PDM).?) The thermal shape-fluctuation model
assumes an adiabatic coupling of GDR to quadrupole
degrees of freedom with deformation parameters 8 and
~ induced by thermal fluctuations and high spins in
the intrinsic frame of reference. The PDM considers
the coupling of the GDR to particle-particle and hole-
hole configurations at T # 0 as the mechanism of the
width increase and saturation. The PDM calculates
the GDR width and strength function directly in the
laboratory frame without any need for an explicit in-
clusion of thermal fluctuation of shapes.

In general, pairing was neglected in the calculations
for hot GDR as it was believed that the gap vanishes
at T = T, < 1MeV according to the temperature
Bardeen-Cooper-Schrieffer (BCS) theory. However, it
has been shown in Ref. 3 that thermal fluctuations
smear out the superfluid-normal phase transition in fi-
nite systems so that the pairing gap survives up to
T > 1MeV. This has been confirmed microscopically
in the recent modified Hartree-Fock-Bogoliubov theory
at finite 7',*) whose limit is the modified-BCS theory.?)

Very recently the « decays were measured in coin-
cidence with 17O particles scattered inelastically from
1208, A GDR width of around 4 MeV has been ex-
tracted at T' = 1 MeV, which is smaller than the value
of ~ 4.9MeV for the GDR width at 7" = 0. This re-
sult and the existing systematic for the GDR width
in '2°Sn up to T ~ 2MeV are significantly lower than
the prediction by the thermal shape-fluctuation model.
Based on this, Ref. 6 concluded that the narrow width
observed in 129Sn at low T is not understood. The
aim of the present work is to show that it is thermal
pairing that causes the narrow GDR width in '2°Sn at
low T'. For this purpose we include the thermal pairing
gap obtained from the modified-BCS theory*®) in the
PDM,? and carry out the calculations for the GDR
width in 2°Sn at T < 5MeV. In difference with the
gap given within the conventional BCS theory, which
collapses at T, ~ 0.79 MeV, the modified-BCS gap

T Condensed from the article in Phys. Rev. C 68, 044303
(2003)

never vanishes, but monotonously decreases with in-
creasing T up to T ~ 5MeV. The results obtained
show that thermal pairing indeed plays an important
role in lowering the width at T" < 2MeV as compared
to the value obtained without pairing. This improves
significantly the overall agreement between theory and
experiment, including the width at T = 1 MeV ex-
tracted in the latest experiment® (See Fig. 1).
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Fig. 1. GDR width I'gpr as functions of T' for 120Gy, The
thin and thick solid lines show the PDM results ob-
tained without and including the thermal pairing gap,
respectively. Solid circles are the low-T data from

Ref. 6. The predictions by two versions of the thermal

shape-fluctuation model®) are shown as the dash-dotted

and thin dotted lines.
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Three-dimensional rotation of even-even triaxial nucleit

M. Oi* and P. M. Walker*

[NUCLEAR STRUCTURE, 3d-cranking model, Rapidly rotating nuclei]

Nuclei in the A ~ 130 region are now of special
interest because it is suggested that a new form of
nuclear rotation can be expected: a chiral rotation.!)
This three-dimensional rotation was predicted at first
in odd-odd systems, such as }3*Pr7s, whose total an-
gular momentum is built by a particle and a hole in
valence orbitals in addition to a triaxial rotor, under
an assumption of the irrotational-flow moment of in-
ertia. Their angular momentum vectors point along
the shortest (s), longest (I) and intermediate (i) axes
of the triaxially deformed nucleus (y ~ 30°),) re-
spectively. When the collective angular momentum
is absent, the total angular momentum consists only
of the single-particle spins. The corresponding state is
called “planar” because the total angular momentum
is in the s — [ plane. The planar states correspond to
“bandheads” of the chiral rotational bands. Rotational
members built upon the planar state are classified as
“aplanar” states because these states have the genuine
chiral configuration. Possible experimental evidence of
the nuclear chirality was reported in N = 75 odd-odd
isotones in the same mass region,? through findings
of pairs of near-degenerate Al = 1 bands (so-called
“chiral doublets”).

It is an interesting question whether or not even-even
nuclei can have the chiral configuration after break-
ing (Cooper) pairs. To realise the nuclear chirality in
even-even systems, at least four quasi-particles must
be excited; two neutrons and two protons. This multi-
quasiparticle excited state is expected at high spin
where rotation-alignment occurs due to the Coriolis
force. It is likely that such a “simultaneous” aligned
state would be seen at higher spin, compared with
the odd-odd chiral systems. Experimentally, a candi-
date for chiral doublets in even-even nuclei is suggested
in $3°Ndy6,%) but there is as yet no detailed theoreti-
cal analysis about the possibility of chiral solutions in
even-even nuclei, except a brief conference report.

The original model of the nuclear chirality is based
on the particle(hole)-plus-rotor model which admits
the presence of a macroscopic rotor with solid triaxial
deformation (v ~ 30°). Although there is no concept
of a rotor in fully microscopic models like the HFB
approach, the rotor spin can be treated as the collec-
tive part of angular momentum in the cranking model,
which can handle the collective and single-particle an-
gular momentum on the same footing. An analysis of
the chiral configuration in odd-odd systems was carried

t Condensed from the article in Phys. Lett. B 576, 75 (2003)
*  Department of Physics, University of Surrey, UK
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out through the Tilted-Axis Cranking model (TAC).")
Although each microscopic calculation (TAC) is made
for given parameters of shape and pairing gaps as well
as rotational frequency, these parameters are carefully
determined by a macroscopic + microscopic approach
(the Strutinski method) in terms of the energy min-
imisation.

If nuclear chirality is produced in even-even systems
by four or more quasiparticle excitations, where the
quasiparticles occupy orbitals with very different ori-
entation, it is expected that the collective and individ-
ual (quasi-)particle motions would be strongly coupled
through the Coriolis force. Besides, the degree of tri-
axial deformation can be susceptible to the influence
coming from rotation-alignments at high spin, espe-
cially in those nuclei whose Fermi level is in the upper
shell (i.e., high-© Nilsson orbits).>) Therefore, if we at-
tempt to describe the above physical situations, purely
microscopic and self-consistent treatments should be
made with respect to nuclear shape and pairing. In
other words, for the aim of demonstrating the chirality
in even-even systems, it is necessary to show the emer-
gence of a genuine three-dimensional rotation together
with the presence of substantial triaxial deformation.
Furthermore, compared to odd-odd systems, it is nu-
merically advantageous for us to study even-even sys-
tems because the treatment of pairing is more straight-
forward.

In this work, we performed a fully microscopic and
self-consistent study of three-dimensional nuclear ro-
tations in even-even nuclei in the A ~ 130 mass region
near the yrast line, by means of the three-dimensional
cranked Hartree-Fock-Bogoliubov method.®)
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Required accuracy of mass and half-life measurements planned at
future RI-beam facilities to understand the r-process nucleosynthesis

Y. Motizuki, T. Tachibana,*! and S. Goriely*?

[Nucleosynthesis, Nuclear mass formulae, Unstable nuclei]

To understand the r-process nucleosynthesis, we es-
timate the required accuracy for mass and half-life
measurements planned at future RI-beam facilities, in-
cluding the RI-Beam Factory. As a first rough guide
for detector developments, we consider a simple re-
quirement from a theoretical point of view as follows:
The mass and halflife measurements should distinguish
physical quantities predicted from semi-empirical and
microscopic mass formulae, KUTY and HFB-2, respec-
tively, within 3o errors at the neutron-richest nucleus
on the r-process path at the N = 82 shell closure. The
above is the minimum requirement because r-process
studies would not benefit if future experiments could
not tell what type of mass model is appropriate for
abundance calculations.

The above two mass formulae were employed be-
cause they were derived from completely opposite lead-
ing principles: the KUTY mass formula!) has an
empirical gross term for macroscopic properties and
spherical-basis shell terms for microscopic properties
of nuclear masses. Allowing many parameters to de-
scribe the single-particle potential and nuclear struc-
ture, the KUTY model aims at explaining the nu-
clear masses as well as the single-particle energy-level
structure as much as possible. On the other hand,
HFB-2 masses®?) were derived with the Hartree-Fock-
Bogoliubov method, aiming at explaining the nuclear
masses with a specific nuclear force and with much
fewer number of parameters. Both models attain a
good root-mean-square deviation, ~680keV, from the
measured masses of 2135 nuclei at and close to the
stability line. However, most importantly, they pre-
dict very different masses and hence give very differ-
ent half-lives for nuclei relevant to the r-process which
have not yet been measured.

To determine the polestar neutron-richest isotope
on the r-process path among N = 82 isotones, we
apply an r-process path obtained under the so-called
waiting-point-approximation with the KUTY masses
and their half-lives calculated by the second version of
the gross theory.*®) The r-process path, simulated with
a temperature of 1.5 x 10° K and a neutron density of
10%*cm~3, determines the nuclide '22Nb as the polestar
neutron-richest isotope. We note that the path men-
tioned above should be taken as a typical example.

We accordingly analyze the mass difference between
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Senior High School of Waseda University
Institut d’Astronomie et d’Astrophysique, Universite Libre
de Bruxelles, Belgium

the KUTY and HFB-2 predictions for the N = 82
isotones up to 22Nb. We conclude that the detectors
for the mass measurements must have an accuracy of
at least 1o = 250keV at the neutron richness of A/Z =
3.0 to satisfy the above requirement. This is illustrated
in Fig. 1.

The half-lives can be calculated with various meth-
ods using a set of nuclear masses. We also analyze
the half-life differences derived from KUTY and HFB-2
masses and conclude that 1o = 0.15 ms is the minimum
requirement for the half-life measurements at the neu-
tron richness of A/Z = 3.0. Note that not only statisti-
cal but also systematic errors should be included in the
above discussion. Future measurements with smaller
errors than the obtained ones here are strongly encour-
aged in order to develop theories of nuclear masses and
half-lives: By updating the parameter values included
in each model, the predictions would tend to be con-
verged. This will highly benefit r-process studies which
we do not know anything conclusive yet.
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Fig. 1. Mass difference between the HFB-2 and KUTY pre-
dictions for N = 82 isotones.
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Comparison of prolate and oblate explosions
in core-collapse supernovae

H. Madokoro, T. Shimizu, and Y. Motizuki

[shock waves, hydrodynamics, stars: neutron, supernova: general]

Shimizu et al.?) studied the effects of anisotropic
neutrino radiation on the mechanism of core-collapse
supernova explosions. They considered only the case
in which the maximum value in the neutrino flux dis-
tribution was located at the axis of symmetry (polar
axis). Janka and Keil,2 however, pointed out that
the neutrino flux can have its peak on the equatorial
plane. In this paper, we study the effects of the oblate
neutrino heating on the explosion dynamics.

We solved hydrodynamical equations in the spheri-
cal coordinate (r,6)."3) The local neutrino flux is as-
sumed to be?)

l,(r,0) = %anel (14 2 cos® ) %2, (1)
where o is the Stefen-Boltzmann constant, T, =
4.70 MeV is the temperature on the neutrinosphere,
and co is a parameter which is related to the degree
of anisotropy in the neutrino radiation. The value of
c1 is calculated from the given ¢, in such a way that
the total neutrino luminosity is adjusted to that of the
spherical model at the same T,,. The ratio of the neu-
trino flux along the polar axis (f = 0°), [,, to that on
the equatorial plane (6 = 90°), I, is represented by
Zz/lx =1 + Ca.

We studied two models: the prolate model (pro100)
and the oblate model (obl091). The values of ¢y for
these models are chosen in such a way that the value of
1./l becomes 1.1 (c2 = +0.100) for the prolate model
and 1/1.1 =0.909 (¢ = —0.091) for the oblate model.

Figure 1 shows the contour maps of the dimension-
less entropy distribution with the velocity fields for the
two models. Due to anisotropic neutrino heating, the
shock front becomes prolate and largely distorted in
model prol00, while it is elongated in an oblate shape
in model 0bl091. The evolution of the explosion energy
is shown in Fig. 2. It is found that the energy gain in
model prol00 is much larger than that in model obl091.

The difference between the two models is attributed
to the importance of the locally intense neutrino heat-
ing. In contrast to the prolate explosion, the neu-
trino radiation is anisotropic but its peak is not located
point-like in the case of the oblate one; the heated re-
gion is distributed in a disk-like form over the equato-
rial plane. The efficiency of anisotropic neutrino heat-
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Fig. 1. Contour maps of the dimensionless entropy distri-
bution and the velocity fields for two models, pro100
(left) and obl091 (right) at ¢ ~ 280 ms.
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Fig. 2. Evolution of the explosion energy for model pro100
(solid line) and model 0bl091 (dashed line). The result
of the spherical explosion (dotted line) for the same T,
is also shown for comparison.

ing for the oblate model is therefore considerably re-
duced, resulting in less energetic explosion. Our results
support the statement made by Shimizu et al.,") that
is, locally intense neutrino heating is of great impor-
tance in producing a successful explosion.
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Properties of a relativistic equation of state
for collapse-driven supernovae

K. Sumiyoshi,*! H. Suzuki,*?> S. Yamada,*® and H. Toki,**

[Dense matter, Equation of state, Supernoval

Clarifying the mechanism of core-collapse supernova
explosion is fascinating. An important microphysics
ingredient for supernova simulations is the equation
of state (EOS) of dense matter. It determines the
stellar structure, the hydrodynamics and the reaction
rates through the determination of pressure, entropy
and chemical compositions. Recently, a new com-
plete EOS for supernova simulations has become avail-
able.!?) The relativistic mean field (RMF) theory with
a Thomas-Fermi approach has been applied to the
derivation of the supernova EOS. The RMF theory
based on the RBHF theory has been successful for re-
producing the masses and radii of unstable nuclei as
well as stable ones.?)

We study the characteristics of the relativistic EOS
in collapse-driven supernovae® using the general rel-
ativistic hydrodynamics® of the gravitational collapse
and bounce of supernova cores. In order to study dense
matter in a dynamical situation, we perform simplified
calculations of core collapse and bounce by following
adiabatic collapse with a fixed electron fraction. We
investigate the profiles of thermodynamical quantities
and the compositions during collapse and bounce. We
also perform the calculations with the Lattimer-Swesty
EOS® to compare the properties of dense matter.

The compositions during collapse at the times (1)
and (2) (central densities: 10! and 10'? g/cm?) are
shown for the case of 15 M model of WW957) in
Fig. 1. It can be seen that the mass fractions are sub-
stantially different between the relativistic EOS and
the Lattimer-Swesty EOS. The mass fractions of al-
pha particles and neutrons in the relativistic EOS are
larger than those in the Lattimer-Swesty EOS. The
free-proton fraction is almost one order of magnitude
smaller than that obtained with the Lattimer-Swesty
EOS. Having a smaller fraction of free protons is favor-
able for the explosion since electron capture is largely
reduced, leading to a stronger prompt shock.

The reduction in the free-proton fraction comes from
an effect of the large symmetry energy in the RMF the-
ory, which is constrained by systematic measurements
of the masses and radii of neutron-rich nuclei. These
differences of compositions should be examined fur-
ther in numerical simulations of hydrodynamics with
neutrino transfer by switching the two sets of EOS to
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School of Science and Engineering, Waseda University
Research Center for Nuclear Physics, Osaka University
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Fig. 1. The mass fractions of protons, neutrons, nuclei and
alpha particles are shown as functions of baryon mass
coordinates denoted by solid, dashed, dotted and dot-
dashed lines, respectively. The results obtained with
the relativistic EOS are shown by thick lines and the
Lattimer-Swesty EOS by thin lines.

examine the role of the nuclear interaction and EOS in
the mechanism of supernova explosions.
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Proton-nucleus elastic scattering and the equation of state
of nuclear matter?

K. Ilida, K. Oyamatsu,*! and B. Abu-Ibrahim*?

[Dense matter, Proton elastic scattering, Unstable nuclei]

We calculate differential cross sections for proton-
nucleus elastic scattering by using a Glauber theory
in the optical limit approximation and nucleon dis-
tributions that can be obtained in the framework of
macroscopic nuclear models?) in a way dependent on
the equation of state of uniform nuclear matter near
the saturation density. These nuclear models reason-
ably reproduce empirical data for masses and radii of
stable nuclei and allow for uncertainties in the values of
the symmetry energy density-derivative coefficient, L,
and the incompressibility of symmetric nuclear matter,
K.

Figure 1 exhibits the results calculated for the angu-
lar distribution for proton elastic scattering off heavy
stable nuclei. We can see, from comparison with the
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Fig. 1. Proton-nucleus elastic differential cross sections for
®Ni (T, = 1047, 400MeV), *Sn (T, = 800 MeV)
and °®Pb (T, = 800MeV). The solid, dotted, short-
dashed, long-dashed and dot-dashed lines are the results
calculated for (L, Ko) = (50,230), (50, 180), (50, 360),
(5,230), (80,230) in MeV. For comparison, we also plot-
ted the results (thin lines) calculated from the Fermi-
type nucleon distributions derived in Ref. 2. The ex-
perimental data (dots) are taken from Refs. 2—4.
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empirical values, that the Glauber model is satisfac-
tory for sufficiently high proton incident energy, T,
and small scattering angle, 0.,,.. We thus focus on
the angle and height of the first scattering peak; the
values calculated for Ni isotopes are plotted in Fig. 2.
We find that the peak angle decreases with L more
remarkably for larger neutron excess, while the peak
height increases with K almost independently of neu-
tron excess. We suggest the possibility that compari-
son of the calculations with experimental data for the
peak angle may be useful for determination of L.
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Fig. 2. The angles and heights of the scattering peak
in the small angle regime, calculated as functions of
L and K, for p-°®Ni and p-3Ni elastic scattering at
T, = 800MeV. The experimental angle and height in-
cluding errors (from Ref. 2) are denoted by the horizon-
tal lines (thick lines: central values, thin lines: upper
and lower bounds).
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A search for the effect of nuclear outer surface
in proton-nucleus elastic scattering

A. Kohama

[NUCLEAR REACTION, unstable nuclei]

The unstable nuclei on the neutron-rich side
(neutron-rich nuclei) are often characterized as those
with a large surface region generated by loosely bound
valence nucleons. We have been focusing on the de-
termination of the matter density distributions in the
surface and outer regions to clarify the feature. In
our previous work,? we discussed how much we could
determine the nuclear matter density distributions of
neutron-rich nuclei from the proton elastic scatterings.
We demonstrated that the matter density distribution
in the surface region is determined well using relatively
low-intensity beams, such as 10[1/s].")

For an extension of the above work, we have dis-
cussed how the density distributions in the outer sur-
face region affect the differential cross section of the
proton-nucleus elastic scattering in this work. This
consideration would be useful for the analysis of nuclei
whose surface structure does not change considerably
when we approach the neutron drip line. This may
occur for medium-heavy nuclei, such as Ni or Sn.

We have applied the Glauber approximation with
the Coulomb interaction of the finite extension of the
point-proton density distribution,? and have concen-
trated on the observation of the behavior of the cross
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Fig. 1. Dependence of the neutron density distribution of
the “mock” °®Ni on the variation of S,. The dashed
curve is a linear combination of the two two-parameter
Fermi distributions (2pFs) with the asymptotic behav-
ior determined by the S,, of the actual 58Ni. The dot-
dashed curve is determined by 50% of the original S,
and the solid curve is by 10% of the same S,,. As a ref-
erence, the one 2 pF of the same surface shape is plotted
by the dotted curve.

section. Since the proton of small momentum trans-
fer mostly probes the nuclear periphery, the effect of
the outer surface is expected to appear in the forward
direction. We have mimicked the halo structure of
the neutron-rich nuclei, by artificially varying the one-
neutron separation energy, S, from the original one,
but kept the surface shape unchanged (Fig. 1). The
normalization is also kept fixed.

In Fig. 2 one can see that in the forward direction
where the nuclear and the Coulomb interactions com-
pete with each other, the cross section of the halolike
neutron density (the solid curve) oscillates around the
one determined by the original S,, of ®®Ni (the dashed
curve), which is due to Coulomb-nuclear interference.
The smaller S,, becomes, the larger the effect becomes,
although the net effect is rather small. The precise
measurements in the forward direction, which could
be possible due to the large cross sections, will assist
the minute (model-independent) determination of the
density distributions of the neutron-rich nuclei.
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Fig. 2. Effect of the outer surface of the neutron density
distribution on the proton-“mock” 5®Ni elastic scatter-
ing cross section in the linear scale. The curves cor-
respond to those in Fig. 1. The dot-dashed and the
dashed curves are very close to each other, and cannot
be identified separately by eye.
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The behavior of matter at high baryon density’

W. Bentz,*! T. Horikawa,*! N. Ishii, and A. W. Thomas*?

[MATTER AT HIGH DENSITY, Nuclear Matter, Quark Matter]

The possibility of a phase transition from nuclear
matter (NM) to quark matter (QM) at high baryon
densities is of great interest in connection with neu-
tron stars and the possible existence of quark stars. In
recent works we have shown that one can consistently
describe the nucleon as a quark-scalar diquark bound
state,!) the equation of state (EOS) of nuclear matter
(NM),? and the transition to color superconducting
quark matter (QM)?) in the framework of the Nambu-
Jona-Lasinio model, which is an effective quark theory
based on QCD.

The solution of the quark-diquark bound state equa-
tion gives nucleon mass My (M) as a function of con-
stituent quark mass M. The effective potential for
NM in the mean field approximation has the form?
VINM) — v+ Vy + V., where Vi denotes the po-
larization of the Dirac sea of quarks, Vy arises from
the Fermi motion of nucleons, and V,, is the contri-
bution of the mean vector field (wp). M and wy are
determined so as to minimize VM), The effects of
confinement are simulated by introducing an infrared
cutoff in the proper time regularization scheme, which
eliminates unphysical thresholds for the decay of the
nucleon into quarks, which is very important for the
stability of NM.

The effective potential for QM in the mean field ap-
proximation has the form® V@M) =y, 4+ Vo + Va,
where V5 denotes the Fermi motion of quarks, and Va
arises from quark pairing and depends on the color
superconducting gap (A). M and A are determined
so as to minimize V(@M)  As argued in Ref. 3, there
should be no mean vector field in QM. Since QM cor-
responds to the deconfined phase, we do not introduce
an infrared cutoff here.

Figure 1 shows the pressures for NM (solid line) and
QM for several strengths of the pairing interaction (r).
Curve 1 corresponds to normal (non color supercon-
ducting) QM. It is clear from Fig. 1 that there is no
phase transition from NM to normal QM in our model,
but the scalar diquark condensation softens the EOS
of QM and leads to a phase transition at a density
which depends on rs. In Fig. 2 we set s = 0.2, and
show the pressure of the ground state as a function of
baryon density. We obtain first-order transitions from
vacuum (VAC) to NM, where chiral symmetry is bro-
ken and color symmetry is intact, and from NM to
color superconducting QM, where chiral symmetry is

T Condensed from the article in Nucl. Phys. A 720, 95 (2003)
*1 " Department of Physics, Tokai University
*2 Department of Physics, University of Adelaide, Australia
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largely restored and color symmetry is broken.
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The EMC effect in an effective quark theory for nuclear matter!

W. Bentz,*! H. Mineo,*? N. Ishii, A. W. Thomas,*? and K. Yazaki*4

[NUCLEAR STRUCTURE FUNCTIONS, EMC Effect, Effective Quark Theories]

In this work we will be concerned with the medium
modifications of the spin-independent nuclear struc-
ture functions measured in deep inelastic scattering
of leptons, that is, the EMC effect. In recent works
we have shown that the quark-scalar diquark descrip-
tion of the single nucleon, which is based on the rela-
tivistic Faddeev approach to the Nambu-Jona-Lasinio
model,") can be combined successfully with the mean
field description of the nuclear matter equation of state
(NMEOS).?) This framework offers a powerful tool for
investigating the origin of the EMC effect in terms of
binding on the level of quarks. Here we will consider
the case of infinite nuclear matter as a first step, and
limit ourselves to a valence quark description.

By using the solution to the quark-diquark bound
state equation, we calculate the light-cone momen-
tum distributions (LCMDs) of quarks in a single nu-
cleon. The LCMDs in nuclear matter are then ob-
tained by using familiar convolution formalism. Be-
sides the Fermi motion of nucleons, this descrip-
tion takes into account the effect of the mean scalar
field via the density-dependent masses according to
the NMEOS, and also the effect of the mean vec-
tor field (V). We found that the direct effect of Vj
on the LCMDs in nuclear matter can be expressed

€ €

as®) fq/A(CCA) = E—I;fq/Ao(ﬂffax = E_ixA - E_OF)’ where
faya0(x'y) is the LCMD for V = 0, and e = Ep+3Vp
(Ep = /M3 + p%) is the nucleon Fermi energy with
My the effective nucleon mass. The actual calcula-
tions are carried out in the proper time regularization
scheme which avoids unphysical quark decay thresh-
olds for the nucleon.

The medium modifications of the isoscalar valence
quark distribution at the saturation density of our
NMEOS are shown in Fig. 1 for the low energy scale
Qo = 0.4 GeV. The dotted line shows the distribution
in a free nucleon, the dashed line shows the result in-
cluding the mean scalar field, the dotted-dashed line
shows the result including the Fermi motion of nucle-
ons, and the solid line also includes the mean vector
field. It is clear from Fig. 1, and also from the scale
transformation given above, that the effect of the mean
vector field is to narrow the LCMD, leading to a de-

T Condensed from an article by H. Mineo, W. Bentz, N. Ishii,
A. W. Thomas, and K. Yazaki, Nucl. Phys. A, in press.
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Fig. 1. Isoscalar LCMD of quarks. For explanation of the
lines, see text.

pletion in the valence quark region and to an enhance-
ment at smaller values of the Bjorken variable. Fig-
ure 2 shows the resulting EMC ratio in comparison to
nuclear data extrapolated to the nuclear matter case.
We see that the calculation can reproduce the main
features of the EMC effect, namely the suppression at
large x and the enhancement at smaller z.
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Fig. 2. EMC ratio in isospin symmetric nuclear matter.
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Invariant-mass spectroscopy for condensed K nuclear clusters
to be formed as residues in relativistic heavy-ion collisions

T. Yamazaki, A. Doté,* and Y. Akaishi*

[kaonic nuclei, dense nuclei, heavy-ion reactions, quark-gluon plasmal]

Recently, exotic nuclear systems involving a K (K~
or K% as a constituent have been studied theoret-
ically by Akaishi and Yamazaki (AY).? Using a
phenomenological KN interaction combined with the
method of Antisymmetrized Molecular Dynamics, as
developed by Doté et al.,*) we predict that few-body
double-K nuclei, such as ppK~K~ and ppnK~K~, as
well as single-K nuclei, are tightly bound compact sys-
tems with large binding energies and ultrahigh nucleon
densities. The results are summarized in Table 1.

We point out that such dense K nuclear clusters can
be produced as residual fragments in relativistic heavy-
ion collisions, since the K clusters are by themselves
dense. They are likely to be in a deconfined quark-
gluon phase, as in QGP, and thus, they will be spon-
taneously formed, like clusterized islands, remaining
in an expanding hadron gas medium throughout the
freeze-out phase (see Fig. 1) and that their invariant
masses can be reconstructed from their decay parti-
cles.) The decay modes which can be kinematically
reconstructed are as follows:

(i) ppK~ — A+p,

Table 1. Summary of predicted K clusters. M: total mass
[MBV] EKZ
width [MeV].
system [fm™3]. Ryms: root-mean-square radius of the

total binding energy [MeV]. I'x: decay
p(0): nucleon density at the center of the

nucleon system [fm)].

K cluster Mc? Ex 'k p(0)  Rims
[MeV] [MeV] [MeV] [fm™3] [fm]
pK™ 1407 27 40 0.59 0.45
ppK~ 2322 48 61 0.52  0.99
ppp K~ 3211 97 13 1.56 0.81
ppnK ™~ 3192 118 21 1.50 0.72
ppppK ™~ 4171 75 162 1.68 0.95
pppnK ™~ 4135 113 26 1.29 0.97
ppnnK~ 4135 114 34 1.12
K K- 2747 117 35
ppnK~ K~ 3582 221 37 2.97 0.69
pppn K~ K~ | 4511 230 61 233  0.73

*

Institute of Particle and Nuclear Studies, High Energy Ac-
celerator Research Organization (KEK)

34

Quark Gluon Plasma
%@ Evaporating hadrons and
09 - . )
,:;;:} o %* Cooling K clusters as residues
l Yo "*:a WO {4 Expanding o
> ~
ese uT,ddS o 0
K3k s
@ K cluster W
O O Hadrons ’

Fig. 1. Quark gluon plasma and its transition to evaporat-
ing hadron gases with heavy and dense residues of K
clusters. Dense K can be identified by their decays.

(i) ppnK~ — A+d,

(iii) pppK~ — A+p+p,

(iv)  ppnnK~ — A+t

(v pppnK~ — A + 3He,

(vi) ppK K~ — A+ A,

(vii) pppK~ K~ — A+ A+ p,
(viii) pppn K~ K~ - A+ A+d.

The condition for observing the free decay of a K
cluster with a decay width 'k is

TKZTL/FK>Tf, (1)

where 77 is the freeze-out time. For I'y = 20MeV,
Tk ~ 10fm/c, which is marginally longer than the es-
timated freeze-out time, 7 ~ 5fm/c.
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Chiral symmetry in the light-cone field theory

F. Lenz,*! M. Thies,*! K. Ohta,*? and K. Yazaki*3

[HADRON PHYSICS, Chiral Symmetry, Light-Cone, Ward-Takahashi Identity]

As a continuation and generalization of the work
reported last year,") chiral symmetry and its sponta-
neous breakdown in light-cone fielf theory are studied
with a Lagrangian of the following structure,

i
L=ip!Dip+ix'D_x+ —= (X Dy — ' D} X)
V2
+ Eint(@vX)a (1)
where
Dm:(j'ng +1D2—10'1m (2)

The covariant derivative, D, couples the fermions to
an external gauge field, which can be made dynamical
by an obvious generalization. Only the spinor ¢ is
dynamical since no time derivative of y is present. We
start our investigations with the generating functional

Z[n,] Z/D[%x]{i/d‘lx
(L+nteo+ w*n+v*x+x*v)}. (3)

We use the form in which four-fermion interactions are
eliminated in favor of two auxiliary bosonic fields, o
and 7. By integrating the constrained variable y and
defining D, as

Dl:O';ng +iD2*ig(O'O'1 +71'O'2)7im01, (4)

the generating functional becomes

Zn2) = [ Dlpvovr] exp (iSlio.ov] + sl )
(5)
with action and source terms given respectively by
Sle, o, 7]
- /d% <i<pTD+<p +ixtD_x — %(02 —|—7r2)> ,
s[n. 7]
= /d4x (n*so +oln+ T+ xTy + VTDLW) :
Here, the composite field x is defined as

1
X = xlpl = ~ D Diyp. (6)

*1 Institute for Theoretical Physics, University of Erlangen,

Germany

Institute of Physics, University of Tokyo

College of Arts and Sciences, Tokyo Woman’s Christian Uni-
versity

*2
*3

The spontaneous break down of the chiral symmetry
is defined by the expectation values of the auxiliary
fields,

(0)=—, (m) =0, (7)

implying a nonvanishing chiral condensate (0]11|0).

To study the consequences of this assumed break-
down of the chiral symmetry, we consider the following
infinitesimal nonlocal transformation of the fundamen-
tal fields ¢(x) with 2, -independent a.

Sp(x) = ia(a™,27)Szp(x) (8)
with

- 2M205 — 2iM 5,9
Sy =Dylos. Dl = ——r— 37— ()

The operator Y3 coincides with the pion operator at
zero transverse momentum which can be derived in
the NJL model by solving the light-cone BS equation
explicitly in ladder approximation.?) If we neglect the
fluctuations of the auxiliary fields ¢ and 7, x trans-
forms only in the presence of a nonvanishing bare quark
mass,

V2om
+ —
)

ox = ia(x o2 (10)

With the above transformation, we obtain a chiral
Ward-Takahashi identity, which leads to the Gell-
Mann-Oakes-Renner(GOR) relation.

OZ/D[QD]eiS[gLU,ﬂ']

{04 (61500) (@) + VEIm(xloap + pTo20)(@) |

/ Az (pToax + xTo29) ()

=5t —yM)o(z™ —y7) (p'Ss00x — XTU223<P) (9)1 .

We have succeeded in connecting the meson field op-
erator to the generator of a unitary z*-dependent
transformation.  Further analyses in the Fourier-
transformed forms confirm that the pion dominance
does hold in the chiral limit and the GOR relation is
correctly obtained.
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Electron cooling by electron beam of anisotropic velocity distribution
with variable Coulomb logarithm

H. Amemiya, H. Tsutsui, and T. Katayama

[Electron cooling, Anisotropic velocity distribution, Coulomb logarithm]

The aim of the present paper is to obtain the cool-
ing rate of an ion beam by an electron beam with the
longitudinal electron temperature being very low due
to the beam acceleration.

For an ion traveling with a velocity V in electrons
with a velocity distribution f(v), the loss rate of kinetic
energy dE, /dt and the rate of energy increment dF; /d¢
become in the beam frame

dE,  47Q / 10, - -
w = V| L fv)dy, (1)
=L e e, 2)

where Q = N.Z%e*/(4me,)?, N, is the electron density,
M is the ion mass, m is the reduced mass m.M /(M +
me), Z is the charge state of the ion, and U is the
relative velocity between the ion and electrons. L.
is the Coulomb logarithm given by In(Aeg/ppm), where
pm is the minimum impact parameter Ze? /(4we,mU?)
which depends on U and A.g is the effective Debye
length which varies with the angle # of the ion velocity
vector to the beam axis due to the anisotropic velocity
distribution of electrons. Therefore, contrary to the
previous cases,? L, is variable and placed inside the
integrals.

With the acceleration of electrons to the energy F,,
the longitudinal electron temperature T, becomes

KT, = (kT.)*/2(y + 1)E,, (3)

where T, is the electron temperature in the transverse
direction and near the cathode temperature, ~103 K.
For the case of E, = 100keV, T, = 10* K, Eq. (3) gives
T, = 2 x 10~*K. However, due to the plasma effect,
it is heated to

KT, = mwzd2/47r = e2NL/3 Jare,, (4)

where w, is the angular plasma frequency and d the
average distance. For a typical case of N, = 108 cm ™3,
Eq. (4) gives T,, ~ 0.78 K The noise of the power supply
is neglected.

The Debye length Ay becomes anisotropic as
Aegp = A[cos® 0 4 sin? 0]1/%; tan = §/a. (5)

where \ = (6onTe/Nee2)1/2 and n?> = T,/T.. « are (3
are velocities of the ion in the longitudinal and trans-
verse directions normalized by s; = (2kT,/m.)/?, re-
spectively. Hence, the Coulomb logarithm L. can be
divided as

36

Le = Lo+ (3/2)L(0) + In(U/51)*, (6)
L(#) = In[cos® O + n* sin? 6], (7)
where L, = In(6Np/Z) + In(m/m.) and Np =
N, (47 /3)\3 are constants.
Next, the dimensionless potentials ¢ and ¢o defined
previously®?®) to obtain the cooling and heating rates
for ions with p? = a2 + 3?2 are calculated. Namely,

mw=—/w%5@w1 (8)

n(U/s)? - —
@w:—/l%%%ﬂww. (9)

Substituting Egs. (8) and (9) into Egs. (1) and (2),
we obtain the rates of energy change in the 6 direction
as

4B, (0)

dt 3
= —c{ (Lo + 2001+ 3100+ 990

(10)
dE(;t(o) _ _O% {L0¢1 n gL(Q)qﬁl +¢2}. (11)

where C' = 47Q/ms, s = (26T./m)'/2, ¢1 = ¢1(p,0),
b2 = ¢2(p,0), pVo1 = aV, ¢1 + BVe1, and pV
P2 = aVapa + BV0a.

Equations (10) and (11) indicate cooling and heat-
ing rates of an ion for any form of f(v). L(#) and ¢o
denote corrections to previous theories!"?) which con-
sider only the effects of ¢1 and L,. If f(v) is isotropic,
our previous result®?® is recovered by putting p = «
and L(6) = 0.

It should be noted that the electron-cooling theory is
valid only for L. > 0. Applying this to L(6) in Eq. (7)
for a small 7 (~ 0), we have the requisite condition as
sinf < [1 — exp(—L,)]'/2. The allowable upper limit
angle 6, becomes 6, = 82.2° for L, = 2 and 6, = 89.6°
for L, = 5. As L, is larger, the theory almost covers
. up to m/2.

The present theory accounts for the velocity and an-
gle dependences of dE,, /dt and dE;/dt for a given elec-
tron beam of f(v), N, and E,.
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Electron cooling by two-temperature electron beam
with extremely cold longitudinal temperature

H. Amemiya, H. Tsutsui, and T. Katayama

[Electron cooling, Two-temperature velocity distribution, Coulomb logarithm]

In a previous study, the cooling and heating rates of
an ion by an electron beam with a general anisotropic
velocity distribution have been obtained.! This study
is intended to meet the experimental requirements for
electron cooling. As a typical electron velocity distri-
bution f(v), the two-temperature Maxwellian type is
considered.

flu,t)dudt = % exp(—u?) exp(—t?)dudt. (1)

Here, u = v, /sp, t = vi /81, p = (26T, /m)Y/?, s, =
(26T, /m)Y/? ~ (26T./m)'/?, v, and v, are electron
velocities in the longitudinal (beam direction, z) and
transverse (on the y-z surface) directions, T, is the
electron temperature in the source, and T, and T are
the electron temperatures in the beam in the directions
of u and t, respectively.

Normalizing the ion velocities V, and V4 in the z and
y directions as o = V},/s¢ and § = V;/s;, we have the
relative velocity U between the ion and electrons.

DY = \f(a—un)2+ (5402 — 4Btsinly,  (2)

Here, n = sp/st = (T,/T:)Y? and ¢ = (7 — x)/2,
x being the angle between V; and v¢. The functions
on(a, B; n) for the cooling and heating rates?) become
as follows (n = 1,2).

4 In(U 21n—1,—u?y,—t2
On = T r3/2 / L7 L0 dudtdy, (3)

D1/2
4 (o — up)e * te=t"

Vadr = —5 / HE dudtdp, (4)

Vo1
4 [(B+1t) — 2Bt sin? ple= % te~t"

= / gl dudtdy,

(5)

where integrals are triple for u = —oo to oo, t = 0 to

oo and 1 = 0 to /2. For V,¢2 and Ve, integrands
are multiplied by —(2 — In D) to those of V,¢; and
V1.

Usually 7 is small, ~1/40. In the case of n = 0,
the integral on w is decoupled and using K(k) and log-
elliptic integral L(k) defined before,") we obtain

4 [ tet

1 = T mK(k)dt, (6)
4 ©nA-tet
¢ = 77{/0 TK(k)dt (7)

> et
| mL(k)dzﬁ},
where k% = 48t/A, A = o® + (8 + t)%. For the ion
moving parallel to the beam axis (8 =0), k=0, K=
m/2 and L = 0. Then,

¢1 = —vmexp(a?)[1 — erf(a)], (8)
Vadi =2(1+ ad1), Vade = 2(In(a?) + ags), (9)

and Vo2 = 0. ¢o are numerically obtained.

Figure 1 shows —¢; and —¢s related to the heating
rate vs. p = (a® + 32)Y/? for some § = tan~'(3/a)
compared with the isotropic case,") n = 1.

Figure 2 shows —p * V12 = aVadi 2 + V12
related to the cooling rate vs. p for some 6 compared
with the case of n = 1.

2 1

30°
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0

[ 0.8 1.8 2.4 32 4

Fig. 2. —p* V12 = aVad1,2 + Vo1,2 vs. p for some 6.
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Cooling rate of ion beam by electron cooling with flat electron
velocity distribution with variable Coulomb logarithm

H. Amemiya, H. Tsutsui, and T. Katayama

[Electron cooling, Cooling rate, Flat distribution, Ion beam, Coulomb logarithm)]

In previous studies on electron cooling (EC),"?) the
rate of energy change of a single ion by an electron
beam of anisotropic velocity distribution f(v) has been
obtained. Using this, the cooling and heating rates of
an ion beam can be obtained through integration over
an ion velocity distribution F'(V'). Here, F(V') is taken
typically as Maxwellian with a temperature 7;. In the
beam frame, F'(V') is expressed in the reduced form as

4
F(0,0)dodf = m(ﬁ exp(—c?)do sin Ad, (1)

where o = V/s;, 8; = (26T;/M)'/?, M is ion mass and
6 (= 0 to 7/2) is the angle of ion velocity to the beam
axis.

The cooling and heating rates lead to

dE,(9)
ar
_ _c/ooo F(o) [(L +24 ;L(Q)) PV

1,2)

+ pV@} do, (2)
dE,(6)
dt

--c2 /OOO Fo) KL + %L(G)) b1 + @] do.

(3

~—

where ¢ and ¢o are functions of p and 6, and C =
4rQ/ms, s = (2kT./m)'/2, Q = N.Z%e*/(47¢,)?,
L, = In(6mNp/m.Z), Np = N.(4r/3)\3, X\ =
eokTy/Nee2)V/2 and m=t =m, ' + M1,

We define cooling and heating functions as

Woalp0) == [ F@WTora(polde (@)

Wt1,2(p7 9) = —/ F(O‘)(f)l’g(p, 9>d0‘ (5)
0

Therefore, Egs. (2) and (3) can be reduced to

dE,(0) 3 L(6)

and W, and Wy lead to

2 £ 2 4

Wp1 = —ﬁm, Wiy = ﬁm
(8a,b)

Figure 1 shows W1 and Wye vs. § = s./s; for 6 =0
to 7m/2 in the case of completely flat distribution n = 0.

Figure 2 shows W1 and Wig vs. £ = s¢/s; for 6 =0
to /2 for n = 0. It is seen that except in the range
of very small &, Wy and Wy, are opposite in sign to
Wy1 and Wiy, respectively. In the storage ring, the
ion beam broadens by the intrabeam scattering (IB).%)
An equilibrium ion temperature will be reached after
numerous repetitions of EC and IB.

Fig. 2. Wi and Wip vs. € = se/s; for some 6.
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CL,dt {W”l(a) {1 T2, ]

W (0) + Wp2<9>]/Lo},

(6)
dE(6)  m {Wﬂ(e) [1+ §L(9)} +Wt2(9)/Lo}.
(7)

CLydt M 2L,

In the conventional case (7 = 1), Wy = Wiy =0
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Ultimate temperature and cooling time of ion beam by electron
cooling: Dependence on Coulomb logarithm

H. Amemiya, H. Tsutsui, and T. Katayama

[Electron cooling, Cooling rate, Flat distribution, Ion beam, Coulomb logarithm)]

Using the cooling and heating functions of an ion
beam,"?) the effective cooling rate R(6,&) of an ion
beam with a temperature T; is given by

drT;

(CLydt = R(&,0), (1)
R(&,0) = (Wp1 +eWn) (1 + 3;29))
n 2Wp1 + VZPQ + eWyg . )

Here 6 is the angle of the ion velocity to the beam
axis, L, is the constant part of Coulomb logarithm,
C = 4nQ/ms where s = (2kT,/m)"/? and Q =
N.Z?e*/(47e,)?, L(0) = In[cos? O + n*sin? 0] where
n* =T,/T., T, (~1K) and T, (~10®K) being longi-
tudinal and lateral electron temperatures, ¢ = m./M,
mt=m.,1+M~1and Whp1,2 and Wy o are the cool-
ing and heating functions of ion beam obtained.?)

Figure 1 shows R(0,£) vs. £ = s./s;, where s, =
(26T./me)Y/? and s; = (26T;/M)'/2, in the case of
a flattened electron velocity distribution f(v) (n = 0)
for 238U together with isotropic f(v) (n = 1) with L,
as a parameter. R < 0 corresponds to the cooling
of ions. In typical experiments, n? is ~ 1073 (n? =
T,/T., longitudinal and lateral electron temperatures
T, ~1K and T, ~ 103 K). Therefore, the assumption
of n =0 is a good approximation. The effects of W} 5
are smaller than those of W, 2 and appear only near
thermal equilibrium: R = 0.

Due to the angular dependence of cooling, the tem-
perature of the ion beam becomes anisotropic. The
critical £ at R = 0 corresponds to the ultimate ion
temperature T;o,. When L, is not large, ions with
large 6 are cooled only to a certain limit.

_REH)

Fig. 1. Cooling rate R(,0) vs. £ for some L, values.

Figure 2 shows ultimate Tjoo vs. L, for 233U. Above
a certain L,, a marked decrease in T;., is observed
and then T;., reaches a very small value. A marked
contrast from the case of n = 1 (dotted curve) is ob-
served, suggesting the importance of the effects of flat
f(v) and L(6). It is favorable to choose large L, to
achieve effective cooling for all 6 values.

For large L,, the first term of the right-hand side of
Eq. (2) becomes predominant. T;., can be estimated
from the balance

Wpl +eWy ~ 0. (3)

Substituting Wy, ~ 7'/2 — (4/7'/?)cos@/¢ and
W1 ~ —(4/7'/2) cos 0/¢, we obtain, from Eq. (3),

cosf w Tioo 2 me

¢ 45 % T, T 16cos?o M- )
Then, the minimum T}, is 0.62(m./M)T, at = 0
and decreases with 6. Near 6§ = 7/2, T; decreases
slowly but its value is smaller than in the isotropic case
up to 0 = cos'(¢1/21/4) as long as L(#) > —2L,/3.
Defining 7 = t(CL,/kT)me/M, we obtain

deo) 1,4 B ¢ ade
& - 3¢ R(.0) or T=-— . ORE.0) (5)

dr
Here, &, corresponds to the initial ion beam tem-
perature. The cooling time scale is proportional to
N.Z?/M and the integral gives a modification factor
that depends on the angle.

a

238
U

~
4

i

-Log[ (T, m/mT, "]

7
Log(L)

Fig. 2. Ultimate ion temperature T;oc vs. L, for 2387y,
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Mathematical tools for electron cooling by electron beam with
strongly anisotropic velocity distribution

H. Amemiya, H. Tsutsui, and T. Katayama

[Mathematical tool, Electron cooling, Electron beam, Ion beam, Magnetic field]

The present note is concerned with new functions
and integrals associated with electron cooling (EC),
particularly the anisotropic velocity distribution, and
the effects of magnetic field are treated.

Due to acceleration, the electron beam is strongly
anisotropic. A parameter n = s,/s; = (T,,/T.)'/? has
been introduced to represent the anisotropy, where s,
and s; are electron thermal velocities in the longitudi-
nal and lateral directions, respectively, and T, and T,
respective electron temperatures. The results of the
case T, =0 or n = 0 have already been given.!) The
cooling functions ¢; and ¢, and the gradients V, g¢1 2
for small 17 can be given by Taylor expansion.

Optimum cooling occurs when the ion velocity is
parallel to the beam axis (aw > 0, § = 0), a and g being
the longitudinal and lateral velocities normalized by s.
In this ideal case, we can put k=0 (k%= 46t/A,
A=a®+(B+1)?). In a previous note,? the log-
elliptic integrals L and M and their derivatives L,
and Lg, were introduced. Those without log are the
elliptic integrals K and E and their derivatives K,
and Kg,,.?) It follows for k=0 that E = K = K3 =
K5:71'/2,K53:KS5:77/4,andM:L:L3:L5:
Ls = Lgz = Lgs = 0. ¢1,2 and V, g¢1,2 become

¢1 (067 07 77)

= _/ exp[—u2+(a—u17)2] erfe(|a — un|)du,

. (1)
p2(a, 05m)
= —2[ exp[—u2+(a—uﬂ)2} Lz (|o — unl|)du.

2)

Here, we define new integrals as

Lz(z) = /00 Int - exp(—t?) dt. (A)

o

exp(—x)

P _dr, n=1,2,3,...
0 VaZ+zx

I2'r171 =

(B)

oo 2 o
Jors :/ In[o® + ] e>2<5£1 x) dz,
0 Va2 +x
n=123,... (©)

Then, we have —¢, =11, —¢o = J1, and for a > un

Va1 = alz, Vaoo = a(—2I3 + J3), and their deriva-
tives (denoted as prime) over n are

40

’ J
$1'(,0;0) = gls, $2'(a,0;0) =7 <I3 + 23> - (3)
va¢1/(aa Oa 0) = 30“715;
voz¢2/(a7 0; 0) = 0”7[815 - 3']5]7 (4)
Vsd12 (@, 0;1m) = Vi 2'(a,0;m) = 0. (5)

The opposite case a < un occurs near the tempera-
ture equilibrium where the expansion is not applied.

Due to the oscillatory motion of electrons in the
magnetic field, the Coulomb logarithm is modified as®

1/wp d
7T COSWT, (6)

InA =

Pm/ Ve

where ve = (kTs/me)'/?, w and w, are the angular
electron cyclotron and plasma frequencies, and py, the
minimum impact parameter. Equation (6) becomes

AD Ap (v/ve) 1.2

1 2

lnA:/ _dr_g/ ST (r/2ry) g, (7
r Pm(”/ve) r

m

where r = vT, v being the velocity of individual elec-
tron, r, = v/w and Ap = ve/wp.
We define a new function X(x) as

x i1’12
o) = [ (D)

which is 0 at £ =0 and increases with x and ap-
proaches to (In(2x) 4+ v)/2 — sin(2z)/4z at large x.
Inflections appear at points 2z = tanz. Then,

A
A=t (22) - 2f5(e) - S(en) 0
where £ = wpm/2ve and &3 = wAp /2ve = w/2wp. The
first term of RHS is the Coulomb logarithm L. without
magnetic field, while the second term gives the gyra-
tion effect.
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[NUCLEAR REACTION, p(°He,?He)’H, E = 364 MeV, Nuclear structure]

The very neutron-rich nucleus °H having an extreme
fraction of neutrons, N/Z = 4, has been the object
of research for more than 40 years. Numerous early
experiments attempted to observe a particle-stable H,
either by its beta activity or by direct detection of 5H,
thus finally proving its instability. Later experiments
focused on unbound ?H. However, the existence of 5H
resonance remained unclear.

In the present paper, we report on an experimental
study of °H. We applied a technique that resembles the
missing-mass method, but with detection of an unsta-
ble recoil nucleus. In conventional missing-mass exper-
iments, the binary reaction A(b, ¢)D is studied, and by
detecting nucleus ¢, one obtains the excitation energy
spectrum of the residual system D. Generally speak-
ing, the more neutron-rich system D we want to study,
the more proton-rich nucleus ¢ has to be detected. As
a result, nucleus ¢ can even be unstable, e.g., °Be, that
decays into p+p+a, or singlet-state 2He, that decays
into p+p. Nevertheless, we can deal with the unstable
nucleus ¢, if all particles from its decay are detected.
Having kinematically complete information on the un-
stable system ¢, we can reconstruct the excitation en-
ergy in the residual nucleus D and can perform its
spectroscopy.

The reaction p(°He,?He)’H was chosen for the
search for SH. It is reasonable to expect that neutrons
in the ground state of °H occupy the same orbitals as
those in ®He. Hence, by removing one proton from
6He, we should selectively populate the ground state
1/2% of °H. In other interesting reactions, such as
t(t,p)°H and t(°He,*He)’H, the two-neutron transfer
is expected to populate also excited states 5/27 and
3/2%, which are predicted by theoretical calculations.
These broad excited states will render more difficult, if
not impossible, the identification of the ground state.

To detect all particles from the decay of the unsta-
ble recoil system ¢ in the reaction A(b,c)D, we built
the RIKEN telescope, which is a stack of solid-state

T Condensed from Phys. Rev. Lett. 87, 092501 (2001)
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strip detectors. This telescope enables the measure-
ment of angles, energy losses and energies of several
particles detected in coincidence. The detectors have
an annular hole for the beam. With this geometry, de-
cay products of the system ¢ can be detected at small
angles in the laboratory system in inverse kinematics
typical for many experiments with secondary beams.

The secondary beam of He at 36 AMeV was ob-
tained using the fragment separator ACCULINA at
JINR (Dubna). Two plastic scintillators were used
for the identification of each particle of the secondary
beam and for the measurement of its energy by time-
of-flight. The trajectory of “He was measured by two
multiwire proportional chambers. We used a cryogenic
target from GANIL (France), which was filled with hy-
drogen gas at a temperature of 35K and pressure of
10 atm. The two protons originating from the decay of
2He were detected in coincidence by the RIKEN tele-
scope. Besides protons, we also detected tritons from
the decay "H—t+n+n, using a downstream telescope
which consisted of a large-area SSD detector and a
BGO crystal.

The key of this experiment was the combination of
the exotic 9He beam provided by the fragment separa-
tor ACCULINA (Dubna, Russia), the hydrogen cryo-
genic target from GANIL (France), and the detection
system based on the telescope of ringlike solid-state
strip detectors (RIKEN).

The excitation energy spectrum obtained for this re-
action shows a peak corresponding to a resonance °H
at 1.7+£0.3MeV above the n+n+t threshold with a
width of 1.94+0.4MeV. The angular distribution of
the p(°He,?He)’H reaction was measured as well as
the energy correlation of two protons. The former has
a shape consistent with the angular momentum trans-
fer | = 0 expected for the population of °H, ,(1/2%),
while the latter confirms the emission of the 2?He vir-
tual state in the reaction studied.
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[NUCLEAR REACTION, p(®He,pp)"H, E = 61.3 A MeV, Nuclear structure]

Progress in experimental technique including us-
age of secondary beams of short-lived radioactive nu-
clei has enabled studies of exotic nuclear systems in
the vicinity and beyond the neutron drip line. Re-
cently, experimental studies of H have been per-
formed in the reactions p(°He,?He)°H," t(t,p)°H,?
and d(%He, *He)°H.?) These three measurements show
a peak of °H at ~ 1.8 MeV above the decay thresh-
old into t + 2n. Another recent experiment®) devoted
to °H show a °H peak at relatively higher energy. Due
to the known systematics of helium isotopes, where
8He having two more neutrons than SHe is more bound
relative to the separation of two neutrons than ®He,
and where "He is less unbound than °He, the results
for °H allow us to speculate that "H may exist as
a state in the vicinity of the t + 4n decay threshold.

Hardly “H exists as a bound state. In numerous
measurements performed previously using the AE-FE
method, the region of hydrogen and helium isotopes
was studied in detail and no hyperbole of the bound "H
in two-dimensional AE-E plots was observed. How-
ever, "H may exist as an unstable state. Being close
to the threshold, "H could be a particularly interest-
ing system. It should undergo the unique five-particle
decay into the t 4+ 4n channel and its width may be
very narrow. An extreme fraction of neutrons in “H,
N/Z = 6, is comparable with that in neutron stars.

The experimental search for unstable “H presents
a difficult task, and this resonance has never been ob-
served. Recent theoretical calculation of “H within the
seven-body hyperspherical functions method suggests
that “H can be unbound with respect to the t + 4n
decay by 840keV.»

We carried out an additional attempt to estimate the
energy range for "H to be measured. In the present
calculations, we used the K-harmonics approach and
calculated 3*>"H and 4%%He as A-body systems trying
to reproduce the binding energies of 3°H and 45%He
simultaneously. As a result, we obtained for the "H
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energy relative to the t 4+ 4n threshold an estimate of
about 3 MeV as an upper limit.

Considering the experimental search for "H, we con-
sidered the following. It is reasonable to suppose that
neutrons in the ground state of “H occupy the same or-
bitals as those in ®He. Hence, by removing one proton
from ®He, we should obtain a good chance of popu-
lating the ground state 1/2% of "H. Consequently, we
have chosen the reaction p(8He, pp)"H for the experi-
mental search for "H.

The experiment was performed at RIKEN using
a secondary beam of ®He produced by the fragment
separator RIPS from the fragmentation of a primary
beam of '80. The obtained secondary 8He beam had
a very high intensity of ~ 300000 particles per second
and an energy of 61.3 A MeV with an energy spread of
2.6 AMeV. (The beam energy and parameters of the
measuring system were optimized in computer simula-
tions preceding the experiment.)

As a proton target, we used a cryogenic target from
GANIL (France), which was filled with hydrogen gas
at a temperature of 35 K and a pressure of 10 atm. The
target thickness was 6 x 10%! protons/cm?.

The two protons originating from the reaction
p(®He,pp)"H were detected in coincidence by the
RIKEN telescope which is a stack of Si strip detectors.
This telescope enables for the detection of several par-
ticles in coincidence, identification of each particle and
measurement of their energies and angles.

Experimental results obtained in the pp-coincidences
show a very interesting feature: a very rapid increase
in the "H spectrum near the t 4+ 4n threshold. The ex-
perimental spectrum increases near the threshold even
more sharply than a two-body phase-space. This pro-
vides a strong indication of the possible existence of
the "H state near the t + 4n threshold. For further
studies of "H, apart from the p(®He,pp)"H reaction,
reactions d(®He,*He)"H and t(®He, *He)"H also seem
to be promising.
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NUCLEAR REACTION, p(®He, t)°He, .., p(®He,t)’He*(2F), E = 61.3 A MeV, Nuclear

structure

We investigated the two-neutron transfer reaction
p(8He, t) populating the ground and excited 27 state
of 6He. The experiment was performed at RIKEN
using a secondary beam of ®He produced by the
fragment separator RIPS from the fragmentation of
a primary beam of '®0. The obtained secondary
8He beam had an intensity of ~ 300000 pps and an
energy of 61.3 AMeV. As a proton target we used
a cryogenic target from GANIL (France), which was
filled with a hydrogen gas at a temperature of 35K
and a pressure of 10atm. The target thickness was
6 x 102! protons/cm?. The recoil triton from the
p(8He, t) reaction was detected using the RIKEN tele-
scope which is a stack of Si strip detectors. In addition
we detected “He nuclei and « particles from the decay
of SHe*(21) into o + 2n using a downstream detection
system consisting of a dipole magnet and plastic scin-
tillators.

Let us first consider the simplest assumption on the
structure of ®He (below we will see that in reality an-
other configuration is realized in 8He). If the ground
state of 8He would contain subsystem %He mainly in
the state 0%, then the 8He(p,t) reaction would pop-
ulate preferentially 6Heg_s_(O"’). The cross section for
the population of ®He*(2%) would be some order of
magnitude lower, because the latter would be the sec-
ond order process. It requires a two-neutron peak-up
from ®He, such as in p(*He, t)He, ., but in addition,
in this case, the “He(0") subsystem should be excited
to the 2% state. As a result, the cross section of the
p(8He, t)5He*(27) reaction would be suppressed.

The obtained experimental data show that in reality,
the situation is just the opposite: the cross section of
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the p(8He, t)°He*(27) reaction is higher than that of
p(®He, t)%He, ;.. It denotes that the ground state of
8He contains the subsystem 5He in the 21 state with
a large weight.

Qualitatively, it is consistent with the considera-
tion of ®He in a simple model shown in Ref. 1, where
a five-body (o + 4n) wave function of ®He was con-
structed with the four antisymmetrized neutrons in the
p3/2 states relative to the o core. Within this model,
one can strictly investigate the spin-parity of the ®He
subsystem in ®He. As a result we obtained weights
for various J™ in the SHe subsystem: P(0") = ¢,
P(1T) =0, P(2%) = 2, P(3") = 0. That is, the ex-
cited 2% state of °He is predominant in the ®He ground
state wave function.

Finally, note that recently in Dubna (Russia) the
(p, t) reaction was investigated at a lower energy of the
8He beam, 26 A MeV, and also, a cross section for the
6He*(2%) channel higher than that for °He, 5. was ob-
served. Also, an indication on the ®He(2%) + 2n con-
figuration in the ground state of 8He was previously
obtained in fragmentation of ®He in the C target.?

In summary, the p(®He,t) reaction populating the
ground and excited 27 state of “He was investigated.
The obtained results suggest a specific structure of the
ground state of 8He containing the subsystem ®He in
the 27 state with a large weight.
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[polarized solid proton target, RI-beam experiment]

For our RI-beam experiments, we have constructed
a new spin-polarized solid proton target system. The
most significant advantage of our target is its appli-
cability in a low magnetic field of 100mT and at lig-
uid Ng temperature. In July 2003, the first experi-
ment using the RI-beam, that is, a vector analyzing
power (A,) measurement in j+ He elastic scattering
at 71 MeV /nucleon, was carried out. The measured
angular region was 40° to 75° in the center-of-mass
system. The aim was to determine the spin-orbit po-
tential between protons and %He. In this paper, an
overview of the experiment is reported.

As a target material, we used a single crystal of
naphthalene (CjoHg). Protons in the naphthalene
crystal were polarized by means of a pulsed dynamic
nuclear polarization method.’?) For details regarding
the proton polarizing system see Refs. 3 and 4.

The experiment was performed using RIPS at the
RIKEN Ring Cyclotron Facility. The %He beam
was produced by a fragmentation reaction of a 2C
beam with an energy of 92 MeV /nucleon penetrating
a 1.39g/cm? Be target. The energy of the “He beam
was degraded by an aluminum degrader with a thick-
ness of 0.32g/cm? to an energy of 71 MeV /nucleon.
The purity of the secondary beam was 95%, and the
intensity was 170 keps on average.

The secondary beam bombarded the polarized pro-
ton target with a thickness of 113 mg/cm?. The target
was placed approximately 1m downstream of the F3
focal point.

To detect leading particles (mainly ®He), we used
a forward-counter placed approximately 1m down-
stream of the target. The forward-counter consisted of
a multiwired drift chamber (MWDC) and three layers
of plastic scintillator hodoscopes placed downstream of
the MWDC. The MWDC was used to measure the tra-
jectory of the leading particles. The plastic scintillator
hodoscopes were used to identify the leading particle
with the standard AFE-FE method.
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To detect recoil protons, a pair of backward-counters
was used. One was for the left-hand event and the
other was for the right-hand event. Each counter con-
sisted of two 5-mm strip silicon detectors (X-PSD, Y-
PSD) and plastic scintillators. The PSDs were set
perpendicular to each other and used to obtain two-
dimensional-position information on recoiled particles.
The particle identification of recoiled particles were
performed with the AF information from the PSDs
and E information from plastic scintillators. To dis-
criminate background events scattered, 5He particles
and recoiled protons were detected in coincidence. In
such a coincidence detection, one can select the elas-
tic scattering events only by identifying the *He parti-
cles at the forward-counter, since *He does not have a
bound excited state.

Figure 1 shows the asymmetry of 7 + SHe elastic
scattering events measured at 40° in the center-of-mass
system. The horizontal axis corresponds to the angle
of scattered SHe particles. Figure 1(a) and (b) show
summaries of the data when the proton polarization
was “UP” and “DOWN?” respectively. The data anal-
ysis to deduce A, and the differential cross section is
now in progress.
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Fig. 1. Asymmetry measured at 40° in the center-of-mass
system. (a) when the proton polarization was “UP”.
(b) when the proton polarization was “DOWN”.
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[Bell’s inequality, (d, He) reaction]

Since the discovery of Bell’s inequality (BI),") many
experiments have been performed up to now to ver-
ify the violation of BI and to establish the correct-
ness of the quantum mechanical description of nature.
It should be noted that, even though BI was origi-
nally derived from a consideration on correlation of
two spin % particles in a spin singlet (15'0) state, most
of the experiments performed so far have employed
polarization-correlation of two photons.

The only one exception using spin % particles is
the experiment by Lamehi-Rachti and Mittig (LRM).?)
LRM measured spin-correlations of proton pairs pro-
duced by 13.5MeV pp-elastic S-wave scattering. Al-
though their results agreed with quantum mechanics
and violated the classical limits of BI, There are some
problems in their estimation of the systematic errors.
The incident proton energy is so high that their es-
timation of effects by the mixture of the spin triplet
states in the final two protons is not sufficient.

We are planning to test BI by measuring spin-
correlation of proton pairs produced by the (d, 2He)
reaction. Here we define a ?He as a pair of protons
coupled in the 1S; state by the final state interaction.
Use of (d, ?He) reaction has following advantages: (1)
In the case of LRM’s experiment, the relative energy
of the two protons was fixed kinematically, while the
(d, 2He) reaction enables us to select as small relative
energy as possible. Hence we can produce high purity
of 1Sp-state proton pairs. (2) Since the kinetic energy
of the protons in the laboratory frame is high, the pro-
ton polarizations can be measured easily.

We have performed experiments at RIKEN in 2003.
We measured the 'H(d, ?He)n reaction at 270 MeV.
The beam was injected into a liquid hydrogen target®
of 70 mg/cm? thick. ?He scattered at 0° were momen-
tum analyzed by a spectrometer SMART and detected
with a proton polarimeter EPOL placed at the sec-
ond focal plane of SMART. Typical beam intensity was
0.3nA and we detected 2He at the rate of 1-1.5keps.
An example of the energy spectrum is shown in Fig. 1.

A schematic view of EPOL is presented in Fig. 2.
EPOL consists of three multi-wire drift chambers
(MWDCs), two sets of plastic scintillator hodoscopes
and an analyzer target (5.0cm thick carbon block).
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Fig. 1. Typical excitation energy spectrum of *H(d, 2He)n
reaction at E4 = 270 MeV.

Fig. 2. Schematic view of the proton polarimeter EPOL.

The incident pairs of protons are simultaneously scat-
tered from the analyzer target. By measuring the
left-right asymmetry of the scattering for each proton,
spin-correlation function II(d, 5) =< & -ddy-b >
can be derived, where @ and b are the direction of the
reference axes of the spin measurement, and &, and &
are the Pauli matrices of each proton. If the angle be-
tween the two axes @ and b is 45°, quantum mechanical
prediction is [IIgn(45°)] = %, whereas the classical
limit by BI is |IIp(45°)] < 3. Thus, the violation of
Bell’s inequality can be tested.

We have obtained data enough to verify the violation
of Bell’s inequality by five standard deviations. Data

analysis is now in progress.
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[NUCLEAR REACTION, “He('2Be,'®Br), transfer reaction, in-beam v-ray spectroscopy]

The disappearance of regular magic numbers in
neutron-rich nuclei has been one of the most interest-
ing phenomena. Focusing on the N = 8 magicity, we
have studied 3B, where the spins even for low-lying
states have not been assigned.'

We measured the differential cross section of the
proton transfer reaction *He('?Be,'*Bry), which is ex-
pected to populate the proton single particle state. We
assigned the spin and parity of the highest bound ex-
cited state for the first time.

The experiment was performed at RIPS beam line in
RIKEN. A primary beam of 180 at 100 MeV /nucleon
bombarded a 1.85g/cm?-thick °Be target. A sec-
ondary beam of 2Be was produced as the fragment
and separated by the RIPS. Its intensity and en-
ergy were 2 x 10° particles/s and 50 MeV /nucleon,
respectively. The Be was identified event-by-event
via a TOF-AE method with two plastic scintilators
and bombarded a 120 mg/cm?-thick liquid helium tar-
get. Outgoing particles were measured by a hodoscope
which consists of 13-AFE and 16-F plastic scintillators
and identified by the TOF-AFE-FE method. The TOF
was the flight time between the target and a AFE plas-
tic scintillator.

Excited states in *B were identified by de-excitation
~ rays, which were detected by an array of segmented-
Ge detectors® and the DALI (IT) system.®) The ar-
ray of segmented-Ge consists of six segmented-Ge de-
tectors located 140 degrees to the beam direction.
The DALI (II) system consists of 75 Nal (T1) de-
tectors at forward angles. The detection efficiency
of Ge detectors was 0.17% for the 1.332-MeV ~ ray
from °Co source and that of DALI (II) was 9.8%
for the 661.6-keV v ray from !37Cs source. The en-
ergy resolutions of Ge detectors and the DALI (II)
system, were 16keV (o) and 55keV (o) respectively,
for the Doppler-corrected 2.1-MeV v ray from moving
(8~ 0.3) 2Be.

The differential cross section of the *He(12Be,'3B)
reaction for the 4.8-MeV excited state of B is indi-
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cated by closed circles in Fig. 1. Three curves were
obtained by zero-range DWBA calculations with as-
sumptions of transfer angular momenta [ = 0, 1, and
2. The set of optical potentials™® used in the calcu-
lation is listed in Table 1. The experimental angular
distribution is fitted with the DWBA calculation with
I = 0, which indicates that the transfered angular mo-
mentum was [ = 0. Since the ground state of '?Be
is 07, we assigned J™ = 1/27 to the 4.8-MeV excited
state. Further analysis is in progress.
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Fig. 1. Differential cross section of *He(**Be,'*B~) reac-

tion.

Table 1. Optical potentials used in DWBA calculations.
(a: “He+'2C7), b: 3He—|—1208))

Vo vV av Wy rw aw
MeV)  (fm) (fm) (MeV) (fm) (fm)
a 75.680 1.277 0.728 13.880 1.885 0.425
b 108.47 1.020 0.828 18.483 1.171 0.594
References
1) F. Ajzenberg-Selove et al.: Phys. Rev. C 17, 1283
(1978).

2) V. Guimaraes et al.: Phys. Rev. C 61, 064609 (2000).
3) N. Aoi et al.: Phys. Rev. C 66, 014301 (2002).
4) R. Kalpakcieva et al.: Eur. Phys. J. A 7, 451 (2000).
5) S. Shimoura et al.: CNS Annu. Rep. 2001, 5.

) S. Takeuchi et al.: RIKEN Accel. Prog. Rep. 36, 148
(2003).
7) A. Ingemarsson et al.: Nucl. Phys. A 676, 3 (2000).
8) A. Ingemarsson et al.: Nucl. Phys. A 696, 3 (2001).

6



RIKEN Accel. Prog. Rep. 37 (2004)

Back to Contents

1 C(p,v)?N reaction studied
by the Coulomb dissociation method
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[NUCLEAR REACTIONS: 208Pb(12N,!1C p)2°¥Pb, Coulomb dissociation]

The importance of the radiative capture reaction,
1 C(p,7)2N, at low energies has been discussed in con-
nection with an astrophysical nuclear burning process
called the hot pp chain.

There are two resonant states in 2N of astrophys-
ical interest: the first excited state with J™ = 2%
at Fox = 0.960 MeV, and the second one with 27 at
1.19MeV. In terms of astrophysical implications, the
most important property is the radiative width (I'y) of
the 1.19 MeV state.

Experiments have been performed at RIKEN using
the secondary beam line, RIPS. A 77.0 MeV /nucleon
12N radioactive beam was produced through a frag-
mentation reaction of a primary 135 MeV /nucleon 60
beam. A 30 mg/cm? 298Pb target was bombarded by a
secondary 2N beam. Protons and ! C produced in the
12N dissociation were detected by a plastic-scintillator
hodoscope with an active area of 1 x 1 m? located 5.1 m
downstream of the target. The energy of the fragment
was determined by its measured mass and the veloc-
ity obtained from the TOF. The complete kinematics
of the reaction products, the total energy and relative
momentum vector of the p+!1C system were thus fully
determined. To measure « rays emitted from excited
states of 1'C in the channel of 12N — p+!''C*, a -
ray detector system called DALI (Detector Assembly
for Low Intensity radiation), consisting of 64 Nal(T1)
scintillators, was placed around the target.

Figure 1(a) shows the comparison between the
experimental relative energy spectrum for the
HC(p,y)2N reaction and the calculation considered
E1 interference effect. The two resonants and nonres-
onant contributions are plotted separately. The direct
capture cross section for the El1 transition has been
calculated using the direct capture component of the
ANC measurement result.?) The bump observed at
around 0.6 MeV by the experimental relative-energy
spectrum is mainly due to the El excitation of 12N
from the 17 ground state to the 27 state at E., =
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Fig. 1. (a) Comparison between relative energy and E1 in-
terference effect. (b) Reaction rate for the 2N (p,v)*!C
reaction.

1.19MeV. The present result (I, = 13.0 £ 0.5meV)
considered E1 interference effect is consistent with that
of the Coulomb dissociation experiment at GANIL?)
(T, = 67% s meV), but the accuracy is markedly im-
proved. Also, the E1 interference effect was not con-
sidered in the GANIL result. The radiative width mea-
sured in the present experiment is in between the two
different predictions by Wiescher et al.?) (T, = 2meV)
and Descouvemont and Baraffe?) (T, = 45 or 49 meV).
The " C(p,7)'2N reaction rate is shown in Fig. 1 (b).
The solid curve is our updated reaction rate summed
for direct capture and second resonance. The dotted
curve is from Tang et al.,)) and the dash-dotted line is
the result treated as noninterfering in Ref. 2.
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Molecular states in ?Be and “Be
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[NUCLEAR REACTIONS: 2C(!'Be, SHe+%%He)X, “He('?Be, He+He)*He|

Excited states in neutron-rich beryllium isotopes
were investigated using radioactive beams of “Be
and '?Be to bombard carbon and liquid helium tar-
gets, respectively. The invariant-mass method and the
angular-correlation techniques were employed to mea-
sure the excitation energies and spins of excited states
above the “He+%He and He+%He thresholds in ?Be
and '“Be, respectively. The details of the “Be+12C
experiment are described in Ref. 1.

Figure 1(a) shows the decay energy spectrum of
6He+%He in the two-neutron removal reaction of the
14Be beam on the '2C target. Two peaks were ob-
served at 1.7MeV and 2.7 MeV, which correspond to
11.8MeV and 12.8 MeV, respectively, in addition to
known levels at 14.9MeV and 16.1 MeV.2) The spec-
trum was considered to include a large contribution
of the continuum background. Therefore it is diffi-
cult to apply the angular correlation techniques for the
observed peaks to determine the spins of the excited
states. Inelastic scattering of the '2Be beam on the lig-
uid helium target was performed to obtain more precise
information on the highly excited states in ?Be.

The experiment was carried out at RIPS in the
RIKEN Accelerator Research Facility. The secondary
beam of 2Be at 60 A MeV was produced by a frag-
mentation reaction of the ¥O beam at 100 A MeV
on a beryllium target. The average intensity of the
secondary beam was 3 x 10* particles per second. The
thickness of the secondary target was 250 mg/cm?. Re-
action products of helium isotopes were measured and
identified using a hodoscope of a plastic scintillator ar-
ray with an active area of 1 x 1 m? placed 3.9 m down-
stream of the secondary target.

Figure 1(b) shows the decay energy spectrum of
6He+%He in the '?Be+*He reaction. Two strong peaks
are seen at 0.8 MeV and 1.2 MeV, which were not iden-
tified in Fig. 1(a), in addition to the weak bump
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Fig. 1. Decay energy spectra of ?Be*— ®He+°He in the
(a) "Be+'2C and (b) ?Be+*He reactions.

at approximately 1.7MeV. The peak at 2.7MeV in
Fig. 1(a) is not seen in Fig. 1(b). To determine the
spins of these levels, the analyses of angular distribu-
tion of the excited '?Be are in progress.
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[Isomeric state, y-y correlation, Radioactive beam experiment)

An isomeric 07 state in 2Be was found at E, =
2.24 MeV. The isomer was identified by measuring two
coincident ~-rays from an in-flight '2Be nucleus, pro-
duced by the projectile fragmentation of *O on a Be
target at 100 A MeV. Its spin was determined to be 0%
by the angular correlation of the two ~-rays.

The experiment was performed at the RIKEN Ac-
celerator Research Facility. A primary beam of 20
projectiles at 100 A MeV bombarded a 2-g/cm?-thick
Be target. The 12Be(*) nuclides at 60 A MeV were se-
lected by the RIKEN Projectile Fragment Separator
(RIPS).Y Two plastic scintillators at the second (F2)
and third (F3) focal points of the RIPS were used for
identifying the ?Be event by event using the time-
of-flight (TOF) between the two scintillators and the
pulse heights. Gamma rays were detected by an array
of 68 Nal(T1) scintillators (DALI) about 70 cm down-
stream of the F3 scintillator. Timing signals of NalI(T1)
were used to discriminate the true coincidence from the
accidental one, and to evaluate the vertex point from
which the v-ray was emitted. The vertex point was
used for Doppler-shift corrections event by event. The
12Be nucleus after decay was detected by a plastic scin-
tillator hodoscope with a 1 x 1m? active area located
4m downstream of DALI. The hodoscope consisted of
a b-mm-thick AF plane and a 60-mm-thick E plane.

We analyzed events where two NaI(Tl) scintilla-
tors made signals from in-flight 12Be particles. Af-
ter the Doppler-shift correction, we found a new
0.14 MeV transition coincident with the 2.1 MeV tran-
sition (27 — 07), resulting in a new state at about
0.14 MeV above the 21 state, i.e., an isomeric state at
E, =2.24MeV.

In order to determine the spin of the new state,
we have examined an azimuthal angular correlation

T Condensed from the article in Phys. Lett. B 560, 31 (2003)
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of these two ~’s with respect to the direction of the
12Be momentum. Figure 1 shows the observed angu-
lar correlation together with a theoretical prediction
assuming a cascade decay of 0 — 2 — 0. We
conclude the isomeric state has spin 0™ based on the
excellent fit.

We also observed coincident 0.51 MeV v-rays origi-
nated from the annihilation of positrons, which are to
be produced in the ete™ pair decay of the 05 — 0F
transition. From the relative yields of the 0.14 MeV
and 0.51MeV ~-rays, the branching ratio of the
05 — 2% — 0] and 0 — 07 transitions are deduced
to be (83 £ 2)% and (17 £ 2)%, respectively.
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0 50 100 150
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Fig. 1. Azimuthal angular correlation pattern of 2.1 MeV
and 0.14 MeV ~v-rays. The solid line denotes the theo-
retical prediction assuming the 07 — 27 — 0T transi-
tion.
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Coulomb and nuclear breakup of 'Li
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[NUCLEAR REACTIONS: 2C(!Li, °Li nX), Nuclear breakup]

H14 is one of the two neutron halo nuclei exten-
sively studied for Coulomb dissociation experimen-
tally and theoretically.! ® However, these measure-
ments and theories were not able to provide a con-
clusive picture regarding the structure of 'Li as well
as the reaction mechanism involved. !'Li Coulomb
and nuclear dissociation has been investigated by Ieki
et al.»? (MSU data), Shimoura et al.>) (RIKEN data),
and Zinser et al.*) (GSI data), at 28 A MeV, 43 A MeV
and 280 A MeV, respectively. The B(E1) distributions
derived from these three measurements shows discrep-
ancies among each other. The GSI data shows a second
bump at approximately 2.5 MeV in the B(E1) distribu-
tion. However, RIKEN data do not show such a bump.
In this preliminary report, we present the analysis of
914 in coincidence with one neutron produced in the
breakup on a carbon target.

We have carried out a kinematically complete exper-
iment using the RIPS spectrometer at RIKEN. A 'Li
secondary beam of 70.34 A MeV energy bombarded
lead and carbon targets of 347 mg/cm? thickness and
377mg/cm? thickness respectively. The time of flight
of the beam was measured using a thin plastic detec-
tor at the achromatic focus and the RF signal. The
fragment was bent by a large acceptance dipole mag-
net and traced using a drift chamber and hodoscopes
(7 numbers). The momentum vectors of the fragment
were reconstructed from the time of flight and tracking
information. The neutrons were detected using 4 walls
of plastic scintillators. The intrinsic efficiency and con-
ditions for eliminating crosstalk events were obtained
from a separate experiment in which we used a proton
beam ("Li(p,n) reaction). The experimental details
are presented in a previous report.”)

The invariant mass spectrum of the '°Li is recon-
structed from the momenta of the charged particle and
neutron. In Fig. 1, the relative energy between °Li and
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Fig. 1. The two body relative energy spectra obtained in
the "'Li 4+ C — °Li +n + X reaction.

one neutron (invariant mass spectra of °Li) obtained
using a carbon target is shown. In the relative energy
spectra, at close to zero relative energy, more strength
was observed compared with the GSI measurement.
Presently we are investigating the physical significance
of this low-energy strength. Also the analysis of the ?Li
in coincidence with two neutrons is in progress.

References

1) K. Ieki et al.: Phys. Rev. Lett. 70, 730 (1993).

2) D. Sackett et al.: Phys. Rev. C 48, 118 (1993).

3) S. Shimoura et al.: Phys. Lett. B 348, 29 (1995).

4) M. Zinser et al.: Nucl. Phys. A 619, 151 (1997).

5) T. Kobayashi et al.: Phys. Lett. B 232, 51 (1989).

6) 1. J. Thompson and M. V. Zhukov: Phys. Rev. C 49,
1904 (1994).

7) T. Nakamura et al.: RIKEN Accel. Prog. Rep. 35, 57
(2002).



RIKEN Accel. Prog. Rep. 37 (2004)

Back to Contents

Measurement of reaction cross section for !“C and finite-range
Glauber model analysis

C. Wu,*! Y. Yamaguchi,*> A. Ozawa,*® R. Kanungo, T. Suzuki,** D. Q. Fang,
T. Suda, T. Ohnishi, M. Fukuda,*® N. Iwasa,*® T. Ohtsubo,*? T. Izumikawa,*?
R. Koyama,*? W. Shinozaki,*?> M. Takahashi,*?> and I. Tanihata

[170, reaction cross section o, density distribution, finite-range Glauber Model}

The reaction cross sections or at low energies have
been proved to be more sensitive to the nuclear density
at the surface because of large neucleon-neucleon total
cross sections. Like ®B, although measurements of the
interaction cross section o at relativistic energies did
not show significant enhancement, measurements of o
at low energies revealed the necessity of a long proton
tail.)) Motivated by this, we measured o of 7C at
79 AMeV by the transmission method. The density
distribution of 1“C has been investigated by fitting the
present result of o and previous experimental data of
o2 using the Glauber model.

The experiment was performed at RIPS of RIKEN.
Secondary '7C beam was produced by projectile frag-
mentation of primary-beam 22Ne at 110 A MeV on pro-
duction target Be. Before the reaction target (carbon)
at F2, particle identification was achieved by the stan-
dard Bp — AE — TOF method, in which B was the
magnetic field of Dy, AE was the energy loss in F2S5SD
and TOF was the time of flight between F1IPPAC and
F2Plastic. After the reaction target, the TOF—AE—-F
method was used to identify particles. TOF was the
time of flight between F2Plastic and F3Plastic. AFE
and E were energy loss in the IC (ion chamber) and
total energy deposit in NaI(T1), respectively. In addi-
tion, we used a set of veto detectors around Nal(T1) to
detect the emitted charged particles or neutrons from
reactions in Nal(T1).

To measure or by the transmission method, the
quantities of incident "C, Nj,, and outgoing nonre-
acted 17C, N,y:, should be determined. In our work,
N,;, was determined by particle identification before
the reaction target. To determine N,,;, the number of
other fragments, Ny, (like 16C, 15C, 1C), and that of
inelastic 17C, Njne;, from reactions in the target were
subtracted from the total number of outgoing particles
with Z = 6. The present result of o for 17C is shown
in Fig. 1(b) by the closed square.

The finite-range Glauber Model (FRGM)?) has been
employed to probe the density distribution of 7C. All
results are shown in Fig. 1. We assumed that the den-
sity of 7C was (1) HO density, the size parameter
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Fig. 1. (a) Density distribution of *"C. (b) Results of or
and FRGM calculation.

apgo of which was obtained by fitting o; at high en-
ergy, as shown by the dotted line; (2) a HO core and
a Yukawa tail, in which ago and the crossing radius
were the same as those of 1°C,3) as shown by the solid
line; (3) core (16C) plus single-particle density, assum-
ing a mixture of s- and d-waves of the valence neutron.
A dominant d-wave (77 £21%) was found from the
best fit shown by the dash line.

In conclusion, the existence of a tail in the density
distribution of 17C is suggested to explain the large
reaction cross section data. Based on the assumption
of a core plus single-particle density, d-wave dominance
is favored in the best fit, which is in agreement with
other measurements.*?
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[NUCLEAR REACTIONS, "B, measured reaction cross section]

The neutron-rich nucleus !’B has been considered
as the two-neutron halo nucleus due to its weak bind-
ing energy of valence two-neutron,?) large r.m.s matter
radius? and narrow momentum distribution for B
fragment from the breakup of "B.®) Therefore it is
interesting to study the nucleon density distribution
of 1"B. In order to deduce the nucleon density distri-
bution, we have measured the reaction cross section at
77A MeV by using a transmission method.

The experiment was performed at Rlken Projectile
fragment Separator (RIPS). The primary beam of
22Ne with 110 A MeV, accelerated by the RIKEN Ring
Cyclotron (RRC), was used to impinge on Be or Ta
targets to produce !B as the secondary beam through
the projectile fragmentation reaction. The RIPS was
operated in an achromatic mode with an Al wedge de-
grader and the momentum acceptance of 1.0%. The
Particle IDentification (PID) before the carbon reac-
tion target (377 mg/cm?), which was placed at F2 of
RIPS, was performed by the Bp-AE-TOF standard
method for each of the fragments. Magnetic rigidity
(Bp) was determined by using the position information
of PPACs. The magnetic fields at the two dipoles were
monitored by NMR probes. The energy loss (AE) was
measured by a silicon detector (50 x 50 x 0.15 mm?)
placed at F2. The Time-Of-Flight (TOF) information
before the reaction target was determined from the
r f-signal and the timing signal of the plastic scintilla-
tor (0.5mm thickness) placed at F2. The background
contamination of other particles was estimated to be
10~* in the offline analysis. After the reaction target,
a quadropole-triplet was used to transport and focus
the beam onto F3. The PID after the reaction target
was performed by the TOF-AFE-E method. The TOF
information was determined between the two plastic
scintillators at F2 and F3. The AFE was measured by
the ion chamber® which was placed at F3. The total
energy (E) was measured by the 3”¢ x 6 cm Nal(Tl)
detector placed at the end of the beam line with a re-
action suppressor.5)

The reaction cross section (og) for "B was calcu-
lated using the following equation,
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O-Rtln<Rout> (1)

where t is the thickness of the reaction target in the
unit of atom/cm?, R;, and R,,; are the ratios of the
number of outgoing particles to that of the incident
particles with and without the reaction target, respec-
tively. We did find a large enhancement of o for !B,
compared with that of the expected value by Kox’s for-
mula calculation. Kox’s formula can reproduce the ogr
for stable nuclei well.”) The ratios of the experimental
or for "B to the expected value from Kox’s formula
are shown in Fig. 1. At low energy, the enhancement of
og is much larger than that at high energy. This effect
suggests the existence of a low-density tail at a large
distance from the center of the nucleus.

The nucleon density distribution of "B will be de-
duced by using the energy dependence of the measured
cross sections. The data analysis is still in progress
with Glauber-model calculation.
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Fig. 1. The ratios of the experimental or to the expected
value from Kox’s formula calculation for "B are plotted
as a function of the incident beam energy. The closed
circle denotes the data point obtained in this work. The
open square is obtained from Ref. 2.
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[NUCLEAR REACTIONS: *Be(6C, 16C*)°Be E = 34.6 MeV /u, RSM]

We measured the mean lifetime of the first excited
state of 1C using a new experimental technique. The
mean lifetime is directly related to the B(E2) value of
the nucleus, which reflects the quadrupole collectivity
of charge distribution in the nucleus.

The new technique essentially follows the concept of
the recoil shadow method (RSM),") in which the emis-
sion point of the de-excitation 7-ray is located and
the ~-ray intensity is recorded as a function of the
flight distance of the de-exciting nucleus. By utiliz-
ing an intermediate-energy radioactive-isotope beam,
the flight velocity of the de-exciting nucleus is close
to half the light velocity even after the secondary reac-
tion. With such a high velocity, the flight distance over
100 ps corresponds to a macroscopic length of about
1.7cm. The present shadow method provides a wide
range of applicability, extending to lifetimes of around
20 ps.

The beam of 'C was produced by projectile frag-
mentation of a 100MeV/u O beam with a thick
1850 mg/cm? Be target. The °C beam was separated
by the RIPS beam line and bombarded onto a thick
370mg/cm? Be target. In the middle of the target,
the energy of the beam was 34.6 MeV/u. The typical
secondary beam intensity was 200 kHz.

The de-excitation y-rays from the inelastically ex-
cited 19C nuclei were detected by an array of thirty-
two Nal(T1) detectors. The array was divided into two
rings, R1 and R2. R1 (R2) was composed of 14 (18)
Nal(T1) detectors and was placed at 121 (102) degrees
from the center of the target position with respect to
the beam axis. In order to implement the RSM con-
cept, we placed a lead slab of 5 cm-thickness just down-
stream of R2. The upstream surface of the lead slab
was defined as z = 0.0cm for later description. Due
to the screening effect of this slab, effective v-ray effi-
ciencies of R1 and R2 are different. The magnitude of
the difference depends on the point of v-ray emission
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along the beam axis. Thus, the mean lifetime can be
deduced from the 7-ray yield ratio (R1/R2).

The measurements were performed with two target
positions, z = 0.0 and 1.0cm, to verify the deduced
mean lifetime. The R1/R2 ratios as a function of mean
lifetime 7 are shown as solid lines in Fig. 1. These
functions were obtained by the Monte Carlo simula-
tion. The simulation includes the measured emittance
of the beams and scattering angles, and the calculated
angular distribution of de-excitation y-rays. The mea-
sured R1/R2 ratios are also presented in Fig. 1. From
the overlapped areas, the values of 7 were determined
to be 92 + 22 ps and 63 4 17 ps, respectively, for data
obtained at the two target positions. As the final value,
we adopted a weighted average of these two values.
The uncertainty mentioned above is attributed to sta-
tistical error. By adding systematic error quadrati-
cally, we determined 7 = 77424 ps. The present mean
lifetime is anomalously long by an order of magnitude
compared with any predicted value. A paper which
summarizes the present results has been submitted to
Physical Review Letters.
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Fig. 1. Gamma-ray yield ratio of R1 to R2 as a function
of mean lifetime of °C(27).

the measured R1/R2 ratios for the two target positions,

Hatched boxes indicate
z=0.0 and 1.0cm. Dashed line indicates the mean

value of the adopted 7, while dotted lines represent the
1-sigma error region.
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[gamma spectrocopy, proton inelastic scattering, isomer]

The study of unstable nuclei has become indispensi-
ble in recent times for nuclear structure studies. The
p-sd shell neutron-rich nuclei exhibit interesting fea-
tures such as enhanced interaction cross section, which
suggests the presence of some exotic structures.

It has been interesting to note that although the re-
action observables such as the interaction cross section
and the longitudinal momentum distribution for one
neutron removal have been well understood for the p-
shell nuclei such as 'Li and 'Be, there exists some
anomaly in understanding the ground state spin of the
nucleus '2C.1) Several experimental studies suggest an
abnormal spin of 1/2723) for this nucleus. However,
several attempts to measure the magnetic moment for
this nucleus has not yet yielded any confirmation on
this spin assignment.*)

Recent investigations at GANIL showed an inter-
esting observation of a prompt gamma transition at
~200keV for 19C.5) This triggered considerable inter-
est since it corresponds to the de-excitation of a very
short-lived state. According to shell model calcula-
tions and single particle excitation estimates, a long-
lived state is expected as the first excited state for 1*C
having a ground state spin 1/27. It thus became inter-
esting to look for the existence of a low-lying isomeric
state in **C. For a comparative study, we also investi-
gated the nuclei '7C and '"B.

It was also necessary to have a re-confirmation for
the existence of the 200 keV gamma transition through
a different method of excitation. Since the thresh-
old in the GANIL measurement was quite close to
200keV, it was interesting to investigate the possibili-
ties of prompt gamma transitions of lower energy.

Our experiment was directed towards these goals.
The experiment was designed to search for both the
prompt gamma transition and gamma decay from the
isomeric state simultaneously. The prompt gamma
detection was carried out by in-beam gamma spec-
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troscopy where a secondary beam of 1%17C was excited
through proton inelastic scattering (p,p’) from liquid
H, target.

The experimental setup is schematically shown in
Fig. 1. The secondary beam of 1%17C was produced
by fragmentation of a 2?Ne primary beam with a
1.864gm/cm? Be target. "B was retained as a con-
taminant fragment in the '°C setting. The secondary
beam after scattering from a liquid Hy target was iden-
tified and stopped in a stack of silicon detectors. The
prompt gamma transitions from the excited states of
the secondary beam, populated by inelastic (p,p’) scat-
tering, were detected by an array of Nal(T1) detec-
tors surrounding the Hy target. The threshold was
20-40keV.

To detect gamma rays from the possible isomeric
transition, germanium clover detectors were placed
outside the plastic scintillators. For the same pur-
pose, Nal(T1) crystals were placed at 0° to the beam.
Beta rays from decay of 17'°C ground state were de-
tected by plastic scintillators surrounding the silicon
stack for reducing the background in the gamma-ray
detectors. The time gate for detection of isomeric tran-
sition was 500 usec. The gamma energy threshold was
set ~30keV to focus on low-lying excited states.

A discussion on some preliminary observations for
(p,p’) is reported in Ref. 6. Further analysis of exper-
imental results is in progress.
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Fig. 1. Schematic figure of the experimental setup.
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NUCLEAR REACTIONS, Al(?¢Ne,26-*Ne*),

troscopy, Coulomb dissociation

We performed the study of the low-lying E'1 strength
of the neutron-rich 2Ne nucleus by using the Coulomb
dissociation and excitation reactions. The dipole
strength is expected to be much more fragmented be-
low the giant dipole resonance region.! In the case
of ?6Ne, the low-lying excitation is suggested to be
a pygmy of the giant dipole resonance. In this report,
we present a preliminary result of the Coulomb excita-
tion part in which we search for such resonance below
the one-neutron emission threshold.

The experiment was performed at RIKEN Projectile-
fragment Separator RIPS. The primary beam of 4°Ar
at 95 MeV /nucleon bombarded a 2-mm-thick Be tar-
get to produce the secondary beam of 2Ne. The aver-
age intensity and purity of the 2Ne beam were about
6keps and 80%, respectively, with 58 MeV /nucleon
just before the reaction target. The secondary beam
was identified through energy loss and time-of-flight
measurements. The scattering angles of incoming par-
ticles were determined by two PPAC’s located up-
stream of the reaction target. Pb and Al targets hav-
ing thicknesses of 230 mg/cm? and 130 mg/cm?, re-
spectively, were used for estimating the Coulomb and
nuclear excitation components. Particle identification
of the fragments passing through the target was per-
formed using four-layer Si strip detectors composed of
AFE and FE counters located at about 1.2 m downstream
of the target. The first two layers were composed of
8 Si detectors which were used for position detection.
The position and intrinsic energy resolution of AE
counters were 5mm and 2% (FWHM), respectively.
The last two layers were the E counter composed of
8 Si(Li) detectors with 3 mm thickness, and an intrin-
sic energy resolution of 3% (FWHM). The neutrons
produced in the reaction were detected by the neutron
wall. The neutron wall had 4 layers located 3 m down-
stream of the target. Each layer had 29 plastic scintil-
lators. The analysis of the neutrons is not used here
and is reported elsewhere. The v-rays emitted from
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Pb(?6Ne, 26=*Ne*), in-beam ~-ray spec-

outgoing nuclei were detected by 152 Nal detectors,
DALI2. For 2MeV ~-rays, the efficiency is calculated
to be around 10% with an intrinsic energy resolution
of 7% (FWHM).

A preliminary y-ray spectrum for the 2Ne + Pb re-
action is shown in Fig. 1. The Doppler shift due to
the velocity of 26Ne is corrected for. We have observed
a peak at 2020 keV corresponding to the excitation to
the first 2% state. The B(E2) of this transition was
previously measured at MSU,?) so that we can use this
excitation as a reference. Further analysis to extract
the FE1 strength below the one-neutron threshold is
now in progress.
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Fig. 1. Energy spectrum of Doppler-corrected v-rays de-
tected in coincidence with the 2®Ne ejectile. The peak
at around 2020 keV is clearly seen.
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[NUCLEAR STRUCTURE, Unstable nuclei, 2’F excited states]

It is known that the last bound oxygen neutron-rich
nucleus is 24O, while adding one more proton even the
31F is bound.) A straightforward way of understand-
ing this phenomena is to assume that the vdsz,; neu-
tron orbit is unbound in oxygen isotopes, while the
additional proton in the fluors can make bound this
state. This assumption is enough to explain the exis-
tence of 272°F, but for understanding the bound nature
of 3F additional assumptions are needed. In terms of
shell model, sudden lowering of multiparticle multi-
hole states may be an explanation.?) If this is valid, its
traces must be seen also in the ligter F isotopes. In 27F
the first excited state is expected to be unbound in the
usd®) approximation, while allowing for particle-hole
excitations to the fp shell, a bound exicted state in
2TF is expected. To search for such states we studied
the 27F(p,p’y) reaction.

In the present experiment a 94 A MeV energy pri-
mary beam of °Ar with 60 pnA intensity hit a '8! Ta
production target of 0.5cm thickness. The reaction
products were momentum and mass analyzed by the
RIPS® fragment separator. The secondary beam inl-
cuded neutron-rich 240, 252627 27.28,29.30Ne and
29:30,31,32Ng, nuclei. The RIPS was operated at 6%
momentum acceptance. The total intesity was about
100 cps having a 27F intensity of 4 cps on average. The
identification of incident beam species was performed
by means of energy loss, time-of-flight and magnetic
rigidity (Bp).> ?"F particles could be fully separated
from other nuclei. The secondary beam was trans-
mitted to a liquid hydrogen target® at the final focus
of RIPS. The average areal density of the hydrogen
was 210mg/cm?. The position of the incident particles
was determined by two PPACs placed at F3 upstream
the target. The scattered particles were detected and
identified by a PPAC and a silicon telescope. The tele-
scope consisted of three layers with thicknesses of 0.5,
0.5 and 1 mm. The Z identification was performed by
TOF-energy loss method. Based on A E-F information
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isotope separation was carried out among the differ-
ent fluorine isotopes. 2’F nuclei represented a distinct
peak and they were well separated from other products
emerged by neutron removal reactions in the liquid hy-
drogen target. The new DALI2 setup including 146
Nal(T1) scintillator detectors,” surrounded the target
to detect de-exciting v rays emitted by the inelastically
scattered nuclei. Figure 1 is the Doppler-corrected ~-
ray spectra for 2“F nuclei. The plot shows three peaks
at around 450, 750 and 1200keV. Though the statis-
tics are low, it is straightforward that the energy sum
of the first two peaks gives the energy of the third one.
These results suggest that at least two excited states
are bound in 27F.
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Fig. 1. Doppler-corrected spectra of y-rays emerging from
*"F(p,p’)*"F reaction.
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[NUCLEAR REACTION: “He(?20, 23F*), Transfer reaction, In-beam ~-ray spectroscopy]

Neutron-rich fluorine isotopes are interesting in their
features. A recent discovery revealed that the stability
of neutron-rich isotopes remarkably changes between
oxygen and fluorine isotopes.!) The fluorine isotopes
are extended up to 3'F with N = 22 beyond the magic
number of N = 20 while the heaviest oxygen isotope
is 240 with N = 16. This feature may indicate that
a strong attraction works between a valence proton on
the d5 /o shell and valence neutrons in fluorine isotopes.
To ensure this feature, it is essential to know the pro-
ton shell structures in fluorine isotopes as a function
of neutron number. One-proton transfer reactions are
effective tools for investigating proton shell structure.
We have, hence, measured de-excitation 7-rays from
the excited states in 23F wvia the proton transfer reac-
tion, *He(?20, 2°F).

The experiment was performed at the RIPS beam
line in RIKEN. The “°Ar ions were accelerated up
to 63 MeV /nucleon by the linear accelerator scheme of
RFQ-RILAC-CSM-RRC. The maximum intensity of
the primary beam was achieved up to 800 pnA. The
primary target was “Be with a thickness of 1 mm. The
unstable 220 beam was produced by their projectile
fragmentation reaction, and bombarded a liquid he-
lium target? of 100 mg/cm? with Havor foil windows.
The mean energy of 220 was 35 MeV /nucleon, and its
intensity was 2 x 103 particles/s on average. The 220
ions and contaminating beam particles were identified
event-by-event using AFE and TOF. Reaction prod-
ucts were identified from TOF, AFE, and E, which
were measured by a telescope consisting of 9 SSDs
and 36 Nal(Tl) scintillators.®) The masses of the prod-
ucts were determined with the resolution of 0.3 mass
unit. Furthermore, de-excited 7-rays from the reac-
tion products were detected by 150 Nal(T1) scintilla-
tors?) surrounding the secondary target. The ~-ray
detector system has the energy resolution of 8% (o)
for 3.2-MeV ~y-rays from 220 traveling with 3 ~ 0.27,
and the efficiency of 14.5% for 1.33-MeV y-rays from
a %0Co standard source.

A Doppler-corrected v-ray energy spectrum ob-
tained via the “He(?20,23F«) reaction is shown in
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Fig. 1. The «-ray energies were reconstructed by sum-
ming up the energies of multiple v-rays detected in
neighboring Nal(Tl) crystals. In the present experi-
ment, we observed five de-excited 7-rays at 0.9, 2.3,
2.9, 3.4, and 4.1 MeV. The 3.4-MeV ~-ray was ob-
served for the first time in the present experiment. The
2.3-MeV, 2.9-MeV, and 4.1-MeV ~-rays were expected
to be de-excitation ones to the ground state from the
excited states reported in Ref. 5. It was also confirmed
that the ~-rays at 0.9 and 2.9 MeV were members of
the cascade decay reported in Ref. 6.

In further analysis, we will deduce the orbital angu-
lar momenta of these excited states from the angular
distributions for the proton transfer reaction.
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Fig. 1. De-excitation 7-ray energy spectrum of 23F ob-
tained from the *He(*?0,?*F~) reaction.

References

1) H. Sakurai et al.: Phys. Lett. B 448, 180 (1999).

2) H. Akiyoshi et al.: RIKEN Accel. Prog. Rep. 34, 193
(2001).

3) M. Tamaki et al.: CNS-REP-59, 76 (2003).

4) S. Takeuchi et al.: RIKEN Accel. Prog. Rep. 36, 148
(2003).

5) N. A. Orr et al.: Nucl Phys. A 491, 457 (1989).

6) D. Guillemaud-Mueller: Eur. Phys. J. A 13, 63 (2002).

57



RIKEN Accel. Prog. Rep. 37 (2004)

Back to Contents

Gamma-ray spectroscopy of 220 with «a inelastic scattering

M. Tamaki,*! S. Shimoura,*! H. Iwasaki,*? S. Michimasa,*! N. Aoi, H. Baba,*> N. Iwasa,** S. Kanno,*3
S. Kubono,*! K. Kurita,*3 M. Kurokawa, T. Minemura, T. Motobayashi, M. Notani,*!
H. J. Ong,*? S. Ota,*> A. Saito,*® H. Sakurai,*? S. Takeuchi, E. Takeshita,*?
Y. Yanagisawa, and A. Yoshida

[NUCLEAR REACTION: He(?20,2207), a Inelastic Scattering, In-beam v-ray spectroscopy]

The spectroscopy of neutron-rich oxygen isotopes
has attracted much attention, since information on nu-
clear structure such as single-particle levels and collec-
tivities can be studied as a function of neutron num-
bers in proton-magic nuclei. In the few experimen-
tal studies on the 220 nucleus so far, where measure-
ments of de-excitation  rays from inelastic scattering
of a Au target!) and a fragmentation reaction? have
been reported. In order to obtain more spectroscopic
information on the 220, we have performed an experi-
ment on an « inelastic scattering in inverse kinematics
by measuring de-excitation  rays coincident with the
220 ejectile. Here the « inelastic scattering on a spin-0
nucleus can populate several excited states having nat-
ural parities?) which can be determined by the analy-
sis of angular distributions of differential cross sections
depending on the transferred angular momenta.

The experiment was performed at the RIKEN Accel-
erator Research Facility. The 220 beam was produced
by fragmentation of a 63 MeV /nucleon “°Ar primary
beam incident on a beryllium target of 180mg/cm?
thickness. Fragments were separated by the RIPS sep-
arator. The 220 beam was identified event-by-event
using the TOF-AFE method. the TOF was the flight
time between two plastic scintillators at the second
(F2) and third (F3) focal planes of the RIPS. The
AFE was measured with a 325-pum Si detector installed
at F2. The average intensity of the 220 beam was
2 x 103 cps, and its purity was 37%. The 220 beam
bombarded a liquid helium target of 100 mg/cm? thick-
ness sealed using 6 m havar foils of 30 mm diameter.*
The energy of the 220 beam was 35MeV /nucleon at
the center of the secondary target. The scattering an-
gles of outgoing particles were determined by three
PPACs. Two of them were installed upstream and the
other was installed downstream of the secondary. The
particle identification of outgoing products from the
secondary target was performed using TOF, AE and
F information measured using a telescope consisting of
a Si array and a Nal(T1) array.”) The excited states in
220 were identified by de-excitation v rays which were
detected by the DALI(IT) system® which consists of
150 NalI(Tl) crystals surrounding the secondary target.
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Figure 1 shows the doppler-shift-corrected energy
spectra of ~ rays from the *He(?20,2207) reaction.
In Fig. 1 (a), two peaks are clearly observed at 3.2 and
1.4MeV. The 3.2-MeV ~ ray was corresponds to the
~ ray which was reported in Refs. 1 and 2. In order
to identify a cascade transition, we examined a -y ray
spectrum coincident with the 3.2-MeV ~-ray which is
the strongest transition as shown in Fig. 1(b). It is
clear that the 1.4-MeV ~ ray corresponds to a member
of a cascade transition through the first excited state
as speculated in Ref. 2. These results indicate that
there are two excited state at 3.2 and 4.6 MeV. In or-
der to assign spins to these states the analysis of the
angular distributions for the inelastic scattering is now
in progress.
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Fig. 1. (a) Doppler-shift-corrected energy spectrum of
7 rays from the *He(*20, 220+) reaction. (b) The y-ray
energy spectrum coincident with 3.2-MeV ~ ray.
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[NUCLEAR REACTIONS: C(*"B,'BnX), Nuclear breakup|

The nuclear structure of 7B, which is a Borromean
nucleus, has been studied by investigating the unbound
subsystem’?) of '°B. In this report, we show the
preliminary result of the relative energy spectrum of
the 1B + n system studied using nuclear breakup re-
actions. In the spectrum, we observed the possible
ground state of the B nucleus.

The experiment was performed at the radioactive
beam facility RIPS. The secondary "B beam was
produced by the fragmentation of 22Ne at 110 MeV/
nucleon. The secondary beam was identified event by
event using the time-of-flight (TOF)-AFE method. The
secondary carbon target (377 mg/cm?) was bombarded
by "B with a central energy of 75 MeV /nucleon. "B
were broken up into charged particles and neutrons,
and these fragments were measured in coincidence.??

The outgoing charged fragments were measured us-
ing a magnetic spectrometer, which consists of a dipole
magnet, two drift chambers, and a hodoscope. The
downstream drift chamber contains five and four
planes for the measurement of horizontal (x) and ver-
tical (y) positions, respectively. The average posi-
tion resolutions were approximately 350 and 310 pm
(FWHM), respectively. The time resolution of the ho-
doscope was 420 ps (FWHM). The mass number and
atomic number of the fragment were identified by us-
ing the TOF information between the target and ho-
doscope, the energy loss signal in the hodoscope, and
the tracking information of the drift chamber. The
momentum vectors of the outgoing fragments were re-
constructed from the reaction point upon the target,
the traced rays obtained from the drift chamber, and
the TOF information. The outgoing neutrons were
detected with an array of 54 plastic scintillator rods.
These rods were arranged into two walls in order to
separate events from crosstalk. The momentum vec-
tors of neutrons were reconstructed from TOF and hit
positions of neutrons.

Figure 1 shows the preliminary result of the relative
energy spectrum of the B +n system. The estimated
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Fig. 1. Preliminary result of the relative energy spectrum
of 1*B+n system. A narrow peak can be seen in the low-
energy part of this spectrum. This peak is a candidate
for the ground state of 'B. The estimated relative-
energy resolution is AF,e = 0.32@ MeV.

relative-energy resolution is AFE,e = 0.32v/ E.q MeV.
In the spectrum, a narrow peak at 70keV is observed.
Assuming that the narrow peak is a 1d resonance and
the remaining part is a continuum 2s component, we
fit the experimental result using the theoretical model
based on Ref. 5. The energy of the peak is consistent
with the result reported in Ref. 6. This peak can be
a candidate of the ground state of 'B.
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Inelastic scattering of 1B and "B
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[NUCLEAR REACTIONS: C(**B, **B*), C(*"B,'"B*), in-beam gamma-ray spectroscopy|

Bound excited states of B and "B were stud-
ied by the inelastic scattering with a carbon tar-
get. We used a method of in-beam gamma-ray spec-
troscopy. Neutron-rich B isotopes are considered to
have a unique feature such as halo and/or cluster
structure. In a previous theoretical study, it was pre-
dicted that, with increase in a neutron number, B iso-
topes have clustering structure.!) The two-neutron
halo structure of '"B was observed recently.?)

In-beam gamma-ray spectroscopy with a radioactive
ion beam is a powerful tool to study a broad range of
neutron-rich nuclei even extending to the neutron drip
line. In this method, the gamma ray from an excited
projectile is measured with a scattered ejectile in coin-
cidence. By correcting the Doppler shift due to a ve-
locity of the projectile, one can determine rather pre-
cisely an excitation energy and a transition probability
of the bound excited states. In addition, we also mea-
sured a scattering angle of a particle. This information
is useful to determine the transition multipolarity.

The experiment was performed at the radioactive-
isotope beam separator, RIPS. !B and "B beams
delivered from the RIPS were bombarded on a carbon
target with a thickness of 377 mg/cm?. The carbon
target was employed populating the excited states of
5B and '"B. The energies of the 1B and "B beam
were 72MeV /u at the middle of the target. The ex-
perimental setup is described in Ref. 3.

The first excited states in °B and "B were observed
to be 1.35(1) MeV and 1.07(1) MeV, respectively, for
the first time. In coincidence with these gamma tran-
sitions, angular distributions of the inelastically scat-
tered 1°B and "B were extracted. Figure 1 shows
angular distributions of the inelastically scattered °B
and "B in c.m. frame. We compared the data with
the calculation by using a coupled channel calculation
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Fig. 1. Angular distributions of the inelastically scattered
5B and '"B. Lines show calculated distributions using
the ECIS code with the assumption of a pure E2 tran-
sition.

code ECIS97. In this calculation, we used the opti-
cal potential parameters determined for the 160 +12C
reaction.) The calculated distribution well matched
with the experimental data when we assumed a pure
E2 transition. Further analysis is now in progress.
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NUCLEAR STRUCTURE, Unstable nuclei, proton inelastic scattering, °C, "B, excited

states

The isotope C is a good candidate for a one-
neutron halo nucleus since it has a low binding en-
ergy and a possible spin 1/2 ground state. Several
experiments aimed at exploring the structure of *C
by Coulomb dissociation,?) parallel momentum distri-
bution,? reaction cross section®) e.g. in Ref. 1-3, for
example, have been carried out. The results suggest
the expected halo structure; however, an open question
remains regarding the configuration of the unpaired
neutron. Experimental information on excited levels
might help to further understand the nuclear structure
of 19C since these levels are rarely studied.

We have studied the °C(p, p’) reaction, which is ex-
pected to excite possible low-lying states even if they
are difficult to reach through electromagnetic interac-
tion.

The experiment was carried out at the RIKEN ra-
dioactive isotope separator RIPS.*) A 22Ne primary
beam of 100 pnA intensity and 110 A MeV energy hit
a ?Be production target of 0.8cm thickness. After
momentum and mass analysis, the secondary cocktail
beam including 9C at 20% and "B at 25% was trans-
mitted to a liquid hydrogen target of 190 mg/cm? av-
erage thickness.”) The mean energiues of 'C and "B
isotopes were calculated to be 49.4 and 43.8 A MeV,
respectively, from the incident energies and the en-
ergy loss in the target. The total beam intensity was
around 800 cps and the momentum acceptance was set
to 6%. The incident nuclei could be fully separated
from each other by energy loss and time-of-flight mea-
surements. The beam focus was monitored by two
PPACs placed upstream of the secondary target. The
scattered isotopes were identified using a silicon tele-
scope consisting of three layers with thicknesses of 0.5,
2.0 and 2.0mm. The AFE-E method was used for the
separation of the different carbon and boron isotopes.
19C and "B were well separated from other products
emerging in neutron removal reactions in the liquid
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hydrogen target. The 158 NalI(T1) scintillator detec-
tors of the DALI2 array® surrounded the target and
detected the de-exciting - rays emitted by the inelasti-
cally scattered nuclei. The threshold was set to 30 keV
taking into account the Doppler effect. Figure 1 is the
Doppler-corrected 7 ray spectra for 1C and "B nu-
clei. Some peaks, including the ones reported earlier
for °C™) and '"B,® were observed. Further analysis
and assignment of these peaks is now in progress.
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Fig. 1. Doppler-corrected spectra of v rays emerging from
9¢C(p,p")*C (upper panel) and '"B(p,p’)'"B (lower
panel) reactions.
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[Nuclear structure, *°Ne, Proton inelastic scattering, Unstable nuclei]

An interesting aspect of nuclei around N = 20 is
the transition from spherical to deformed shapes in
a region centered at Z ~ 11 and N ~ 21, which is
referred to as the ‘island of inversion’.)) We report on
the first measurement of the first excited state of 3°Ne,
which is expected to be the last even-even N = 20
nucleus.

In-beam ~y spectroscopy using fast radioactive beams
has been carried out by some methods in recent years.
We have employed it with proton inelastic scattering in
reversed kinematics using a liquid-hydrogen target by
detecting de-excitation v rays in coincidence with scat-
tered particles. This method is advantageous because
of the high experimental efficiency in determining the
locations of low-lying excited states. Compared to the
high-Z targets used in Coulomb excitation, the num-
ber of target atoms per g/cm? in liquid hydrogen is
substantially larger, typically by two orders of magni-
tude.

The experiment was performed using the RIPS.?) A
primary “°Ar beam of 94 MeV /nucleon with a typi-
cal intensity of 60 pnA bombarded a '®1Ta target with
a thickness of 641 mg/cm?  To reduce the amount
of beam impurities, an aluminum wedged degrader
having a mean thickness of 321 mg/cm? was installed
on the momentum dispersive focal plane (F1). Sec-
ondary ions were collected using the optimized mag-
netic rigidity setting for *°Ne and with the full mo-
mentum acceptance of the RIPS (+£3%). The intensity
of the 3°Ne beam with an average incident energy of
56 MeV /nucleon was obtained to be 0.2cps with the
contamination of 2Ne, 3'Na and 3?Na beams. A lig-
uid hydrogen target®) was placed at the final focus
of the RIPS to excite the projectiles. The thickness
of the hydrogen target cell was 24mm and the en-
trance and exit windows were made of 6.6-pm-thick
Havar foil. The resultant areal density of hydrogen was
186 mg/cm? on average. Scattered particles were de-
tected and identified by a PPAC and a silicon-detector
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telescope located about 50 cm downstream of the tar-
get. In the DALI setup, sixty-eight NaI(T1) scintilla-
tors were placed around the target to detect the de-
excitation vy rays emitted from the excited nuclei.

The energy of the de-excitation v rays from 3°Ne
with the Doppler correction was obtained to be
791(26) keV, by measuring the 3°Ne secondary beams
in coincidence with scattered particles. Considering
this systematic trend, the 791keV ~ ray is consistent
with the 27 — 0T de-excitation in 3°Ne, leading to the
first 2% energy F(27) of 791keV.

The quadrupole deformation parameter of the
791 keV state was extracted by a coupled channel cal-
culation using the ECIS79 code in the framework of
the standard symmetric rotational model. By taking
the 7-ray detection efficiency into account, the cor-
responding experimental cross section of the 791 keV
transition was calculated to be 30 £ 18 mb. By com-
paring the calculated and experimental cross sections,
the deformation parameter Bg’pl = 0.587015 was ob-

tained. Under the assumption that electromagnetic

/
deformation is the same as nuclear one (85 = g§™),

the reduced E2 transition probability B(E2) was esti-
mated to be 460 4 270 €2 fm*.

In summary, the first excited state of the very
neutron-rich nucleus °Ne was measured for the first
time. In-beam ~ spectroscopy was applied using pro-
ton inelastic scattering and a liquid hydrogen target.
The observed energy of 791(26)keV for 3°Ne is the
lowest among the 2% energies of even-even N = 20
isotones, suggesting a large deformation of 3°Ne, and
that the 3°Ne nucleus thus belongs to the ‘island of
inversion.” The B(E2) value estimated from the (p,p’)
cross section also supports this conclusion.
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[Nuclear structure, Coulomb excitation, 26Ne}

We measured Coulomb excitation in 26Ne to inves-
tigate low lying E1 strength in 26Ne, for which some
predictions exist,?) using the invariant mass method.

In this experiment, 2Ne was selected by the RIKEN
Projectile fragment Separator (RIPS) after a 2-mm-
thick Be production target was bombarded with a
95MeV /n “YAr beam. We thus required a secondary
26Ne beam with an energy of 58 MeV/n, an average
rate of 10keps and a purity of 80%. The main con-
taminant was 2Mg. In order to obtain information on
the contributions of E1 ws. E2 and Coulomb wvs. nu-
clear excitations, measurements have been performed
using Pb and Al targets. The Pb target being more
charged is expected to induce more Coulomb excita-
tion than Al, which is used to subtract the nuclear
reaction part. Hence, we used secondary targets of
230 mg/cm? Pb and 130 mg/cm? Al

Secondary beam momentum vectors were obtained
by tracking with two parallel-plate avalanche counters
placed before the target and using time-of-flight (TOF)
information between the production target (RF signal)
and a 5mm plastic scintillator located downstream of
the RIPS F2 focal point. The detection setup at the
last focal point is represented on Fig. 1. The momenta
and energies of outgoing charged fragments were mea-
sured using a telescope placed at 1.2m upstream of
the target and consisted of two layers (X and Y) of 8
silicon strip detectors (SSD) that can determine a po-
sition with a precision of 5 mm and an energy loss (dE)
of 2% (FWHM). The last layer used 3-mm-thick Si(Li)
(8 pieces) from the charged-particle detector, MUST,?)
which provided a 3% (FWHM) precision on the energy

In-beam ~ rays were detected using a 4m-y-detector,
DALI?® which consisted of 152 Nal detectors placed
around the target. For 2MeV ~ rays, its efficiency is
calculated to be approximately 10% with a precision
of 7% (FWHM). The hodosope for neutron detection
was a cross-shape array of 4 layers of 29 plastic rods
each, placed 3.5m downstream of the target. Each
layer was composed of 13 [2.1mx6cmx6cm]| and 2
times 8 [1.1mx 6cmx 6cm] rods. Its total intrinsic
efficiency was calculated to be ~25%. Finally, 29 plas-
tic rods, sensitive to charged particles, covered the ac-
tive hodoscope front face in order to be used as vetoes
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Fig. 1. Overview of the whole setup.

and active beam stoppers. The position is expected to
be determined with a precision of 6 cm (FWHM) and
the energy, from TOF information, with 4% (FWHM).
26Ne was identified using TOF, charged fragments with
dE-E method and neutron by suppressing simultane-
ous events in veto.

The data obtained are still under analysis but the
rate of triple coincidence (**Ne beam ® ?°Ne in sil-
icons ® neutron) measured during the experiment is
approximately 1 event per minute. This is compatible
with the results of simulations, assuming an excitation
of 8MeV and 10% of the energy weighted sum rule
for ECIS cross-section (~120mb) calculation. Shown
in Fig. 2 are preliminary results for the distribution
of relative energy between ?Ne and neutron. Based
on the neutron emission threshold for ?Ne being at
5.6 MeV, the energy of interest here should be approx-
imately 2.5 MeV.

Counts
Counts

6

=
Energy [MeV] Energy (MeV]

Fig. 2. Preliminary results for relative energy distribution
between °Ne and neutron: (1) using runs with Pb tar-
get and by weighted subtraction from no-target runs;
(2) detection efficiency weighted summation from Pb-
target runs, in coincidence with ~ emitted from 2°Ne*.
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[NUCLEAR REACTIONS O(a, p)!"F, Unstable nuclei, Nuclear astrophysics]

Explosive hydrogen burning of light nuclei occurs in
a hot and dense stellar environment such as those of no-
vae and X-ray bursts. As a starting point of the rapid
proton-capture (rp-) process, nuclear reactions in the
breakout process from the hot-CNO cycle are highly in-
teresting in the field of nuclear astrophysics.!) At high
temperatures, the *O(a,p)!"F (p,v)'®Ne (a,p)?'Na
reaction sequence can provide a path way into the
rp-process. Therefore, the rate of the *O(a,p)!"F
reaction is important for understanding the breakout
process. This reaction has been studied via only indi-
rect methods and time-reverse reaction so far. A direct
measurement of the 4O(«,p)!"F reaction is difficult
since it requires an intense low-energy '*O beam and
a helium gas target.

The experiment was performed using the CNS ra-
dioactive ion beam separator (CRIB),? which was re-
cently installed by CNS, in the RIKEN accelerator re-
search facility. A primary beam of N was accelerated
up to an energy of 8.4 AMeV in the RIKEN AVF cy-
clotron with K = 70. The maximum intensity of the
beam was 300pnA. The primary beam bombarded
a CHy gas target with a thickness of 1.3mg/cm?.
The target gas was confined in a small chamber with
entrance and exit windows made of 2.2-um Havar
foils. A secondary beam of *O was produced by
the TH('4N,O)n reaction. An energy degrader of
10-pm-thick mylar foil was installed at the momen-
tum dispersive focal plane (F1) to remove background
light ions from the secondary beam. A horizontal slit
was set to select the O particles at a mean energy
of 6.40 A MeV after the degrader with the momentum
acceptance of 1%.

At the achromatic focal plane (F2), a series of de-
tectors and a secondary target were installed in a vac-
uum chamber. The setup consisted of two parallel-
plate avalanche counters (PPACs), a helium gas target
with a thickness of 3.57 mg/cm?, and a silicon-detector
stack with thicknesses of 0.02, 0.07, 1.5 and 1.5 mm.
Particle identification was performed for each event
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on the basis of time of flight (TOF) between the two
PPACs. The purity of the *O beam was 85% at F2.

A cold helium gas target was bombarded with the
140 beam at an incident energy of 43 MeV. The he-
lium gas was confined in a 50-mm-long cell with two
windows of 2.2-pm-thick Havar foils. It was kept at
a pressure of 0.6atm and was cooled to 30K. The
target was chosen to be as thin as possible, but suf-
ficiently thick to stop the '*O nuclei in it. The novel
helium gas target was designed offering ten times larger
density than at room temperature. This design results
in exceedingly compactness and thus makes it possible
to effectively apply the thick-target method.®) The re-
action products emitted from the helium target were
identified by the AFE-F method, using the telescope of
four silicon detectors located at 0°.

From the proton spectrum, the reaction cross sec-
tions were obtained in the energy range of 0.8-3.8 MeV
in the center-of-mass system of *O 4 a. Eight res-
onances are clearly identified in the data which cor-
respond to previously observed states at 6.15, 6.29,
7.05, 7.12, 7.35, 7.62, 7.95 and 8.30 MeV in ®Ne.?
In addition, we newly observed a peak related to the
140(a, p)1"F* reaction leading to the 1/27F first-excited
state in '"F, which undergoes a resonance at around
E.(1®Ne) = 7.1 MeV, as shown in Fig. 1. Further anal-
ysis is in progress.

Fig. 1. Level scheme in *®Ne.
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Study of astrophysically important resonance states in
26Sj and 2"P using radioactive ion beams
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[Nucleoaust1"0physics7 radioactive ion beam, 26Si, 27P]

1.809 MeV gamma rays, observed by COMPTEL
of CGRO, are known to be produced when 26Al(g.s)
B-decays to the first exited state in 2Mg followed by
de-exciting to its ground state. Their sources are not
clearly identified yet. In thermonuclear runaway under
explosive hydrogen burning, the 25 Al(p, v)?6Si reaction
hinders production of 26Al(g.s.) and thus its nuclear
structural information, such as excitation energy and
spin parity is needed to calculate the reaction rate and
estimate its contribution. In spite of previous exper-
imental efforts, spins of some states including those
at B, = 6.470MeV, 6.880MeV and 7.019 MeV have
not been clarified yet."'?) The 26Si(p,~)?"P reaction
prevents production of 26™Al. It has been suggested
that high-temperature novae (T > 0.4 GK) are hot suf-
ficiently to establish an equilibrium between 26 Al(g.s)
and 26™A1.3) Thus, resonance states in 27P should be
studied to determine the reaction rate of 26Si(p, v)27P.
Thus far, only one state at 1.199 MeV above the proton
threshold has been reported.*)

The radioactive beams used in this experiment were
obtained by the CNS radioactive ion beam sepa-
rator (CRIB). A 2*Mg®" primary beam, acceler-
ated by the RIKEN AVF cyclotron (K = 70), bom-
barded a *He gas target at 7.434 A MeV. The thick-
ness of the 3He gas target was 0.32mg/cm?. With
SHe(?*Mg,n)25Si*(p)2°Al and *He(?**Mg,n)?5Si, two
kinds of radioactive beams were produced and used for
the measurement of elastic scattering 'H(?°Al, p)?° Al
and 'H(?6Si,p)?6Si. Secondary beams were identi-
fied using TOF between two PPACs on the achro-
matic focal plane (F2), beam energy and TOF be-
tween the production target and the PPACb on the
F2 plane. With a slit on the momentum-dispersive fo-
cal plane (F1), the purities of secondary beams were
enhanced. Additionally, an energy degrader of 2.6 um
mylar was used to achieve another particle separation.
The properties of secondary beams are shown in Ta-
ble 1. The secondary beams bombarded a polyethylene
(CHy) target of 8.24mg/cm?, and fully stopped in the
target. To detect recoiled protons, two sets of silicon
counter telescopes, which consist of a 75 um position-
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Table 1. The properties of secondary beams on target (av-

eraged).
Energy(A MeV) Intensity (keps) Purity (%)
25A1 3.44 9.325 4.72
2654 3.95 1.573 0.7

sensitive silicon detector (PSD) and 1500 um surface
barrier silicon detector (SSD), were installed at 0° and
17°. They were also used as AFE-FE telescopes to dis-
tinguish them from other recoiled particles, such as
a and heavy ions. In the second set at 17°, addi-
tional SSD was added to reject the proton with high
energy. In this experiment, we used the thick-target
method to examine a wide excitation energy range in
26Si and 27P, where the incident beam can have dif-
ferent energies in the target and interact with the tar-
get until its energy is fully absorbed. The secondary
beams had energies of 3.4407 A MeV for the 2°Al beam
and 3.9575 A MeV for the 26Si beam on the target.
Under these conditions, we succeeded in our investi-
gation up to F, = 8.8243MeV and E, = 4.7109 MeV
above the proton threshold. Also, a carbon target was
used to eliminate the contribution of carbon in the
CH;, target from the proton spectrum of the CHs tar-
get. The energy calibration of the detector was per-
formed with protons whose energy was determined by
the CRIB magnetic setting. We observed some peaks
below E, = 8.120MeV in the 2°Al + p elastic scatter-
ing spectrum. Above 8.120 MeV, we could not identify
a resonant structure because of a large contaminant.
For the 26Si + p elastic scattering spectrum, we also
observed several peaks even with low counting statis-
tics. Now data analysis is in progress. R-matrix anal-
ysis will be performed to determine the spins and the
excitation energies of the resonance states.
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to the stellar 22Mg(p,v)?*Al reaction
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[NUCLEAR REACTIONS: 2%8Pb(23Al, 22Mg p)2°8Pb, Coulomb dissociation]

We have performed an experiment to study the
stellar 22Mg(p,v)?3Al reaction using the Coulomb-
dissociation method. This reaction is relevant to the
nucleosynthesis of the v-ray emitter 2Na in Ne no-
vae. In the energy region of astrophysical interest, the
first excited state of 23Al is known to be located at
an excitation energy of 0.528 MeV.") However, there is
no experimental data for the strength of the resonant
capture through this first excited state. In the present
work, we aimed at determining the radiation width of
this resonant state.

The experiment was performed at the RIPS beam
line. A secondary beam of 23Al at 50 MeV /nucleon
produced by the projectile fragmentation of 2®Si bom-
barded a Pb target. The products of the breakup re-
action, 22Mg and a proton, were detected respectively
using silicon counter telescopes and a plastic scintil-
lator hodoscope located 50 cm and 3m downstream
of the target. In order to deduce the relative energy
of the breakup reaction products measured in coin-
cidence, we measured the momentum vectors of the
particles. A stack of sixty-eight Nal(Tl) scintillators
(DALI) was placed around the target to measure deex-
citation y-rays from 22Mg in its excited states, the con-
tribution of which should be subtracted to extract the
Coulomb dissociation cross section of interest. The de-
tails of the experimental setup can be found in Ref. 2.

The relative energy spectrum obtained for the
208ph(23 A1, 22Mg p)2°8Pb reaction is shown in Fig. 1.
We deduced this spectrum after subtracting the con-
tribution of the dissociation process leading to higher
states in 22Mg using the information from the ~-ray
detector array. Therefore, this spectrum is for the pro-
cess in which 22Al disintegrates to the ground state of
22Mg through excited states in 22Al. In this spectrum,
the first excited state of 23Al corresponds to the peak
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Fig. 1. Relative energy spectrum obtained for the
208ph (23 A1,22Mg p)2®Pb reaction.
represents the result of a fitting with two Gaussian

The solid curve

functions and a distribution assuming a nonresonant
component. The dashed curves show each component.

around 400keV. We obtained the cross section of the
Coulomb dissociation through the first excited state of
23Al as 4.4mb. Supposing that the spin and parity
of 23Al are 5/2% for the ground state and 1/2% for
the first excited state, the cross section corresponds to
I, =72 x10"7eV with an error of 20%.

In order to evaluate the influence of the
22Mg(p, v)?3Al reaction on the network calculation for
thermonuclear runaway, we consider the competition
with 3 decay of 22Mg. According to the temperature
and density condition predicted by nova models,) the
main reaction flow favors the § decay rather than the
proton capture on 22Mg.
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Beta decay half-lives of neutron-rich Cr, Mn, Fe, and Co isotopes
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[Beta decay, Half-life, r-Process]

The neutron-rich nuclei far from stability are ex-
pected to play a key role in the r-process nucleosyn-
thesis. At present, however, the study of these nuclei
in relation to their half-lives, Q values, and neutron-
emission probabilities is limited by their low produc-
tion rates.

Our primary experiment was carried out at the
RIKEN Ring Cyclotron (RRC). The neutron-rich V,
Cr, Mn, Fe, Co, and Ni isotopes were produced by the
fragmentation of a 63 MeV 86Kr3** beam, of mean in-
tensity 1euA, onto a °Be target of 375 um thickness.
Figure 1(a) shows the nuclei identified using high-
resolution TOF detectors’) and a 150 um silicon de-
tector. The beta-ray detection system, which consists
of ion stopper plates attached on the rotating wheel
and high-efficiency position-sensitive detectors,?3) was
installed at the end of the beam line. The event as-
sociations between the implanted nuclei and the beta
decays were achieved using the precise position mea-
surement of incident nucleus and the beta-decay points
on the stopper plates. The beta-decay time spectrum
in correlation with the implantation of 5°Mn isotope
is shown in Fig. 1(b). The cutoff time after 250 ms
is determined by the acceptance of the beta-ray de-
tectors. The half-lives of nuclei were extracted by
considering the four parameters in the fitting proce-
dure: the half-lives of the mother and daughter nuclei,
the beta detection efficiency, and the background rate
over the collecting time. The half-lives of daughter nu-
clei have been obtained from Ref. 4. The background
from the decay of long-lived nuclei is estimated by the
event-mixing method. Our preliminary results of half-
lives for the neutron-rich 93:64Cr, 65:66Mn, 67:68Fe, and
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Fig. 1. (a) Identification of the nuclei produced in the ex-
periment by their energy loss (dE/dx) and time of flight
(TOF). (b) Preliminary beta-decay spectrum of °®Mn.
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69,70Co nuclei are summarized in Table 1. In addition,
the results from other experiments? and theoretical
predictions® are listed for comparison. The discrep-
ancy between the experimental values and the theo-
retical predictions support the overabundances of 4Ni
in certain inclusions of meteorites.®)

Our first measurement of the half-lives of massive
nuclei above 63-70 amu successfully demonstrated the
possibility of reconstructing the beta-decay spectra of
rare isotopes under high intensities of mixed beam at
the RIBF. Here, the application of the plastic ma-
terial instead of the silicon detector for the isotope
implantation was aimed to avoid the potential prob-
lem of radiation damage on the detector itself together
with the minimization of the accumulated contami-
nants from the daughters. Further upgrade of the
system is planned by introducing additional detectors,
CaFy(Eu), Nal(Tl), and Ge, which enable us to mea-
sure the energies of beta and gamma rays simultane-
ously as well as to reduce the accidental backgrounds
in the detectors.

Table 1. Preliminary results of half-lives of ®%Cr,
65,66\, 9758Fe, and %% 7°Co nuclei. Also presented
are the results from other experiments4) and theoret-

ical predictions.5)

RI Tf}%mn (ms) TlEg”' (ms) TlT/ée"' (ms)
Co | 135 (Y 120 47.5
9Co | 197 (*39) 216 76.6
%Fe | 155 (T3%) 155 767.3
TFe | 597 (1299) 470 1139
Mn | 103 (F4) 66 23.1
Mn | 85 (15) 88 28.9
f4Cr 61 (*99) 44 153.9
BCr | 161 (Fg)") 113 96.6
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Investigation of resonant states in 22Al and 22Mg using RI beams
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[Proton Resonant State, Nuclear Astrophysics|

During the early stage of the rp process, both
the 22Mg(p,v)?*Al and 2'Na(p, v)??Mg reactions play
a very important role.!* They possibly influence the
production of y-emitter 2?Na in Ne-rich novae.>® In
the present study, we aimed at directly investigating
proton resonant states in 23Al and ?2Mg by the elas-
tic scattering of 22Mg and ?’Na RI beams on a thick
proton target, respectively.

Previously, excited states in 22Al were studied by
the 24Mg("Li, ®He)?3Al reaction,? but there was no
direct measurement of proton resonant states in 23Al
yet. Excited states in 22Mg were investigated in many
experiments,? including that on the elastic scatter-
ing of a 2'Na beam at 1.4 MeV /nucleon performed at
TRIUMF, and three proton resonance states at 6.332,
6.617 and 6.813 MeV were observed.?)

The experiment was carried out using the CNS ra-
dioactive ion beam separator (CRIB), as described
elsewhere.”®) A 20Ne8t primary beam was acceler-
ated up to an energy of 8.11 MeV/nucleon at the
RIKEN AVF cyclotron (K = 70) with an average
intensity of approximately 200pnA. The primary
beam bombarded a 3He gas target with a thickness of
0.36 mg/cm?, where a 2Mg secondary beam was pro-
duced by the 3He(?°Ne, 22Mg)n reaction. Fortunately,
a 2'Na radioactive ion beam was also produced.

The radioactive beams were separated by the CRIB
with an energy degrader, 5.43-pum-thick Myler foil,
which was installed at the momentum dispersive focal
plane (F1) to eliminate light particles. Furthermore,
an F1 horizontal slit was used to select 2?Mg particles
with a momentum deviation of 1%. After the energy
degradation, the energy of 2?Mg particles was deter-
mined to be 5.93 MeV /nucleon. At the same magnetic
rigidity (Bp) setting, the energy of 2!Na particles was
determined to be 5.46 MeV /nucleon.

At the achromatic focal plane (F2), a setup for
the elastic scatterng measurement was installed in-
side a vacuum chamber.?) The setup considered of
two parallel-plate avalanche counters (PPACs), a thick
7.87mg/cm? (CHgz),, target and three sets of AE-E
silicon telescopes. The first set of AE-F silicon tele-
scopes was installed at 0° (covering a scattering angle
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from —5° to 5°), consisting of a 75-um-thick position-
sensitive detector (PSD1) and two Si detectors with
a thickness of 1.5 mm each. The second set was in-
stalled at 16° (covering a scattering angle from 11°
to 21°), consisting of a 75-pm-thick position-sensitive
detector (PSD2) and a Si detector with a thickness of
1.48 mm. The third set was installed at —23° (covering
a scattering angle from —18° to —28°), consisting of
a 73-pm-thick position-sensitive detector (PSD3) and
a Si detector with a thickness of 1.5 mm. As for PSD1,
double-sided strips (16 x 16 strips) were used to de-
termine two-dimensional hit positions, while for PSD2
and PSD3, only horizontal z strips were used.

On the secondary target, the beam spot widths were
15mm (FWHM) horizontally and 11mm (FWHM)
vertically. The horizontal and vertical angular widths
of the two beams were 28 mrad (FWHM) and 33 mrad
(FWHM), respectively. The energies of 22Mg and 2! Na
beams were 4.38 MeV /nucleon and 4.00 MeV /nucleon
on the secondary target, respectively, and their width
was 0.12MeV /nucleon (FWHM).

The protons pocoiling out of the (CHs),, target were
accumulated for about 53 hours. Furthermore, the
measurement was performed with an equivalent thick-
ness of the C target to evaluate the background contri-
bution of the reactions of beam particles with C atoms
in the (CHs), target. The proton energies were cal-
ibrated using secondary proton beams separated by
CRIB at several energy points.

At present, the center-of-mass energy (E..,) of elas-
tic scattering was reconstructed, whose resolution is
about 30-50keV (FWHM) with an error of 15-30keV
as a function of the E.,, energies. Now, the R-matrix
analysis is in progress to reduce the resonance param-
eters of the observed resonant states.
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Study of the 2°Si(p,~)2"P reaction by
the Coulomb dissociation method
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[208Pb(2"P, p20Si)2°¥Pb, Coulomb dissociation, Nuclear astrophysics]

We have carried out an experiment to study the
26Si(p, v)27P reaction using the Coulomb dissociation
of 2"P. The gamma decay width of the first excited
state in 2"P was measured because of its astrophysical
interest.

The 26Si(p,~)?"P reaction is one of the key reac-
tions in the nucleosynthesis in Ne-rich novae. The rate
of this reaction must be known to evaluate the amount
of 26Al (g.s.). This reaction is also important for es-
timating the mass evolution to heavier elements. The
27P production in Ne-rich novae mainly depends on
resonant capture via the first excited state in 2’P at
1.2 MeV, because the state is close to the Gamow win-
dow. Therefore, we aimed at determining the gamma
decay width of the first excited state in 2“P in order
to reveal the strength of the resonant capture in this
reaction.

The experiment was performed at the RIPS beam
line at the RIKEN Accelerator Research Facility. The
secondary beam of 2P at 57 MeV /nucleon was pro-
duced by the fragmentation of a 115 MeV /nucleon 3¢ Ar
beam on a ?Be target. The beam of 2P bombarded
a 125mg/cm? Pb target. The products of the breakup
reaction, 26Si and proton, were detected using silicon
telescopes and a plastic scintillator hodoscope, respec-
tively. Details of the experimental setup are described
in Ref. 1. The angle of products and the energy of 26Si
were measured by the silicon telescopes. The time of
flight of the proton was determined using the plastic
scintillator hodoscope.

The relative energy spectrum was obtained from the
measured momentum vectors of products. The pre-
liminary spectrum is shown in Fig. 1. The peaks were
observed at 0.34 MeV and 0.8 MeV which correspond
respectively to the first and second excited states at
1.2MeV and 1.6MeV in ?"P reported in Ref. 2. We
also found another peak at 1.2 MeV that did not cor-
respond to any known state.
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Fig. 1. Preliminary relative energy spectrum of the
208ph(27p, p2681)2%8Ph reaction. The peak at 0.34 MeV
corresponds to the first excited state in 2“P at 1.2 MeV.

We obtained the cross section of the first excited
state of 2P to be 5mb with a statistical error of
about 25%. Supposing that the spin and parity of
the first excited state in 27P is 3/2%, the transition
between the first excited state and the ground state
is by M1/E2 multipolarity. Since the E2 component
was strongly enhanced in the Coulomb dissociation,
the experimental cross section is exhausted via the
E2 excitation. To extract the total gamma decay
width, the M1 component was estimated using the
mixing ratio, E2/M1 = 0.048, from the mirror tran-
sition in 2’Mg. The gamma decay width of the first
excited state thus deduced preliminarily was deter-
mined to be 3.5+ 0.6 (stat) meV. This result is con-
sistent with the value estimated on the basis of a shell
model calculation.?) It also indicates that this reac-

tion does not contribute significantly to the amount of
26A1 (g.s.).
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One-neutron halo structure in °C
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[Measured reaction cross section, measured fragment momentum distribution, halo structure]

Discrepancies have been found in the momentum
distribution and interaction cross section (o;) mea-
surements for C.Y We measured the fragment mo-
mentum distribution and reaction cross section (o) of
14150 at 83 A MeV to study the halo structure in 1°C.

The experiment was performed at the Riken Projec-
tile Fragment Separator (RIPS). The primary beam
of 110 A MeV 22Ne was used to produce the secondary
beams of %15C. Before the carbon reaction target
(370 mg/cm?) installed at F2, particle identification
was carried out by the Bp-AE-TOF method. TOF
was determined from F1-PPAC and a plastic scintilla-
tor (0.5 mm thick) at F2. AE was measured using two
Si detectors (each 150 um thick). After the reaction
target, the TOF-AE—-F method was used for particle
identification. Another plastic (1.5mm thick) at F3
gave the stop signal of the TOF from F2 to F3. Three
Si detectors (each 150 pum thick) were used to measure
AFE. E was measured using a Nal(T1) detector.

The fragment momentum distributions from
breakup are shown in Fig. 1. A Lorentzian function
was used to fit °C — C distributions. A Gaussian
function was used to fit °C — 3C and *C — 13C
distributions. The FWHMSs were determined to be
71+ 9MeV/c (Fig. 1(a)), 223 £28 MeV/c (Fig. 1 (b))
and 195 + 21MeV/c (Fig. 1(c)) after unfolding the
Gaussian-shaped system resolution.

A few-body Glauber model analysis for the one-
neutron removal process of 41°C was performed.?)
We assumed a core + n structure for *°C. The
density distribution of the core was supposed to be
HO with its size parameter adjusted to reproduce o
at high energies.!) The wave function of the valence
neutron was calculated by solving the eigenvalue prob-
lem in a Woods-Saxon potential. For *C, the calcu-
lated momentum distributions can reproduce the ex-
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Fig. 1. Fragment longitudinal momentum distributions in
the projectile rest frame for **C — *C (a), **C — 13C
(b) and *C — 3C (c).
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periment data well. For '°C, contributions from dif-
ferent breakup sequences were considered. In the best-
fitted results, the contribution of the d wave to a one-
neutron removal cross section (o1,) was 471°%. Tt is
consistent with the results from a previous experiment
in which the d wave contributed only 2% to 1.2 Our
analysis suggests that the contribution from the 1ds/,
orbit in the ground state of 1°C is very small.

The oy, values for *C and '5C are determined to be
1075+ 61 mb and 1319 +40 mb, respectively. A strong
increase from %16C is exhibited in op measured at
83 A MeV for C.% The effective density distribution
of C was extracted using the finite-range Glauber
model.¥) The HO plus v(p1/2) neutron was used for
the *C core with the p wave distribution obtained
from the above wave function calculation. The HO
size parameter was adjusted to reproduce the oy of
14 at 83 AMeV. Then the depth of the potential was
changed arbitrarily in calculating the wave function of
the valence neutron so as to reproduce the oy of 1°C at
83 AMeV. The fitted densities are compared with the
calculated s and d wave distributions in Fig. 2. A long
tail is necessary to explain the measured op of 5C.
The extracted tail agrees with the s wave distribution
much better than the d wave. We can conclude that
the s wave is dominant in the ground state of 1*C based
on the analysis of both oy and momentum distribution
data from this experiment. This is a strong evidence
of the halo structure in this nucleus.

1 On

p (fm’)

é ﬁ) 1‘2 1‘4 IL(» 18 20
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Fig. 2. Density distribution of **C. The solid line is a best-
fit result. The dotted and dashed lines show the cal-

culated s and d wave distributions. The shaded area

L L
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represents the error of o from both *C and *C.
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g-factor measurement for N
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[NUCLEAR STRUCTURE, '°N, Spin polarization, 8-NMR method]

In contrast to the well known observation that al-
most all of the measured nuclear magnetic moments
are found inside the Schmidt lines due to the core po-
larization effect, the magnetic moment of ®N and also
that of 1"NV) fall outside the Schmidt lines. Consider-
ing the increased number of neutrons in the sd-shell,
the magnetic moment for °N should be even larger for
I7N. Shell models predict, in fact, that the magnetic
moment for N is larger than that of "N as shown
later.

The experiment was performed at the RIKEN Ac-
celerator Research Facility. The "N activity was ob-
tained from the fragmentation of a 2?Ne projectile at
an energy of 110 MeV /nucleon on a carbon target of
546 mg/cm thickness. By using the projectile-fragment
separator RIPS, the N nuclide was separated from
other fragments. In order to produce spin polarization,
only those with emission angles 2.6°-6.0° and out-
going momenta 8.18-8.69 GeV/c were accepted. The
9N fragments were implanted in a graphite stopper to
which a static field By = 200.12mT was applied and
an RF field was supplied to induce a nuclear magnetic
resonance.

In Fig. 1, the effect of a spin flip by the resonance is
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Fig. 1. Observed NMR spectrum of '°N in a graphite stop-
per. Three data points are shown as filled circles. The
vertical axis is the up/down count ratio of S-rays de-
tected by plastic scintillators which were placed above
and below the stopper. The vertical bars on each point
show the statistical error of the B-ray count. The hori-
zontal bars are a sweep width over which the frequency
of the field was varied for each data point in order to
flip the "N spin [the Adiabatic Fast Passage (AFP)
method].
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observed in the leftmost data point with a deviation of
3.20 from the zero level, where the o is a standard de-
viation. The result indicates that there is the g factor
for 19N within the region of g = 0.58-0.64 which is de-
rived from the sweep width of the frequency as shown
in Fig. 1. The centroid of the resonance could be be-
yond the left side of the sweep region due to the finite
resonance width. The possible deviation mainly comes
from the field inhomogeneity, as shown in the Fig. 1,
and the ratio of the field magnitude of the static field
to that of the rf field, of which the value is 0.25%.
These deviations are negligibly small compared with
the present accuracy of the g factor.

The present g factor for N is significantly smaller
than the shell model predictions.?) In Fig. 2, a sys-
tematic trend is observed: The shell models predict
|g| factors as monotonically increasing with increasing
number of neutrons n in the sd shell. The experimental
lg| certainly follows this trend up to n = 2 (i.e., 'N).
The experimental |g| for N, however, abruptly de-
creases. The reason for this anomalous n dependence
is not known.
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0.75
o7t AL e t
_ 065 Present
o result
Q
£ 06
>
055 Schmidt value.
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Fig. 2. Experimental (circle with error bars) and theoreti-
cal (square) |g| factor for the odd-mass N isotopes. The
magnetic moment is obtained from p = gunxI where I
and pun are the nuclear spin and nuclear magneton, re-
spectively. The spin parity of °N was assumed to be
1/27 in the calculation.

References

1) H. Ueno et al.: Phys. Rev. C 53, 2142 (1996).

2) B. A. Brown, A. Etchengoyen, and W. D. Rae: Com-
puter code OXBASH, Michigan State University Cy-
clotron Laboratory Report, No. 524 (1986).

71



RIKEN Accel. Prog. Rep. 37 (2004)

Back to Contents

Development of low energy 8Li beam at CRIB
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S. Michimasa,*! S. Kubono,*! and I. Tanihata

[Astrophysics, Nucleosynthesis, Unstable nuclei]

The inhomogeneous big bang model? has suc-
ceeded in predicting the synthesis of heavy elements
in contrast to the standard primordial nucleosynthe-
sis model which makes reasonably accurate predic-
tions of the light element abundances. In the inho-
mogeneous big bang model, *He(t, ) Li(n,v)8Li(a, n)
UB(n,v)2B(Bv)!2C is considered to be a dominant
flow path to explain the synthesis of 2C and heavy el-
ements in the very early universe. Recently, it has also
been identified to play an important role in r-process
nucleosynthesis occurring in supernova explosions.®) In
both environments, it is claimed to determine the reac-
tion cross section in a direct reaction with the center
of mass energy less than 1MeV. In that sequence,
the 8Li(a, n)!'B reaction gives large ambiguity caused
by the short life of ®8Li. Some previous experiments
were conducted to determine this reaction cross sec-
tion* ®); however, the results of these experiments were
not in qualitative agreement with each other. More-
over, measurements of the low-energy cross section be-
low 1MeV/n, which is the most important energy re-
gion, have not been conducted yet due to difficulty of
handling low-energy beams.

In RIKEN cyclotron, an in-flight low-energy ra-
dioisotope beam separator”™® (CRIB) has been con-
structed to study unstable nuclear structures and nu-
clear reactions for astrophysics, through a collabora-
tion between RIKEN and the Center of Nuclear Study
(CNS). Since the energy of the RI beam produced
by the in-flight method is almost equivalent that of
a primary beam which is more than a few MeV /n, it is
necessary to insert a thick degrader in the beam line to
reduce the energy to 1 MeV/n. It is expected that the
energy straggling and beam profile degeneration will be
a crucial problem. In this article, we will report results
of an experiment to develop a low-energy 3Li beam in
CRIB. In addition, the neutron background level will
be noted.

An unstable 8Li beam is created by an inversed re-
action of 7Li(d,p)®Li. The primary beam of 7Li*"
is accelerated to an energy of 3.14MeV /nucleon by
the RIKEN AVF cyclotron with the beam current of
100 pnA. The primary beam is focused at the FO plane
where deuteron gas target of 0.39mg/cm? is located.
A removable aluminum foil with a thickness of 40 um
is placed upstream of the gas target cell in order to
reduce the beam energy. The produced 8Li beams are
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separated from “Li in the D1 magnetic field traveling
to a momentum-dispersive focal plane (F1). The ions
path through an F1 slit are transported to the sec-
ond focal plane (F2) where two delayed-line PPACs
and SSD are installed to identify ions and to mea-
sure the energy spread and beam profile. Mylar foil
degraders with thickness of 0, 10, 29 and 50 um are
placed on a stepping motor in front of the PPACs.
For the purpose of estimating the neutron background
level, four liquid scintillation counters are prepared;
three are placed near the F2 chamber and the other is
placed 6 m downstream from the F2 chamber.

The particle identification without any degrader is
shown in Fig. 1. The 8Li ions are clearly separated
from 7Li ion.

Several thicknesses of energy degrader are used in
attempts to reduce 8Li beam energy. The beam prop-
erties for each energy degrader configuration are sum-
marized in Table 1.

The maximum 8Li beam intensity of 5.1 x 10° is
obtained for a 100pnA “Li beam without any de-
grader. At the energy of 1.57MeV corresponding
to Eep = 0.52MeV for the 8Li(a, n)''B reaction, the
8Li beam purity of 99.5% and the intensity of 4 x 10%
is obtained. The energy straggling and beam profile
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Fig. 1. Particle identification of ®Li. Horizontal axis and
vertical axis indicate time of flight between two PPACs
and the energy deposit in the SSD, respectively. Two
clusters in the 8Li region are known to be caused by the
problem of double timing triggers. Some ions shows
zero energy deposit on SSD due the relatively small
acceptance of SSD.



Table 1. Summary of ®Li beam properties for several configurations.

Degrader 8Li
Place | Material | T [pm] || Energy [MeV] | dE/E[%] | 05 [mm] | o, [mm] | Purity [%] | Intensity [cps]/100 pnA
no no no 15.3 1.29 16.1 12.8 78.6 5 x 10°
F2 Mylar 10 13.0 1.40 17.1 14.1 98.7 4 x 10*
F2 Mylar 29 9.21 2.55 19.9 17.8 99.5 4 x 10*
F2 Mylar 50 1.57 21.40 29.6 24.9 99.5 4 % 10*
Fo Al 40 4.22 11.3 — 26.6 57.0 3 x 10*
could be improved by adapting a degrader at F1 and 2) N. Hata et al.: Phys. Rev. Lett. 75, 3977 (1995).
adjusting the slit size at F1 and F2. 3) M. Terasawa et al.: Astrophys. J. 562, 470 (2001).
Furthermore, the neutron background with the or- 4) X. Gu et al.: Phys. Lett. B 343, 31 (1995).
der of 1000cps is expected from the primary target 5) R. N.. B(?yd et al.: Phys. Rev. Lett. 68, 1283 (1992).
through the 7Li(d,n) reaction. However, it is found ~ ©0) Y- Mizoi et al.: Phys. Rev. C 6206, 5801 (2000).
to be 20 cps even at the side close to the primary tar- 7) S. Kubono ef al.: Eur. Phys. J. A 13, 217 (2002).
¢ Tn thi ional t . to of th ¢ 8) T. Teranishi et al.: CNS-REP-39 (2001).
get. In this case, signal to noise ratio of the neutron 9) S. Watanabe et al: CNS-REP-48 (2002).

can be estimated as 1/100 which is acceptable for this
experiment.

References
1) M. J. Balbes et al.: Phys. Rev. Lett. 71, 3931 (1993).

73



RIKEN Accel. Prog. Rep. 37 (2004)

Back to Contents

Production of low-energy secondary beam for secondary reactions

E. Ideguchi,*! H. Baba,*? T. Fukuchi,*! C. Ishida,*? H. Iwasaki,** T. Komatsubara,*® T. Kubo,
M. Kurokawa, S. Michimasa,*! K. Morimoto, M. Niikura,*! T. Ohnishi, S. Ota,*® A. Ozawa,*>
S. Shimoura,*!' T. Suda, M. Tamaki,*! I. Tanihata, and K. Yoshida

[NUCLEAR REACTION, Be(*"P, xn)*6~*K, Unstable nuclei]

Studies of high-spin states in atomic nuclei by
in-beam gamma-ray spectroscopy have provided de-
tailed information on the nuclear structure. In such
studies, high-spin states are achieved mostly through
a fusion reaction using a combination of a stable-
isotope beam and a stable-isotope target, since large
angular momentum can be brought to the nucleus of
interest in the reaction. However, nuclei produced in
the fusion reaction are limited, in many cases, to the
proton-rich side relative to the g-stability line. In the
neutron-rich nuclei, unprecedented phenomena such as
the disappearance of the shell gap!?) and the onset of
a new magic number?) have recently been observed.
These phenomena are ascribable to the change of the
nuclear structure on the neutron-rich side, but this re-
gion, particularly at high spin, have not been studied
well so far. It would be desirable to extend the exper-
imental study of high-spin states and carry out a sys-
tematic investigation covering from the proton-rich to
the neutron-rich region. By utilizing a neutron-rich
beam in the fusion reaction, nuclei will be produced
in the neutron-rich side and the region available for
high-spin studies will be largely expanded. In order to
actualize this method, an experiment to produce a low-
energy secondary beam (~6MeV /nucleon), which is
indispensable for inducing the fusion reaction, was per-
formed at the RIKEN accelerator research facility.

In the experiment, a secondary >"P beam was pro-
duced at the RIPS facility® in RIKEN by the frag-
mentation reaction of an “°Ar beam impinging on
a Be target 1.5 mm thick. The primary °Ar beam of
63 MeV /nucleon with a typical intensity of 60 pnA was
provided by the RIKEN Ring cyclotron. An aluminum
wedge with a mean thickness of 221 mg/cm? placed at
the momentum-dispersive focal plane (F1) was used to
achieve a clear isotope separation and to lower the en-
ergy of the fragment to 26 MeV /nucleon. The energy of
the 3"P beam was further lowered to ~6 MeV /nucleon
by placing an aluminum rotatable degrader 0.425 mm
thick at the achromatic focal plane (F2). The en-
ergy of the beam was optimized by adjusting the ro-
tation angle of the degrader relative to the beam di-
rection. By operating RIPS at the maximum val-
ues of momentum acceptance and solid angle, a typ-

*1
*2
*3
*4
*5
*6

Center for Nuclear Study, University of Tokyo
Department of Physics, Rikkyo University
Department of Physics, Royal Institute of Technology
Department of Physics, University of Tokyo
Department of Physics, Tsukuba University
Department of Physics, Kyoto University

74

ical intensity of 2.0 x 10° counts per second for the
3P beam was obtained at F2. Particle identifica-
tion of the secondary beam was carried out by the
time-of-flight (TOF)-AE method, and it was found
that an almost pure 3P beam was obtained. The
TOF and AF information was obtained from the tim-
ing of the plastic scintillator relative to the RF sig-
nal of the cyclotron and from the energy loss in the
0.5-mm-thick silicon detector placed at F2, respec-
tively. The 37P beam was transported to the final
focal plane (F3) and irradiated on the secondary °Be
target 10 pm thick in order to induce the secondary fu-
sion reaction, Be(*"P,xn)*~*K. The intensity of the
37P beam at F3 was about 1.0 x 10° counts per second.
Two PPAC counters?) were placed up stream of the
secondary target in order to profile the image and the
incident angle of the beam on the target, as well as to
determine energy from TOF information relative to the
plastic timing at F2, event by event. Another PPAC
counter was also placed down stream of the target to
detect recoil nuclei produced in the secondary reaction
and to measure the TOF. Figure 1 shows the energy
spectrum of the 3”P beam at the secondary target po-
sition. The beam spot size (FWHM) at the target was
found to be 42mm and 18 mm, respectively, in hori-
zontal and vertical directions. Gamma rays emitted in
the secondary reaction were measured by the CNS Ge
detector array® placed around the secondary target at
angles between 70° and 110°. The analysis of the data
obtained for the secondary reaction is in progress.
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Fig. 1. Energy spectrum of the 3"P beam at secondary tar-
get position deduced from TOF information.
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Development of "N secondary beam II
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[RI beam, -ray spectroscopy, nuclear structure]

A secondary beam of "N was developed using the
low-energy radioisotope beam separator (CRIB)I) of
the Center for Nuclear Study (CNS), University of
Tokyo, in order to search for high-spin isomers in
N = 51 isotones. Since nuclei with Z < 40 of N =51
isotones are close to the stability line, it is difficult to
produce high-spin states of nuclei using reactions by
combinations of stable beams and targets. Therefore,
it is very effective to use the radioisotope beam. By
means of the v spectroscopy method, high-spin isomers
can be searched for in the nuclei 20Y, 89Sr and 3Rb
produced by the abn, apbn and 2a3n channels of the
82Ge + 17N reaction, respectively.

High-spin isomers of N = 51 isotones are expected
to be shape isomers stemmed from a sudden shape
change from near spherical to an oblate shape. They
may also be expected to have stretch coupled con-
figurations resulting from the breaking of a neutron
magic 50 core, as a similar type of isomerism ob-
served in N = 83 isotones.?) The configurations of
these isomers in N = 51 isotones are considered to
be [V(d5/2g7/2h11/2)7rg9/22]39/2_ for odd nuclei and
[v(d5 /287 /2011 /2) 7 (P1/289/2%)]20™ for odd-odd nuclei.

A secondary "N beam was produced by using
the CRIBY which consists of two dipole (D1, D2),
three quadrupole (Q1, Q2, Q3) and two small cor-
rection magnets (M1, M2). A °Be primary target of
2.3 mg/cm? was bombarded by a *¥08* primary beam
of 126.4MeV to obtain a "N beam. An 0%+ beam
was accelerated by the AVF cyclotron in RIKEN. The
charge states of the beam particles were converted by
using C foil which was set before a bending magnet to
eliminate 12C** contamination in the primary beam.
The beam intensity was 0.4 puA at the primary target.

A parallel plate avalanche counter (PPAC) was set
on a dispersive focal plane (F1) for beam monitoring.
In order to identify reaction products, a PPAC and
a 1.5mm thick Si detector were installed on an achro-
matic focal plane (F2). These detectors were located
at 681 and 731 mm downstream of Q3, respectively.
Secondary target of 82Se of 4.9 mg/cm? was placed at
1251 mm downstream of Q3. Two clover Ge detectors
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Fig. 1. Projection spectrum of ~+ coincidence.

were set at 40mm apart from the secondary target
to measure y-rays emitted from nuclei which were pro-
duced by the secondary fusion reaction. A plastic scin-
tillator was placed at 597 mm downstream of the sec-
ondary target in order to detect the secondary beam.

The acceptance solid angle was set to be 5.6 msr by
a slit downstream of FO. The energy of "N recoiling
out of a primary target was 109.1 + 0.8 MeV. A Bp
value of D1 was set to be 0.886 Tm to select a "N"+
beam. Momentum acceptance was restricted to 2.2%
by a rectangular slit at F1. The 8O primary beam
was stopped by the slit at F1.

Particle identification was performed by using ener-
gies of reaction products and time differences of RF
and F2-PPAC signals. The energy of "Nt was de-
duced to be 104+2MeV. As the Si detector was moved
out during the y-ray measurement, '"N7* and '7O7+
could not be separated. The intensity and fraction of
the "N+ and '"O"* mixed beam were 1.5 x 10° par-
ticles/s and 33%, respectively.

A total number of events of 2.1 x 10® was collected
during the measurement for 2.4 days. Data acquisi-
tion started when F2-PPAC and one Ge detector were
hit. A plastic scintillator signal was used to veto the
secondary beams passed through the target without
making a secondary reaction. Only the data with the
signals of the cocktail beam of 1"N and 7O at F2 were
accumulated. Although the background level originat-
ing from the thermal neutron capture y-rays was 200
times higher than the counts of peaks coming from the
secondary fusion reaction, seven transitions belonging
to 92Nb and ?3Nb were observed, as shown in Fig. 1.
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Electromagnetic transition matrix elements of proton-rich
46Cr, 5%Fe, and *Ni studied by Coulomb excitation
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[NUCLEAR STRUCTURE, B(E2), Unstable nuclei, Coulomb excitation, M, /M,]

The measurement of proton as well as neutron mul-
tipole matrix elements in exotic nuclei is one of the
incisive methods of studying the dynamical properties
of nuclear states, and has received increased attention.
The proton and neutron multipole elements are de-
fined") as

Mp(n) (TZ) - <JfTTZ”Ep(n)ri)\YA(Qi)”JiTTz>

_ %[MO(TZ) + My(T2))], (1)

where My(T,) and M;(T,) are the matrix elements in
an isospin representation. The multipole matrix el-
ement M, is related to the reduced electromagnetic
matrix element B(E\; J; — Jy) by

B(EX; J; — Jp) = |Mp(T.)|%/(2J; + 1). 2)

Therefore, the proton multipole matrix element M,
can be determined via the measurement of the electro-
magnetic transition strength. On the other hand, the
neutron multipole matrix element M), can be obtained
by comparing electromagnetic transitions in mirror nu-
clei.V)

As reported previously,? we performed the first
measurement of B(E2;05, — 21) in the proton-rich
nuclei of 46Cr, °°Fe, and ®*Ni in order to clarify the
structures around the Z = 20-28 region systematically.
The details of the experiment were described in Ref. 2.

Figure 1 shows the Doppler-corrected energy spec-
tra of v rays from 46Cr, 5°Fe, and *Ni. A single dis-
tinct peak is observed in each spectrum of “6Cr and
50Fe; their level energies are consistent with results
of recent studies.®*) In the spectrum of °4Ni, we can
find a peak at energy of around 1400 keV which cor-
responds to the unknown level of °*Ni. In order to
extract B(E2;04, — 27) values, these spectra were
fitted by the function y = af(E,) +exp(—b x E, +¢),
where f(E,) is the line shape obtained by Monte-Carlo
calculation. The results of fitting for “Cr and °°Fe
are shown by curves in Fig. 1. The matrix elements
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Fig. 1. The Doppler-corrected ~ spectra from Coulomb ex-
citation of *6Cr, °°Fe, and 5*Ni.

B(E2;04, — 27) were derived from the v yield with
the help of a distorted-wave calculation, assuming pure
E2 Coulomb excitation. The preliminary results for
B(E2;0f, — 2f) were 19.9 £ 4.2W.u. and 25.8 +
4.9W.u. for 46Cr and ®°Fe, respectively. These errors
include the ambiguities associated with the fitting pro-
cedure and common systematic uncertainties. In order
to examine the validity of our method, B(E2; Ogs' —
27) of #Ti, 48Cr, and °2Fe in the secondary beam
was extracted and compared with known spectroscopic
information. The present results of 21.9 + 2.8 W.u.
and 19.24 3.5 W.u. for **Ti and *®Cr are considerably
variant to their adopted B(E2;0f, — 27) values of
13 =4 W.u. and 31 4+ 4 W.u., respectively.

However, the result of 16.4 + 2.1 W.u. for ®2Fe is
consistent with a recent measurement by Yurkewicz et
al.,”) which gives B(E2;0/, — 2%) =1424+1.8W.u.

Comparing the present results of B(E2;0/, — 21)
with those of mirror nuclei, we can obtain M, /M, val-
ues of 0.99 & 0.11 and 0.88 & 0.09 for “6Cr and °°Fe,
respectively. Both the M, /M, values are close to N/Z,
suggesting collective aspects of these nuclei. Detailed
comparisons of the present results and theoretical cal-
culations are under way.
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Intermediate-energy Coulomb excitation of
neutron-rich Ge isotopes around N = 50

H. Iwasaki,*! N. Aoi, S. Takeuchi, S. Ota,*?> H. Sakurai,*! M. Tamaki,*® T. K. Onishi,** E. Takeshita,**
H. J. Ong,*! N. Iwasa,*> H. Baba,** Z. Elekes, T. Fukuchi,*® Y. Ichikawa,*! M. Ishihara, S. Kanno,**
R. Kanungo, S. Kawai,** T. Kubo, K. Kurita,** S. Michimasa,*? T. Motobayashi, M. Niikura,*3 A. Saito,**
Y. Satou,*® S. Shimoura,*® H. Suzuki,*! M. K. Suzuki,*! Y. Togano,** and Y. Yanagisawa

[NUCLEAR REACTIONS: 76:78:80.82Ge + Pb, Coulomb excitation]

We have studied intermediate-energy Coulomb exci-
tation of neutron-rich Ge isotopes around N = 50 us-
ing secondary beams of “#2Ge incident on Pb and C
targets. Among the various reactions recently applied
for ~-ray spectroscopy with radioactive-ion beams,' %
Coulomb excitation affords unique opportunities for
measuring both energies and transition probabilities
B(E2) for the low-lying 2 states. The aim of the
present experiment is to investigate such E2 proper-
ties of the neutron-rich Ge isotopes, which enable us to
depict systematic trends of the collective behavior to-
ward the neutron magic number N = 50. In addition,
two-step excitation at an intermediate energy has been
studied to examine a possible access to higher excited
states. Here, we report the experimental arrangement.

The experiment was performed at the RIPS beam
line in RIKEN. The radioactive beams of "5 32Ge were
produced by fragmentation of a 63 A MeV 3Kr beam
on a 66.2-mg/cm?-thick “Be target. A maximum in-
tensity of 100 pnA was achieved for the primary 3¢Kr
beam, owing to the recently developed acceleration
scheme of the RRC with the RFQ+RILAC+CSM in-
jection system. The reaction fragments were collected
and analyzed by RIPS. As an energy degrader, we
used a curved aluminum plate, which is equivalent in
thickness along the beam line to a 65mg/cm? wedge-
shaped degrader. Particle identification of the inci-
dent beam was carried out event-by-event by measur-
ing magnetic rigidity (Bp), time-of-flight (TOF), and
energy loss (AFE). The positions at the momentum-
dispersive focal plane of RIPS were measured by a par-
allel plate avalanche counter (PPAC) to determine the
Bp value. The TOF between the production target
and the final focal plane (F3) of RIPS was obtained
from the RF signal of the accelerator and the 0.01-mm-
thick plastic scintillator placed at F3. The AFE infor-
mation was provided by the 100-pm-thick silicon detec-
tor placed at the second focal plane of RIPS. The accu-
racy in the particle identification of the Ge isotopes was
around 0.9% and 0.2% (r.m.s.), respectively, for the Z
and A/Z determinations. The typical secondary-beam
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intensities were around 6 kcps for "*Ge, 2 keps for "8 Ge,
1 keps for 89Ge, and 100 cps for 82Ge in the separate Bp
settings optimized for each isotope. Pb targets were
placed at F3 and were used to excite the projectiles.
The position and incident angles of the beam at F3
were measured by two sets of PPAC placed upstream
of the target. To evaluate the possible contributions
of nuclear excitations, additional measurements with
C targets were also performed.

De-excitation «y rays were detected by an array of 158
Nal(T1) scintillators” surrounding the target. The en-
ergy and efficiency calibrations of the array were made
using standard 2?Na, %°Co, and '®7Cs sources. The
overall photopeak efficiency and energy resolution were
found to be 30% and 9% (FWHM), respectively, for
a 661-keV 7 ray as measured with the 37Cs source.

Scattered particles were detected by a Si telescope
and a Nal(T1) calorimeter located 75cm and 1.5m
downstream of the secondary target. The Si telescope
consisted of 16 silicon detectors placed in a 4 x 4 matrix.
The size of each detector was 5 cm x 5 cm x 325 pm. The
Nal(T1) calorimeter, the details of which are described
elsewhere,® comprised 132 Nal(T1) crystals arranged
in a 12 x 12 matrix except for three crystals at each cor-
ner. Each crystal has a rectangular shape with the size
of 31 x 31 x 50mm?. The Si telescope provided energy-
loss (AFE) information, while the Nal(T1) calorimeter
served as an F counter. The atomic number of the
outgoing particles was thus identified by the AFE-E
method. The whole counter was located in a vacuum
chamber to minimize the energy loss in the material be-
tween the Si and NalI(T1) detectors. The present setup
covered a solid angle of approximately 8 degrees. The
scattering angle was determined by the hit positions in
the two PPAC at F3 and the Nal(Tl) calorimeter.

An analysis of the data is now in progress.
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Production cross sections of neutron-rich Ca and Ni isotopes
formed by fragmentation of a 63 A MeV 8Kr beam
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NUCLEAR REACTIONS: ?Be(8¢Kr, X), E(®Kr) = 63 A MeV; Measured production cross

sections of ®1=53Ca and "2~ 7°Ni

We have measured production cross sections of
neutron-rich nuclei formed by the fragmentation of a
63 AMeV 86Kr beam. Previous studies’? have in-
vestigated 3Kr-induced reactions with “Be targets at
500 AMeV") and 66 AMeV.?) They reported produc-
tion cross sections of neutron-rich nuclei along the
N = 50 line and estimated the cross section for the
doubly magic nucleus "®Ni. The present work extends
the experimental information to neutron-rich Ca and
Ni isotopes, which allows us to examine the feasibility
of the secondary-beam experiments with these nuclei.

The experiment was performed using a 3Kr pri-
mary beam accelerated up to 63 A MeV by the RIKEN
Ring Cyclotron (RRC) incident upon a 66.2-mg/cm?-
thick “Be target. The linear accelerator complex of the
RFQ-+RILAC+H+CSM scheme was used as an injector to
RRC, which facilitated an intense 3¢Kr beam with a
maximum intensity of 100 pnA.

The reaction fragments were collected and analyzed
by the RIPS spectrometer. The momentum accep-
tance and solid angle of RIPS were set at 0.5% and
5msr, respectively. The fragments were transported
to the final focal plane (F3) of RIPS and stopped in
four layers of 0.5-mm-thick silicon detectors. The ar-
rival timing at F3 was measured by a parallel plate
avalanche counter (PPAC) set immediately upstream
of the silicon detectors.

Particle identification of the fragments was per-
formed on the basis of time-of-flight (TOF), energy
loss (AE), and total kinetic energy (TKE) measure-
ments. The TOF was determined from the RF signal
of the accelerator and the PPAC. The AFE informa-
tion was obtained by the first silicon detector, while
the whole detectors provided the TKE measurement.

Five different settings of magnetic rigidity in the
range of 2.85-3.03 Tm were employed to obtain differ-
ential cross sections. The production cross section for
each fragment was determined by a fit of the observed
momentum distribution to an asymmetric Gaussian
distribution.
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Figure 1 shows the production cross sections ob-
tained for neutron-rich Ca and Ni isotopes. The data
are also compared with the production cross sections
in the 23U-fission reaction®) as well as the results of
the empirical parametrization (EPAX2). The 8Ki-
induced cross sections are smaller than the 238U-fission
cross sections by more than two orders of magnitude.
It is also found that the 3¢Kr-induced cross sections
have large mass-number (or N/Z ratio) dependence,
even stronger than that of the EPAX2 predictions.
Further investigation is of great importance for estab-
lishing a reliable prediction toward very neutron-rich
nuclei such as "®Ni.
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Fig. 1. Production cross sections of a) Ca and b) Ni iso-
topes plotted as a function of mass number (A).
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Lifetime of a new high-spin isomer in %Dy
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H. Miyoshi,** T. Kishida, Y. Kobayashi, T. Morikawa,*! S. Motomura, O. Kashiyama,**
K. Saito,** A. Odahara,*® and K. Asahi **

[NUCLEAR STRUCTURE, '**Dy, High-spin isomer, Lifetimes|

High-spin states in '°°Dy have been studied using
two types of experiments. In the first experiment, the
nucleus Dy was produced via the *!Pr(150, pén)
reaction with an energy of 165 MeV provided by the
SF cyclotron at the Center for Nuclear Study, Uni-
versity of Tokyo. Five HPGe detectors with BGO
anti-Compton shields were arranged around the tar-
get. The experimental data were acquired when at
least two Compton-suppressed Ge detectors were fired
concurrently. Figure 1 shows a partial decay scheme
confirmed in this experiment. The second experiment
was carried out with a 6mg/cm? natural Mg target
irradiated by a '¥2Xe beam accelerated up to an en-
ergy of 7.0 MeV /u by the RIKEN Ring Cyclotron. The
beam burst was pulsed with an interval of 1 us and a
width of < 1ns. The reaction products which recoiled
out the target with a mean velocity of 0.07¢ were gath-
ered on a lead stopper placed 7cm downstream from
the target. It took approximately 3 ns for the recoil nu-
clei to pass between the target and the stopper. The
production target was shielded by lead blocks so that

14 (37
(36+) DI 36,1458
13 1067 (3% 670 .
(34+) ag3— G4
12 (339) 651 1075
(32-)
i 696 a1y 397
(30-)
200 679 978
Lo 313
1o o G
8 622
S 4L %76+ (25-) 153
s o Tase @
g,, sk oq 1603
E i 2527
gr 1455|1346
o
2 21-
g 376
g o % H e
742
S 18+
1504
16+ T 79 Tin=17ns
4 * 503
124 —F——
809
3 - 10+ —F—Tiz=1.1ns
624
M 5
2+ 6F — ¥
4o V304
L 653
24—
804
0 0+ —F—

Fig. 1. Partial level scheme of '5°Dy.
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the prompt v rays were not observed by Ge detectors.
The combination of the pulsed beam and the recoil-
shadow method!) with the inverse-kinematic reaction
allowed us to measure only v rays emitted via isomeric
states whose half-lives ranged from a few nanoseconds
to sub microseconds. Five HPGe detectors were used
to measure the delayed v rays from the stopper posi-
tion.

Comparing the y-v-gated spectra for Dy mea-
sured in both experiments, the v rays deexciting the
states higher than the E., = 10.3 MeV level could be
clearly observed in the first experiment (Fig. 2(A)),
while only the transitions below that state were de-
tected with the recoil-shadowing setup (Fig. 2(B)).
This indicates that the 10.3 MeV state has a half-life
of more than a few nanoseconds. The half-life of this
isomeric state has been determined to be T}, = 1.6 +

0.6 ns using the conventional centroid-shift method.?

v below Eex = 10.3 MeV|
v above Eex = 10.3 MeV
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Fig. 2. -y coincidence spectra for ***Dy measured at (A)
the target position in the first experiment, (B) the stop-
per position with the recoil-shadowing geometry in the
second experiment. Both figures were created by sum-
ming up spectra gated by 742, 206, 1455, 1346keV
transitions. The energies are noted for the ~ rays

below (open triangle) and above (solid triangle) the

Fer = 10.3MeV state in 15ODy.
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Production and decay properties of 272111 and its daughter nuclei
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H. Xu, A. V. Yeremin, A. Yoneda, A. Yoshida, Y.-L. Zhao, and T. Zheng

[272111, production and decay, excitation function, gas-filled recoil separator}

The search for the heaviest elements is one of the
most important challenges in nuclear physics. We in-
stalled a gas-filled recoil separator (GARIS)Y) for the
research on the heaviest elements at an experimental
hall of the RIKEN Linear Accelerator Facility. As the
first attempt using the separator, we studied the pro-
duction and decay of an isotope 2"'Ds (Z = 110) using
the 20Pb + %4Ni — 27'Ds 4 n reaction in 2002.2) In
the present work, we investigated the production and
decay of 272111 using 2°°Bi 4+ %Ni — 272111 + n re-
action. The synthesis of this nuclide was reported by
Hofmann et al.’*) using the same reaction as that in
the present work. The present result presents the first
clear confirmation for the discovery of 272111 and its
a-decay products, 254Bh and 26%Mt.

The measurement was made at three different
beam energies, 320, 323 and 326 MeV. The reaction
products in flight were separated from the incident
beam through GARIS. The products were then im-
planted into the position-sensitive semiconductor de-
tector placed at the focus of GARIS. The energy and
position signals from implantations and subsequent de-
cays of the products were used for data analysis. Tar-
gets were prepared by vacuum evaporation of metallic
bismuth on carbon backing foils of 30 ug/cm? thick-
ness. The thickness of the bismuth layer was ap-
proximately 280 ug/cm?. The targets were covered by
a 10-ug/cm?-thick carbon to protect the target from
sputtering. Other experimental setups were almost the
same as those described in Ref. 2.

We have observed 14 a-decay chains in total, which
were assigned, on the basis of their energies and time
correlations, to subsequent decays from 272111 pro-
duced in the 2°9Bi(%4Ni, 1n) reaction. The decay chains
observed in the present experiment are summarized
in Fig. 1. The numbers in parenthesis in the figure
denote the numbers of observed events. Three decay
chains ended by spontaneous fission decays. The fis-
sion events are also indicated in the figure. Half-lives
and a-decay energies measured in the present exper-
iment for 272111, 264Bh, and 26®Mt are shown in the
figure. The observed half-life of 272111, 3.87( % ms, is
more than two times longer than the value of 1.6} ms
reported in Ref. 4, while that of 268Mt, 211‘2 ms, is two
times shorter than the value of 42%7) ms reported in
the reference.

Cross sections of the 29°Bi(°4Ni, 1n) reaction were
deduced from the numbers of the observed events,
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Fig. 1. Summary of the observed decay chains. The num-
bers in parenthesis denote the numbers of observed
events.

target thicknesses, beam doses, and the efficiency of
GARIS. Results are summarized in Table 1. The first
three decay chains are excluded from the analysis of
excitation function because of the target deterioration
occurring for those events. The efficiency of GARIS
was assumed to be 80%. In Table 1, E;,; denotes the
projectile energy at the middle of the target. The er-
rors in the cross sections are only statistical ones at
68% confidence level. The cross section value obtained
in the present experiment agrees well with the value
reported in Ref. 4.

Table 1. Summary of the reaction of **Ni on 2°Bi.

Eproj Thickness®! El@fb dose Observed o

MeV pg/cm? MeV 10'®  events pb
320.0 250 317.5 2.0 3 2.6722
323.0 290 320.3 4.9 8 25702
326.0 300 3232 2.5 0 0.0757%
$laverage target thickness

$2at the middle of the target
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Electron scattering from unstable nuclei by a novel SCRIT method

T. Suda, M. Wakasugi, T. Koseki, T. Emoto, T. Ohnishi, H. Takeda, and K. Kurita*

[NUCLEAR STRUCTURE, Unstable nuclei, electron scattering, SCRIT]

Electron scattering is one of the most precise probes
for studing the internal structure of atomic nuclei. In
particular, elastic electron scattering provides precise
spatial charge distribution in a nucleus, which plays
an essential role in our understanding of the nuclear
structure.

We have been discussing possible ways of realizing
electron scattering off radioactive isotopes (RI) in or-
der to study their internal structure."® Recently, a
novel scheme has been proposed, which employs a well-
known ion-trapping phenomenon in electron storage
rings at synchrotron radiation (SR) facilities. Ton trap-
ping is a phenomenon where ionized residual gases by
an electron beam are trapped by the circulating beam
itself. It is known that this ion trapping effect seriously
reduces the performances of the SR facilities, such as
causing shorter beam lifetime and beam instability.

Our novel method is to produce a localized RI target
on the electron beam by the ion trapping effect in a
storage ring, SCRIT (Self Confined RI Target).*® RI
ions are injected from an external ion source.

Numerical simulations have shown that the SCRIT
system may provide sufficiently high luminosity for
elastic electron scattering: 102®/cm?/s being achiev-
able for 108/s ion injection with a 500mA electron
beam current.

The following issues, however, have to be examined
experimentally.

e Does the SCRIT concept really work?

e Can we determine the luminosity accurately?

e Does the detection system properly work near a
high-current storaged beam such as 500 mA?

A test experiment is to be carried out at an exist-
ing electron storage ring, KSR, at Kyoto University.
A SCRIT system equipped with an electron detection
system has been recently constructed for this experi-
ment.

The SCRIT system consists of an ion source for (sta-
ble) Sn nucleus and electrodes placed along the beam
line for longitudinal ion trapping. The externally in-
jected ions are trapped transversely by the circulat-
ing electron beam, and longitudinally by the electrodes
placed along the beam line. The electron detection sys-
tem consists of a drift chamber, a set of plastic scin-
tillators and calorimeters, as shown in Fig. 1. They
are arranged to detect elastically scattered electrons
in the angular range of 30-80 degrees from a spatially
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Fig. 1. SCRIT chamber with planned detection system.
The ion source is not shown.

extended SCRIT of approximately 15cm.

The luminosity is monitored by detecting bremsstra-
hlung v-ray downstream of the straight section, where
the SCRIT system is installed.

The momentum transfer under this kinematics with
100 MeV stored electron beam corresponds to 50—
120 MeV/c, where the elastic cross section for Sn is
larger than 100 mb/sr. The maximum counting rate of
the e+Sn elastic scattering is expected to be 1/s for
the expected luminosity of 10%°/cm?/s. The SCRIT
system is ready to be installed at one of the straight
sections of KSR in the beginning of 2004.

In the future, we plan to install a recoiled-ion de-
tection system, as shown in Fig. 1. By taking coin-
cidences with the electron arm, the elastic scattering
events can be unambiguously identified. In addition,
the time-of-flight information of recoiled ions provides
their mass, since one knows the recoil momentum sim-
ply from the electron scattering angle. The recoiled-
ion detector, where an MCP is a candidate, must not
face the circulating beam directly in order to avoid ex-
pected backgrounds of UV lights from SR and Moeller
electrons. Instead, MCPs detect secondary electrons
emitted from a metal foil that catches the recoiled ions.
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Development of liquid hydrogen target for
EPR experiment at SMART

T. Ikeda,*! T. Saito,*? H. Sakai,*?> T. Uesaka,*® T. Kawabata,*> K. Yako,*? and K. Itoh *!

Einstein Podolsky Rosen (EPR) paradox is famous
as one of the problems of quantum mechanics. We
have challenged this problem by measuring the spin
correlation of a spin-singlet proton pair produced via
the (d,2He) reaction at intermediate energy.!

As a production target in this investigation, a hydro-
gen target is most appropriate because of its simplicity
and its liability to the spin and isospin flips. Thus, we
have developed a liquid hydrogen target for this mea-
surement.

The target consisted of a cyrogenic refrigerator, a
target cell, a thermal shield, and driving gears for mov-
ing and rotating the target (Fig. 1). The target cell was
attached to the cold head of the cryogenic refrigerator
and placed in the scattering chamber of the E4 exper-
imental area. The cell used was made of aluminum to
avoid unnecessary activation and to keep the thermal
conductivity high.

From the estimated production rate of 2He and true-
to-accidental coincidence ratio under the actual exper-
imental setup, it was determined that the thickness
of the target was 70mg/cm?. Aramid foils of 20 mm
diameter and 12.5 ym thickness were used as the win-
dows of the target.

The thermal shield made of aluminum attached to
the first stage of the refrigerator prevented the target
cell from the effect of thermal radiation from surround-
ing materials at room temperature.

This target was used in the experiment for 270 MeV
deutron beams. The operation temperature and inner
pressure of the liquid hydrogen target were 15K and

Cryogenic refrigerator

[ Target cell
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4

Fig. 1. Liquid hydrogen target system.
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0.4 atm, respectively.

Figure 2 shows the target inner pressure and temper-
ature during the experiment. The peaks of this graph
appeared when the target was moved. The cause of
this phenomenon is not known yet.

This graph indicates that the fluctuation of target
temperature was small for a long time; hence, the ef-
fects of beams and thermal radiation were very small.
It is possible to use this target for a long time.

Figure 3 shows the excitation energy spectrum of

Target Temp.
[x]

Target FPressure

Lo

8.010"7F

time[h]

Fig. 2. Target temperature, inner pressure and vacuum de-
gree in scattering chamber.
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Fig. 3. Excitation energy spectrum of remaining neutron.
The upper line indicates the spectrum of the liquid hy-
drogen target, while the lower one indicates the spec-
trum of the empty target cell.



the remaining neutron of the H(d, 2He)n reaction. The
spectra with and without liquid hydrogen in the target
cell were compared. We observe from this figure that
the ratio of true events from liquid hydrogen to back-
ground events from the aramid foil window is more
than 100; thus, the background from the aramid foil is
sufficiently small to be ignored in this experiment.

Hence, it is concluded that the target has a high
stability and a high S/N ratio in the EPR paradox
experiment.
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Evidence for a deeply bound kaonic system K~ ppn in the
‘He (stopped K—,n) reaction'

H. Outa, H. Bhang,*! G. Flanklin,*? K. Gomikawa,*® R. S. Hayano,*® T. Hayashi,** M. Iwasaki,
K. Ishikawa,** S. Ishimoto,*® K. Itahashi, T. Katayama,** Y. Kondo,** Y. Matsuda, T. Nakamura,** S. Okada,
B. Quinn,*? M. Sato,** M. Shindo,** H. So,*! P. Strasser, T. Sugimoto,** K. Suzuki,*® S. Suzuki,*> T. Suzuki,*3
D. Tomono,** A. M. Vinodkumar,** E. Widmann,*® T. Yamazaki, and T. Yoneyama**

[NUCLEAR STRUCTURE, Kaon-baryon interactions, Chiral symmetries]

The kaonic hydrogen X-ray measurement at KEK"
strongly suggests the attraction of the KN interac-
tion in the I = 0 channel. Now A(1405) can be in-
terpreted as a bound state of K~ and a proton. Re-
cently, Akaishi and Yamazaki developed a phenomeno-
logical K N interaction using the K N scattering length
and energy/width of A(1405) and predicted that very
deeply bound kaonic nuclear states — Bx > 100 MeV
— are formed in light nuclei. Due to its strong binding,
a major K + N — ¥ + 7 decay channel is forbidden;
hence the state is considered to have a narrow width
of T' ~ 30 MeV.? In addition, due to the K ~p strong
attraction, the kaonic nuclei forms an extremely dense
system with a central density of 8-10 times the normal
nuclear density,> where we can expect the restoration
of the chiral symmetry.

In the present experiment, we measured the energy
spectrum of neuron by means of TOF from the “He
(stopped K, n) reaction. If the narrow bound state of
K~ ppn is formed, a mono-energetic neutron should be
emitted via the K~ +*He — K ~ppn+n reaction.*) We
placed 2m? of plastic scintillation counter arrays at 2m
from the helium target for neutron TOF measurement.
Absolute timing calibration was carried out using -~y
rays and an overall resolution of A(1/8) = 0.04(o) was
achieved, which corresponds to ¢ = 6 MeV neutron en-
ergy resolution at p, ~ 500 MeV/c. We also required
that a charged particle is emitted from the target re-
gion in the trigger level. Both the incoming kaon and
outgoing charged particle tracks were measured by the
drift chambers and the reaction point was determined
by the vertex between the two trajectories. By deter-
mining the distance of the closest approach (DCA) of
the two trajectories and selecting DC'A # 0 events,
we can detect charged pions from the weak decay of
hyperons (A — Nm or ¥ — Nm decay). Also we can
roughly identify the direction of hyperon emission from
this DC A analysis.

T Condensed from the article submitted to Phys. Lett. B;
Preprint nucl-ex/0310018
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In the high-momentum region of the neutron spec-
trum, backgrounds predominantly originate from the
K~ two-nucleon absorption process (K" NN — Y N;
Y — Nm). Simulation shows that neutron direc-
tion from the background process does not correlate
to that of hyperon emission, whereas the ¥ from the
K~ ppn — XNN decay of the kaonic nucleus tends
to go backward to the formation neutron. Figure 1
shows the comparison of *He (stopped K ~,n) spec-
tra in coincidence with backward/forward ¥ emission.
(Charged pions from the A tend to have a smaller mo-
mentum, thus we eliminated them by selecting a “fast”
charged pion.) The comparison of the two spectra re-
veals a peak at ~470MeV /c in the “backward” spec-
trum. The excess over the background is estimated to
be 3.60 and is statistically significant. Hence, we have
found evidence of strongly bound kaonic nuclei, whose
major decay mode is K ppn — XNN. The binding
energy and width are obtained as By = 165 £+ 4 MeV
and I' < 25 MeV, respectively.
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Fig. 1. Neutron spectra from the *He(stopped K ~, n) reac-
tion in coincidence with backward/forward ¥ emission.
Arrow indicates the K~ ppn bound state.
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Experimental signature of in-medium mass modification of
vector mesons at normal nuclear density

R. Muto, H. En’yo, M. Naruki,* F. Sakuma,* T. Tabaru and S. Yokkaichi, for the KEK-PS E325 Collaboration

[QCD, chiral symmetry, normal nuclear density, mass modification, vector meson)]

We measured invariant mass spectra of ete™ pairs
produced in 12-GeV p+A interaction to investigate the
in-medium mass modification of vector mesons. Mod-
ifications of mass spectra, even at normal nuclear den-
sity, have been predicted by many theories as a pre-
cursor of the QCD chiral phase transition.

The experiment was carried out at the KEK-PS
EP1-B beam line. The data gathering ended in March
2002. We already performed event reconstruction for
all of the obtained data with refined calibration param-
eters for drift chambers. We also performed event gen-
eration using cascade code JAMY and detailed detec-
tor simulation using Geant 42 to analyze the obtained
mass spectra.?) In these analyses, we used approxi-
mately 130,000 cpu-hours of the excellent cpu power of
RIKEN CC-J,% which is originally built for the RHIC
spin physics.

The invariant mass spectra of ete™ pairs are shown
in Fig. 1 for carbon and copper targets. The gray lines
are the best-fit results of cocktails of known hadronic
sources with a combinatorial background. The sig-
nificant excess can be seen on the low mass side of
the clear peak from decays of w mesons in free space,
which is located at 0.78 GeV/c?. The obtained p/w
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Fig. 1. Invariant mass spectra of the 2002 e*e™ data. a)
is for the carbon target and b) is for the copper target.
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ratios from the fit results are statistically consistent
with zero for both targets, which is much smaller than
the known p/w ratio, unity, in p+p interactions in al-
most the same energy.?) This fact implies that most of
the p mesons are modified to the lower mass region in
nuclear matter.

Next, we examined the velocity and nuclear size de-
pendences of this excess. We divided the data into two
groups at 0y = 2.2 of the mesons. We fitted each spec-
trum in the same scheme and obtained the abundances
of w and the excess. Here, the excess was integrated in
the mass region from 0.5 to 0.8 GeV/c2. We also con-
sidered the mass acceptance of the spectrometer by
Monte Carlo calculation. Figure 2 shows the velocity
dependence of the ratio of the excess to the w for each
target. The excess increases in the lower velocity re-
gion and is larger in the heavier target (copper) data
than in the lighter target (carbon) data. These ten-
dencies are geometrically and kinematically consistent
with a picture of meson-mass modification in a nucleus,
since slowly moving mesons in a larger nucleus have a
larger probability of decaying inside a nucleus.

We are setting up a model calculation on the basis
of a theoretical prediction to reproduce the observed
spectrum quantitatively.
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Fig. 2. Velocity and target nucleus dependences of the ratio

of the excess to the w. The vertical axis is the ratio,
while thehorizontal axis is the average 3 value.
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Nuclear mass number dependence of inclusive w and ¢ meson
production in 12 GeV p-A collisions

T. Tabaru, H. En’yo, R. Muto, M. Naruki, F. Sakuma, and S. Yokkaichi, for the KEK-PS E325 Collaboration

[Mass number dependence, Vector Meson]

It has been theoretically predicted that the vector
meson masses could be modified as a consequence of
the partial restoration of the chiral symmetry at finite
density and/or finite temperature.!) We measured the
decays of w — eTe™, ¢ — ete” and ¢ — KTK~ in
12 GeV p+ A interactions. At the low-mass side of the
w meson mass (0.55-0.75GeV/c?) we have observed
the excess of eTe™ pairs in p-Cu collisions, which could
not be explained by the known hadronic sources.?)

Since the predicted mass modification depends on
nuclear matter density, it is important to understand
how the production and decay points are distributed
inside a nucleus. We therefore studied the production
mechanism of the w and ¢ mesons, by measuring the
nuclear mass number dependence («) obtained by the
usual parametrization, o(A4) = 0gA®, where o(A) is
the cross section and A is the target mass number.

The experiment was performed using the EP1-B
beam line of the 12GeV proton synchrotron of
the High Energy Accelerator Research Organisation
(KEK). The 12 GeV proton beam was delivered onto
polyethylene (CHy), carbon (C) and copper (Cu) tar-
gets, and the produced ete™ and KT K~ pairs were
measured by the newly built spectrometer. The ac-
ceptances for ¢ — KTK~ decays covered 0.5-1.5 in
the rapidity (y) and 0.4-1.6 GeV/c in the transverse
momentum (py), and those for decays of w — ete™
and ¢ — eTe™ covered 0.3-1.7 in y and 0-1.1GeV /c
in pp.

The kaon ID was performed with the time of flight
measured by three types of plastic scintillation coun-
ters, the momentum measured by drift chambers,
and the hit association by aerogel Cerenkov counters,
whose refractive index was 1.034. The electron ID was
performed by cascade operation of gas Cerenkov coun-
ters using iso-butane with a refractive index of 1.0019
and electromagnetic lead-glass calorimeters. The pu-
rity of the final KT K~ samples was 89.8 & 2.4%, and
that of the final ete™ samples was 79.5 + 0.2%.

The measured invariant mass spectra consisted of
correlated pairs from resonance decays and uncorre-
lated pairs of combinatorial background. We evalu-
ated the background by mixing events. The spectral
shapes of the correlated pairs and the spectrometer ac-
ceptance were estimated by feeding the result of the nu-
clear cascade simulation, JAM,%) into the detector sim-
ulation. By fitting these spectral shapes to the present
data, we obtained consistent results for the ¢ produc-
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tion cross sections between the decays of ¢ — eTe™
and ¢ — K+TK~, as shown in Fig. 1. We also ob-
tained the w production cross section of 1.4 + 0.6 mb
in p-p collisions by subtracting the C target data from
the CHy data, which was consistent with the previous
measurement of 1.80 £ 0.25mb for p° meson.®) It is
known that the productions of p° and w have almost
the same cross sections in this energy region.®)

From the data of the C and the Cu targets, we ob-
tained the « of 0.83 £ 0.07 for the w production and
that of 1.1 £ 0.2 for the ¢ production measured in the
dielectron decay. In the decay of ¢ — KTK~, we
obtained the o of 1.01 £ 0.08.

Although JAM overestimates these measured cross
sections by factors of 8.93 for w and 2.88 for ¢, it repro-
duced the observed «, y and p distributions of these
mesons fairly well. By examining the cascade processes
in JAM, the large « values in the present data can be
explained by the large contributions of the secondary
and tertiary interactions in a nucleus.
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Fig. 1. Meson production cross sections as functions of tar-
get mass number.
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Geant4 simulation for the KEK-PS E325 spectrometer

F. Sakuma,* H. En’yo, M. Naruki,* R. Muto, T. Tabaru, and S. Yokkaichi, for KEK-PS E325 Collaboration

[Geant4, vector meson, in-medium modification]

We performed an experiment at the KEK proton
synchrotoron to measure the invariant mass spectra
of p, w and ¢ mesons through their ete™ or KTK~
decays in 12GeV p+ A interactions. The data ac-
quisition was completed in March 2002, and we have
observed in-medium modification of the p and/or
w mesons at normal nuclear-matter density for the first
time.?)

To analyze the obtained mass spectra, we have to
evaluate the mass shape from known hadronic sources.
The mass shape could be deformed by the detec-
tor acceptance and the energy loss effects of elec-
trons flying through the spectrometer. To evaluate
such effect, we performed detailed detector simula-
tion using the Geant4 toolkit.?) For electrons and
positrons, Geant4 provides a realistic simulation of
ionization losses, Coulomb multiple scattering and
Bremsstrahlung. The list of materials is summarized
in Table 1. All wires in the drift chambers are input
one at a time (total of 20,000 wires).

Table 1. List of materials input to the simulation code.

Counter | material radius thickness | rad length X/Xo
‘ ‘ [mm)] ‘ X [mm] Xo [mm] (%] |
Target target (C) - 1.00 188.5 0.531

target (Cu)x4 - 0.08x4 14.4 | 0.556x4
Ar-CyHg (50:50) 0.00 245.00 177608.0 0.138
VTC Wire-inner (Be-Cu)® | — 0.018 15.8 0.114
Wire-inner (Au-W)* 0.0004 3.5 0.011
Wire-outer (Be-Cu)® | — 0.024 15.8 0.152
Wire-outer (Au-W)* 0.0006 3.5 0.017
Mylar 245.00 0.05 287.4 0.017
air 245.05 134.95 305225.0 0.044
STC scintillator 380.00 5.00 424.3 1.178
lapping 385.00 0.20 287.0 0.070
air 385.20 14.80 305225.0 0.005
CDC Mylar 400.00 0.05 287.4 0.017
Ar-CyHs (50:50) 400.05 479.95 177608.0 0.270
Wire (Be-Cu)® - 0.031 15.8 0.196
Wire (Au-W)* - 0.0005 3.5 0.014
Mylar 880.00 0.05 287.4 0.017
air 880.05 19.90 305225.0 0.007
FGC Mylar 899.95 0.05 287.4 0.017
isobutane 900.00 660.00 181801.0 0.363
acrylic mirror 1560.00 3.00 382.7 0.784
aluminum cover 1563.00 1.00 88.9 1.125
air 1564.00 5.95 305225.0 0.002
BDC Mylar 1569.95 0.05 287.4 0.017
Ar-CyHg (50:50) 1570.00 80.00 177608.0 0.045
Wire (Be-Cu)® - 0.010 15.8 0.063
Wire (Au-W)¥ 0.0001 3.5 0.003

§ X is average of wire thickness through the flight path of particles. However,
in the simulation, all wires are input one at a time.

*

Department of Physics, Kyoto University

We generated vector mesons from the nuclear cas-
cade code JAM.?) Vector mesons decayed to the ete™
or K*K~ pair, and this pair is traced in the detec-
tor simulator. We obtained the simulated hit data
smeared with the measured chamber resolution, and
analyzed them using the source code used to analyze
read data. Figure 1 shows the ete™ pair trajectory
from w meson decay in the E325 spectrometer.

The invariant mass resolution of 6.1 4 0.3 MeV /c?
is obtained in the w — ete™ decay from the detector
simulation. This result reproduces the real resolution
of approximately 7.4 + 0.5 MeV/c2. With this realis-
tic simulation, we have confirmed the observed excess,
which is expected as a consequence of in-medium mod-
ification and which, cannot be explained by any trivial
detector effects. The observed excess is at least 40%
of the w-peak yield®) while the detector effect is 10%
at most.

To expedite the analysis, we have used CC-J at
RIKEN. We would like to thank the members of the
Radiation Laboratory for their support.

Fig. 1. ete™ pair trajectory from w meson decay in E325
spectrometer.

References

1) K. Ozawa et al.: Phys. Rev. Lett. 86, 5019 (2001).

2) M. Naruki et al.: Nucl. Phys. A 721, 297 (2003).

3) http://geant4.web.cern.ch/geant4/

4) M. Sekimoto et al.: Nucl. Instrum. Methods Phys. Res.
A 516, 390 (2004).

5) Y. Nara et al.: Phys. Rev. C 61, 024901 (1999).
http://quark.phy.bnl.gov/ynara/jam/

6) R. Muto et al.: RIKEN Accel. Prog. Rep. 37, 85 (2004).

87



RIKEN Accel. Prog. Rep. 37 (2004)

Back to Contents

Response of the HXD-II detector to cosmic heavy ions

M. Kawaharada,*! M. Kokubun,*! K. Makishima, S. Hong, Y. Terada, H. Miyasaka,*?> K. Yamaoka,*>
M. Ohno,** Y. Fukazawa,** H. Inoue,*® and T. Takahashi*®

[Iron ion, BGO, HXD-II|

The Hard X-ray Detector (HXD-II) is one of the in-
struments onboard the Astro-E2 satellite, scheduled
for launch in February 2005. The HXD-II probes the
universe in the energy range of 10-600 keV with a sen-
sitivity an order of magnitude better than those of pre-
vious missions.”) The HXD-II consists of well-type 4 x4
GSO(Gd3Si0O5: Ce) /BGO(BiyGeszO12) phoswich coun-
ters called ‘Well-counter units’, each of which works
independently as an extremely low background hard
X-ray detector. The counters form an anticoincidence
system, and are further surrounded by 20 pillar-shaped
BGO counters called ‘Anti-counter units’.

In orbit, the HXD-II is exposed to various cosmic
rays. The dominant components of these rays are pro-
tons and helium ions of which the count rate is ~ 100 Hz
per unit, and the energy deposit is ~100MeV. Al-
though heavier ions are rare, ~0.01 Hz, they could
deposit up to ~GeV wia minimun ionization. The
HXD-IT has been designed and developed by fully tak-
ing these large frequent signals into account.??)

On November 17-18 2002, we carried out a ground
experiment at the E3 beamline of the RIKEN ring
cyclotron as shown in Fig. 1. The objectives of the
experiment were 1) examining the precise shape and
amount of the BGO scintilation activated by heavy
ions, 2) the effect of secondary particles on a Well-
counter unit when heavy ions hit surrounding units,
and 3) confirming the response of the Well-counter
unit and the flight-compatible analog electronics to
real heavy ions. For these purposes, we acceralated
56Fe ions to ~ 90 MeV /nucleon, at a rate of 3-4 Hz so
that individual pulses could be examined. The ioniza-
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tion loss of these ions in BGO is ~ 20 GeV/cm, and
a total kinetic energy of 5 GeV is deposited in < 1 cm.
Therefore, we can simulate the energy delivered by
minimum-ionizing heavy nuclei in the orbit.

Firstly, we attached a BGO block (2 x 2 x 2cm?) on
one end of an acrylic light guide (5 cm x 20 cm X 5 mm),
which was glued to a flight-compatible PMT to pre-
vent it from being exposed to the ion beam. The
measured pulse heights of the °Fe events are 0.7V
at a high voltage of —1000V, and 1.9V at —1200V.
To investigate detailed structures in the pulses, we
magnified and averaged the anode output at —1200 V.
Over a time range of 2.5-7.5 us, no particular devi-
ation from a smooth waveform, such as ringing, was
observed. This implies that the BGO crystal itself be-
haves normally for heavy ions, just like for v rays but
with a much larger output. Referring to calibration
isotopes, we determined that the BGO scintillation for
the 90 MeV /nulceon 5°Fe ion is eqivalent to ~ 500 MeV
in terms of y-ray response. In other words, the quench-
ing factor is ~ 0.1.

Secondly, we placed a Well-counter unit behind an
Anti-counter unit, and irradiated them with the 6Fe
beam through a plastic scintillator used for triggers.
We set an oscilloscope so that it triggered on the coin-
cidence between the plastic scintillator output and the
leading edge of the Well-counter output. We actually
observed simultaneous events with various anode out-
put pulse heights, ranging from 60 to 500mV. These
events were scintillations of secondary particles created
in the Anti-counter unit. If we assume that they are
protons and their quenching factor is the same as that
of heavy ions, namely 0.1, their typical kinetic energy
is estimated as ~ 60MeV. Correcting this value for
the energy loss in the ~ 4-cm-thick BGO of the Anti-
counter unit, we estimate their initial energy to be
~ 170 MeV. Therefore, each ion in the beam is in-
ferred to produce a few tens secondary particles when
hitting an Anti-counter.

Finally, we irradiated the ion beam to the Well-
counter unit at the supplied voltage of 900V. The
anode output was observed to clamp at 3V, while the
Well amplifier output saturated at 4.3 V with an over-
shoot level of 2.4 V. These results confirm the designed
responses of the Well-counter unit to large pulses.
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Dimuon measurement in the NA60 experiment at CERN/SPS

H. Ohnishi, for the NA60 Collaboration

[High-energy heavy-ion collisions, Quark Gluon Plasmal]

The NA60 experiment?) measures the J /¥ suppres-
sion pattern in high-energy In-In collisions at CERN
Super Proton Synchrotron (SPS). Comparing the pat-
tern measured in this new experiment to the pattern
measured in Pb-Pb collisions,? we should be able to
determine the critical scale for the onset of decon-
fined parton condensation, and distinguish between
a parton percolation transition that should occur as
a function of the number of nucleons participating
in the collision, and a thermal transition that should
depend on the reached local energy density. More-
over, NA60 is designed to measure muons arising from
positions displaced with respect to the primary col-
lision vertex, thereby identifying open charm meson
decays and allowing the first clear measurement of the
open charm production cross section in heavy-ion col-
lisions. The complementary analysis extracts a clean
sample of prompt intermediate mass dimuons, where
thermal dimuons can be searched.?) The NA60 exper-
iment comprises a muon spectrometer and Zero de-
gree calorimeter (ZDC) previously used in the NA50
experiment with a new detector, a silicon pixel ver-
tex telescope, placed in the target region. The details
can be found elsewhere.!) The silicon pixel vertex tele-
scope consists of eight 4-chip pixel planes followed by
4 large tracking stations, which are made from two
8-chip pixel planes. The readout chips were developed
for the ALICE and LHC-B experiments® and are ra-
diation tolerance up to 30 Mrad. Each pixel chip is
bump-bonded to a 300 pm thick silicon sensor which
contains a matrix of 32 x 256 pixels of 50 x 425 ym?
size.

In June 2002, NA60 was first used to collect physics
data taking using a 400 GeV/c proton beam incident
on Be, In and Pb targets. The reconstructed dimuon
mass distribution after matching the muon from the
muon spectrometer with the charged tracks in the ver-
tex telescope is shown in Fig. 1. The mass resolu-
tion is found to be approximately 25 and 30 MeV for
the w and ¢ peaks, respectively. Furthermore, as seen
in Fig. 1, the acceptance for the low-mass dimuon
pairs is extended down to very low pr which allows
us to explore the window of low mass dileptons where
the CERES collaboration observed a strong anoma-
lous excess of low-mass electron pairs.?) These results
confirmed the feasibility of the experiment and gave
a good outlook for the subsequent runs with proton
and Indium beams.

In the physics run in October 2003, we collected the
first data of heavy-ion collisions induced by indium
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Fig. 1. Left figure shows, dimuon mass distribution for
p-Pb collisions; Right figure shows pr distributions
measured in different mass windows.

ions on 158 GeV/c per nucleon on indium targets. Fig-
ure 2 shows a typical In-In collision event reconstructed
with the NA60 vertex telescope. This figure illustrates
that the NA60 vertex telescope was operating well dur-
ing the heavy-ion data collection period. The analy-
sis of the data is in progress, to answer the question
whether quark gluon plasma formed in the matter cre-
ated by heavy-ion collisions at CERN SPS.

Fig. 2. Tracking of charged particles produced in one
Indium-Indium collision and traversing the silicon pixel
telescope.
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First measurement of muon transfer reactions with argon ions
implanted in solid deuterium films

P. Strasser, K. Nagamine,* T. Matsuzaki, K. Ishida, Y. Matsuda, K. Itahashi, and M. Iwasaki

[Muonic atom spectroscopy, Solid hydrogen film, Ion implantation]

Muonic atom spectroscopy! has for many years
played an important role in establishing and refining
nuclear structure models, and has been successfully
used to study stable nuclei. Muonic X-ray measure-
ments can yield very precise and absolute values for
the charge radii and other ground-state properties. We
proposed the cold (solid) hydrogen film method? to
extend muonic atom spectroscopy to the use of nuclear
beams, including in the future RI beams, and to pro-
duce radioactive muonic atoms. This method would
allow studies of unstable nuclei by means of the muonic
X-ray method at facilities where both intense p~ and
RI beams would be available. The basic concept is to
stop both beams simultaneously in a solid hydrogen
(Hz/D3) film, followed by the direct muon transfer re-
action to higher Z nuclei to form radioactive muonic
atoms. An experimental program has been initiated
at the RIKEN-RAL muon facility to experimentally
establish the feasibility of this method.® An experi-
mental setup (uA*) was constructed to implant stable
ions in solid hydrogen films.*) The first results with
implanted argon ions have recently been obtained.

Two different target configurations were investi-
gated. At first, a two-layer arrangement was used. The
primary layer made of 0.5-mm Hs/Ds is used to effi-
ciently stop 27MeV/c p~ followed by pu formation,
pp to dp transfer and du emission with the help of the
Ramsauer-Townsend effect in the diffusion of the du
atoms, while the second layer made of pure Dy (several
pm thick) with implanted Ar ions is used to confine the
production region of muonic argon (uAr) atoms to an
optimized film thickness. This scheme would require
a smaller amount of implanted ions. The germanium
energy spectra shown in Fig. 1(a) very clearly indi-
cates pAr 2p — 1s transition X-rays at 644 keV from
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Fig. 1. Total energy spectra measured with (a) 0.5-mm
H3 /D3 & 7-pm D2 (Ar), and (b) 0.5-mm Ds(Ar).
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the muon transfer reaction. Approximately 10'¢ Ar
ions per cm? were implanted in a Dy thickness of 5 um
using alternate implantation and Dy deposition, which
corresponded to an average concentration of 500 ppm.
At this concentration, all du atoms emitted from the
primary Hs/Dy layer are expected to transfer very
rapidly. Only “short” delayed events are observed,
mainly due to the diffusion time of the du atoms be-
fore reaching the added Dy layer. The triangular peaks
observed at 596 keV and 691 keV result from inelastic
neutron excitation of the Ge isotope nuclei within the
detector itself.?) The neutrons are produced following
©~ capture on nuclei.

Later, a pure Dy layer was used, and each Ar im-
plantation was separated from the next by depositing
about 20 um of D5 to make a total Do layer thickness
of 0.5 mm. Each implantation region had a thickness
of only 0.1 um with a local concentration of 1000 ppm.
The average Ar concentration throughout the Dy layer
was around 5 ppm, corresponding to approximately the
same amount as used in the previous target. Fig-
ure 1(b) clearly shows that even with an inhomoge-
neous target, very strong muon transfer events can be
detected. Due to the strong reduction of the Bragg
cross section at low dy collision energies in solid Dy,%
the du atom mean free path is strongly increased to
nearly 10-20 pm below ~ 1 meV, resulting in a high du
atom mobility and a very long diffusion length. Pre-
liminary analysis shows that the 644 keV X-ray disap-
pearance rate is consistent with an average Ar concen-
tration of 5ppm. At this concentration, most of the
muon transfer is delayed, and the S/N ratio can be
greatly improved by selecting only delayed events.

This first test experiment was performed with a large
amount of implanted Ar ions. Further measurements
are planned with reduced Ar concentrations to study
the muon transfer reaction and investigate the diffu-
sion process of du atoms in solid. This effect will limit
the minimum layer thickness that can be used in the
two-layer arrangement without being affected by du
atom loss.
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Measurement of the magnetic field effect in muon catalyzed fusion

K. Ishida, T. Matsuzaki, M. Iwasaki, Y. Matsuda, K. Nagamine,*! N. Kawamura,*! H. Imao,*?
M. Kato,*3 H. Sugai,*® M. Tanase,*® and G. H. Eaton**

[Muon catalyzed fusion]

Muon catalyzed fusion (CF) has been studied un-
der a variety of D/T target conditions since the start
of the RIKEN-RAL uCF experiment in 1995. One of
the main interests in the study of uCF is the improve-
ment of energy production efficiency, which can be
achieved by larger A, (cycling rate of uCF process) and
smaller W (muon loss per cycle). However, there are
some experimental conditions whose effect on pCF has
not been studied sufficiently, and the magnetic field is
one of them. While uCF experiments at PSI, LAMPF
and Dubna were mostly carried out without a magnetic
field, uCF experiments at RIKEN-RAL were all car-
ried out under a strong magnetic field of 2.4 T only, be-
cause this is the field where the muon beam is best fo-
cussed to the D/T target which has a size of only 1 cm?.

Theoretically, it is not common to presume that the
magnetic field would affect the reactions of muonic
atoms, since the magnetic field effect on the energy
level is very small compared with the energy scale of
the muonic atoms. However, there were several theo-
retical investigations predicting the possible magnetic
field effect on the muon-to-alpha sticking, which is the
main source of muon loss in pCF.

Melezhik and Schmelcher proposed? that a mag-
netic field would stimulate transitions between the Im
sublevels of a moving (au)™ ion formed by muon-to-
alpha sticking. The field-stimulated transitions can
compete with other processes such as muon stripping
from the (au)™t ion and may change the effective stick-
ing probability. Another calculation indicates the mag-
netic field effect on the muon-to-alpha sticking through
the contribution of convoy muons.?) There can be,
although with a small probability (~ 0.5%), a con-
voy muon produced after fusion, which moves slightly
ahead of the alpha particle but is not initially captured.
The alpha particles may finally catch up with some of
the convoy muons and result in sticking. A magnetic
field reduces the probability of recombination of muon
and alpha particles by separating the tracks of oppo-
sitely charged particles. Thus it is important to study
experimentally whether there is any indication of the
magnetic field effect to test these predictions.

The experiment was performed under four magnetic
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fields (0, 1.2, 2.4 and 3.3 T) for liquid D/T with a triti-
um concentration of 30%. Fusion neutrons and various
muonic X-rays were detected while the number of stop-
ping muons were determined by counting the muon-
decay electrons. The result is summarized in Fig. 1.

As expected, the muon stopping rate was signif-
icantly reduced at 0 and 1.2T compared with that
at 2.4T. Even with this large difference in measure-
ment conditions, the cycling rate and the muon loss
probability, which is mainly due to the muon-to-alpha
sticking, were almost independent of the field within
+5% for the liquid D/T. K, X-ray yield slightly in-
creased with magnetic field by 30% (2.5 0). The result
is opposite to that predicted based on convoy effect,?
of decerasing muon-to-alpha sticking and X-ray yield
as magnetic field is increased. On the other hand,
the stimulated transition') enhances 2s-2p mixing in
(ap)™ and increases the K, emission and thus it is
consistent with, or at least does not contradict, our
result. In order to further confirm the magnetic field
effect on pCF and its dependence on the target condi-
tion, measurement of the magnetic field effect in solid
D/T is in progress.
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Fig. 1. Preliminary result on field dependence of the num-
ber of muons stopped in liquid D/T target, uCF cycling
rate (A), muon loss per cycle (W), and the amount of
ap Ko X-ray per fusion.
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SF¢ dielectric molecules: Electron and positron scattering dynamic
properties and possible applications

C. Makochekanwa* and M. Kimura

SFg, sulfur hexafluoride, is a man-made gas, and
is presently one of the most widely and extensively
used gases for commercial and research applications.?
Therefore, its various physical and chemical proper-
ties, and dynamical behavior under various applica-
tion conditions have been broadly studied. However,
it is also now known as one of the most serious green-
house gases since it is an efficient absorber of infrared
radiation at wavelengths near 10.5 pm, and is solidly
stable in chemical and photolytic reactions and hence,
remains permanently once released in air. Hence, con-
cerns over its environmental impact have newly gen-
erated interest for performing a more comprehensive
study of this gas. Accordingly, we have undertaken a
comparative study of electron and positron scattering
from this molecule from 0.6 eV to 1000eV. By investi-
gating electron and positron scattering comparatively,
more detailed underlying physics of spectroscopic and
dynamical aspects is expected to emerge and also crit-
ical evaluation of electron scattering cross-section data
becomes possible.

Earlier studies on dynamical aspects of this molecule
include, total cross-section measurements by electron
and positron impact by Dabaneh et al.,?) and swarm
experiments by Christophorou et al.!) Phelps and Van
Brunt have compiled all available data of electron im-
pact, and published a complete set of cross-section
data for a wide range of energy from 1 meV to 1keV.?)

Although agreement between the present results and
earlier ones reported by Dabaneh et al. on both elec-
tron and positron scattering cross sections for SFg is
found to be good, this study covers more extended im-
pact energies, compared to those of Ref. 2.

Total cross-section measurements for 0.4-1000 eV by
electron and 0.2-1000 eV by positron impacts were per-
formed using an absorption type time-of-flight appara-
tus as in our previous works.?) The present results for
total cross sections (TCSs) and elastic cross sections
(ECSs) are shown for electron and positron impact in
Fig. 1(a) and (b), respectively. The result of elastic
cross section was obtained theoretically by using the
continuum multiple-scattering (CMS) method.”)
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H* + CH, collisions below the 1.5 keV regime

H. Suno,*! M. Kimura,*' R. J. Buenker,*> A. Watanabe,*> and I. Shimamura

Electron capture in collisions of ions with atoms in
the low-keV-energy regions is one of the most impor-
tant processes in experimental and theoretical atomic
physics as well as in applications to astrophysics and
fusion research. Relatively comprehensive studies have
been carried out for a variety of atomic targets and
various charged projectiles in a wide range of collision
energies (meV to keV), but those for molecular targets
are still scarce, both experimentally and theoretically.

This report concerns a rigorous theoretical investi-
gation of the electron capture process in the collision
of H* ions with CHy molecules in the region below
a few keV. This hydrocarbon molecule, CHs, exist in
various atmospheric and astrophysical environments.
It also plays a key role in various molecular reactions
involving carbon atoms in the universe. We consider
four different scattering conditions for collision dynam-
ics: (i) the proton approaches the C atom along the bi-
sector of the H-C-H bond angle, passing the midpoint
of the H-H line; (ii) it travels along the same line as
in (i), but in the opposite direction; (iii) the proton
approaches the C atom in the H-C-H plane and per-
pendicularly to the bisector of the H-C-H bond angle;
(iv) the proton approaches the C atom perpendicularly
to the H-C-H plane.

The adiabatic potential-energy curves are calculated
by the multireference single- and double-excitation
configuration-interaction (MRD-CI) method,"? with
configuration selection and energy extrapolation em-
ploying the Table-CI algorithm.?) The ab initio calcu-
lations are performed for each of the four configura-
tions mentioned above. Scattering dynamics is stud-
ied on the basis of the fully quantum formulation of
a molecular-orbital expansion method. The total scat-
tering wave function is described in an adiabatic rep-
resentation as an expansion in products of electronic
and nuclear wave functions and the electron transla-
tion factor. Substitution of the total scattering wave
function into the stationary Schrodinger equation and
transformation to the diabatic representation®) yield
the coupled equations

1
ZARI ~V4R)+EI| X%R) =0, (1)

where k = (2uE)'/? is the momentum of the projec-
tile, u the reduced mass of the system, I the identity
matrix, V% the diabatic potential-energy matrix, and
X4(R) the nuclear wave function in the diabatic rep-
resentation. The coupled equations (1) are solved nu-
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merically to obtain the scattering S' matrix for each
partial wave [.>) The differential cross section is then
given by

2

do(9) _ i ;(m 1){8is — S} Pi(cos) | , (2)

where 6 is the scattering angle in the center of mass
coordinates.

The differential cross sections for electron capture
are shown in Fig. 1 for all four molecular configurations
(i)—(iv), for scattering angles of 0°~180° at 1.5 keV. For
all cases, the differential cross sections oscillate rapidly
when 6 < 5°, while they are all relatively smooth when
5° < 0 < 25°. We noted that the magnitude of the
differential cross section for case (i) is nearly the same
as that for case (ii) in the region 6 < 30°. For all cases,
oscillatory structures are present when 6 > 30°.

In conclusion, the dependences on the molecular
orientation—The steric effects—are conspicuous in
HT 4 CH; collisions.

do/dQ (cm2/sr)

10° A . . PR NI
0 30 60 9(;) 120 150 180

Fig. 1. Differential cross sections for electron capture for
the four molecular configurations (described in the text)
at 1.5keV.
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Resonant coherent excitation of 2s electron of Li-like Fe and Ni ions

T. Ikeda, Y. Nakai, Y. Kanai, T. Kambara, N. Fukunishi, T. Azuma,*! K. Komaki,*?
C. Kondo,*? and Y. Yamazaki

When the energy difference between two levels of
ion channeling through a crystal agrees with the en-
ergy of a “virtual-photon” of the periodic crystal field,
the ion is resonantly excited. This is referred to as
the “resonant coherent excitation (RCE)”. In the case
of ion channeling in the (220) plane of a Si crystal,
the transition energy, Firqns, iS given by the equations
kcosf/a + Isinf/(a/v2) = Eirans/hcyf in the case
that 6 is the angle between the incident beam and the
[001] axis and k cos 0/ (a/\/2)+1sin/a = Erans/heyf
in the case that 0 is the angle between the incident
beam and the [110] axis. Here, k& and [ are inte-
gers, a is the lattice constant, ¢( is the ion velocity,
v =1/4/1— /2, and h is the Planck constant. Many
RCE experiments have been performed but no RCE ex-
periments on the outer-shell electrons of systems with
three or more electrons have been reported to the best
of our knowledge. Azuma and coworkers have found
that resonances are quite sharp in a series of RCE ex-
periments using the planar-channeling of relativistic
H-like and He-like heavy ions.'® Therefore, we can
expect a sharp resonance structure also for the RCE
of a 2s electron of Li-like heavy ions.

We measured the 2s electron RCE at the n = 3 states
of 83MeV/u Fe?3t and 72MeV/u Ni?*** ions. The
experimental setup was described in other reports.®®
A 7-pm-thick Si (001) crystal was vertically mounted
so that the beam direction was near the [001] axis for
Fe?3* and this crystal foil was 45° inclined so that the
beam direction was near the [110] axis for Ni*>T. The
ions emerging from the crystal were deflected by an
analyzing magnet downstream of the Si target in order
to separate the final charge states. A two-dimensional
position-sensitive detector (2D-PSD) was located 8 m
downstream of the analyzing magnet, which detected
Li-like, He-like, H-like and bare ions.

Electrons in the excited state are much more eas-
ily stripped in the crystal target than those in the
ground state. Therefore, the fraction of surviving Li-
like ions, f(Li-like) = N(Li-like)/[N (Li-like)+N (He-
like)+ N (H-like)+N (bare)], should decrease when the
Li-like ions are resonantly excited, where IV is the num-
ber of Li-like, He-like, H-like and bare ions emerging
from the crystal. The survival fraction f(Li-like) was
measured as a function of rotation angle 0. Figure 1
shows f(Li-like) for Ni?>* under the resonance condi-
tion of (k,1) = (1,1), where 0 is the angle from the [110]
axis. Five resonance dips can be observed. For Fe?37,
a similar resonance dip structure was also obtained.
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Fig. 1. Survival fraction f(Li-like) for 72 MeV /u Ni*** un-
der the resonance condition of (k,l) = (1,1). Open
circles and solid circles correspond to different experi-
mental runs.

By comparing the transition energy of each dip with
spectroscopic data, we assigned dip A to the transi-
tion from 2s; /5 to 3s1 /2, dip B from 2s; /5 to 3py /2, dip
C from 2s; /5 to 3p3/2, dip D from 2s; /5 to 3dz/, and
dip E from 2s; /5 to 3ds/2. Surprisingly, the resonance
dips corresponding to optically forbidden transitions
(dip-A, dip-D and dip-E) can be observed as well as
optically allowed transitions (dip-B and dip-C). Here,
an optically allowed transition denotes the E1 transi-
tion and an optically forbidden transition is any other
transition. We are considering two possible reasons for
the observation of the optically forbidden transitions:
(1) The transitions from the 2s state to the 3s and 3d
states become less and less optically forbidden as the
distance from the channel center increases, due to E1
transition via the 3p component in the Stark-mixed 3s
and 3d states. (2) In the crystal periodic field, tran-
sitions with a large momentum transfer become more
important. It is thought that transitions with a large
momentum transfer occur far from the channel cen-
ter. Therefore purely optically forbidden transitions
become more important with increasing distance from
the channel center.
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Elastic wave from fast Xe-ion irradiation on solids

T. Kambara, Y. Kanai, T. M. Kojima, Y. Nakai, Y. Yamazaki, A. Yoneda, and K. Kageyama*

When a fast heavy ion passes through a solid, it de-
posits its kinetic energy through electronic excitations
which may result in temporary or permanent atomic
displacements in the lattice. Such atomic displace-
ments, besides thermal expansion, can generate stress
and strain along the ion path inside the bulk. On the
other hand, the ion irradiation might result in the ejec-
tion of atoms or molecules from the surface to vacuum,
and the recoil of the ejection stresses the surface. In
either case, the stress and strain generated by the irra-
diation propagate in the bulk as elastic waves, which
can be detected by ultrasonic sensors at a distance of
more than 30 mm. The source of the stress can be lo-
cated by precise measurements of the propagation time
of the elastic waves.

We have performed such seismological analyses of
irradiation effects by fast heavy ions on solids at the
RIKEN Ring Cyclotron. Solid targets were irradi-
ated with single-bunch heavy-ion beams, and wave-
forms from piezoelectric ultrasonic sensors were ob-
served with an oscilloscope. Results with a 3.8 GeV
Ar beam on various solids have been reported previ-
ously,!) where the depth of the elastic wave correlated
with the range of the ions in the material calculated
with the TRIM code.?)

Here, we report another experiment to locate the
source of the elastic waves generated by 3.54 GeV
136X e jons. The experiment setup is almost the same
as that described previously: A 10-mm-thick plate of
sample material is irradiated by a single-bunch ion
beam and the generated elastic waves are detected
at the back of the plate. The present experiment re-
quires more precision in the source-position measure-
ment since the range of the Xe ion (approximately
0.3 mm) is much shorter than that of the Ar ion (ap-
proximately 4.2mm). Since the uncertainty of the
propagation-time measurement is mainly due to the
signal delay of about 80ns caused by the piezoelectric
sensors and amplifiers, we have performed complemen-
tary measurements with a pulse YAG laser to cancel
the delay. Since the laser is absorbed in metal within
1 pm from the surface, the laser-generated waves travel
across the sample from surface to surface. If the ion ir-
radiation generates elastic waves inside the sample, the
waves travel in the sample to the sensor by a shorter
distance, as shown in Fig. 1. The difference in elastic-
wave arrival time between the ion and laser irradiations
corresponds to the depth of the ion-generated waves.

Before and after the ion irradiation on an Al sample,
we irradiate the sample using a laser with an energy
of 0.3-0.5mJ/pulse. The acquisition of the waveform
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Fig. 1. Schematics of beam and sensor setups for laser (left)
and ion (right) irradiations.

is triggered by the reflected light signals from a photo-
diode. In both ion and laser measurements, the setup
of the sensors and the amplifiers are unaltered. Fig-
ure 2 shows the onset of the longitudinal waveforms by
the Xe-ion (upper) and YAG laser (lower) irradiations.
The origin of the time axis is set to the impingement
with corrections for the differences in cable length and
flight time of the ions. The waveform by the ion beam
is normalized to 10 ions per bunch.

The onset of the ion-generated elastic wave is ahead
of that of the laser-generated wave by about 45 4+ 5 ns.
Since the velocity of the longitudinal wave in this
sample has been determined to be 6514m/s, this
delay time corresponds to a source depth of about
293 £32 pm. It is in good agreement with the range of
the Xe ions of 288 um calculated with the TRIM code.

The shape of the elastic wave onset pulse is different
between the ion and laser irradiations: It is broader for
the ion than the laser irradiation. The precision of the
delay time is limited by the slow increase in the elastic
wave by the ion irradiation. In the ion irradiation, the
source region of the elastic wave should spread over
the ion range, and the analyses of the waveform could
reveal the distribution of the radiation-induced stress.
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Fig. 2. Elastic waveforms at the onset of the longitudi-
nal wave by 3.54-GeV Xe ions (upper) and YAG laser
(lower).
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Effect of GeV-ion irradiation on Fe-Ni invar alloys

F. Ono,*! A. Iwase,*? S. Komatsu,*! H. Kanamitsu,*! Y. Chimi,*® N. Ishikawa,*? and T. Kambara

Fe-Ni alloys with a Ni-concentration approximately
35 at% are called invar alloys that are known to ex-
hibit various anomalies in both mechanical and mag-
netic properties.?) These anomalies are as follows:
very small thermal expansion coefficient, anomalous
decrease in the spontaneous magnetization from the
Slater-Pauling curve, and very large pressure depen-
dence of the Curie temperature T¢. These anomalies
are associated with the instability of the ferromagnetic
condition of the 3d-electrons.?) The Curie tempera-
tures of Fe-Ni invar alloys were reported to decrease®
with pressure at a high rate of —36 K/GPa. Therefore,
high-energy ion irradiation is expected to introduce a
large positive change in T through the negative pres-
sure associated with the irradiation-induced lattice ex-
pansion.

The effect of high-energy ion beam irradiation on
Tc of Fe-31.9 at%Ni invar alloy was investigated and
reported to increase with irradiation dose.*®) In these
reports, unfortunately, the data before irradiation are
missing.  Therefore, it was not possible to check
whether the dose-dependence of T is linear. In this
report, we present a full curve of the dose-dependence
of Tc.

Thin rectangular plates of Fe-30at%Ni Invar al-
loy were prepared. The irradiations were carried
out at room temperature with 3.8 GeV Ta ions to
the ion-fluence of the order of 10'3/cm? using the
RIKEN Ring Cyclotron. Observed ac-susceptibility-
temperature curves before and after the irradiations

Normalized AC susceptibility

before irr.

1 L L L
300 320 340

ZEIBO 3é0
T(K)

Fig. 1. Temperature dependence of ac susceptibilities for

Fe-30 at%Ni invar alloys before and after irradia-

tion with 3.8 GeV Ta ions to a dose of up to 1.5 x

10" ions/cm®.
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are shown in Fig. 1. The ac susceptibility decreases
suddenly at the Curie temperature. In this figure it is
evident that T increases with irradiation dose. The
dose dependence of T¢ is shown in Fig. 2, where a
sublinear relationship is clearly seen.

This sublinear effect indicates that there are at least
2 or more origins®”) that contribute to the increase
in Tc. A possible mechanism is the lattice expansion
associated with the introduction of pointlike defects
and tracks along the paths of ion beams. Because the
pressure dependence of T in Fe-Ni Invar alloys is large
and negative, T¢ increases with the negative pressure.
Another mechanism is compositional changes induced
by irradiation.

40 T

Fe—30at%Ni

o 3.8GeV Ta
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N
?
L
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Fig. 2. Change in Curie temperature with irradiation dose
in Fe-30 at%Ni invar alloy.
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Evaluation of single-event effect in power MOSFET

N. Ikeda,*! S. Kuboyama,*! K. Oka,*! H. Sato,*! H. Ohira,*? Y. Morishima,*?
H. Otomo,*? O. Shimada,*? N. Inabe, and M. Kase

A power MOSFET (metal-oxide-semiconductor field-
effect transistor) is a key device in a power circuit
which achieves low ON-resistance and fast switching.
A MOSFET to be used in space is required to have ra-
diation hardness. Protons, heavy ions and other par-
ticles in space could cause single-event effects and lead
to semiconductor device malfunction or failure. Single-
event burnout (SEB) is the main concern regarding
power MOSFETs. SEB is triggered by a heavy ion
passing through the device when it is off. Transient
current by such an ion turn on a parasitic bipolar
transistor, which results in burning out of the device
and its possible destruction.’) JAXA has developed
a radiation-hardened power MOSFET for use in space.
It has SEB tolerance up to the rated voltage (drain-
source voltage, Vpg). Several parameters for hardness
were determined, and their performances were verified
by 8Ni'?* irradiation tests using the RIKEN Ring Cy-
clotron. Energy, LET and the range of ions in a device
were 300 MeV, 26 MeV /(mg/cm?), and 50 um, respec-
tively.

The EPICS (Energetic Particle Induced Charge
Spectroscopy) system developed by JAXA, was intro-
duced to observe SEB. It collects charges of holes and
electrons generated by the penetration of an ion. SEB
resistance is judged on the basis of the spectra of those
collected charges with Vizg (gate-source voltage) equal
to zero and several Vpg values. Typically, two peaks
are observed in the spectra, which are here called the
1st peak and the 2nd peak. They have different mecha-
nisms of charge collection. The 2nd peak grows (shifts
to the right) with the increase of Vpg and becomes
the SEB peak which has a much larger collection of
charges. Therefore, the performance of the 2nd peak
is a good index of SEB resistance, and it is better to
have a 2nd peak with smaller charges.

The upper graph in Fig. 12 shows the spectrum
of a MOSFET whose epi-layer parameters (resistivity
and thickness) of have been improved. The collected
charges of the 2nd peak are less than those of a refer-
ence MOSFET (lower graph). No SEB was observed
up to the rated Vpg.

Figure 2% shows the spectrum difference of other
parameter, which is the length of an n-layer protrud-
ing out from the p-layer under the gate. SEB was
observed in the longest of the three devices. The two
other devices exhibit almost the same spectrum. The
SEB threshold was determined from this result.
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Fig. 1. SEB spectra of the 150V power MOSFET with
improved epi-layers (upper). Collected charges of 2nd
peak are smaller than those of reference (Vps = 135V).

medium

count

1. OE+00 1. 0E+01 1. 0E+02 1. 0E+03

col lected charge (pC)}

1. 0E+04 1. OE+05

Fig. 2. SEB spectra of 250 V power MOSFETSs with other
parameter, which is the length of an n-layer protruding
out from the p-layer under the gate. SEB occurred in
the longest device (Vps = 220V).

There are some other parameters for SEB, and their
effectiveness for SEB tolerance was proved by the irra-
diation experiment at RIKEN.
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Collective luminescence of extremely dense electron-hole pairs
created in ion tracks in insulators

K. Kimura,*' M. Koshimizu,*' K. Asai,*? and M. Kase

We have found ultrafast luminescence (r < 100 ps)
from incipient heavy-ion track cores in insulator crys-
tals such as alkali halides, metal oxides, and alkaline-
earth halides.”) This luminescence is the first observed
collective behavior of track cores of ions, and precedes
that due to known excitons or excited states of im-
purity or defect centers. Such luminescence can be
detected using not only fast sensitive detection tech-
niques but also the beam condition under which en-
ergetic electrons to eject further secondary electrons
are negligibly small and moreover the track-core effects
are major. We have developed techniques for lumines-
cence measurements with a time resolution of 85 ps.!
To make the core effect prominent and to equalize the
incident ion velocity, the equal incident ion energy of
2MeV /nucleon was used so that we could compare the
dependence on excitation density in the track cores
reasonably for different ions, and moreover there is
the maximum stopping power near this ion energy.
Time-resolved (TR) measurements revealed ultrafast
and broad luminescence preceding known luminescence
bands. Furthermore, experimental results character-
ized the luminescence as follows, namely, its efficiency
showed the super-linear increase to excitation density,
the large dependence on the materials and the insensi-
tiveness on temperatures; the decay-curve has no tail
beyond the exponential, and the spectral shift from
the absorption edge was the large Stokes shift. These
results suggest the ultrafast luminescence corresponds
to the stimulated emission caused among adjacent e-h
pairs.

This report exhibits the results for a single crystal
of MgO. This material is known as a unique insu-
lator that has strong free-exciton luminescence and
shallow-trapped-exciton luminescence in the vacuum
ultraviolet region while it has no self-trapped exci-
tons as are familiar in alkali halides. Under the
present extremely high-density excitation, it is inter-
esting whether free excitons can combine to form the
stationary electron-hole plasma known in semiconduc-
tors, and also whether the ultrafast luminescence pro-
cess is related to the radiation resistivity known in
MgO. Figure 1 shows a time-integrated luminescence
spectrum at 4 K obtained with cathode-ray irradiation,
TR luminescence spectra at low temperature for N,
Ar, and Xe ions, and that at room temperature for Ar
ion, from top to bottom. The spectrum obtained us-
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Fig. 1. Excitation-density-dependent time-resolved lumi-
nescence spectra.

ing the cathode ray exhibits a sharp band at 162nm
and a weak shallow-trapped exciton band on the right
side. The 162nm band is due to free-excitons as re-
ported so far. In contrast, the ion irradiated MgO re-
vealed a new broad band at 180 nm, whereas the free
exciton band was quenched with increasing excitation
density, namely from electron to Xe irradiation, the
180nm band appeared and increased in its intensity,
while the free exciton band increased in quenching rate
and disappeared completely by Xe-ion irradiation. The
TR spectra at room temperature, given at the bottom,
show that luminescence efficiency of the new band does
not decrease markedly whereas that of the free excitons
disappeared completely. These results mean that the
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new luminescence does not originate from the free ex-
citons but the excited species in the earlier stage before
free excitons are created. Although the spectral shift
looks as if it is caused by the binding energy among
the free excitons, the value of 0.9€V is too large. Oth-
erwise, the shift associated with the trapping of the
hole is reasonable. This trapping, however, is not due
to tight binding (deep trap) such as the self-trapping
of the hole seen in alkali halides but due to shallow
one generated by orientation and displacement of O?~
surrounding holes (O7) like polarons. This situation
is similar to that observed for the electron-hole plasma
in alkali halides.?) Thus, the present luminescence is
largely different from the e-h plasma known in laser
irradiated semiconductors. However, it is not the sane
as that of alkali halides considering its much smaller
shift from the gap energy and smaller density of e-h
pairs than the case of alkali halides. The e-h plasma
for MgO seems to a little expand in volume because of
shallow and mobile hole-trapping.

100

Lastly, the present photoemission seems to account
for the radiation resistivity of MgO that it reduces the
defect production caused by the effect of high-density
excitation. Recently, it has been reported that MgO
was the lowest in the sputtering yield on metal oxides
attributed to high-density excitation. The yields in-
creased in the following order: MgO, A1503, TiOq,
and SiO5.%) Contrarily, yields of the e-h plasma lumi-
nescence were reverse to this.
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Comparative study on electron-hole plasma formed in
heavy-ion irradiated MgO and CdS

M. Koshimizu,* K. Kimura,* K. Asai,* and M. Kase

The irradiation effects of swift heavy ions in semi-
conductors and insulators are characterized by high-
density electronic excitation along their paths. In or-
der to understand the dynamics of high-density exci-
tation states, we measured the time-resolved lumines-
cence spectra using a SISP (single ion and single pho-
ton time correlation) system, with a time resolution of
80 ps. One of the authors (K. K.) observed the lumi-
nescence bands having very short lifetimes in alumina
and alkali halides.’? These bands can be ascribed to
the multiple interaction of the high-density excited car-
riers analogous to electron-hole plasma (EHP) in semi-
conductors.?) However, the detailed discussion is still
incomplete due to the difficulty in treating such an
excited state in insulators with strong electron-lattice
coupling.

In this study, we aim to compare the dynamics of the
high-density excited carriers produced by heavy ions in
MgO and CdS. In CdS, the electron-lattice coupling
is very weak, and can be treated by considering the
phonon scattering of the excited carriers. In contrast,
in MgO, self-trapped excitons (STEs) are supposed to
be stable although self-trapped holes are not formed,
and a luminescence band due to free excitons is ob-
served at low temperature.?)

In the time-resolved luminescence spectrum of CdS
at 15K induced by 2MeV /nucleon Xe ions, the spon-
taneous luminescence of EHP was observed, as shown
in Fig. 1. We analyzed the shape of this band in ac-
cordance with Goebel,”) and we have obtained a car-
rier temperature and an electron-hole concentration of
15K and 1.2 x 10" cm™3, respectively. In contrast,
for the case of 2MeV /nucleon Ar irradiation, a rather
sharp luminescence band due to EHP was observed
at 12K, and the carrier density was obtained to be
3.0 x 10'® cm 3. This carrier density is consistent with
the results of calculation on the carrier diffusion dy-
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Fig. 1. Time-resolved luminescence spectra of CdS irradi-
ated with 2.0MeV/n Xe (a) and Ar (b).
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namics taking into account the optical phonon scat-
tering of the excited carriers, the method of which is
described for GaAs in Ref. 6. Therefore, the spatial
behavior of the excited carriers along the ion trajec-
tory can be described in terms of the carrier-phonon
scattering.

For MgO, a free exciton (FE) band was observed
when the excitation density was low in the time-
resolved luminescence spectra, as shown in manuscript
p- 99 in this volume of Riken Accel. Prog. Rep. As
the excitation increases, the FE band disappeared and
the intensity of a broad luminescence band at the low-
energy side of the FE band increased rapidly. The
quenching of the FE band can be analyzed quantita-
tively by considering the electrostatic screening of the
Coulomb force responsible for the exciton formation,
similarly to the case in semiconductors.?) By calculat-
ing the Mott density, at which excitons become unsta-
ble due to the electrostatic screening and the EHP is
formed, the carrier density can be roughly estimated
for excitation by each ion when the disappearance of
the FE band takes place. By using the values of the
carrier density, the spatial extent of the excited region,
i.e., diffusion length, can be estimated to be about as
large as 200nm. This estimation may be reasonable
when one considers that a hole is not self-trapped in
lattice distortion. Therefore, it is concluded that the
behavior of the high-density excited carriers along the
ion trajectory should be considered in terms of hole-
lattice coupling, and the exciton-lattice interaction has
much less importance.

From the above consideration, the broad lumines-
cence band at the low-energy side of the FE band can
be ascribed to the EHP. The Stokes shift of this band
is very large compared with the EHP band in semicon-
ductors. This difference should be due to the lattice
distortions analogous to polarons. However, further
consideration is necessary to clarify the EHP dynam-
ics in insulators.
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A new type of positron accumulator in UHV utilizing
a high-density electron plasma and an ion cloud

M. Niigaki,* T. M. Kojima, N. Oshima,* A. Mohri, M. Inoue,* K. Komaki,* and Y. Yamazaki

In the previous report,") we have introduced a new
method which can accumulate positrons directly in
ultra-high vacuum (UHV) with an efficiency higher
than other UHV-compatible accumulators. The key of
our method is to utilize a high-density electron plasma
as an energy absorber of positron beams.

The setup of our system is shown in Fig. 1. It
consists of a slow positron source, an electron gun, a
Multi-Ring Trap (the MRT —a kind of electromag-
netic trap),Q) a positron remoderator, a Faraday cup
and an annihilation y-ray detector. Positrons and elec-
trons are accomodated in electric potential wells (noted
as range (e) and (p)) which are formed by multiring
electrodes of the MRT. The ~-ray detector, the Fara-
day cup and the remoderator are used for diagnoses
of charged particles. The total number of trapped
positrons N+ is measured by dumping them onto the
Faraday cup, and counting the number of annihilation
~-rays by the v-ray detector. The total number of
electrons N,.- can be measured as the total amount
of charges by collecting them at the Faraday cup or
remoderator.

The positron accumulation process includes four
steps: (1) formation of a high-density electron plasma
in range (e) by injecting electron beams, (2) injec-
tion of positron beams of ~ 10%¢* /s from the slow
positron source, and remoderation by the remoderator
(about 10-30% of them are reemitted), (3) energy loss
by Coulomb collision in the electron plasma, (4) trap-
ping of decelerated positrons into range (p), and their
self-cooling via synchrotron radiation.

In this method, reinjection of positrons into the re-
moderator after step (3) causes a considerable decrease
in the overall positron population. Hence, it is im-
portant to make the positron energy loss AK suffi-
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Fig. 1. Setup of the system and schematic of the total pro-
cedure.
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ciently large in step (3) so that positrons can no longer
reach the remoderator. AK depends on the electron
column density ¢ = n.- - L.—, where n.- and L.-
are density and length of the electron plasma, respec-
tively. Large AK can be achieved by using an electron
plasma with large 0. AK depends on the injection
energy of reemitted positrons K, which is expressed
as K = e(Vry — Vi-) + Ega, where e is elemen-
tary charge, Vras is the bias potential of the remoder-
ator, V- is the electrostatic potential in the electron
plasma, Fry (~ a few €V) is the initial energy of
positrons reemitted from the remoderator. In order
to make AK sufficiently large, a small K should be
selected, because a smaller K allows longer collision
time, and as a result, a larger momentum transfer. K
can be minimized to a few eV when Vi = V.-, and
positron trapping efficiency is maximized under this
condition. Another important feature is that 10® of
HJ, created in range (p) by electron-beam injection at
step (1), are utilized at step (4). Positrons collide elas-
tically with these ions, and it enhances trapping of de-
celerated positrons into range (p). We found these ions
enhance by 10-hold the positron trapping efficiency.

Figure 2 shows the measured positron trapping effi-
ciency €; as a function of Vijy. €; is defined as the ratio
of trapped positrons to those injected into the MRT.
Three results are shown here: (a) N,- = 1.8x10° (b)
N, = 1.6 x 1019 and (c) N,- = 1.2 x 10'°. All data
were acquired with 50s injection of 10%7 /s beams.
Each peak corresponds to the “potential matching con-
diton”, i.e. Vrpr = V.—. It can be seen that the maxi-
mum trapping efficiency €7*** becomes higher as N, -
is increased, suggesting that o of the electron plasma
becomes larger together with N,-. So far, e/*** ~ 1%
has been achieved.
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Fig. 2. Positron trapping efficiency ¢; as a function of re-
moderator bias Vgras. Solid lines are guide for eyes.
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Soft X-ray spectroscopy of 2.3keV /u N°" ions
transmitted through a Ni microcapillary

Y. Iwai, Y. Kanai, Y. Nakai, T. Ikeda, H. Oyama, K. Ando, H. Masuda,*!
K. Nishio,*! H. A. Torii,*> K. Komaki,*? and Y. Yamazaki

X-rays emitted from 2.3keV/u N°* ions transmit-
ted through a thin Ni microcapillary foil were mea-
sured using a high-resolution soft X-ray spectrometer
to study the formation and relaxation dynamics of a
hollow atom (ion) produced by a resonant charge trans-
fer in ion-surface collisions. This work will be com-
pared with a previous result involving N7+ ions for the
study of incident charge dependence.?)

2.3keV/u NST ions are supplied by a 14.5GHz
Caprice electron cyclotron resonance ion source in
RIKEN.? The microcapillary target was ~1mm? in
area with a thickness of ~1um and had a multitude
of straight holes ~200nm in diameter.>) The spec-
trometer consists of a concave grating and a charge-
coupled device (CCD). For details of the spectrome-
ter and methods of data analysis, see Ref. 4. X-ray
spectra were taken at five points downstream of the
target along the ion beam. The points were imme-
diately downstream of the target (I" = 0), 0.15mm
(T = 0.22ns), 0.35mm (7' = 0.52ns), 1.00mm (T =
1.50mns), and 2.75mm (T = 4.10ns) downstream,
where T is the time after passing through the target.

Figure 1 shows an X-ray spectrum, which was taken
immediately downstream of the target for 2.3keV/u
N6+ jons transmitted through the microcapillary. The
eight major lines are attributed to helium-like transi-
tions, which are summarized in Table 1.%) It is expected
that the relative intensity of each transition reflects the

4 T
1s2p 1P - 1s?

T
1s3p - 152

P

w
7
T

o
P l

2 -

= g

£

H 25F & ]
S 2

£ 9

& 2 2 E
£ |

%

= 15 F o
K Lonization
=

x5

0
400 450 500 550 600

Energy (eV)

Fig. 1. Spectrum of K X-rays measured using the spec-
trometer immediately downstream of the target (T' = 0)
for 2.3keV /u N7 ions transmitted through a Ni micro-
capillary. The bars with transition terms show transi-

tion energies and N VI ionization potential energy.5)
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Table 1. Observed transition energies and electronic con-

figurations.

Experiment  Ref. data® Configurations Terms
426.1+0.8eV  426.3eV 1s2p — 1s? 3P, — 1S
430.4+0.8eV  430.7eV 1s2p — 1s? Py — 1S
497.8+1.0eV  498.0eV 1s3p — 182 'P; — 1S
521.8+£1.1eV  521.6eV Isdp — 182 Py — 1S
532.7+1.2eV  532.6eV 1s5p — 1s? Py — 1S
538.7+1.2eV  538.5eV 1s6p — 182 Py — 1S
5422+ 1.2eV  542.1eV 1s7p — 182 Py — 1S
544.5+1.2eV  544.6eV 1s8p — 1s? Py — 1S

Cf. 552.1eV*

§ N VI ionization potential energy

initial population and the cascade transitions of the
hollow atom (ion).

Figure 2 shows the X-ray intensities for the 1s3p -
1s2, 1s2p 'P - 1s2, and 1s2p 3P - 1s? transitions as a
function of the time after the ion leaves the target. The
decay curves indicate lifetimes in nanoseconds. Since
the life of the 1s2p 'P transition is estimated to be
in picoseconds, this result provides information on the
decay process related to outer shells.%)

i 1s3p - 1
= 52p'P- 18
“V1s2p°P - 18

0.1 |

Intensity (arb. units)

Time (ns)

Fig. 2. X-ray decays of 1s3p - 1s?, 1s2p 'P - 1s?, and 1s2p
3P - 1s? transitions.
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Coincidence measurements of X rays and final charge state of highly
charged ions transmitted through a microcapillary

Y. Kanai, Y. Nakai, Y. Iwai, T. Tkeda, K. Nishio,* H. Masuda,* and Y. Yamazaki

A slow highly charged ion (HCI) passing through a
microcapillary target captures target valence electrons
into high-n orbits while keeping inner shell vacancies.
The captured electrons are stabilized through cascad-
ing down wvia photon emissions and/or Auger electron
emissions. Some of the captured electrons emit X rays
at the final stage of the stabilization. Ninomiya et al.!)
found that the lifetime of the K vacancy was as long as
1079 s even with several electrons in the outer shells,
using N®t ions which have a single K vacancy. It is
interesting to see how the inner shell filling process
changes when the incoming ions have multiple inner
shell vacancies. We have measured K (L) X rays in co-
incidence with the exiting charge states for 2.1keV/u
N7+ (2.8keV/u Ar ions) to study the filling processes
of inner shell vacancies.

The experiments were carried out at the Slow Highly
Charged Ton Facility at RIKEN.?) 2.1 keV/u N7+ and
2.8keV/u Ar?t (¢ = 14, 13 and 9) ions were extracted
from a 14.5 GHz ECR ion source. The beams impinged
on a Ni microcapillary target along the capillary axis.
A Si(Li) X-ray detector was placed at 90° to the heam

axis. A shield located between the targ Back to Contents

Si(Li) detector was movable along the bear :
and limited the detection region of the X-ray emis-
sion. The X rays emitted after ¢’ > ¢ = z/v (v: ion ve-
locity, v = 0.64mm/ns and 0.74 mm/ns for 2.1keV/u
and 2.8keV/u, respectively) were detected, when the
shield was located at z. The final charge states gy of
ions were analyzed with an electrostatic charge state
analyzer. The difference between the initial ¢; and final
gy charge states of ions gives the number s of the sta-
bilized electrons after the decay processes; s = ¢; — gqy-.
The X-ray spectra and yield coincident with the final
charge state were measured as a function of the shield
position z.

As shown in Fig. 1(a) for 2.8keV/u Ar'** inci-
dent,? the X-ray yield coincidence with Ar'3Tions
which have only one stabilized electron s =1, de-
creases more rapidly than those with other charge state
ions which have multiple stabilized electrons s > 1.
The same tendency can be seen in Fig. 1 (b) and (d) for
2.8keV/u Ar'3* and 2.1keV/u N7* incident, respec-
tively. On the other hand, this tendency is not ob-
served in Fig. 1(c) for 2.8 keV/u Ar?T incident. This
difference may be due to these being different numbers
of initial inner shell vacancies, because Ar'4*, Ar!3+
and N7* ions have multiple inner shell (L- or K-shell)
vacancies and Ar?* ions have only one inner shell (K-
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Fig. 1. Integrated delayed X-ray yields normalized by ion

cureont ae s function of the shield position for (a) Art#t,
) Ar®*, and (d) N”T incident.

shell) vacancy. This speculation is supported by Ni-
nomiya et al.’s results;!) they observed the same ten-
dency in the N®* incident as we observed in the Ar®*
incident as shown in Fig. 1(c).

We must note that the peak positions of the X-ray
spectrum coincidence with the final charge state shift
to a lower energy with decreasing final charge state
and do not shift with the shield position.?) This result
may be explained by either (1) (s-1) electrons rapidly
(< 107?s) fill the inner shell vacancies via photon
emissions and/or Auger electron emissions and the last
electron slowly de-excites radiatively, or (2) (s-1) elec-
trons slowly (~ 1079 s) fills the inner shell vacancies
via Auger electron emissions and the last electron fill
the inner shell vacancy by a radiative process.

We do not have sufficient experimental and theo-
retical information on the decay schemes to explain
our results consistently. We are planning to use (1) a
high-resolution X-ray spectroscopy to identify the final
transition and (2) an electron spectroscopy to deter-
mine the role of the Auger process in the total decay
process.
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Multiple-electron processes in close single collisions
of Ne?t (¢ = 2, 5, 7, and 9) with Ar at 14 keV

M. Hoshino,*! T. Kambara, Y. Kanai, S. Madzunkov,*? R. Schuch,*? and Y. Yamazaki

We study electron transfer in close single collisions of
slow highly charged ions (HCIs) with atoms, through
large-angle experiments. This work is motivated by
the intrinsic interest in the multiple-electron reaction
dynamics in slow and very close ion-atom collisions, in
the understanding of the neutralization in HCI-surface
interactions, and in the possible formation of the hol-
low atoms in HCI-atom collisions. Early experimen-
tal studies of very close collisions were performed with
singly charged ions.!) It is expected that the reaction
processes for singly and highly charged ions should be
very different, that is, ionization in the former and
multiple-electron transfer in the latter. Only one study
on multiple-electron transfer in slow, close collisions
has been done, by Herrmann et al.,?) for a Net-Ne
symmetric system up to 4.2° at the collision energy
of 90keV. There is no experimental data on the pro-
jectile charge dependence of the outgoing ion charge
state in close collisions. The charge-state distributions
of recoil ions were measured for Ne?™ (¢ = 2, 5, 7, and
9) on Ar at a fixed projectile energy of 14keV, or at a
velocity of 0.17 atomic unit.

The experiment was carried out at a slow highly
charged ion facility of RIKEN. A 14-keV Neit (¢ = 2,
5,7, and 9) beam from the 14.5 GHz Caprice-type ECR
ion source was collimated on a localized Ar gas target
from a needle. Scattered Ne ions and recoil Ar ions
were detected at 27° and 70°, which correspond to
40° of the center of mass (CM) scattering angle, as
expected from the kinematics of elastic scattering for
this system. Each of the ion-detection systems con-
sists of a time-of-flight (TOF') drift tube which is set at
electrostatic potential, and a two-dimensional position-
sensitive detector. For each coincidence event, the time
difference between the detections of the scattered and
recoil ions (ATOF) and the positions of the both ions
were recorded. With the drift tube at electrostatic
potential one can modulate the ion velocity and deter-
mine the outgoing charge states by ATOF.

The recoil-ion charge state distributions were mea-
sured for Ned™ (¢ = 2, 5, 7, and 9) on Ar, where only
the drift tube for the recoil-ion detector was biased at
about —2.0kV. Figure 1 shows the results for each
projectile charge state. The recoil-ion charge increases
with the projectile charge.

For Ne2*-Ar collision, the charge states of the recoil
ion (qr) and scattered ion (qs) were measured simulta-
neously by applying bias on both drift tubes. In Fig. 2,
the charge state distributions of scattered and recoil
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Fig. 2. The charge state distributions of scattered and re-
coil ions for Ne?t-Ar.

ions for Ne?T are shown. The most probable combina-
tion is (qs,qr) = (2,4). In such low-charge projectiles,
electron capture is not observed and ionization and
electron loss are the dominant reaction processes. For
high incoming charges, electron capture is expected to
be important.
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Photodissociation for recovery of Cat ions
lost by chemical reactions in an ion trap

K. Okada,*' M. Wada, T. Takayanagi,*! T. Nakamura,*? I. Katayama,*? and S. Ohtani*?

An ion trap connected to an rf ion guide system will
be used for cooling and trapping energetic ion beams in
order to study the Bohr-Weisskopf effects of unstable
alkali earth ions.»»? One of the serious problems in
such experiments is a chemical reaction of an objective
isotope ion with a water molecule during the cooling
process. Generally, the collision-induced dissociation
(CID) technique is applied to solve the problem. But,
a high-pressure noble gas must be loaded to realize the
CID. Thus, photodissociation of such molecular ions
will be useful as a clean dissociation method.

In this short report, we present results of photodisso-
ciation experiments when trapped Ca™ ions are lost by
chemical reactions with HoO molecules. Details of the
experimental setup are described elsewhere.?) For de-
tection of laser-induced fluorescence from Ca™ ions, we
used two laser diodes with oscillation wavelengths at
397 nm and 866 nm. In order to accelerate the reaction
with HyO, Ca™ ions were pumped into the metastable
32D3/2 state by turning off the 866 nm laser, and then
the CaOH™ ions are efficiently produced. An impor-
tant point is that the produced CaOHY ions are still
trapped in the ion trap after the reaction. The dissoci-
ation energy of CaOH* — Ca™+ OH was estimated by
the GAUSSIAN 03 program package.®) The photodis-
sociation energy of CaOHT is at least 4.6 eV, which
corresponds to A = 268nm light. A deep UV light
of around 200-300 nm was extracted from a mercury
xenon lamp (200 W, Hamamatsu Photonics Co. Ltd).
The extracted UV light was focused on the center of
the ion trap by a fused-silica lens.

In Fig. 1, we present a time spectrum of the fluo-
rescence intensity from trapped Ca® ions during the
chemical reaction and the photodissociation processes.
The wavelength distribution of the incident UV lignt
was ~250 £ 10nm, and the total power was ~ 50 mW.
The clear fluorescence increase, therefore the recov-
ery of Ca™ from CaOH™, was observed by irradiation
of the UV light as shown on the right of the figure.
Since we carried out the experiment using a liquid-
nitrogen-cooled ion trap, the loss of reaction products
was considered negligible during the experiment. Ac-
cordingly, the fluorescence intensity recovered the same
level as in the initial state. The fluorescence increase
as a function of UV exposure time is shown in the in-
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Fig. 1. A time spectum of fluorescence from trapped Ca™
ions during the Ca™ (D) + HoO — CaOH™' 4+ H reac-
tion and the photodissociation process: CAaOH™ + hy —
Ca™ + OH. The insert shows a rise time profile of flu-
orescence incrase as a function of a UV exposure time.
H0 pressure: 3x107° Pa.

set of Fig. 1. The rise time depends on the number of
CaOH™ ions and the effective photon flux for the pho-
todissociation. The latter should vary with the peak
wavelength of incident UV light. In order to roughly
estimate the wavelength dependence of the photodis-
sociation, we inserted various UV filters with different
transmittance properties in the optical path. More-
over, we tried to dissociate CaOH™ ions using a pulsed
266 nm laser, which was produced by 4th harmonic
generation (FHG) of a Nd: YAG pulsed laser. As a re-
sult, we could not observe any fluorescence increase by
irradiation of UV light with a longer wavelength than
~255nm. A tunable UV laser is required for further
study of the wavelength dependence.

In summary, the photodissociation method by UV
or visible light from a high-power discharge lamp can
be applied to dissociate molecular ions or water cluster
ions containing long-lived isotope ions, such as "'19Be™
and 414%47Cat even in the UHV condition.
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Experimental apparatus for X-ray spectroscopy with highly
charged ion beam produced by laser ion source

S. Ozawa, M. Wakasugi, M. Okamura, M. Serata,” T. Koizumi,* and T. Katayama

In order to measure transitions of highly charged
ions, we are developing a new experimental technique
which uses soft X-rays instead of laser light. In the
present situation, a high-quality X-ray beam that has
a resolution and intensity as high as those of laser light
is only available in the facility of synchrotron radiation,
thus the ion beam and the beam transport line must
be moved to the facility. The intensity of the X-ray
beam is several orders of magnitude less than that of
laser light. Therefore, a high-current ion beam is quite
important to compensate the defect.

The experimental setup is shown in Fig. 1. The Nd:
YAG laser, which has a maximum power of 450mJ/
pulse and pulse duration (FWHM) of 6 ns, is used as
the laser ion source. The power density of the laser
radiation flux on the ion source target is estimated to
be 1.2 x 10'* W/cm?. The maximum repetition rate
of the laser is 3 Hz during operation. The ion source is
applied with a maximum bias voltage of 100kV. The
ion beam produced by the laser ion source is extracted
by an acceleration voltage and focused by the einzel
lens. Then the charge states of the ions are selected by
the dipole magnet, and the ion beam propagates to the
fluorescence detector. The ion beam is focused in the
fluorescence detector by the electrostatic quadrupole
lens. In the detector, the ions excited by the X-ray
beam decay to the ground state with emitting fluores-
cence photons. The resonance spectrum is obtained by
scanning the X-ray energy, and the resonance energy
is obtained from the spectrum. The C** ion is chosen

Fluorescence Detector

e I JCIII]

Pump

X—Roy
—_—

Pump

for the target because this ion has an excitation energy
of 300eV which is suitable for synchrotron radiation.
The level scheme of the C4* ion is shown in Fig. 2. The
detector has a cryopump system for achieving high vac-
uum (4 x 1079 Pa) for the suppression of noise coming
from the collisions of ions and residual gas molecules.!)
Four microchannel plates (MCPs) of 30 mm aperture
(Hamamatsu 2224-21SFX) are mounted in the detec-

tor.

A faraday cup of 10mm aperture and a beam

profile viewer made of ZnS are also located in the de-

tector.

To verify the feasibility of the X-ray spectroscopy ex-
periment, we estimated the count rate of fluorescence

photons.

Figure 3 shows a signal from the faraday

cup of the fluorescence detector. The apertures of the
slits located in the entrance and the exit of the dipole
magnet are 20 x 20mm and 6 x 6 mm, respectively.
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Fig. 1. Layout of the experimental setup.
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Fig. 3. Current of C** ion at the detector. Ions are acce-
larated by the voltage of 26 kV.

From the Fig. 3, the number of ions with a size of
10mm is evaluated to be 1.3 x 10%ions/bunch. The
count rate of the fluorescence (CR) is calculated by the
following formula. The parameters are summarized in
Table 1.

CR:B'%'Ni't'fi'Rlaser'emcp'Qd (1)

Table 1. Parameters for estimation of the signal count
rate.

Spontaneous transition probability (/s) A 8.873 x 10"

Power density of X ray (J/m?) px 1.6x107°
Repetition rate of laser (/s) Riaser 3
Band width of X ray (Hz) Av 7.4 x 10"
Quantum efficiency of MCP Emep 0.4
Solid angle of detector Qa 0.005
Interaction rate fi 250
Number of ions (/bunch) N 1.3x10°
Interaction time (s) t 2% 107°

108

The spontaneous transition probability (Einstein co-
efficient) of the target transition is 8.873 x 10 /s.?)
The induced transition coefficient (B) is calculated
from the spontaneous transition probability. The CR
is estimated to be 0.3cps. The X-ray intensity of
10'2 photons/s/0.1%bw is used for the estimation, be-
cause it is a realistic value for synchrotron radia-
tion.>* The result indicates that the ion beam current
enables us to carry out an X-ray spectroscopy exper-
iment with synchrotron radiation. Under the present
condition, the count rate of noise was measured to be
3cps. As compared to the noise from the ion beam, the
noise from the X-ray beam oscillated by synchrotron
radiation is negligible. The noise from the X-ray beam
was measured at the beam line (BL-16B) of KEK Pho-
ton Factory (Proposal No.2002G023).%

By improving of the noise level, we can increase the
number of incident ions to the fluorescence detector.
Consequently, we can use X rays with high resolution
because a high-resolution beam has an intensity lower
than the value in Table 1. If an experiment with X
rays with a resolution (E/AE) of 10000 is possible, the
excitation energy of the target ions will be obtained
in the accuracy of more than 107, In the case of the
1s22s 281/2 —1s%2p 2P1/2 transition of U3t it corre-
sponds to 0.001 eV, and the accuracy will be one order
of magnitude higher than that in a previous experi-
ment.?
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1SR study on magnetic property of [Pd(dmit),] salts’

S. Ohira, M. Tamura, R. Kato, I. Watanabe, and M. Iwasaki

The magnetic properties of low-dimensional quan-
tum spin systems have been of interest in recent years.
In particular, the magnetic properties of a frustrated
two-dimensional (2D) Heisenberg triangular lattice an-
tiferromagnet with S = 1/2 have been discussed the-
oretically with much attention. However, the exist-
ing substance is only few, thus the detailed magnetic
properties of these systems have not been sufficiently
understood. [Pd(dmit)s] salts (dmit = 1,3-dithiol-2-
thione-4,5-dithiolate) have 2D distorted triangular lat-
tice structures with spin-1/2, thus the spin frustration
operates here. Some of these salts have the antiferro-
magnetic (AFM) ground state.’? To understand the
magnetic properties of such systems at finite temper-
atures, we carried out a muon spin relaxation (uSR)
measurement on two salts, §’-MeyP[Pd(dmit)s]s (1)
and [’-EtaMesP[Pd(dmit)s]e (2), where Me = CHj
and Et = CQH5.

The experiment was carried out at the RIKEN-RAL
Muon Facility in the UK, using a “He cryostat down
to 1.5 K. Polycrystalline samples 1 and 2 were respec-
tively wrapped with a silver foil to have a plate shape
with 20 x 20 x 1 mm?, and fixed onto the sample holder
of the cryostat.

In the ZF-puSR measurement, an AFM transition
was observed at 40K in 1 and at 15K in 2 (Fig. 1). A
muon spin relaxation due to nuclear dipole fields was
observed above Ty, while muon spin precession signals
were observed below Tn. The time spectra above Tn
were fitted with A(t) = Ae~ (@0’ e~ where o is the
distribution width of the random internal field at the
muon site, and A is the muon spin relaxation rate due
to dynamically fluctuating internal fields. The back-
ground has already been subtracted. The temperature
dependence of A for the two salts is shown in Fig. 2.
We note that the AFM transition in 1 is quite sharp
compared with that in 2. The most important pa-
rameter affecting T in these salts is not the distance
between the layers but the ratio of the small transfer
integral to the large one in the layer, which shows a de-
viation from the regular triangular lattice. The values
for 1 and 2 are 0.6 and 0.8 respectively.?) The growth
of &, which emerges from the intralayer anisotropy, is
rapidly exponential in the square lattice case, such that
it yields a 3D ordering in the presence of nonzero in-
terlayer couplings.®) Therefore, it is expected that the
growth of £ in 1 is more rapid than that in 2 as a re-

T Condensed from the article in J. Physique IV-Proc., in press.
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Fig. 1. ZF-uSR time spectra of (a) 1 and (b) 2.
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Fig. 2. Temperature dependences of relaxation rates of
Me4P salt (1) and EtoMesP salt (2).

sult of a more distorted packing. The sharp increase
in A just above Ty observed for 1 is consistent with
this. Our result experimentally shows how £ grows de-
pending on the degree of anisotropy of the triangular
lattice by observing the critical behavior for the AFM
ordering.
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A change in the Cu-spin fluctuations studied by uSR in
Las_,Sr,CuQO4 at approximately 100 K

I. Watanabe, T. Adachi,*! Y. Koike,*! and K. Nagamine*?

One of the fascinating models for describing the
mechanism of the high-T, superconductivity is the so-
called stripe model.)) This model assumes the micro-
scopic segregation of spins and holes in the CuOs
plane forming stripes, which has theoretically been
discussed to be possibly important for the occurence
of the high-T. superconductivity.?) In order to clarify
the correlation between the dynamical properties of
spins and holes, precise zero-field muon-spin-relaxation
(ZF-pSR) measurements have been carried out on
Lag_,Sr,CuO4 (LSCO) at the RIKEN-RAL Muon Fa-
cility over a wide range of hole concentrations from
x = 0.024 to 0.15, probing a change in Cu-spin dy-
namics at high temperatures of approximately 100 K
at which hole domains are expected to be formed.

Time spectra measured at high temperatures are an-
alyzed using the function of Age G, (A, t). Ay and )
are the initial asymmetry at ¢ = 0 and the dynamical
depolarization rate, respectively. G,(A,t) is the static
Kubo-Toyabe function with a half-width of A describ-
ing the distribution of the nuclear-dipole field at the
muon site.

Figure 1 shows the temperature dependence of A of
LSCO with x = 0.115. X starts to increase mono-
tonically with decreasing temperature at aproximately
100K, showing a change in the dynamics of the Cu-
spin fluctuations. For convenience, the temperature at
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Fig. 1. Temperature dependence of the dynamical muon-
spin depolarization rate, A, of Las—,Sr,CuO4 with x =
0.115.
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which X starts to increase at a high temperature with

decreasing temperature is named T,

as shown by an

arrow in Fig. 1. Solid lines in Fig. 1 show the best-
fit results using a linear function. Figure 2 displays
the T),’s of all samples as open circles. The supercon-
ducting transition temperatures determined from the
resistivity measurements are also displayed as open tri-

angles.

The temperature, T ppin, at which the resistivity is

the minimum is read from figures in the literature

3-5)

and plotted in Fig. 2 by closed triangles and squares.
It is found that the x dependence of T}, is in good
agreement with that of Tpnin. This means that the
origin of T}, is related to the localization of holes in
the normal state. Therefore, the present study proves
the coupling between the localization of holes and the
change of dynamics of the Cu-spin fluctuations, which
is an important feature of the stripe model.
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Fig. 2. Phase diagram of Las_;Sr,CuQOy4. Lines are guids
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9Ru Mossbauer spectroscopic study of CaRuO; (1)

Y. Kobayashi, T. Okada, H. Haba, S. Jimbo,*! T. Taniguchi,*! Y. Noro,*? and Y. Nagata*!

Following the discovery of unconventional su-
perconductivity in copper-free layered perovskite
SroRuOy4," the electronic, magnetic, and supercon-
ducting properties of ruthenium oxides (ruthenates)
have been attracting strong interest in the past
few years.2® In particular, a series of ruthenates,
(Ca, Sr)p4+1Ru,O35,,41, have been known to show
a wide variety of magnetic properties, where the elec-
tron configuration of Ru ions is 4d* in the low-spin
state. SrRuOz and CaRuOjs, which are end mem-
bers of this series, have nearly cubic and slightly dis-
torted cubic perovskite structures, respectively. Al-
though both ruthenates exhibit similar chemical and
structural characteristics, their magnetic properties
are quite different. The results of static magnetic mea-
surement, neutron diffraction, and Mdssbauer studies
well established that StRuQOg is an itinerant ferromag-
net with a Curie temperature (7¢) of 165K. On the
other hand, the magnetic properties of CaRuQOj3 at low
temperatures are not yet thoroughly understood, as
compared with those of STRuO3. The recent literature
contains contradictory results, for example, CaRuOg3 is
a Pauli paramagnet, an exchange-enhanced paramag-
net, an antiferromagnet, or spin-glass with long-range
ordering.

We have applied “Ru Mdéssbauer spectroscopy to
the series (Ca, Sr),4+1Ru,O3y,41 in order to clarify the
magnetic ground state of CaRuOj3 as well as to un-
derstand comprehensively the origin of the magnetic
properties of this series.

As the electronic state of the ruthenates is very sen-
sitive to the disorder around Ru ions, pure samples
are required to avoid the influences of magnetic im-
purities and defects. Single crystals of CaRuO3 were
prepared by the flux method with powdered samples
as the starting material. Flux of a mixture of poly-
crystalline CaRuO3 and CaCl; was fired at 1300 C for
5h and then cooled to 1100 C at the rate of 1 C/h. Af-
ter the flux was removed by washing out the crystals,
the chemical composition, the X-ray diffraction pat-
tern, the magnetization, and the electrical resistivity
were measured. The above results and the characteri-
zations were described in detail in Ref. 6.

The Mossbauer source nuclide “Rh (T}, = 15.0d)
was produced by the *Ru(p,n)”Rh reaction with
12MeV protons accelerated by the AVFEF Cyclotron.
Metal powder of enriched ??Ru was used as the target,
and the irradiated target was used as the Mdossbauer
source with no prior heat or chemical treatment.”)
As the Mossbauer y-transition of ’Ru is as high as
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90keV, both the source and absorber of CaRuO3 were
kept below 5 K. ’Ru Méssbauer spectra were obtained
using the conventional Mdssbauer spectrometer.

The temperature dependence of the magnetic sus-
ceptibility of CaRuOgs follows the Curie-Weiss law in
the high-temperature region above about 50K, but
gradually deviates from the law upon lowering the tem-
perature to 1.7 K. The effective paramagnetic moment
(pegr) and the paramagnetic Curie temparature () are
derived to be 2.82up and —77K, respectively.

The ??Ru Mossbauer spectra on CaRuQO3 were mea-
sured at 5 and 2K. The spectrum at 5K is shown
in Fig. 1. The spectra down to 2K apparently con-
sist of doublets with slight asymmetry, as typically ob-
served in the case of an electric quadrupole interaction
with no appreciable hyperfine magnetic interaction,
and were analyzed satisfactorily under the assumption
of a pure electric field gradient with an axial symme-
try. The derived isomer shift and quadrupole split-
ting are —0.31mm/s and —0.33mm/s, respectively.
Our Mossbauer results of CaRuQOj3 are consistent with
the absence of anomaly in the magnetization measure-
ment. Thus, on the basis of the results of the present
study it is concluded that CaRuOs has no magnetic
interactions between 2 and 300 K.

100 iR

Transmission (%)

99.5 - : - R—

Velocity (mm/s)

Fig. 1. A %°Ru Méssbauer spectrum of CaRuQOj3 single crys-
tals at 5 K. The isomer shift is taken relatively to ruthe-
nium metal.

References

Y. Maeno et al.: Nature 372, 532 (1994).

K. Yoshimura et al.: Phys. Rev. Lett. 83, 4397 (1999).
H. Mukuda et al.: Phys. Rev. B 60, 12279 (1999).

I. Felner et al.: Phys. Rev. B 62, 11332 (2000).

I. Felner et al.: Physica B 337, 310 (2003).

A. Koriyama et al.: J. Alloys Compd. 171, 339 (2003).
Y. Kobayashi et al.: Inorg. Chem. 31, 4570 (1992).

111



RIKEN Accel. Prog. Rep. 37 (2004)

Back to Contents

Reactions of *’Mn implanted in solid oxygen

Y. Yamada,*! Y. Kobayashi, H. Ueno, K. M. Kubo,*?> H. Watanabe, A. Yoshimi,
H. Miyoshi,*3 D. Kameda,*? and K. Asahi

We are planning to perform experiments to study
the electronic structures of °“Fe atoms decayed from
57Mn implanted in solid oxygen by in-beam Méssbauer
spectroscopy, in order to determine iron species with
extraordinarily high oxidation states. Here, we briefly
discuss a preliminary study on novel iron oxide species
produced by laser evaporation and matrix isolation
in relation to our previous study on °"Mn atoms im-
planted in KMnOy, to produce Fe(VIII) species.

Reactions of laser-evaporated iron atoms with oxy-
gen gas, which produced various novel iron oxide
species, were studied.!) Oxidation of iron is a funda-
mentally and chemically interesting subject because it
is related to corrosion of materials and catalytic reac-
tions. The simplest oxidation reaction of iron is the
reaction of an iron atom with oxidizing gas. Thus, we
investigated the reactions of laser-evaporated Fe atoms
with oxygen gas by matrix isolation. Laser-evaporated
iron atoms were isolated in low-temperature Ar ma-
trices and their chemical reactions with oxygen were
investigated by conventional Mossbauer spectroscopy.
Reactions of these iron atoms with oxygen produced
FeO, Fe(O3), FeOs, (Oz)FeOz, and OFeO. While
Fe(O2) maintains an O-O bond and has a side-on Os
molecule, O-Fe-O has two O atoms without an O-O
bond between them. In the case of laser-evaporated
iron atoms, the highest oxidation state found among
the iron oxide species was VI: FeOs.

The 5"Fe atoms decayed from 5"Mn have extremely
higher energy than the laser-evaporated Fe atoms upon
implantation and decay, which provides important in-
formation on chemistry under extreme conditions and
on the production of novel species. We have obtained
well-resolved in-beam Mdssbauer spectra of °“Fe aris-
ing from °"Mn implanted in KMnO,4 between 11 K and
155K.2) A manganese atom in KMnOy is in a VII state
and forms a [MnOy]~ tetrahedron. On the basis of the
Méssbauer parameters, the °”Fe atoms in Mn sites in
a [MnOy]~ tetrahedron were found to have an unusu-
ally high valence state of Fe(VIII).

While ®"Fe implanted in KMnQO,4 may suffer geomet-
rical hindrances of [FeO4]™ in a solid KMnOy crystal,
57Fe implanted in solid oxygen may have less geomet-
rical restriction of the matrix, and may react to form
Fe(VIII) species with a stable geometrical structure.
As the highly charged 5"Mn atoms are implanted in
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solid oxygen with high translational energy, Mn(VII)
oxide species may be produced and trapped in a solid
oxygen matrix, followed by a decay process forming
5TFe oxide species. The novel iron Fe(VIII) oxide
species may have different structures from those ob-
tained by our previous study of °"Mn implanted in
solid KMnOy. This experiment will confirm our find-
ing of the unusually high valence state of Fe(VIII).
Furthermore, the in-beam Mossbauer technique is very
sensitive such that a very small amount of ®"Fe can be
detected. Consequently, the iron oxide species pro-
duced by implantation can be well isolated, and their
simple Mossbauer spectra can be analyzed. Although
various by-products are also expected to be produced,
the Mossbauer parameters of various iron oxide species
have been obtained by our previous experiments using
the laser-evaporated iron atoms, which makes the anal-
ysis of the Mossbaur spectra easier.

Prior to the experiments of ®’Mn implanted in
solid oxygen, we performed an experiment using laser-
evaporated iron atoms. Laser-evaporated ®"Fe atoms
were deposited on solid oxygen (20K), and their
Méssbauer spectra were obtained. The amount of 5" Fe
deposited on solid oxygen was varied in order to de-
termine the effect of the products. The type of prod-
ucts on the surface of solid oxygen varied depending on
the amount of iron atoms. When the amount of iron
atoms is large, the Mdssbauer spectra of the products
show magnetic splitting because of the magnetically
ordered iron oxide produced on the low-temperature
solid oxygen surface. In contrast, when the amount of
iron atoms is small, magnetic splitting is not observed
in the Mossbauer spectra of the products and a dou-
blet absorption is observed, which is attributed to the
isolated single Fe(Os). It was demonstrated that laser-
evaporated iron does not have sufficient translational
energy for implantation in solid oxygen; rather, most of
the reactions take place on the surface of solid oxygen.
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Accumulation of various trace elements in Lotus japonicus
using the multitracer technique

R. Hirunuma, K. Igarashi, H. Saito, Y. Miyazawa, H. Haba, H. Takeichi, T. Abe, and S. Enomoto

Newly discovered toxic metal hyperaccumulator
plants (Lotus japonicus) hold promise for phyto-
remediation of toxic-metal-polluted soil and rivers.

Lotus japonicus has been proposed as a model legu-
minous plant for molecular genetic study. We report
a study of uptake, distribution, and accumulation of
various trace elements in Lotus japonicus (Miyakojima
MG-20 and Gifu B-129) using the multitracer tech-
nique.

Forty seedlings of each variety (Miyakojima MG-20
and Gifu B-129) were grown on soil for about 2 months
in a growth chamber under a daily 16 h light /8 h dark
cycle at 25°C. After blooming and the start of seed
growth, the plants were cultivated in a nutrient so-
lution containing a multitracer prepared using an Ag
target. Five plants of each variety were transplanted
to a 1000 mL plastic pot containing 500mL of the
multitracer solution for 1 week. The plant samples
were in contact with the solution via their roots. After
1 week, the plants were carefully removed from the
solution and divided into roots, primary shoot (shoot
apex; upper part; middle part; lower part), secondary
shoots, flowers, pods, and seeds. The roots were
washed with a nutrient solution without multitracer
for one minute using an ultrasonic cleaner and dried
with filter paper. These samples were dried at 60°C for
3 days. The radioactivities in these samples were de-
termined by ~v-ray spectrometry using high-purity Ge
detectors.

The behaviors of Be, Na, Sc, V, Cr, Mn, Fe, Co, Zn,
As, Se, Rb, Sr, Y, Zr, Tc, Ru, and Rh were determined.
The amounts of trace elements in the whole plant and
the above-ground parts are shown in Table 1. In the

Table 1. Uptake (%) of trace elements in Lotus japonicus.

Uptake (%) in the whole plant Uptake (%) mpt;etsabove—ground
Miyakojima MG-20 Gifu B-129 Miyakojima MG-20 Gifu B-129

As 43 53 4.22 1.67

Be 64 68 0.29 0.04
Co 88 82 8.10 6.76

Cr 51 66 0 0

Fe 45 67 0.28 0.11

Mn 92 85 19.05 12.42
Na 18 23 6.69 2.76

Rb 68 70 51.92 46.24
Rh 46 60 0.17 0.29

Ru 48 69 0 0

Sc 54 63 0 0

Se 65 72 3.72 1.84

Sr 32 39 24.76 19.34
Tc 46 50 32.99 22.49

3 67 65 0.33 o]

Y 63 71 0.55 0.12

Zn 87 81 48.32 47.03
Zr 44 61 0 0
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Fig. 1. Uptake ratios of T, Sr, Rb, and Zn into plant parts
(Uptake rate (%/g) in each part/uptake rate (%/g) in
whole plant).

whole plant, uptakes of all elements except Na were
high. The uptakes of trace elements in the whole plant
of Miyakojima MG-20 were the same as those of Gifu
B-129. In the above-ground parts, Cr, Ru, Sc, and
Zr were not detected, and Be, Fe, Rh, V, and Y were
only slightly detected. On the other hand, uptakes of
Tc, Sr, Rb, and Zn were high. Thus, while Cr, Ru,
Sc, Zr, Be, Fe, Rh, V, and Y were not absorbed or
absorbed only in small amounts into plants, Tc, Sr,
Rb, and Zn were confirmed to be absorbed. Although
Fe is an essential element, the amount of Fe absorbed
into plants was nominally detectable. The uptakes of
Tec, Sr, Rb, and Zn in Miyakojima MG-20 were higher
than those in Gifu B-129.

Figure 1 shows the uptake ratios of Tc, Sr, Rb, and
Zn into individual parts. Technetium was found to
be widely distributed among primary and secondary
shoots. High Tc concentration was found in primary
(shoot apex and upper part) and secondary shoots.
Low Tc concentration was found in seeds, pods, and
flowers. Strontium was found mainly in the primary
shoot. Rubidium was found to be widely distributed
among all parts expect the flowers. High Rb con-
centration was found in seeds. Zinc was found to
be widely distributed among all parts. High Zn con-
centration was found in seeds and the primary shoot
(lower part). The accumulation of Zn into seeds of
Miyakojima MG-20 was the highest.

In the next experiment, the transport of various el-
ements from soil to plants will be investigated and the
transfer factor of Lotus japonicus will be calculated.
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Effects of carnosine (3-alanyl-L-histidine) on the absorption of
various trace elements in rats

K. Igarashi, R. Hirunuma, H. Haba, S. Kimura®*, and S. Enomoto

Carnosine (f-alanyl-L-histidine) was first identified
in beef extract in 1900. It is found in millimolar con-
centrations in skeletal muscles and brains of animals.
Numerous studies have reported the specific properties
of carnosine. One of the major functions of carnosine
is to act as a natural antioxidant. It is an efficient oxy-
gen scavenger and protects phage against v-irradiation
which causes oxidative DNA damage.!) On the other
hand, carnosine has a chelating property for metals.
Carnosine-metal complexes exhibit a superoxide dis-
mutase (SOD)-like activity.?) Furthermore, the phar-
macological activity of the carosine-Zn complex has
been studied in recent years.®) However, it is possible
that carnosine may influence the absorption of metals.

Thus, to investigate the effects of carnosine on the
absorption of metals, we determined the uptake rate of
various trace elements in rats administered carnosine
using a multitracer technique.

A multitracer solution was prepared from an Ag
target irradiated with a heavy-ion beam of 135 MeV/
nucleon accelerated in the RIKEN Ring Cyclotron.
Rats were administered the multitracer solution with
carnosine (dose, 10mg/rat) into the stomach through
a tube. The rats were kept in cages and sacrificed 1, 3,
6 and 24 h after carnosine administration. Then, the
liver, kidney, bone, muscle, brain and blood were col-
lected. These samples were placed in a Ge-detector,
and the radioactivities of the multitracers were mea-
sured. In this study, the amounts of Co, Zn, As and
Se incorporated into the various tissues and blood of
rats were determined.

Figure 1 shows the uptake rates of Zn into the blood,
intestine, liver, kidney, brain and muscle in rats. In
both the control and the carnosine-administered rats,
the rate of Zn uptake into the blood was maintained
at the same level after 24h. The amount of Zn up-
take into the intestine decreased in a time-dependent
manner, while those into the liver, kidney, brain and
muscle increased at 24h. The uptake rates of Zn in
the blood and tissues of the carnosine-administered
rats were significantly lower than those of the con-
trol rats. Similarly, the carnosine-administered rats
exhibited significant decrease in uptake rates of Co
into the blood and tissues compared with the control
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Fig. 1. The uptake rates of Zn into the blood, intestine,

liver, kidney, brain and muscles in rats. [J: control
rats, B: carnosine-administered rats. SSignificant dif-
ferences were observed between control and carnosine-

administered rats (P < 0.05).

rats. Furthermore, the carnosine-administered rats ex-
hibited slightly reduced Se uptake rates into the blood
and tissues compared with the control rats. Although,
the uptake rates of As into the blood, intestine and
kidney of the carnosine-administered rats were signif-
icantly lower than those of the control rats, no signif-
icant differences in As uptake rates into other tissues
were observed between the carnosine-administered and
control rats.

These results suggest that carnosine administration
decreased uptake rates of Zn, Co, Se and As into the
body. However, it is considered that the results of
this study were affected by a substantial difference in
administration volume between carnosine and trace el-
ements.
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Effects of carnosine ((3-alanyl-L-histidine) on the absorption
of iron in rats

K. Igarashi, R. Hirunuma, S. Kimura,* and S. Enomoto

Iron deficiency is probably the most frequent nutri-
tional disorder in the world. One of the main causative
factors is the poor absorption of dietary iron. There
are two types of iron in food. Heme iron from meat,
poultry and fish has a high intestinal absorption effi-
ciency, because heme iron directly enters the mucosal
cells. On the other hand, the intestinal absorption of
nonheme iron, the main form of dietary iron, is in-
fluenced by other food components. The bioavailabil-
ity of nonheme iron has been extremely low because
inhibitors, such as phytic acid and polyphenols, bind
nonheme iron in the intestinal lumen. The absorption
rate of vegetable iron is only about 1-2%.") Therefore,
the enhancement of nonheme iron absorption is impor-
tant for improving iron nutrition.

It is well established that the bioavailability of non-
heme iron from foods is enhanced by vitamin, organic
acid, meat, poultry and fish. Ascorbic acid and citric
acid maintain iron in a more soluble and absorbable
form, and prevent its binding to inhibitory ligands.?
Although meat stimulates nonheme iron absorption,
the factor in meat responsible for enhancing nonheme
iron absorption is yet to be identified.

A number of putative roles have been ascribed to the
histidine-containing peptides. Carnosine ((-alanyl-L-
histidine) and anserine ((3-alanyl-3-methyl-L-histidine)
are observed in millimolar concentrations in the skele-
tal muscles and brains of animals, although there
are substantial differences in their tissue distributions.
These compounds have been proposed to act as natu-
ral antioxidants in vivo.?) Furthermore, carnosine was
reported to enhance recovery from exhaustion due to
its buffering capacity.*) A significant effect of carnosine
is its ability to prevent, or partly reverse, lens cataract.
Recently, the pharmacological activity of the carosine-
metal complex has been studied.?)

Thus, to identify the factor in meat that enhances
of the nonheme iron absorption, we determined the

*  Graduate School of Human Life Sciences, Showa Women’s
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effects of carnosine on the absorption of iron in rats.
We used the cannulation system for investigating iron
absorption in rats that were administered with carno-
sine because it is effective determining of the biological
response to infused samples into the stomach or intes-
tine in conscious rats.

Six-week-old male Wistar rats are purchased and
housed in stainless steel cages in a temperature
and light-controlled room. The method of cannula
preparation is as described by Taguchi et al. and
Spannagel et al.%7) That is, the rats are anesthetized
with enflurane and prepared with Silastic cannula for
carnosine and iron administrations into the stomach.
They are also prepared with a jugular vein cannula for
collecting blood. Cannulas from the abdominal cavity
are placed under the skin to exit on the back. After
closure, the rats are placed in Bollman type restraint
cages modified to provide the minimum restraint pos-
sible. Three days after surgery, the rats are adminis-
tered carnosine and iron into the stomach simultane-
ously. Then the blood is collected at regular intervals,
plasma and blood cells are separated by centrifugation
(3000 rpm for 15min). To determine the bioavailabil-
ity of iron, serum iron concentration is measured using
a kit by the Nitroso-PSAP method.®)
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Multitracer screening of trace elements in brains of
mice injected with lipopolysaccharide

M. Ono,* H. Yokokawa,* S. Enomoto, and R. Amano*

It is well known that by injection of lipopolysaccha-
ride (LPS) in mice, the outbreak of endotoxic shock
gives rise to impediments in the blood brain barrier
(BBB), as described by Minami et al.!) However, the
behavior of trace elements in the brain has not been
elucidated under these impediments. In this work, we
examined the movement of trace elements in the brains
of mice injected with LPS using the multitracer tech-
nique.

A multitracer solution was obtained from a Ag
target irradiated for two days with a '2C beam at
135MeV /nucleon accelerated in RIKEN Ring Cy-
clotron. Then, the Ag target was removed by chemi-
cal separation and the multitracer was prepared as a
physiological saline solution. The multitracer solution
contained 8 radioisotopes, namely, 46Sc, 5*Mn, °®Co,
657n, 7Se, 83Rb, 387Zr, and 33Y.

In this screening, two mouse groups (LPS-treated
and normal groups), consisting of six 12-week-old
ICR mice each, were prepared. The treated mice
were injected intraperitoneally with LPS at a dose of
15 mg/kgl) (dissolved in the physiological saline so-
lution). The multitracer solution was injected intra-
venously via the tail 24 hours after LPS treatment.
Blood and brain samples were obtained 30 min after
the multitracer injection. The blood was centrifuged
to obtain the plasma fraction. The plasma and brain
samples were then freeze-dried and assayed by ~-ray
spectroscopy using high-purity Ge detectors.

Table 1 summarizes the plasma retention rate and
the brain uptake rate of *6Sc, 5*Mn, *8Co, %°Zn, ™Se,
83Rb, 38Zr, and 88Y. Except for 88Y, no significant

difference in plasma retention rate was observed be-
tween the LPS-treated group and the normal group.
On the other hand, the brain uptake rates of >*Mn,
58Co, 65Zn, ™Se, and ®3Rb in LPS-treated mice were
markedly lower than those in normal mice. Moreover,
54Mn showed a very distinctive result: the brain up-
take rate was clearly decreased while the plasma re-
tention rate was increased, as shown in Fig. 1.

From this result, LPS is considered to cause imped-
iments in the brain movement of °*Mn. We are in-
terested in this behavior of Mn in LPS-treated mice.
Further study is required to clarify the observed be-
havior of *Mn using the singletracer technique.
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Fig. 1. ®*Mn brain uptake rate and plasma retention rate
in mice 30 min after multitracer injection. The bar

represents the mean+S.D. for six mice.
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Table 1. Brain uptake rate and plasma retention rate in mice 30 min after multitracer injection.

Brain Uptake rate (%dose/g)

Plasma Retention rate (%dose/g)

Normal group LPS-treated group Normal group LPS-treated group

463 0.03 + 0.006 0.04 +0.011
54Mn  0.24 +0.029 0.03 £ 0.007%2
58Co  0.04 +0.009 0.08 + 0.010%2
657n 0.15+0.014 0.04 £ 0.003%2
5Se 0.03 £+ 0.003 0.10 £ 0.018%!
83Rb  0.07 £ 0.004 0.04 £ 0.004%2
887y 0.01 + 0.003 0.02 £ 0.003
88y 0.01 + 0.002 0.02 + 0.002

11.31 +1.08 11.76 + 3.26
0.41 £0.04 0.63 £0.18
1.50 £0.16 0.94 £0.18
0.55£0.12 0.39£0.20
1.49+0.18 1.15+0.46
0.07 £0.02 0.09 £0.01
6.52+£0.73 9.09 +2.82
3.424+0.34 8.60 + 2.84%!

Each value represents the mean+S.D. of data from six mice. ' and ¥ indicate
significant differences of normal group versus LPS-treated group. ¥': P < 0.01

82, P < 0.005
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Pharmacokinetic study on gastrointestinal absorption and
blood disposition of vanadium ions in healthy rats
using radiotracer method

H. Yasui,* Y. Adachi,* J. Fugono,* H. Haba, A. Nakayama, R. Hirunuma, S. Enomoto, and H. Sakurai*

In recent years, vanadium compounds have been
demonstrated to exhibit insulinomimetic effects in in
vitro and in wvivo experiments, and used to treat
both insulin-dependent type 1 and insulin-independent
type 2 diabetes mellitus. We have reported that
vanadyl complexes normalize the blood glucose level of
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Fig. 1. Clearance curves of *®V in the blood of rats given
intravenous injection (A) and oral administration (B) of
500 uL of *®V solution reduced with (Q; **V(IV)0?T)
or without (e ; **V(V)04*7) 100 uM sodium ascorbate.
Data are expressed as the means + SDs for 4 rats.

Department of Analytical and Bioinorganic Chemistry,
Kyoto Pharmaceutical University

streptozotocin-induced type-1 diabetic rats and hered-
itary type-2 KK-AY mice.!) To understand the action
mechanism of vanadium treatment, in this study, we
focused on investigating the pharmacokinetics of gas-
trointestinal absorption and disposition of vanadium
ions in the blood of healthy rats by administration of
their radiotracers.?)

As shown in Fig. 1(A), the clearance curves of 8V
in the blood of healthy rats receiving intravenous in-
jection of vanadyl (¥¥VO?*) and vanadate (¥VO437)
ions were not significantly different in spite of the ad-
ministration of different chemical species of vanadium
ions with different oxidation states,®) probably because
of the rapid reduction of vanadate to vanadyl in the
blood and organs of rats which has been reported.)

On the other hand, as shown in Fig. 1(B), the ab-
sorption of *¥V0,3~ was found to be 3-fold higher
than that of 4¥VO?*, suggesting the chemical species-
dependent transport mechanism on the gastrointesti-
nal absorption of vanadium in animals.?) The bioavail-
ability values of 8V after oral administration of
48Y02* and V0,3~ ions in healthy rats were esti-
mated to be 4.9% and 14.6%, respectively, which co-
incides well with the results in rats given nontracer
VOSO,4 and NaVOg, strongly indicating the need for
developing vanadium complexes with higher bioavail-
ability which contribute to a higher hypoglycemic ac-
tivity than that of vanadium ions after oral adminis-
tration.
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Uptake of %5Zn in various trophoblast cells

N. Asano,* C. Ebihara,* M. Kondoh,* M. Fujii,* S. Enomoto, and Y. Watanabe*

Zinc is a vital metal that plays a pivotal role in the
normal growth and development of the fetus. Defi-
ciency of maternal zinc results in abnormal develop-
ment of the fetus.!) During pregnancy, zinc is trans-
ferred from maternal blood to fetal blood across the
placenta, and the zinc level in fetal serum is up to
2-fold higher than that in the maternal serum at the
end of pregnancy.?) However, the mechanism of zinc
transport in the placenta is not clear.

Zinc is a multifunctional element involved in tran-
scription, metalloenzyme activities and maintenance of
protein structure. Therefore, organisms are equipped
with mechanisms for controlling intracellular zinc lev-
els and localization. In general, intracellular zinc
homeostasis is maintained by the control of zinc efflux,
influx and storage. Zinc is not absorbed by simple dif-
fusion because of its hydrophilic and highly charged
properties. Zinc kinetics is regulated by specific trans-
porters of zinc. Zinc transporters are now classified
into two categories: the ZnT family of transporters,
which controls zinc efflux, and the ZIP family of trans-
porters, which controls zinc influx.?%) For example,
Zn'T1 is a transporter that regulates efflux of zinc from
the plasma membrane, and ZnT3 is involved in the ef-
flux of zinc from the cytosol into the intracellular zinc
pool. ZnT5 transports zinc from the cytosol into the
trans-Golgi network, and ZIP1, located in the plasma
membrane, plays a key role in the intracellular uptake
of zinc. Deficiency of ZnT1 results in zinc toxicity and
embryonic lethality, and ZnT3 is involved in the accu-
mulation of zinc in neuron synapsis. ZnT5 plays roles
in osteoblast maturation in the bone and in formation
of insulin crystals by the transport of zinc into secre-
tory granules in pancreatic § cells. ZnT4 functions
as a transporter of zinc into breast milk during lac-
tation in the mammary glands. Defects in ZIP4 are
responsible for the onset of acrodermatitis enteropath-
ica, an inherited disease of zinc metabolism. Thus, zinc
transporters are associated with various physiological
events.

The expression of some ZnT transporters, includ-
ing ZnT1, ZnT2 and ZnT5, has been detected in the
placenta.*®) However, their functions have not been
elucidated. Although we have investigated the expres-
sion of zinc transporters in various trophoblast cell
lines, we have never examined zinc uptake. Here, we
developed an assay system for measuring zinc uptake

*  Department of Pharmaceutics and Biopharmaceutics,

Showa Pharmaceutical University
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in trophoblasts using %°Zn.

We used a cell culture model of human chorio-
carcinoma cells, BeWo and JEG-3 cells and of ro-
dent choriocarcinoma cells, Rcho-1 cells. BeWo cells,
JEG-3 cells (5 x 105 cells/ml), and Rcho-1 cells
(1 x 10 cell/ml) were seeded on 24-well plates. After
at least 12 hr of culture in a fetal-calf-serum-deficient
medium, the cells were washed twice with HBSS solu-
tion (Ca, Mg free). Then the cells were incubated with
5uM 95ZnCl, for 1 or 30min. The cells were washed
three times with ice-cold PBS containing 1 mM EDTA,
and then 200 ul of 1% TritonX-100 was added. Ra-
dioactivity and amounts of protein in the lysate were
determined. As shown in Fig. 1, the amounts of Zn
uptake were different among the cells under this con-
dition. Since zinc homeostasis is achieved through var-
ious zinc transporters, the expression profile of zinc
transporters may be different among cell lines. In or-
der to clarify the functions of zinc transporters, time-
course change and dose-dependency of Zn uptake are
now under consideration for the determination of Zn
kinetics in trophoblasts.
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Fig. 1. %°Zn uptake in various trophoblast cells.
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Metal-binding factor responsible for variation of concentration of
trace elements under Zn-deficient condition

M. Yanaga,*! T. Ohyama, N. Kinugawa,** T. Ogi,** M. Noguchi,*> H. Suganuma,*!
K. Ishikawa,*? R. Hirunuma, K. Takahashi, and S. Enomoto

There are many kinds of trace metal elements, such
as Mn, Fe, Co, Ni, Cu and Zn, which play impor-
tant roles in living organisms. Among these essen-
tial trace elements, Zn is the most important because
of the variety of its biochemical and physiological ac-
tions. Previously, we determined the concentrations
of trace elements in the subcellular fractions of livers
of Zn-deficient mice by instrumental neutron activa-
tion analysis in order to investigate the influence of
7Zn deficiency on the biological behavior of trace el-
ements.!) In this work, the Zn concentration in the
nuclear fraction of Zn-deficient mice, which were fed
with a Zn-deficient diet during the growth period, was
lower than that of control mice. Furthermore, in the
supernatant fraction, an increase in the concentrations
of many of the analyzed elements was recognized in
comparison with those of the control mice. However,
in adult mice, which were fed with a Zn-deficient diet
for 3 weeks from 8 weeks of age, such trend was not
observed, although the Co concentrations in all sub-
cellular fractions were higher than those of control as
seen in growing mice. The change in concentration of
trace elements should be related to the change in the
concentration of metal-binding proteins. Therefore, in
the present work, we attempt to analyze the affinity
between trace elements and Zn-binding proteins which
induce the variation of the concentrations of trace ele-
ments under the Zn-deficient condition.

Sixteen 8-week-old male mice of ICR strain were di-
vided into two groups. Eight mice were fed with a
Zn-deficient diet and the other eight with the control
diet. After three weeks of treatment, their livers were
removed. Eight livers of each group were altogether
homogenized with Tris-HC1 buffer (25 mM, pH 7.4),
and then, centrifuged for 65 min at 105,000 g to remove
supernatant fractions. Then, an aliquot of the super-
natant fraction of each group was divided into 35 frac-
tions by gel filtration chromatography with Sephadex
G-100 using Tris-HCI buffer as eluent at a flow rate
of 10ml/h. The concentrations of trace elements and
the protein content in each fraction were determined
by ICP-MS and BCA protein assay method, respec-
tively. The fractions which have high Zn to protein
ratios (marked A, B and C in Fig. 1) were poured
into centrifuge filter tubes, and then a multitracer so-
lution was added. After centrifugation, the radioac-
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Fig. 1. Zinc to protein ratio in each fraction separated by
gel filtration chromatography.

tivities in the filters and filtrates were measured using
HPGe detectors. Radioactivities detected in filters in-
dicate binding amounts and those in filtrates released
amounts. The distributions of four elements (Se, Zn,
Co, and Mn) are summarized in Fig. 2. As shown in
Fig. 2, the binding amounts of three elements, namely,
Se, Co and Mn, in fraction B of Zn-deficient mice were
higher than those of control mice. This may indicate
the existence of proteins which have great affinity to
these elements in this fraction.

0 S0 100 0 50 100 0 50 100

W binding amounﬂ
[ released amount

Percent Radioactivity / %

Fig. 2. Affinity between trace elements and proteins in frac-
tions A, B, C in supernatant fraction of livers of mice.
(upper: Zn-deficient mice, lower: control mice)
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Uptake of metals in cisplatin-resistant lung cancer cell line

T. Suzuki,*! K. Ishibashi,*! T. Togawa,*! S. Ohata,*! N. Sato,*! K. Nishio,*? R. Hirunuma,
H. Haba, S. Enomoto, and S. Tanabe*!

The molecular mechanism of cisplatin resistance has
been revealed to be “multifunctional”, such as de-
creased accumulation, increased intracellular detoxifi-
cation and increased DNA repair ability. Decreased ac-
cumulation of cisplatin was observed in non-small cell
lung cancer (NSCLC) cell lines resistant to cisplatin.
There was a good correlation between the intracellular
amount of platinum and sensitivity to cisplatin. This
evidence suggests that intracellular accumulation is a
major determinant of cisplatin resistance, at least in
NSCLC cell lines.)) Previously, it was reported that
cisplatin enters the cells in an ATP-dependent man-
ner. However, the molecular mechanism of cisplatin
uptake is still unclear. In this study, to investigate the
cisplatin uptake mechanisms associated with cisplatin
resistance, we determined the uptakes of various met-
als in cisplatin-resistant cell lines.

We modified the methods described by Yanagiya
et al? and used the human NSCLC cell line, PC-9
and its cisplatin-resistant subline, PC-9/CDDP. Cell
lines were grown in RPM11640 supplemented with 10%
FBS. A radioactive multitracer (MT) solution was ob-
tained from a Ag target irradiated in the RIKEN Ring
Cyclotron. Then MT solution was added to the cells
in a serum-free medium and incubated for 2 hr. After
incubation, the cells were separated from the medium
and the radioactivities were determined using a Ge de-
tector.

Figure 1 shows the uptakes of metals in the cisplatin-
resistant and parental cell lines exposed to multitracer
for 2 hr. As, Be, Co, Cr, Fe, Mn, Rb, Rh, Ru, Sc, Se,
Sr, V, Y, Zn and Zr were detected in both cell lines.

*1 Department of Analytical Biochemistry, Meiji Pharmaceu-
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Fig. 1. Uptakes of metals in lung cancer cell lines.
Cisplatin-resistant cell line (closed column) and
parental cell line (open column) were exposed to mul-
titracer for 2 hr.

The uptakes of Mn and Rb in the cisplatin-resistant
cell line were higher than in the parental cell line.
However, the uptakes of other metals, particularly Co
were down-regulated in the cisplatin-resistant cell line.
In conclusion, the multitracer technique gave some
evidence of decreasing metal uptake in the cisplatin-
resistant cell line, but further studies are needed to
determine the molecular target for a metal transporter
including a cisplatin transporter.
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Relationship of reactive oxygen species generation with DNA binding
and DNA cleaving activities of metallothioneins I and II

A. Nakayama and S. Enomoto

Copper (Cu) plays a central role in biological sys-
tems. Excess Cu, however, is cytotoxic to cells through
hydroxyl radical (¢OH) generation by reacting with
reactive oxygen species (ROS) such as HyO,.?) In
the case of excessive Cu accumulation, some metal-
binding proteins are induced to protect organs. Among
them, metallothionein (MT) is one of the most impor-
tant proteins. Such MTs have four isoforms, MT-I,
MT-II, MT-III, and MT-IV. Among these isoforms,
MT-I and MT-II are expressed ubiquitously in living
systems. On the other hand, Cu accumulates more
highly in the tumor portion of hepatocellular carci-
noma.®) Thus, Cu is considered to be associated with
tumor development. In contrast, the MT concentra-
tion decreases in the tumor portion.®) However, high
MT levels are found in the nuclei of malignant cells.®
The above observations suggest that eOH generation
through the reaction between Cu-MT and ROS induces
DNA cleavage and induces cancer development. Thus,
we investigated whether Cu-MT induces DNA cleav-
age.

The reactivities of various metal containing MT-I
and -II to superoxide anion (eO57) and HyOy were
estimated by the ESR-spin-trapping method and NBT
assay. DNA cleaving activity was evaluated by agarose
gel electrophoresis, and interaction between MT and
DNA was estimated by immunoprecipitation.

During the investigation, our results showed that
only Cu-containing MT could react with eOs™ and
H505 to generate «OH. Cu-MT-II has higher reactiv-
ity to ¢O~ than Cu-MT-I, while their reactivities to
H504 appeared to be the same (Figs. 1 and 2). Such
observations suggested that Cu is closely associated
with the development and/or progression of cancer be-
cause Cu easily reacts with ROS and generates eOH.

We then investigated the DNA cleaving activity of
MTs. Cu-MTs were able to react with pBR322 plas-
mid DNA regardless of HoO5 addition. In addition,
the bands containing Cu-MTs and the pBR322 reac-
tion mixture were smeared, and the smeared band dis-
appeared with the addition of SDS, followed by the
appearance of a new band that shifted above. This
result suggested that Cu-MTs could form a complex
with pBR322 and cleave DNA strands. The formation
of the Cu-MT-pBR322 complex was confirmed by an
immunoprecipitation method. The result showed that
pBR322 was coprecipitated with Cu-MTs, suggesting
that Cu-MTs could form a complex with DNA.

Thus, we proposed that an increase in cellular Cu
concentration leads to the formation of Cu-MTs, which
are transported to the nuclei of cancerous cells, where
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Fig. 1. Time-dependent eOH generation in the systems of
various MTs (225 pg/mL) and H2O2 (225 uM) at room
temperature.
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+S.D. of three experiments.

Cu-MTs bind with and then cleave genomic DNA via
eOH generation in the vicinity of the DNA. This se-
ries of reactions leads to mutation, DNA cleavage and,
finally, cancer.
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Investigation of intracellular kinetics of copper in HepG2 cell lines

A. Nakayama, H. Haba, and S. Enomoto

Copper is an essential redox active metal that serves
as a cofactor in various enzymes such as cytochrome
¢ oxidase, Cu, Zn superoxide dismutase, ceruloplas-
min, and lysyl oxidase.) An excess of copper, how-
ever, induces cytotoxity due to its proclivity to partic-
ipate in Fenton-like reactions that lead to the genera-
tion of highly reactive hydroxyl radicals.?) It has been
reported that copper stimulates the proliferation and
migration of human endothelial cells,> and also the
development of human cancer.®

Recently, it has been reported that organisms have
developed sophisticated mechanisms of maintaining
the balance between essential and toxic copper lev-
els. Studies of the copper uptake mechanism in hu-
man cells have shown that copper is transported by two
high-affinity copper transport proteins, Ctrl and Ctr3.
Within cells, copper is distributed to specific subcellu-
lar components or proteins by copper chaperones that
include Hahl, which delivers copper to ceruloplasmin,
Cox17, which in turn delivers copper to mitochondrial
cytochrome c oxidase, and CCS, which inserts copper
into Cu, Zn superoxide dismutase.®)

However, the molecular mechanisms underlying the
alteration of intracellular copper distribution in dis-
eased cells are poorly understood, because the utiliza-
tion of radioactive copper isotope is generally difficult.
Thus, we attempted to produce the %7Cu with the
longest half-life (¢; o = 61.7h) among radioactive cop-
per isotopes and to investigate the intracellular copper
kinetics using %" Cu.

67Cu was introduced wvia the 70Zn(p, «) reaction ac-
cording to the method reported by Jamriska et al.®
In brief, an enriched "°Zn target (80%) was irradi-
ated with a 0.96 uA proton beam (proton energy:
12.8MeV) for 1h and 5"Cu was separated from the
unreacted target and by-products, "Ga and ®6Co, by
anion-exchange chromatography. The resulting so-
lution containing %7Cu was heated to dryness and
stocked until use. The dried 57Cu was completely dis-
solved in a small amount of 1 M HCI, and diluted with
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with fetal bovine serum (FBS) at the time of
use.

We used the human hepatocellular carcinoma cell
line, HepG2, and its Cu chaperone knock-down mu-
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tants (Hahl~- and hCCS~-Hep G2) to investigate the
kinetics of intracellular copper, because the character-
istics of HepG2 cells has been well investigated. Hahl
(human ATX1 (antioxidant proteinl) homologl) is a
copper-binding protein and mediates copper homeosta-
sis by donating Cu to the P-type ATPase, ATP7A and
ATP7B which transport Cu to the secretory pathway
for incorporation into secretory proteins and cellular
export.”) hCCS (human copper chaperone for superox-
ide dismutase) donates Cu to the antioxidant enzyme
containing Cu and Zn, superoxide dismutase.®)

HepG2 cells were grown in DMEM supplemented
with 10% FBS. Then, 100kBq of 7Cu was added
to the medium and the cells were incubated for 12h.
After incubation, the cells were disrupted with lysis
buffer (20mM EDTA, 100 mM NaCl, and 1% SDS in
50mM Tris-HCI buffer, pH 7.5) to obtain cytosols.
The cytosols were analyzed by sodium dodecyl sul-
fate - polyacrylamide gel electrophoresis (SDS-PAGE)
and two-dimensional polyacrylamide gel electrophore-
sis (2D-PAGE) to evaluate the intracellular kinetics
of copper. By these methods, the proteins are rapidly
separated on the basis of the molecular mass in the case
of SDS-PAGE and on the basis of the isoelectric point
and molecular mass in the case of 2D-PAGE. The ra-
dioactive copper was detected using a bioimaging an-
alyzer BAS-2500 (Fuji Photo Film Co., Ltd., Japan).

Although useful information has not yet been ob-
tained at present, important information regarding
copper cytotoxicity as well as the development and
progression of cancer is expected to be obtained in the
near future.
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Comparison of technetium and rhenium uptake rates from
nutrient solution by radish

K. Tagami,* S. Uchida,* R. Hirunuma, H. Haba, and S. Enomoto

Naturally occurring Re is mostly found in earth-
surface materials in trace concentrations. Because of
the chemical similarities of Re and Tc, Re transfer fac-
tors from soil to plant can be a Tc surrogate in the
natural environment. Among Tc isotopes, *?Tc is of
potential long-term importance in the environment be-
cause it has a long half-life of 2.1 x 10° y and is pro-
duced in the fissions of 23°U and 2*?Pu at relatively
high ratios. Tc is considered to be highly mobile in bio-
geochemical cycles; indeed, having the highest transfer
factor (TF) in plants among nonnutrient elements®?)
makes Tc¢ peculiar. However, the TFs of Tc obtained
from recent field observations®%) have been lower than
those obtained from laboratory studies.!"?) Technetium
chemical forms in the environment presumably play an
important role in determining the fate of Tc in soil to
plant systems, although the amount of ?Tc in the nat-
ural environment is determined to be very low.

Although the amount of Re in the environment is
higher than that of ?Tc, no data are available for ter-
restrial plant samples. This is primarily due to Re
being one of the rarest elements in the earth’s crust
so that its measurement is difficult. We think that a
terrestrial plant absorbs Re at a high rate, the same as
that found for Tc. However, the uptake behavior for
Tc and Re was not clarified. Therefore, a radiotracer
experiment using the multitracer technique® was car-
ried out in this preliminary study. The uptake rates
of Tc and Re by plants were estimated using nutrient
solutions.

Radish seedlings were grown in a nutrient solution
culture. The plants were placed in a greenhouse at
21°C and exposed to normal daylight conditions for
30 d. Uniform-size plants were transplanted to 120-mL
plastic vessels each containing 40 or 60 mL of new nu-
trient solution with multitracers including ™ TcOy~
and '®3ReO4~. The plants were in contact with the
solution through their fine roots. After 1, 3 and 7 d of
contact, the plants were carefully removed from the so-
lution. The fine roots were rinsed twice with 300 mL of
deionized water and gently wiped with paper towels.
The plants were used for another study. The nutri-
ent solutions were passed through 0.22-pm filters and
radioactivities were measured using a Ge detecting sys-
tem (Seiko EG&G Ortec).

The physicochemical forms of Re in plants are not
known, but there are several reports on those of
Tc.©9-%) Technetium is taken up by plants through
their roots as TcO,4~, which is the most stable chem-
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ical form in water under aerobic conditions, and Tc is
translocated to the leaves. Therefore, we expect that
Re could also be taken up as ReO,~, which is also
the most stable chemical form. After the 1- and 7-d
exposure periods, the volume of the nutrient solution
that remained in the vessels decreased by 8% and 20%,
respectively. The vaporization of the nutrient solution
directly from the vessel would be negligible because it
was covered with a polystyrene foam board, thus the
reduction was due to plant transpiration. The average
concentration ratios for ™ Tc and '®3Re obtained af-
ter and before (C/Cp) the 7-d exposure period in the
nutrient solutions were 1.03 +0.03 and 0.88 £0.12, re-
spectively. As shown in Fig. 1, the concentration ratios
for the samples determined after the 1-d and 3-d ex-
posure periods were the same, that is, the ™ Tc and
183Re concentrations did not change during the exper-
imental period. In our previous study using a 24-h
exposure period, the same results were obtained for
Re.”) The results suggest that Tc and Re uptake rates
by the plants are almost the same as the water uptake
rate.

Relative concentration (C/CO)
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Tc-95m|

Radionuclides

Fig. 1. Relative concentrations of radionuclides in nutrient
solutions after planting radish for 1, 3 and 7 d.
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Removal of technetium and other trace elements by bacteria living in
surface water covering paddy fields

N. Ishii,* K. Tagami,* S. Enomoto, and S. Uchida*

Technetium (?°Te, half-life: 2.1 x 10° y) is a ra-
dioactive contaminant in marine’) and terrestrial en-
vironments.?) It is normally present as pertechnetate
(TcO4™), which is both highly soluble and mobile in
these environments. In addition, this chemical form is
available to plants. These characteristics of Tc raise
concerns about the transfer of **Tc from plants to hu-
man beings.

Recently, we have found the formation of insoluble
Tec in surface water covering paddy fields.?) In flooded
paddy fields, therefore, the transfer amount of Tc to
paddy rice may be smaller than previously thought.

In this report, we describe the contributions of mi-
croorganisms to the insoluble Tc formation in the sur-
face water of paddy fields. In addition to Tc, trace
elements, which behave similar to the Tc, were inves-
tigated by the multitracer technique.

A typical Japanese paddy soil, gray lowland soil, was
air-dried and sieved using a 2 mm mesh. The soil sam-
ple was flooded for 7 d under a light-dark condition.
After the incubation, only the surface water covering
paddy soil was collected into a new tube, and then the
water sample (pH 6.3) was used without any treatment
following radioactive tracer experiments. A part of the
water sample was treated by fungicide or bactericide
immediately after the water sample collection.?)

A carrier-free 9™ Tc solution was prepared from nio-
bium foils irradiated by 40 MeV alpha-particles from a
cyclotron. A multitracer solution containing radioiso-
topes of 14 elements (*6Sc, %Co, %5Zn, "Se, 83Rb,
8581‘, SSY, 95Nb, 13906, 143Pm, 153(}(17 173Lu, 175Hf,
and '®3Re) was prepared from a thin gold foil irradi-
ated by a heavy-ion beam of 135 MeV nucleon™! from
the RIKEN Ring Cyclotron. Both solutions were ster-
ilized by filtration through a 0.2-um pore-size mem-
brane. That is, all of the radioactive tracers were in
the soluble form when the experiments were started.

The radioactive tracer solutions were added to the
untreated and treated surface water samples and were
incubated for 4 d in the dark. To examine the removal
ratio of the tracers, the water samples with tracers
were passed through a 0.2-pm-pore-size filter after the
incubation, and the radioactivity of tracers in the fil-
trate was determined with a Ge detecting system. The
tracers, which removed by the filtration, were defined
as insoluble form. The removal ratio of each tracer
was calculated by the difference in the radioactivity of
tracers between “total” and “filtrate” determinations.

The formation of insoluble Tc in the surface water

*
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covering gray lowland soil was determined. After 4 d
from the addition of soluble *°™TcO,~, 70.4 £ 4.5% of
the %MTc was removed from the surface water sam-
ple by the filtration. The data showed the possibility
that soluble TcO4~ changes to insoluble Tc in surface
water of paddy fields in a short time. The formation
of insoluble Tc in the surface water may be one of the
mechanisms for the T'c accumulation in paddy soils.

In flooded paddy fields, the accumulation of Tc in
the soils was experimentally demonstrated by Tagami
and Uchida.*) They reported that microorganisms in-
directly contributed to the accumulation through the
consumption of molecular oxygen by their respiration.
In addition to the results for the flooded paddy soil
experiments, the contributions of microorganisms on
the insoluble Tc formation in the surface water sample
were determined. When the activity of fungi was inhib-
ited by the addition of fungicide to the surface water,
the removal ratio of Tc was 80.9 & 0.3%. In contrast,
the addition of bactericide resulted in a decrease in
the removal ratio to 16.6 + 3.0%. Thus bacteria liv-
ing in the surface water would cause the insoluble Tc
formation.

Among the 14 elements in the multitracer, %°Zn and
95Nb showed a similar removal pattern to that of the
9mT¢, The behavior of both radionuclides in the sur-
face water samples seemed to be controlled by bacteria.

657n was completely removed from both the un-
treated and fungicide samples. The removal pattern
of 5Zn may be explained by the importance of Zn for
living bacteria as a cofactor for numerous enzymes.

Approximately 65% of ?°Nb was removed from the
untreated surface water. The removal ratio increased
slightly by the addition of fungicide. For the bacte-
ricide sample, the removal ratio of > Nb was approx-
imately 35% of the total >Nb added. The Tc insol-
ubilizing bacteria may be used for remediation of the
solution contaminated by both Nb and Tc.

Re and Tc are in the same manganese group. Both
Tc and Re can exist in heptavalent compounds under
aerobic conditions. Thus Re would be expected to be-
have similarly to Tc, but no similar removal patterns
were found between these two elements.
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Improved separation of Ba and Mg ions in the alkaline earth
group using the centrifugal partition chromatograph

Y. Komatsu,*! M. Sekita,*? H. Kokusen,*! T. Tanemoto,** M. liyama,*!
H. Yamada,*? S. Umetani,*® and S. Enomoto

The ring cyclotron of the RIKEN Accelerator pro-
duces multitracers which include about 50 radioactive
elements useful in the fields of biotechnology and med-
ical technology, and other applications. The acceler-
ator provides us useful information and the multiple
elements; however, if all elements were to be used in
the tracer technique, some would have a negative ef-
fect to the specimen and thus it would become very
difficult to analyze the results. Thus, it is necessary
to chemically separate the desirable elements from the
produced tracer elements. In order to obtain the de-
sirable elements, we applied the centrifugal partition
chromatography (CPC) technique in the solvent ex-
traction system.!) We have been successful in separat-
ing potassium (K) and calcium (Ca) ions, which belong
to different groups in the periodic table, by means of
this technique, during the course of developing an au-
tomation technique for the chemical separation.’) In
this study, we report the results of the separation of
barium (Ba) and magnesium (Mg) ions, which belong
to the same alkaline earth group, by improving this
CPC technique.

In the case of the separation of K and Ca
ions,!) Ca ions can be extracted by adding thenoyl-
trifluoroacetone (TTA) as an extractant and Tri-n-
octylphosphine oxide (TOPO) as an adductance from
the aqueous phase to the organic solution, although
K ions pass through the CPC device. After all of the
K ions have passed through the CPC device, the Ca ion
in the organic phase can be back-extracted to the aque-
ous phase by adding acid to the solution. Thus the K
and Ca ions can be completely separated.!) However,
regarding the separation of Ba and Mg ions, they be-
long to the same group of the periodic table, and thus it
is expected to be much more difficult to separate them
completely than the case of K and Ca ions. In order to
overcome this difficulty, we have focused our attention
on the difference between the distribution coefficients
of Ba and Mg in the equilibrium;

M2t 4+ ZHA(O) + QTOPO(O)
= MA3(TOPO)y,) +2H (1)
where HA means TTA and ‘o’ denotes the organic

phase. According to Eq. (1), both Ba and Mg ions will
be extracted to the organic phase by adding TTA and
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TOPO; however, if acid (proton) is added, the reaction
will go from the right-hand side to the left in Eq. (1).
The distribution coefficients of Ba and Mg differ by
almost 3 orders of magnitude, and thus it is possible
to back-extract Ba ions prior to the back-extraction of
Mg ions by adjusting the pH of the solution.

In the first stage, TTA and TOPO were filled in
organic phase (cyclohexane) with an aqueous solution
containing no metal ions for the stationary (organic)
phase, and then the second aqueous solution contain-
ing Ba and Mg ions for the mobile phase was flowed
into the CPC device. By applying centrifugal force
within the CPC device, the Ba and Mg ions in the mo-
bile (aqueous) phase were moved into the stationary
phase by forming a metal complex with TTA-TOPO.

In the next stage, nitric acid solution with controlled
pH was flowed into the mobile phase of the CPC de-
vice. Since the pH of the solution in the CPC de-
vice was changed from 5.51 to 3.77, the Ba ion form-
ing TTA-TOPO chelates in the stationary phase were
back-extracted to the mobile phase in accordance with
Eq. (1). Due to their having a smaller distribution co-
efficient than Mg ions, only Ba ions in the mobile phase
are directly moved (back-extracted) into the fraction
collector, while Mg ions were left in the stationary
phase within the CPC device. Every 5 minutes, each
5cm? solution was flowed to the sampling tubes in the
fraction collector in order to monitor the amount of
Ba and Mg ions during experiments. The measured
amounts of Ba and Mg ions versus the volume of efflu-
ent from the CPC device are shown in Fig. 1. One can
see in Fig. 1 that only Ba ions were extracted from the
28th (140ml) to 42nd (210 ml) samplings.

Finally, nitric acid solution with lower pH, that is,
stronger acid, was added to the mobile phase at the
47th sampling time (235ml). Since the pH of the so-
lution in the CPC device was changed to 1.06 at most,
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Fig. 1. Measured recovery rate of Mg and Ba in percent
versus the effluent volume (cm?®) from the CPC device.
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this is a stronger acid region than the preceding stage
of 3.77, the Mg ions forming TTA-TOPO chelates in
the stationary phase were then back-extracted into the
mobile phase similarly to the Ba ions. As can be seen in
Fig. 1, the peak of the percentage of Ba ions appeared
at about the 37th (185ml) sampling from the begin-
ning of sampling. The Mg ions can be back-extracted
after the extraction of Ba ions was completed from the
47th (235ml) to 55th (275ml) samplings.
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It can be concluded that the Ba and Mg ions were
completely separated and recovered in this improved
method using the CPC device together with the pH
control of the mobile phase solution.
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Improved extractive separability of metal ions
with sulfonated crown ethers

S. Umetani,*! Y. Komatsu,*?> H. Yamada,*?

A new type of water-soluble sulfonated crown ether
has been prepared. The extractive separability of lan-
thanide ions was found to improve by adding the sul-
fonated crown ethers into the aqueous phase. The
number of water molecules in the first coordination
sphere of the central Eu®" in the complex was de-
termined by a laser-induced luminescence study. In
addition, fluorescence spectra were measured to eval-
uate the structure of the complexes. The stabilization
of the complexes formed is discussed, taking into ac-
count an outer-sphere electrostatic attraction between
the sulfonic acid group and the metal ion. It can also
be expected that the unique extractability is applica-
ble to the separation of multitracers produced by an
accelerator.

A new type of sulfonated crown ether (Fig. 1)
has been synthesized, 3’-sulfobenzo-12-crown-4
(SB12C4), 3’-sulfobenzo-15-crown-5 (SB15C5), 3'-
sulfobenzo-18-crown-6 (SB18C6), di(3’-sulfo)-dibenzo-
18-crown-6  (DSDB18C6),  di(3’-sulfo)-dibenzo-21-
crown-7 (DSDB21C7) and di(3'-sulfo)-dibenzo-24-
crown-8 (DSDB24C8), and the complexation reaction
of these crown ethers with lanthanide metal ions in
aqueous solution have been investigated. The complex
formation constants, (3, of lanthanide ions with the sul-
fonated crown ethers in aqueous solution were deter-
mined by analyzing the distribution of lanthanide ions
in the D2EHPA /cyclohexane solvent extraction system
in the presence and absence of the crown ether. All
of the sulfonated crown ethers show appreciable com-
plexation with lanthanide ions. The present results are
unforeseen and would support the significant contribu-
tion of the sulfonic acid group to the complexation.

The stability of the resulting complex increases with
increasing in the number of the sulfonic acid groups in
the following order: 18C6 < SB18C6 < DSDB18C6.
It can be considered that the outer-sphere interaction
between the sulfonic acid group and the metal ion can
contribute to the complexation stability. Moreover, for
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Fig. 1. Sulfonated crown ethers.
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mono- and disulfonated crown ether complexes, the
stability varies in the order, SB18C6 < SB15C5 <
SB12C4 and DSDB18C6 < DSDB21C7 < DSDB24CS8.
The stability of the complexes cannot be explained
only on the basis of the concept of a “size-fitting ef-
fect”, although it is known that the cavity size of 18C6
(radius, 1.34-1.43 A) is similar to the ionic size of the
lighter lanthanide ions. The log 8 values are plotted
against the reciprocal of the ionic radius. It is found
that (3 for all of the sulfonated crown ether complexes
with lanthanide ions decreases gradually with increas-
ing the atomic number. This indicates that the cavity
size is not the significant factor that governs the com-
plexation behavior with lanthanide ions.

The separation factor between La®>* and Yb*" in the
absence of any crown ether is 5.34, and this increases
when the crown ethers are added to the aqueous phase
as ion-size selective masking reagents. It is clear that
the sulfonated crown ethers are much more effective
ion-size selective masking reagents than 18C6. The
best value is given by SB12C4 at 6.63. It is also found
that the sulfonated crown ethers are effective for the
heavier lanthanides.

The hydration number, ng, g, of Eu®t can be de-
termined from the decay constants of the luminescent
excited state of Eu®t in the crown ether complex.!) In
general, it could be expected that the number of hy-
drated water molecules around the central metal ion
decreases with the strong binding of the inner-sphere
interaction-type armed crown ethers to the metal ion.
However, the opposite tendency is seen in the results;
for the complexes of the 18-membered crown ethers
and Eu®*, ny,o increases with increasing number of
sulfonic acid groups (SB18C6 < DSDB18C6); that is,
ny,o increases with increasing stability of the com-
plex. The nf o value also increases in the order,
SB18C6 < SB15C5 < SB12(C4, for the monosulfonated
crown ethers, the same order in which their log 3 values
increase. The ng o value for the disulfonated crown
ether complex slightly increases with the cavity size.

The unusual stability of lanthanide ions with the sul-
fonated crown ethers which have one or two binding
sites is dominated by two primary factors: (1) ion-
dipole interaction between the metal ion and the
crown ether donating oxygens and (2) the long-range
interaction between the metal ion and the sulfonic acid
group. These synergistic effects should be considered.
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Study on Re and Os removal from seawater to sediments using
multitracer technique and X-ray absorption near-edge structure

M. Tto,* Y. Takahashi,” H. Haba, S. Enomoto, and H. Shimizu*

Rhenium and Os abundances have been reported
to be approximately Spg/gl) and 0.01 pg/g,Q) respec-
tively, in seawater and 20-190ng/g and 0.2-0.7ng/g,
respectively, in black shale,® with %"Re/!%80s ra-
tios of approximately 4300 in seawater and 500-1500
in black shale. These data indicate the Re/Os frac-
tionation during Re and Os removal from seawater to
black shale. Here, the sorption experiments of Re and
Os on sediments from seawater was conducted using
the radioactive nuclides ®3Re and '®°0s in a multi-
tracer. Rhenium and Os species incorporated in the
sediments were studied using Re Lyj-edge and Os Lyyr-
edge XAFS.

The nuclides '83Re and '®50s were obtained from
Au targets irradiated with 2C or *N ions using the
RIKEN Ring Cyclotron. The Au target was dissolved
with aqua regia, which was evaporated at 60—100°C for
two hours under vacuum. Most of Os was separated
into distilled solution. Rhenium mainly remained in
the residue after the evaporation for Os separation.
Gold, matrix in the residue, was extracted into ethyl
acetate. Rhenium remaining in the aqueous phase dur-
ing the solvent extraction was separated from other
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Fig. 1. Time dependence of Eh and fraction of each ele-
ment remaining in synthetic seawater in the presence of
Tokyo Bay sediments under mildly oxic condition. Syn-
thetic seawater: 12.0g; Tokyo Bay Sediments: 3.00g.
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Fig. 2. Time dependence of Eh and fraction of each ele-
ment remaining in synthetic seawater in the presence
of Tokyo Bay sediments free from organic matter. The
organic matter was removed by burning at 980°C. Syn-
thetic seawater: 12.0 g; Tokyo Bay Sediments free from
organic matter: 3.00g.
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Fig. 3. Time dependence of Eh and fraction of each el-
ement remaining in synthetic seawater in the presence
of Tokyo Bay sediments under reducing condition. Syn-
thetic seawater: 12.0g; Tokyo Bay Sediments free from
organic matter: 3.00g.



cations using a cation-exchange resin, where Re is not
adsorbed on the resin. The Os and Re fractions were
mixed prior to their use in the sorption experiments.

In the sorption experiments on Tokyo Bay sediments
(total organic carbon content: 2.07%) from synthetic
seawater under different Eh conditions, the removal be-
havior of Os from seawater into sediments was shown
to be different from that of Re. Osmium was re-
moved into sediments even under mildly oxic condi-
tions (Eh = 300mV and pH 7.5) (Fig. 1), but not re-
moved into sediments free from organic carbon (Fig. 2).
This suggests that Os in seawater directly interacts
with organic matter in sediments. On the other hand,
Re was incorporated into the sediments only under
strongly anoxic conditions produced by the addition of
glucose (Fig. 3). This suggests that removal of Re into
sediments depends on anoxic conditions rather than
the effect of organic matter.

Speciation of Re and Os added into the Tokyo Bay
sediments under anoxic conditions was conducted by

XAFS. XANES spectra suggested that the oxidation
number of Os sorbed on the sediments was trivalent,
even though Os was doped into synthetic seawater as
Os(IV)Clg?~ and Os(VIII)Oy. Since octavalent Os has
been considered as the main dissolved species in the
ocean,? the reductive reaction of Os can be an impor-
tant factor in the accumulation of Os in anoxic sed-
iments. This is consistent with the labile character
of trivalent cation which is readily sorbed on various
metal oxides and complexed with natural organic poly-
acids.
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Anion-exchange behavior of element 104, rutherfordium

H. Haba, K. Tsukada,*! M. Asai,*! A. Toyoshima,*!*2 K. Akiyama,*! I. Nishinaka,*! M. Hirata,*! T. Yaita,*!
S. Ichikawa,*! Y. Nagame,*! K. Yasuda,*! Y. Miyamoto,*! T. Kaneko,*! S. Goto,*® S. Ono,*? T. Hirai,*?
H. Kudo,*> M. Shigekawa,*?> A. Shinohara,*? Y. Oura,** H. Nakahara,** K. Sueki,*® H. Kikunaga,*®
N. Kinoshita,*® N. Tsuruga,*® A. Yokoyama,*® M. Sakama,*” S. Enomoto, M. Schidel,*®
W. Briichle,*® and J. V. Kratz*?

The increasingly strong relativistic effect on the
valence electrons of transactinide elements is ex-
pected to induce deviations in chemical properties
from the periodicity based on lighter homologues in
the periodic table. The first transactinide element,
rutherfordium (Rf), is considered to be a group-4
member with the ground-state electronic configura-
tion of [Rn]5f146d%7s2, though relativistic calculations
have predicted different configurations such as 6d?7s2,
7527p?, and 6d7s27p.)) The nuclide 26'Rf, which has
a half-life of 78s,2) can be used for chemical studies
of Rf. The production rate of 26'Rf is of the order of
one atom per minute under typical experimental con-
ditions, which forces us to perform rapid and repeti-
tive chromatographic experiments with single atoms.
Previously, we investigated the anion-exchange behav-
ior of Rf together with those of lighter homologues of
group-4 elements Zr and Hf in 4.0-11.5M HCI and
8.0 M HNOj5 solutions.?) It was found that the adsorp-
tion trends of Rf in HCl and HNOg3 are very similar
to those of Zr and Hf, indicating that Rf is a typical
group-4 member. Reported in this paper is our recent
result of the successive anion-exchange study of Rf in
1.9-13.9M HF solutions.

The carrier-free radiotracers of 89Zr and '7°Hf
were produced in the 39Y(p,n) and "Lu(p,n) re-
actions, respectively, using a 14-MeV proton beam
from the RIKEN K70 AVF Cyclotron. The anion-
exchange resin used was MCI GEL CAO08Y, supplied
by Mitsubishi Chemical Corporation, a strongly ba-
sic quaternary-amine polymer with the particle size of
22 £ 2pum. 10-200mg of CAO8Y and 3mL of 0.97-
26.4M HF solution containing 50 L. of the tracer so-
lution were placed in a polypropylene tube and shaken
for 100 min at 20°C. After centrifugation, 1 mL of the
aqueous phase was pipetted into a polyethylene tube
and subjected to y-ray spectrometry using a Ge detec-
tor. As a standard sample, 50 uL. of the tracer solution
was diluted to 1 mL of 0.1 M HF in another polyethy-
lene tube. The distribution coefficient K4 in unit of
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mLg~! was obtained using Kq = A,V;/AW;, where
A, and A are the radioactivities in the resin and the
solution, respectively, and V5 is the volume of the acid
solution and W, is the mass of the dry resin.

Isotope 26'Rf was produced in the 248Cm (180, 5n)
reaction using a 94-MeV 20 beam delivered from the
JAERI tandem accelerator. A 24¥Cm target of 610 ug
cm™~? thickness was prepared by electrodeposition onto
a 2.4mgcm™2 thick Be foil. Beam intensity was ap-
proximately 0.3 particle uA. Reaction products recoil-
ing out of the target were transported by a He/KCl
gas-jet system to the Automated Ion-exchange separa-
tion apparatus coupled with the Detection system for
Alpha spectroscopy (AIDA).>% Two different micro-
columns, 1.6 i.d. x 7.0mm and 1.0 i.d. x 3.5 mm, were
filled with the CAO8Y resin. After the deposition for
1255, Rf was dissolved in 240 (260)*) uL of 13.9, 11.6,
7.7, 5.8, 4.8, and 3.9 (3.0, 2.4, and 1.9) M HF and fed
into the column at a flow rate of 0.74 (1.0) mL min~?.
The effluent was collected on a Ta dish as Fraction 1
and evaporated to dryness using hot He gas and a halo-
gen heat lamp. The remaining Rf in the column was
eluted with 210 (200) puL of 4.0 MHCIL. This effluent
was collected on another Ta dish and evaporated to
dryness as Fraction 2. The pair of Ta dishes, Frac-
tions 1 and 2, was automatically transferred to an
« spectrometry station equipped with eight 600 mm?
PIPS detectors. All events were registered event by
event. To investigate the on-line anion-exchange be-
havior of Zr and Hf, isotopes ®°Zr and '69Hf were
simultaneously produced in the "**Ge(!®0O, zn) and
natGA(180, an) reactions, respectively. The anion-
exchange experiments were performed with AIDA at
3.9-17.4 M HF under the same experimental conditions
as those with 26'Rf. The effluents were assayed by -
ray spectrometry with Ge detectors.

From ion-exchange experiments performed 849, 631,
322, 271, 179, 532, 465, 501, and 476 times at 13.9,
11.6, 7.7, 5.8, 4.8, 3.9, 3.0, 2.4, and 1.9MHF, re-
spectively, a total of 266 « events from 78-s 26'Rf
(8.28 MeV)?) and its daughter 25-s 2"No (8.22, 8.27,
and 8.32 MeV)Z) were registered in the energy range of
8.00-8.36 MeV, including 25-time-correlated « pairs.
From the activities A; and A, observed in Fractions 1
and 2, respectively, the percent adsorption (%ads) on
CAO08Y was evaluated using %ads = 100 Az /(A1 +Asg).

a)  The values given in parenthesis refer to the condition when
the 1.0 i.d. X 3.5 mm column was used.



Then, the %ads values of Rf were transformed into Ky
values based on the smooth relationship between the
%ads values of 8Zr and '99Hf and the Ky values of
897r and '7OHf.5)

In Fig. 1, the variation of the Ky value of Rf is shown
by closed squares as a function of HF concentration,
[HF], together with those of 8Zr and ""Hf shown by
open squares and open circles, respectively. As shown
in Fig. 1, the K4 values of Zr and Hf are identical with
each other and both decrease with an increase of [HF].
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Fig. 1. Variations of the distribution coeflicient values (Kgq)
of 281Rf, 89Zr, and "> Hf on CA08Y as a function of HF
concentration, [HF]. Linear relationships with slopes
—2.0£0.3 for Rf and —3.0£0.1 for Zr and Hf in the log
Kgq-log [HF] plot are indicated by the solid and dotted
lines, respectively.

A linear relationship with a slope of —3.0 £ 0.1 was
found in the log Ky-log [HF] plot shown by a dashed
line. As HF is a weak acid, equilibrations among HF,
H*, F~, and HF5~ in the solution are established fol-
lowing the two chemical relations: HY+F~ « HF and
HF +F~ « HF,~.% Above 1M, [HFy "] is more than
one order of magnitude higher than [F~], and the de-
crease of K4 with [HF] is explained as displacement
of the metal complexes from the binding sites of the
resin with HFs ™. Although the K4 values of Rf also de-
crease linearly with [HF], they are apparently smaller
than those of Zr and Hf. Also noted is that the slope of
—2.0+0.3 of the plot of log K4 vs. log [HF] for Rf differs
from that for Zr and Hf, implying that different anionic
species are formed. The relativistic molecular density
functional calculations on the fluoride complexes of Rf,
Zr, and Hf are under study in our group to interpret
the remarkable difference in the anion-exchange behav-
ior and to discuss the influence of relativistic effects on
the fluoride complexation of Rf.
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Performance of a gas-jet-coupled multitarget system
for multitracer production

H. Haba, K. Igarashi, D. Kaji,*

Since 1991," the RIKEN multitracer technique has
been successfully applied in investigations of the be-
havior of various elements in the fields of chemistry,
biology, medicine, engineering, and environmental sci-
ence. By using the falling ball system,? radionuclides
of a large number of elements were simultaneously pro-
duced from metallic targets such as Ti, Ag, and Au ir-
radiated with a 135 MeV /nucl. N (or 12C, 160) beam
from the RIKEN Ring Cyclotron (RRC). After the
irradiation, these radionuclides were chemically sep-
arated from the target material,"’?) and then carrier-
free and salt-free multitracer solutions were applied to
various experiments.

Recently, we have installed a gas-jet-coupled mul-
titarget system on the E3b beam line of RRC as an
alternative to the falling ball system. A schematic of
this system is shown in Fig. 1. In the first chamber,
the 135 MeV /nucl. N (or 12C, 0) beam from RRC
passes through a HAVAR vacuum window of 6 pum
thickness, and enters 30 multitarget of about 1 pm in
thickness with 10 mm spacings. The recoiling multi-
tracers are stopped in He gas, attached to aerosols such
as NaCl, KCl, and C, and are continuously transported
through a Teflon capillary to a chemistry room, where
the multitracers are collected on a glass filter. Then,
the multitracer solutions are obtained simply by wash-

Target chamber

R. Hirunuma, and S. Enomoto

ing the filter with a suitable solution. Lastly, the N
beam enters the thick metallic targets such as Ti, Ag,
and Au, which are about 200 ym in thickness, in the
second chamber. After the irradiation, the long-lived
multitracers were chemically separated using the same
procedure as applied previously.!»?)

Advantages of the present system are as follows. (1)
The multitracers are separated from the target mate-
rial without chemical separation and transported to
the chemistry room within a few seconds. Thus, ra-
dionuclides with short half-lives of less than 1 min are
available for tracer experiments. (2) The targets with
various chemical compositions are prepared by elec-
trodeposition or vacuum-evaporation techniques. The
composition of the radionuclides in the multitracer can
be optimized by changing the target material and its
array. (3) The radionuclides of interest can be easily
concentrated by using a liquid chromatography appa-
ratus based on ion exchange or solvent extraction. (4)
All of the targets are continuously cooled with He gas
during the irradiation. Thus, the beam intensity of
O 1pupA is acceptable, though the maximum in the
falling ball system was approximately 0.1 puA due to
the irradiation in a vacuum chamber.

The performance of the gas-jet-coupled multitar-
get system was investigated using the 30 multiple
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Fig. 1. Schematic of the gas-jet-coupled multitarget system for multitracer production.
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natCy target of 2 um in thickness irradiated with the
135 MeV /nucl. N beam of 50 pnA in intensity. The
multitracers recoiling out of the target were stopped
in He gas (0 80kPa), attached to KCl aerosols gen-
erated by sublimation of the KCI powder at 640°C,
and continuously transported through a Teflon capil-
lary (2.0mm i.d., 10m long) to the Hot Laboratory
just beneath the E3 irradiation room. The aerosols
were collected on a glass filter ADVANTEC GB-100R
for 15min. The flow rate of the He carrier gas was
2.0 L min~!. In the same irradiation, one Cu foil of
2 um thickness and 15 x 15 mm? size sandwiched by one
pair of Kapton foils of 50 ym thickness and 20 x 20 mm?
size, which collected the recoiling nuclei from the tar-
get, was irradiated in the second chamber. After the
irradiation, the glass filter, the Cu target, and the Kap-
ton catchers were subjected to y-ray spectrometry with
a Ge detector.

The radioactivities of the 52 nuclides of 18 ele-
ments produced from "**Cu were identified in the
glass filter. This number of nuclides is quite large
as compared with the 11 nuclides of 10 elements pro-
duced from "*Cu by the falling ball system.?) The
radionuclides with short half-lives (77, < O 1min)
such as 2Na (59.1s), 3P (47.3s), °Cl (1.35min),
and 58™Mn (65.3s) were found to be applicable for
tracer experiments. On the other hand, the 28 ra-
dionuclides varying from %1Cu to ?*Na were identi-
fied in both the Cu target and the Kapton catch-
ers. For these nuclides, the recoil efficiency ¢, and the
gas-jet efficiency e, were calculated according to the
equatiODS Er = 100NKapton/(NKapton + NCu targ‘et) and
€g = 100NG1ass ﬁlter/3ONKaptom N being the number
of atoms, respectively. The €, and e, values are shown
in Fig. 2 as a function of the mass difference (AA)
between a product and a target (A = 65), and are
represented by open and closed circles, respectively.
The &, values increase smoothly with an increase of
AA, reflecting both the increasing kinetic energy and
the decreasing stopping power of Cu for the product
nuclei. The e, values are about 30% for the product
nuclei with AA = 05 and decrease to about 10% with
an increase of AA. It is interesting to note that the e,
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Fig. 2. Variation of the recoil efficiency &, and the gas-jet
efficiency €, as a function of the mass difference AA.

values of chlorine isotopes of 3°Cl, 38Cl, and 34™Cl are
appear to be smaller than the systematic trend from
other products. The hot chlorine atom may interact
with Cl atoms of the aerosol and form a gaseous Cls,
which cannot be collected on the glass filter.

In separate experiments, the long-lived multitrac-
ers were produced from 200-pm-thick " Ag and 300-
pm-thick 197Au targets using the 135 MeV /nucl. 4N
beam with the maximum intensity of 0.6 puA, which
was more than six times the limit of the falling ball sys-
tem. Thus, the production efficiency of the multitracer
was markedly enhanced. The entire target chamber
was surrounded with 150-mm-thick iron and 300-mm-
thick concrete blocks in order to shield the neutrons
and ~-rays from the targets and the beam dump. The
radiation dose in the E3 room during the multitracer
production was decreased to about one fourth of that
of the previous system.
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Development of a new target system for online
multitracer preparation

M. Yatsukawa,*! Y. Kasamatsu,*! H. Kikunaga,*?> N. Kinoshita,*? S. Shibusawa,*® T. Hashimoto,*? M. Arai,*3
K. Ninomiya,*! A. Yokoyama,*> W. Sato,*! N. Takahashi,*! S. Enomoto, S. Shibata,** and A. Shinohara*!

The multitracer technique enables simultaneous
tracing of a number of elements in biological and chem-
ical systems. This technique is therefore useful in var-
ious fields such as medicine, pharmacology, biology,
chemistry, and environmental science. For the supply
of a multitracer solution, however, chemical separa-
tion must be performed after several-day cooling of
the target irradiated with high-energy heavy ions. For
the rapid preparation of a wider variety of elements,
we have developed a new target system for the online
preparation of multitracer elements.

On the basis of our previous data for the yield and
recoil property,’?) we have designed a special irradi-
ation apparatus shown in Fig. 1. The target foil is
placed in the chamber filled with a catcher solution.
While the target is irradiated with a heavy-ion beam,
radioactive nuclides recoil out of the foil. Then the
recoils are caught in the solution to be transported to
the solution reservoir.

Test experiments with the target fragmentation re-
action were performed using HIMAC (Heavy Ion Medi-
cal Accelerator in Chiba) at National Institute of Radi-
ological Sciences with a 12C beam (290 MeV /nucleon).
Five sheets of Nb foils of 11.3mg/cm? thickness were
employed as the target and spaced at intervals of
0.4mm. Ion exchange water and pH5 and pH3 acetic
acid solutions were used as catcher solvents to inves-
tigate the pH dependence of the yield. During the
irradiation for 20 minutes, each of the solvents was
circulated in the chamber for the homogenization of
the solutions. After the irradiation, we immediately
recovered the multitracer solutions and measured the
radioactivities in them with a Ge detector placed away
from the irradiation room.

Target[Chamber

Heavy Ion Beam l I Ge Detector
_

Automnatid
Switching

alve
—: Flow of the Solution T Multitracer
‘0. : Recoil Products Solution

Reservoir

Catcher Solvent

Fig. 1. New target system for online multitracer produc-
tion.
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Table 1 shows the yields of detected elements, ex-
pressed in the form of relative values to those for the
stacked catcher foils.!) We found that the yields of the
recoil products from the target foils tend to increase
with decreasing pH of the solution: water < pH5 <
pH3 acetic acid solutions. The yields of the detected
elements are plotted in Fig. 2 as a function of the sol-
ubility of each metal-hydroxide solution.®® We can
see a correlation between the yields and the solubili-
ties of the metal hydroxides. In order to achieve repro-
ducibility, further experiments are to be carried out at
the RIKEN Accelerator Research Facility.

Table 1. Elemental yields of the recoil products recovered
by solution catchers. The average values are shown for
the elements corresponding to two or more nuclides.

Element Detected Nuclide (Half Life) Water/% pHS/% pH3/%

Na **Na(14.96 h) 426 90x10 799
Mg  “Mg(9.46m) 33+4 7911 7411
Al PAN6.6m) 144 418 36=8
Cl *®CI(37.18m), ¥CI(56m) 33+6 619 TixI1l
Sc “Sc(3.92h) N.D. 36+4  53%5
Mn  ¥™Mn(21m) 33+£9  48+10 5411
Co  “"Co(14m) N.D. N.D. 57+18
Cu  “Cu(23m) 28+£5 376 6110
As  As(53m) 26£4 376  58%9
Se  ™Se(7.1h) N.D. N.D. 18%2
Br  "*Br(25.4m), “"Br(46m) 6814 86+20 9020
Kr  7Kr(1.24h) N.D. 65+£3  73£3
Rb  *"Rb(6.3h) N.D. 455  49x5
Y ¥™Y(40m), ¥8Y(14.74h) N.D. 553  88+4
my (48m)

% O water

8 | 4 pHS acetic acid solution

| A pHS3 acetic acid solution { {
@ N
]

4
fif

Btis 108 16 142 10 w 107 LA o8

Yield/%

=,
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Fig. 2. Correlation of the elemental yields of the recoil
products with the solubilities of the metal hydroxides.

References

1) A. Yokoyama et al.: Radiochim. Acta 89, 703 (2001).

2) A. Yokoyama et al.: HIMAC-042, 95 (2001).

3) Kagaku Binran, 4th edition edited by M. Oki et al. (The
Chemical Society of Japan, Tokyo, 1993), p. II-161.

a)  For the solubility products of the metal hydroxides, the sol-
ubilities were calculated for each pH of the solutions using
literature values adopted in Ref. 3.



RIKEN Accel. Prog. Rep. 37 (2004)

Back to Contents

Preliminary study on olfactory transport of a multitracer
produced in Ti target

Y. Kanayama,* H. Haba, R. Hirunuma, S. Enomoto, and R. Amano*

Olfactory receptor neurons are in contact with the
environment wvia the olfactory epithelium, moreover,
the neurons connect with the olfactory bulb via axons.
The axonal transport provides a pathway by which
some proteins, viruses, and rarely metals directly enter
the brain. Little information is available on the trans-
port of metal ions via the olfactory pathway, although
Mn?", which has a similar property to Ca’" was re-
ported to be accumulated in the olfactory bulb via this
pathway.!)

In our previous studies, 24 hours after intranasal
administration, we noted the anomalously high accu-
mulation of ®3Rb*' in the brain among 16 radionu-
clides in the multitracer produced in the Ag target.?)
Furthermore, we demonstrated that S6Rb™, 137Cs™,
and 2°'T1", which are K*-mimic ions, are unilat-
erally accumulated and transported to the olfactory
bulb and cortices after unilateral intranasal admin-
istration.?) These findings clearly indicate that these
ions are transported wvia the olfactory pathway. Inter-
estingly, it seems that the speed of transport differs de-
pending on the ion, for example Rb™ transport is faster
than Mn?" transport. However, underlying mecha-
nisms and physiological roles of the axonal transport
of Kt and Ca®" are poorly understood. In this re-
search, we attempted to apply a multitracer produced
in Ti target, which enables simultaneous tracing of
2Nat, 28Mg?T, KT, and 47Ca?", for clarifying their
olfactory transport.

A multitracer was obtained from a Ti target of 2 ym
thickness irradiated with a 135MeV /nucl. 1*N beam
of 300 pnA for 3 hours using RIKEN Ring Cyclotron.
The multitracer solution for administration contained
radionuclides of 2*Na™, 28Mg?", 43K+, and 47Ca?" in
the physiological saline solution. Eight-week-old male
ICR mice were subjected to either intranasal (IN) or
intravenous (IV) administration of the multitracer so-
lution. In the IN-group, the solution was adminis-
tered only into the right nostril to clarify whether the
route of tracer delivery is via the olfactory pathway.
Six hours after the administration, the blood (BL),
liver (LI), and brain were separately obtained. The
brain was then divided into the right and left sides,
and further divided into three regions which were the
olfactory bulb (OB), the forebrain including the olfac-
tory cortex (FB), and all the remaining brain (RB).
Activities were measured by «-ray spectrometry using
pure Ge detectors and the uptake rates were deter-
mined in terms of the administered dose per wet weight

*  School of Health Sciences, Faculty of Medicine, Kanazawa

University

(%dose/g).

Figure 1 shows the ?Na™, 28Mg2+, and KT uptake
rates. No significant differences was observed between
the right and left sides of the three brain regions. This
indicates that the multitracer solution can penetrate
the nasal septum. The 3K+ uptake rates in the ROB
and LOB in the IN-group seemed to be higher than
in the IV-group, and agreed with our previous data
of the K*-mimic ions.?) Moreover, a similar tendency
was observed in the 22Mg?T uptake rates. The results
indicate that Mg®" and K+ are directly transported
via the olfactory pathway. In contrast, 2Na' uptake
rates were low, and there was no significant difference
between IN- and IV-groups. As for *7Ca’", activi-
ties were not detected except in blood samples of the
IV-group (0.42 &+ 0.09%dose/g).

Novel knowledge on the ion transportation wia the
olfactory pathway strongly indicates the usefulness of
the multitracer produced in the Ti target for investi-
gating the biobehavior of Na®, Kt, and Mg®" simul-
taneously.

Uptake rate / %dose: g™

ROB LOB RFB LFB RRB LRB LI BL

Fig. 1. Uptake rates (%dose/g) of ?*Nat, *®Mg?", and

43K™ in the blood, liver, and brain regions following
intranasal (IN) or intravenous (IV) administration of
a multitracer. In IN administration the multitracer was
instilled only into the right nostrils of the mice. OB: ol-
factory bulb; FB: forebrain; RB: remaining brain; BL:
blood; LI: liver; R: right side; L: left side. The errors
are standard deviations for three samples. Significance
levels: 5! p < 0.05, %% p < 0.01, IN vs. IV.
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Multitracer imaging in plants by GREI system

S. Motomura, R. Hirunuma, K. Igarashi, H. Haba, H. Takeichi, M. Kibe,*! Y. Gono, A. Odahara,*?
S. Enomoto, and Y. Yano

We have instrumented a prototype of the ~-ray
emission imaging!) (GREI) system. The GREI sys-
tem makes it possible to visualize the distribution of
mixed radioisotopes (RIs) simultaneously and nonde-
structively. On the other hand, the RI Beam Factory
(RIBF) project is in progress at RIKEN Accelerator
Research Facility. The RIBF provides a great variety
of RIs in the form of accelerated heavy-ion beams. The
GREI system, combined with the RIBF, will give rise
to a new methodology in biology, nuclear medicine,
and so forth.

In order to prove the feasibility of the GREI system
by examples, we have performed experiments to visu-
alize the RIs distributed in soybean samples. In this
report, we present the results for two samples, SB-1
and SB-2 (Fig. 1), administered with the following Rls:
(1) 40-kBq %5Zn; (2) 630-kBq 137Cs, 140-kBq °Fe and
50-kBq %°Zn. The measurements of SB-1 and SB-2
were carried out for 113 and 25 hours, respectively.
Each sample was fixed on a plane 1.5cm apart from
the center of the front detector.

The sections of the cones defined for each event were
accumulated on the plane where the sample was fixed,
in order to obtain the two-dimensional image of the
RIs. This image is called a simple back-projection
(SBP). The SBP image for SB-1 is shown in Fig. 2 (a).
The smeared image in the SBP was deconvoluted as-
suming that the point-spread function (PSF) was shift-
invariant. We call the resultant image DABP (decon-
volution after back-projection). The DABP image for
SB-1 is shown in Fig. 2 (b).

The v-ray spectrum measured by the GREI system
for SB-2 is shown in Fig. 3 (a). The peaks of the intrin-
sic 7y rays for each RI are clearly separated in the spec-

(a) b b)

&
>

i

Fig. 1. Photographs of soybean plants administered with
RIs. (a) SB-1. (b) SB-2.
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Fig. 2. Results of imaging %°Zn in SB-1. (a) SBP image.
(b) DABP image.
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Fig. 3. Results of imaging the RIs in SB-2. (a) The
~y-ray spectrum measured by the GREI system.
(b)—(d) DABP images of each RI.

trum. By setting energy gates at each peak, DABP
images were obtained for each RI (Fig. 3 (b)—(d)). It
was successfully observed that each RI has a different
distribution in SB-2.

The development of the GREI system is still in
progress in order to improve the position resolution
and the sensitivity, including an accurate treatment of
the PSF, which is significantly dependent on the posi-
tion in reality.
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Implementation of GREI system with DOI measurement capability

S. Motomura, M. Kibe,*! Y. Gono, A. Odahara,*?> H. Takeichi, S. Enomoto, and Y. Yano

The Compton camera proposed for y-ray emission
imaging!?) (GREI) consists of two sets of double-sided
orthogonal-strip (DSOS) germanium (Ge) detectors
which are arranged in parallel. The dimensions of the
DSOS Ge detectors are 39mm x 39 mm x 10 mm and
39mm x 39mm x 20 mm for the front and rear detec-
tors, respectively. The strip pitch is 3 mm for both de-
tectors. The transverse position of a y-ray interaction
point (TOI) in the DSOS Ge detector is determined by
a combination of the anode and cathode strips with the
accuracy given by the width of the strip. It is also pos-
sible to determine the depth of the y-ray interaction
point (DOI) by taking into account the time difference
between the signals from the anode and cathode.?*

We have fabricated a prototype of the GREI system
which is able to utilize the DOI information. Timing
filter amplifiers (TFAs) and constant fraction discrimi-
nators (CFDs) were employed in order to generate the
timing pulses from each output of the preamplifiers.
The time constants of the TFAs were 500 ns and 60 ns
for differentiation and integration, respectively. The
fraction for the CFDs was 0.5. The delay time for
the CFDs was 50 ns, which was the upper limit of the
modules.

In order to check the performance of the system, we
measured 7 rays from a point source of *?Eu placed in
front of the Compton camera. Histograms of the time
difference between the signals from the anode and the
cathode were constructed for some intrinsic « rays of
152Fy by setting energy gates at each peak. A result for
the energy gate at 122keV is shown in Fig. 1. The ori-
gin of the time difference was set where is maximum.
As shown in Fig. 1, the dependence of the count on
time difference has good agreement with the attenu-
ation curve of 122-keV ~ ray in Ge crystal assuming
that the time differences of Ons and 140 ns correspond
to the DOI values of 0 cm and 1 cm, respectively. This
implies that DOI can be measured directly from the
time difference. In addition, it was found that the
range of the time difference is constant even when the
~-ray energy is changed. Because of this fact, the algo-
rithm for DOI measurement has become very simple.
This is an advantage of using CFD.

The effect of DOI measurement was investigated by
obtaining simple back-projection (SBP) images of a
point source of %°Zn, which emits 1115-keV ~ rays.
The source was placed 4.9cm away from the center
of the front detector. Two-dimensional (2D) SBP im-
ages were obtained by accumulating the sections of the
cones defined event by event on the plane where the
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Fig. 1. Histogram of the time difference between the signals
from the anode and cathode strips. The energy gate was
set at the 122-keV ~v-ray peak. The time differences of
Ons and 140ns are assumed to correspond to the DOI
values of 0 cm and 1 cm, respectively.

source was located. The full-width at half maximum
(FWHM) of the 2D-SBP was 8 mm when DOIs were
fixed at the half depth of each detector. On the other
hand, the FWHM of the 2D-SBP was 6 mm when DOIs
were measured from the time difference.

The effect of DOI measurement becomes more signif-
icant when TOI is measured more accurately. 2D-SBP
images of the %°Zn point source under the same con-
ditions as in the above experiment were obtained by
simulation using GEANT when: (1) TOIs were fixed
at the center of each strip and (2) TOIs were assumed
to be measured with an accuracy of 0.2 mm in FWHM.
When the TOIs were fixed, the FWHMSs of the 2D-SBP
images were 8 and 6 mm for the fixed and measured
DOIs, respectively. These values agreed well with the
results of the experiment. When the TOIs were as-
sumed to be measured with an accuracy of 0.2 mm, on
the other hand, the FWHMs of the 2D-SBP images
were 6 and 2mm for the fixed and measured DOIs,
respectively. We have already developed a method of
measuring TOI more accurately than the width of the
strip. This method utilizes signals from the strips ad-
jacent to the strip used for DOI measurement. The
implementation of this device is in progress.
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Three-dimensional imaging by GREI system

S. Motomura, H. Takeichi, M. Kibe,*! Y. Gono, A. Odahara,*? S. Enomoto, and Y. Yano

The Compton camera for y-ray emission imaging!)
(GREI) consists of double-sided orthogonal-strip
(DSOS) germanium (Ge) detectors which are arranged
in parallel. The GREI system makes it possible to
obtain three-dimensional (3D) images of radioisotopes
(RIs) distributed in a sample by measuring the sam-
ple from only one direction. This is an advantage of
employing a Compton camera system.

In order to examine the feasibility of 3D imag-
ing using the GREI system, we produced 3D simple
back-projection (3D-SBP) images by simulations us-
ing GEANT. The 3D-SBP images were obtained by
accumulating three-dimensionally the cones defined for
each event. The depth of a v-ray interaction point
in the DSOS Ge detector was assumed to be mea-
sured with an accuracy of 1mm in the full width at
half maximum. A point source of 1115keV ~-rays was
positioned at the origin of the coordinate axes. The
Compton camera was located on the z-axis. The dis-
tance between the source and the center of the first
DSOS Ge was 6.9 cm. In addition, we performed sim-
ulations of 3D-SBP by employing two Compton cam-
eras. The second Compton camera was located on the
z-axis with the same distance from the source as that
of the first Compton camera.

The 3D-SBP images (the section on the y = 0 sur-
face) produced by the above simulation are shown in
Fig. 1. One can see that their shape is distorted. Note
that these images are not the final images that we in-
tend to obtain; they are used as point-spread functions
(PSFs) when 3D images are deconvoluted.

The quality of these images was evaluated on the
basis of their Fourier power spectrum (Fig. 2). When
the spatial frequency is higher than f., as indicated in
Fig. 2, the Fourier power is dominated by the random
noise contained in the image. Thus the component of
the image cannot be reconstructed if the frequency is

z[em] 7 T [em]

Fig. 1. Slices of 3D-SBP images on y = 0 surface. (a) One
Compton camera. (b) Two Compton cameras.
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Fig. 2. Fourier power spectra of PSFs.

higher than f.. When only one Compton camera is
used, f. in the z-direction is much lower than that in
the z-direction. When two Compton cameras are used,
on the other hand, f,. in the z-direction is improved to
the same level as that in the z-direction. Therefore,
it is advantageous to use two Compton cameras for
obtaining 3D images.

In addition, an example of 3D imaging using the
GREI system is shown in Fig. 3. A 3D-SBP was ob-
tained from measured data first, then deconvoluted by
a shift-invariant PSF. The image of the RI was suc-
cessfully visualized three-dimensionally.

Top view

Diagonal view

Front view

Side view

Fig. 3. 3D image of *"Cs distributed in a soybean sample.
Photograph of the sample is also shown at the center.
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Reconstruction methods for GREI

H. Takeichi, S. Motomura, R. Hirunuma, K. Igarashi, S. Enomoto, and Y. Yano

Reconstruction methods for emission imaging were
examined and a version of maximum likelihood
expectation-maximization (MLEM) algorithm for -y
ray emission imaging (GREI) was implemented.

The development of computed tomography (CT) has
been one of the most remarkable achievements in med-
ical imaging physics. The internal structure of a three-
dimensional sample can be reconstructed from a set of
two-dimensional projections through computation, en-
abling precise and nondestructive measurement of the
shape and location of an object inside, such as an organ
or a tumor.

CT application to an imaging modality other than
X ray such as emission tomography and magnetic res-
onance imaging provided not only considerable diag-
nostic information but also problems specific to the
new technique. In the case of GREI, unlike the col-
limated emission imaging, views from varying view-
points are obtained not by rotating the detector but
by accumulating data with various scattering angles
following Compton kinematics; therefore, the images
are ‘merged’ and not separated into different projec-
tion images. The data is in a six-dimensional space
where each v ray is represented by a set of six pa-
rameters: three for the location of the interaction, one
for the scattering angle, and two for the orientation of
the v ray. Fach v ray defines a cone surface on which
the source lies instead of a line in the reconstruction.
In this report, problems associated with the ‘merged
cone’ representation and the solution will be described.

The easiest reconstruction method is simple back
projection (SBP), in which the cone surface is simply
‘drawn’ in the reconstruction space, representing the
probability distribution or the uncertainty of the loca-
tion of the source. When all the cone surfaces are over-
laid, they collectively describe the estimation of the
source distribution, namely, the reconstruction. Just
as the estimated source location is ‘smeared’ along the
line of projection in the collimated emission imaging,
the estimated source is distributed uniformly over the
surface of the cone in SBP-GREI. Although this may
provide an impression that SBP-GREI is skewed in
a complicated manner, with a number of v rays, the
blur is described by a smooth point spread function
(PSF), which can be either measured experimentally
or estimated by simulation. Because PSF depends on
the energy that determines the scattering angle, it is
specific to a nuclide.

An improved reconstruction method, therefore, is
deconvolution after back projection (DABP), in which

Fig. 1. Sample images obtained by SBP, DABP, and
MLEM.

the blur is removed from SBP by deconvolving PSF.
Although this may appear valid as long as only a
planar-thin sample such as a slice is imaged and the
estimation of z is not critical, such as astrophysics ap-
plications of the Compton camera, DABP suffers from
severe distortion in three-dimensional reconstruction
of a volumetric sample. This is because PSF is not
shift-invariant along the z-axis, although it is roughly
shift-invariant along the x- and y-axes except at the
periphery of the detector. The radius of the circle de-
fined as a cross section of the cone increases linearly
with increasing distance from the detector, introduc-
ing different blurs at different depths, so that PSF is
z-dependent. Note that an analytical distortion com-
pensation is difficult because the required compensa-
tion depends on the true source distribution estimated.

Therefore, we implemented an iterative MLEM al-
gorithm for GREI. The idea of MLEM is to iteratively
update the estimated source distribution depending on
a correction term. The correction term is defined as
the ratio of the actual projection to the forward pro-
jection of the current estimate and back-projected into
the reconstruction space using the probability of a ~
ray being emitted from a location in the sample space
and detected at a location in the projection. The prob-
ability can be estimated by simulation or calculated
analytically in some cases.

Figure 1 shows images obtained by different recon-
struction methods. From left to right, the SBP, DABP,
and MLEM images of a young soybean shoot admin-
istered with %°Zn single tracer are shown. Instead of
the exact PSF, a Butterworth filter was used in DABP
to reduce high spatial frequency noise. MLEM is the
result of > 700 iterations. The MLEM image appears
less noisy than the DABP image.

In summary, MLEM is implemented as an initial re-
construction method for GREI. Improvements in esti-
mation accuracy and computational efficiency are un-
der consideration.
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A note on the reconstruction method for GREI

H. Takeichi

The relationship between image reconstruction and
statistical data analysis in an application of v ray emis-
sion imaging (GREI) to functional brain imaging is
discussed and their integration, cascaded expectation
maximization (CEM), is proposed.

Estimation is always accompanied by error, which
needs to be minimized. In its minimization, it is im-
portant to identify its characteristic property and take
an appropriate strategy depending on the property. In
functional brain mapping by emission imaging, for ex-
ample, the result of the statistical data analysis de-
pends partially on the choice of the image reconstruc-
tion method. This may be because the nature as well
as the magnitude of the error depends on the recon-
struction method. In other words, when the image
reconstruction is designed, the manner in which the
reconstructed image is used needs to be considered. In
this report, the nature of the error in two image re-
construction methods for GREI and two data analysis
methods in functional brain imaging are described and
their relationship is discussed.

As described elsewhere in this volume, there are
two types of reconstruction methods: analytical and
iterative. The analytical method is a shift-invariant
deconvolution called deconvolution after back projec-
tion (DABP), and the iterative method involves iter-
ative error estimation and propagation using a shift-
invariant or a shift-variant probability relating the pro-
jection and the reconstruction, called maximum likeli-
hood expectation-maximization (MLEM). Only the ef-
fect of an error in the estimated point spread, i.e. point
spread imperfection (PSI) will be considered. PSI is
uniformly distributed over the entire image in DABP,
because it is in the shift-invariant deconvolution ker-
nel, while PSI can be nonuniformly distributed and
confined to a neighborhood in MLEM, because it can
be localized to a subset of the probabilities relating the
projection and the reconstruction. Although MLEM is
more advantageous than DABP with respect to image
reconstruction itself, it is also important to examine
their relative superiority and inferiority with respect
to their application.

In functional brain imaging, the effect of an experi-
mental manipulation is evaluated by generating a map
that represents a change in the metabolism or the re-
gional cerebral blood flow due to the manipulation at
each location in the brain. There are two methods for
generating the map: model-based and data-driven.

In the model-based method, the effect is measured
in terms of the mean signal difference between the ac-
tivation state and the resting state at each location.
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The Student’s t-test is often performed with a correc-
tion for multiple comparisons. This is called general
linear model (GLM) because it assumes that the ex-
perimental effect is linear. The model is described as
follows:

X=p0G+¢

where X is the data i.e. the signal at each location at
each time point, (3 is the coefficient for the magnitude
of the effect at each location, G is the time course of
the effect, and ¢ is the residual error. In this case, G is
given and [ is estimated and compared with e.

In the data-driven method, the effect is character-
ized as a coherent mean signal difference between the
states at a set of locations. The most significant differ-
ence between the model-based method and the data-
driven method is that the former uses an extrinsic
model i.e. the time course of the experimental ma-
nipulation for the identification of the effect, while
the latter uses an intrinsic criterion i.e. the statisti-
cal independence between the effects for their identi-
fication. A popular definition of independence is the
absence of correlation, which is identified by analyzing
covariance. This is called principal component analysis
(PCA). A revised definition is the absence of mutual
information, which can be identified by analyzing the
‘co-kurtosis’ or higher order statistics. This is called
independent component analysis (ICA). In both cases,
the analysis is described as follows:

X =p6G

where the residual error is omitted because it is not
essential in this analysis.

A critical difference between GLM and ICA with re-
spect to the image reconstruction method is that while
the effect is evaluated for each location in GLM, it is
evaluated for each set of locations in ICA. Because
GLM is a highly localized analysis, it is more suscep-
tible to the localized PSI in MLEM than to the dis-
tributed PSI in DABP. In contrast, because ICA is
less localized, the influence of localized PSI in MLEM
is less severe than GLM.

In addition, as ICA can be implemented by
an expectation maximization algorithm, there is
a possibility of performing cascaded expectation
maximization (CEM) by combining the image recon-
struction (MLEM) and the statistical data analysis
(ICA). By establishing a direct link between the mea-
surement and the application, CEM enables an adap-
tive and real-time analysis of a complex system.
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Image reconstruction method with compensation for scattering
angular uncertainty in MT-GEI

M. Hirasawa,*! T. Tomitani,*! S. Shibata,*! S. Motomura, S. Enomoto, Y. Gono,*? and Y. Yano

The MT-GEI (multitracer gamma-ray emission im-
ager) has been developed to image living-body tomo-
grams of multitracers produced at the RIKEN Ring
Cyclotron. Multitracer imaging can be attained using
an imaging device based on the Compton camera prin-
ciple. The MT-GEI consists of two three-dimensional
position-sensitive y-ray detectors. The ~ ray emitted
from the each tracer undergoes Compton scattering in
the first detector followed by photoelectric absorption
in the second detector. The direction of the ~ ray
can be confined to a cone whose vertex, axis and ver-
tex angle are determined by the scattering point, the
scattering ray line and twice the Compton scattering
angle, respectively. The scattering angle is calculated
from the deposited energies using the Compton for-
mula. However, the calculated angle includes uncer-
tainty due to the finite energy resolution of the first
detector and the Doppler broadening of the Compton
electron energy in the first detector. Figure 1 shows the
dependence of the angular uncertainty in the MT-GEI
on the emitted y-ray energy for scattering angles of 10,
20 and 30 degrees. As the energy increases, the uncer-
tainty decreases rapidly and tends to level off to 2 or
less degrees in FWHM beyond 300 keV.

An image reconstruction method using the cone data
obtained by the MT-GEI was developed first without

10

Scattering angular uncertainty {deg in FywHM)

0 200 400 600 800 1000
Incident gamma-ray energy [(Kev)

Fig. 1. Dependence of scattering angular uncertainty in
MT-GEI on incident v-ray energy. Solid, dashed and
dotted curves correspond to the scattering angles of 10,
20 and 30 degrees, respectively.
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compensating for the above angular uncertainty.!) The
algorithm has been revised to compensate for the un-
certainty as?)

ap(cosw) E/i1 d(s,t)Bri(s,t;w)P,({s,t)), (1)

H,= / d cos w h(cos w)ay, (cosw)?, (2)

oS wa

and

Cos w1
f(s)%/ dcosw/th
COSs wo S

Mmax

m—+1a,
XZ n+1a,(cosw)

w g r(Bs)etw), (3)

n=0

where f(s) denotes the relative tracer density line in-
tegrated on a line with s in its direction unit vector,
and ¢(t; w) represents the number density of cone data
with ¢ in its axial (scattering)-direction unit vector
with half of its vertex (calculated scattering) angle w.
Furthermore, P,, and h denote the Legendre function
of n-th degree and the Klein-Nishina formula, respec-
tively, and ©; and (s, t) are the solid angle with ¢ in its
direction unit vector and the inner product of s and ¢,
respectively. Br describes the scattering angular un-
certainty defined by

Fig. 2. Reconstructed images with (left) and without
(right) compensation from the simulated cone data for
MT-GEIL The top is the original phantom.
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(4)

where o is the standard deviation of the scattering
angular uncertainty.

Figure 2 shows the reconstructed distribution images
with and without compensation for the angular uncer-
tainty. The 10® cone data obtained by the MT-GEI,
with 10 to 30 degrees in the calculated scattering an-
gle, are simulated using a digital phantom emitting
364 keV ~ rays. The reconstructed image with compen-
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sation has higher spatial resolution but greater noise
than that without compensation.®*
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Exposure of frozen human cells to heavy ions

F. Yatagai, H. Ryuto, N. Fukunishi, and F. Hanaoka

Exposure to ionizing radiation (IR) induces various
types of DNA lesion including base damage, cross-
linking, and DNA single- and double-strand breaks
(DSBs). DSBs were originally considered to be the
critical cytotoxic lesions. We have recently established
a gene mutation assay system whose target is the au-
tosomal heterozygous thymidine kinase (T'K) locus in
the human lymphoblastoid cell line TK6.)) This as-
say system enables the detection of genetic alterations
at the chromosome level as loss of the functional al-
lele (or loss of heterozygosity (LOH)). Using this as-
say system, we succeeded in the (10 c¢Gy) detection of
IR-specific hemizygous LOHs (interstitial deletions).?
The 22keV/pm C ion beam irradiation has shown
higher induction of such an LOH event than X-ray ir-
radiation, probably due to an efficient production of
DSBs by C ions compared to X-rays.®

The direct effect of an accelerated heavy ion beam on
DNA can be well estimated by the irradiation of frozen
cells, because the indirect effect mediated by free rad-
icals can be suppressed under such a frozen condition.
Furthermore, the long-period preservation of cells by
freezing is convenient for detecting the genetic effects
of low-dose and low-dose-rate irradiation. The above
LOH assay system appeas to be very useful for elu-
cidating genetic changes in IR-irradiated frozen cells.
The preliminary results obtained are described below.

The viability of TK6 cells was estimated from plat-
ing efficiency (PE) (Table 1), which was determined
by the limiting dilution method as previously de-
scribed.}) TK6 cells were exposed to IR under the

Table 1. Reduction in the viability of cells irradiated under
the frozen condition and preserved by freezing after the

irradiation.

Radiation | Plating Efficiency (%) [Relative]
(Frozen®) | 0Gy [ 0.1Gy | 0.5Gy | 2.0Gy
X-rays 25 21 13 5.1

(1 week) | [1.0] | [0.84] | [0.52] | [0.20]
X-rays 6.1 5.6 3.8 4.3

(1 month) | [1.0] | [0.92] | [0.63] | [0.70]
C ions 8.3 8.8 6.4 1.4

(1 week) [1.0] | [1.06] [0.77) | [0.17]
C ions 10 8.5 8.3 5.2

(1 month) | [1.0] | [0.85] | [0.83] | [0.52]

§ Period of freezing after radiation exposure

frozen condition (—80C) and preserved at the same
temperature after the exposure.

The relative PE of the cells preserved for one week
after the 2 Gy X-ray exposure was 20% that of unirra-
diated cells, indicating a percentage higher than 8% in
our previous experiment under the suspension-culture
conditions. Such higher viability was also observed af-
ter the 2 Gy C ion irradiation, as determined by the rel-
ative PEs of 17% and 6% under the frozen and suspen-
sion conditions, respectively. These results strongly
suggest that the indirect effect of irradiation on cell
killing is suppressed by the exposure to freezing condi-
tion. Similar tendency was obtained with one month
preservation. The viability was not reduced by the
10 cGy irradiation in any case (Table 1).

The TK™ mutation frequencies for the cells irradi-
ated with C ions under the frozen condition and pre-
served as frozen were also determined by the method
as previously described'™) (Table 2).

In contrast to the reduction in the cell killing effect of
C ion exposure under the frozen condition as described
above, the enhancement of mutation f