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I. PREFACE

This issue of RIKEN Accelerator Progress Report
reports research activities of the RIKEN Accelerator
Research Facility (RARF) during the calendar year of
2001. The research progranis have been coordinated
in the framework of the project entitled Multidisci-
plinary Researches on Heavy-Ton Science. The project
involves a variety of fields such as: nuclear physics, nu-
clear astrophysics, atomic physics, nuclear chemistry,
radiation biology, condensed matter physics in terms of
accelerator or radiation application, plants mutation,
material characterization, application to space science,
accelerator physics and engineering, laser technology,
and computational technology.

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

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 = 70MeV azimuthally varying field cy-
clotron (AVF), which have altogether provided a beam
time (on the target) of more than 4000 hours through
the year. This number is slightly shorter than those of
previous years because of the planned shutdown due
to the construction-program of the RI Beam Factory.
The three accelerators deliver heavy-ion beams of a
variety of elements with energies ranging from a few
A MeV to 135 A MeV. The two-injector machines
(AVF and RILAC) are equipped with ECR heavy-
ion sources. The AVF is additionally equipped with
a polarized ion source for vector and tensor polarized
deuterons. The three accelerators have been used in
various configurations. The RRC operates cither with
the AVF or the RILAC as the injector. The AVF las
been providing beans of ions of mass number up to 60.
The energy booster for the RILAC has been installed
so that the maximum beam energy from the RILAC
has been raised to 6 A MeV. High-intensity beams
of intermediate-mass ions will be able to be delivered
in early 2002. That also will enable to deliver high-
intensity beams of intermediate-mass elements such as
Ni and Kr up to 85 A MeV from RRC. In addition, the
AVF and the RILAC are used separately, when they
are not used as the injector, for low-energy applica-
tions. In particular, the use of high-intensity RILAC
beams is expected to provide great opportunities for

superheavy element researches. Two thirds of the RRC
research beam time (~3300 hours in total) is used for
nuclear physics and nuclear astrophysics and one third
is used by atomic physics, material science, nuclear
chemistry, radiation biology and others. While, the
AVFE beam time werce also used for fields other than
nuclear physics. The research beam time at the AVE
is 2100 hours and 800 hours at the RILAC.

The RARFE carries many international collabora-
tions. Among them are large-size two international-
collaboration programs using overseas accelerator fa-
cilities: one is the muon science project at ISIS in col-
laboration with the Ratherford-Appleton Laboratory
(RAL), and the other is the spin physics program at
RHIC in collaboration with the Brookhaven National
Laboratory (BNL). The pulsed muon-beam facility at
ISIS has been operating steadily. At the RHIC facil-
ity, the first heavy-ion beam and the first polarized
proton beams have been successfully accelerated. The
first collision of polarized protons in the collider was
observed in December 2001. Other smaller collabo-
rations using foreign facilities are going on at Lanzho
(China), Dubna (Russia), CERN, GSI (Germany), and
TRIUMF (Canada).

The use of RI beams is the main focus of the activ-
ities at the RRC. Major subjects pursued are: (1) ex-
otic nuclear structure and new dynamics of extremely
neutron-rich nuclei (such as those with a neutron halo
or skin), (2) nuclear astrophysics involving unstable-
nucleus reactions, (3) synthesis of new unstable iso-
topes far from the valley of stability, (4) extensive
measurements of nuclear moments. Characteristic fea-
tures of intermediate-energy direct reactions are often
exploited for such studies.

We have collaborated with the CNS of the University
of Tokyo for installing the new low-energy RI beam
separator (CRIB) to use the low-energy beam from
the AVF. High-quality low-energy RI beams are now
available as a CNS/RIKEN facility.

Highlights of the year include: (1) The discovery
of °H nucleus. (2) A continuation of discovery of new
magic numbers to Z = 16, N = 32 and 34. These stud-
ies show that the magic numbers are radically changing
off the stability line. (3) Observation of isobaric analog
states of halo nuclei. (4) Continuous developments in
Coulomb excitation and Coulomb dissociation of neu-
tron rich nuclei. (5) Detailed study of three-body in-
teractions with polarized deuteron beam. (6) The de-
livery of the first slow muon beam at the RAL facility.
(7) The development of an on-line polarimeter for the
RHIC spin project.



In theory, outstanding results have been obtained
and continue to emerge from Monte-Carlo Shell model
calculations. Many properties of nuclei far from the
stability lines have been correctly predicted using the
Alphleet parallel computer in RARF. The N = 16
magic number in oxygen isotopes has been understood
by an inclusion of the spin-isospin interactions. Also,
- the study of molecular states with alpha clusters and
loosely bound neutrons under covalent bonds is of spe-
cial interest in the theory group. New Relativistic
Mean Field model of nuclei are under development in-
cluding the pion field. This new model is expected to
open new base for nuclear structure.

Intermediate-energy heavy ions from the RRC have
found their own applicability. A strikingly efficient mu-
tagenic effect has been observed when the embryo of
a Tobacco plant is shot by heavy ions. High-energy
heavy ions werc irradiated to the plants placed in the

air for desirable amount of LET. It has opened a
method to produce mutants that is efficient and well
controlled. The method is so efficient that it is ex-
pected to offer new possibilities of bioscience rescarch
through comparison between normal and mutagenic
samples. The first flowers developed by this method
are now available commercially.

The RI Beam Factory project is progressing well.
The building for the cyclotrons and the separators are
under construction. The sector magnets of the IRC
has been completed. The first experiment. is expected
to start in 2005.

[. Tanihata
Director, Frperimental System Group
RIKEN Accelerator Research Fuacility
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RILAC operation

E. Tkezawa, M. Kase, S. Kohara, O. Kamigaito, M. Fujimaki, T. Nakagawa, M. Kidera, N. Fukunishi,
M. Nagase, M. Kobayashi-Komiyama, I. Yokoyama, T. Aihara,” T. Ohki,* H. Hasebe,” H. Yamauchi,*
A. Uchiyama,* A. Goto, and Y. Yano

RILAC has been upgraded using accelerators of the
charge-state multiplier (CSM). Six cavities of the CSM
were installed just after the installation of the final cav-
ity of RILAC as a booster in the summer of 2000, as
shown in Figs. 1 and 2. The maximum beam energy,
boosted by the CSM. became 5.8 MeV /nucleon. High-
power tests of the new cavities have been under way
since September 2000.2 and a beam test was started
in May 2001.%3) The “°Ar!1* beam was successfully ac-
celerated up to 5.8 MeV /nucleon with an intensity of
4.8 puA. The beam energy was determined by the an-
alyzer magnet BM90 in which a NMR probe measured
the magnetic flux density precisely. The transmission
efficiency through the CSM was 98% for the Ar!*
beam. However, the maximum transmission cfficiency
from the ion source to the end of the CSM was 62%
in this case, because the typical transmission efficiency
from the ion source to the end of RILAC is 50 to 70%.

To utilize the beams accelerated by RILAC or the
RILAC + CSM for various experiments, the beam
transport system was replaced with a new one, as
shown in Fig. 2.9 It has one main transport line to the
RIKEN Ring Cyclotron (RRC) and six branches (beam
lines el-e6). The e2. €3, eb and e6 beam lines are
used for radiation chemistry. for the search for super-
heavy elements with a gas-filled recoil isotope sepa-
rator (GARIS), for the development of a new charge
stripper system and for the accelerator mass spectrom-
eter, respectively. The e4 beain line is exclusively used
by the CNS of University of Tokyo.

One of the most important experiments proposed
here is the search for super-heavy elements via a sub-
barrier fusion reaction with the GARIS. The maxi-
mum energy was selected for this research. It has been
decided that for the next two years, until the RIBF is
ready to start, a stand-alone use of RILAC using the
CSM will be mainly used for this experiment.

We tested the beam delivery to RRC and the new
experiment course with the conventional beaimn energies
of RILAC. We also carried out a preliminary beam test
for the GARIS experiment with the maximum beam
energy. We did not detect a sizable beam loss in either
case. Since May. RILAC has been in steady operation
and has supplied various kinds of ion beams for an
acceleration test and test experiments.

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

(1) Two quadrupole magnets in the drift tubes
(DT1-1 and DT2-17) of the No. 1 and No. 2

*  SHI Accelerator Service, Ltd.

Fig. 1. Photograph of the CSM A1-A4 cavities.

CSM-A6

CSM-A5

€5 beam line

e4 beam line
Ly (for CNS)

e2 beam line GARIS

e3 beam line

Fig. 2. Photograph of the CSM A5-A6 cavities, the beam
lines el-eb and the GARIS in the No. 1 target room.

RILAC cavities suffered insulation failure in
thieir tape coils and the beam was accelerated
without these magnets being excited during the
operation. The maguets and the drift tubes were
replaced with new ones in April 2001.

(2) An rf feeder for the No. 5 RILAC cavity had a
vacuum leak at the cone-shaped alumina insu-
lator. The insulator was replaced with a new
one.

(3) A contact finger in a coaxial line supplying radio
frequency power from the No. 5 main amplifier
to the feeder melted due to rf currents being too
high.

(4) A serious water leak has been detected in the



CSM A4 cavity at the top of the outer conduc-
tor of the power feeder. The reason is that the
brazing around the water channel was incom-
plete. Since the brazing was made in the same
way in the CSM A3, A5, and A6 cavities, we
replaced the outer conductor in all of these cav-
ities.

An 18 GHz ECR ion source suffered insulation
failure between the plasma chamber and the
solenoid coil. The surface of the insulator was
cleaned and was reused.

All water pumps were inspected. As a result,
a water pump of the deionized water circuit for
RILAC was overhauled because of a deteriora-

tion of the mechanical seals, and a cooling tower
pump for the RFQ injector was found to be worn
out, and thus we replaced it with a new one.
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RRC and AVF operation

M. Kase, T. Kageyama, M. Nagase, S. Kohara, T. Nakagawa, E. Ikezawa, M. Fujimaki, N. Fukunishi,
S. Numata, O. Kamigaito, M. Kidera, A. Yoneda, M. Kobayashi-Komiyama, 1. Yokoyama, H. Isshiki,*
H. Akagi,” R. Abe,* N. Tsukiori,* K. Takahashi,* T. Maie,* R. Ohta,* K. Kobayashi,* M. Nishida,*
A. Goto, and Y. Yano

The statistics of operation of the RIKEN Ring Cy-
clotron (RRC) in 2001 is shown in Table 1. The
RRC together with the AVF and the RILAC have
routinely provided a beam time of more than 4000
hours throughout the year 2001. This value is small-
est among these ten years. The RRC operation was
interrupted frequently in 2001 due to the installation
of AVF beam transport and also improvements of the
AVF. The RILAC-RRC operation has been limited
since 2000, because the RILAC had been shut down
due to the upgrade program.

More than fifty kinds of ion beams were prepared
in 2001. These beams were used in experiments in
a variety of fields, such as nuclear physics, atom and
solid-state physics, radiochemistry, nuclear chemistry,
and radiation biology.

With the framework of the collaboration between
RIKEN and CNS of Tokyo University, the following
projects have been carried out and almost all of these
projects were completed this year.

(1) The 14 GHz ECR ion source was installed in the
ion source room of AVF.

(2) The two 45-deg dipole magnets between the hor-
izontal beam line from the ion source and the
vertical injection line of AVF was replaced by
a new horizontally rotationable 90-deg dipole
magnet. As the result, the switching of more
than one ECR ion source in a short time be-
came possible, keeping the vertical injection line
for the polarized ion source as before.

(3) A flat top rf system was added to cavities of the
AVEF. Efficient extraction of a high-quality beam
is expected at the AVF.")

(4) A new beam transport line from the AVF to the
present beam line of the RRC was designed and

Table 1. Statistics of RRC operation in 2001.

Operation time of RRC 6258 hr
Beam Service Time 4084 hr
Nuclear Physics Experiment 92%

Non-Nuclear Physics Experiment 8%

RILAC-RRC Operation 8%
AVF-RRC Operation 92%

*  SHI Accelerator Service, Ltd.

was partially completed in sunimer 2001. It will
be connected to the beam line to the E2 target
room, where the PA appearing in the next itemn
is installed.

(5) Two large-scale apparatuses of the nuclear
physics experiment, CRIB and PA, were in-
stalled in the target rooms E6 and E2. An ex-
periment involving the CRIB has been carried
out since summer 2001.

(6) The maximum cnergy of the RILAC was up-
graded from 4 to 6 MeV/nucleon. Four linac
cavities were added to the first unit of the CSM
which was completed in 1999.

With the completion of the CSM, a new configura-
tion of the RILAC-CSM-RRC operation became pos-
sible. It was found that it is very useful for improving
the beam intensity of some beams. The RRC was de-
signed to operate using a harmonic number of 9 in the
case of the RILAC-RRC. Due to the energy variabil-
ity of the RILAC, the RRC has been operated using
higher harmonic numbers such as 10, 11, and 12 as well
as the designed one. In the new scheme of the RILAC-
CSM-RRC, the RRC can be operated using harmonic
numbers of 8, 7 or 6. Some beams, which had been
available only in the AVF-RRC, can be obtained with
a much more intensity in this scheme, because lower-
charge-state ions are acceptable for RILAC and also
because the transmission efficiency of the RILAC is
better than that of the AVF. Such beams, some of
which are very important for nuclear physics experi-
ments, are listed in Table 2 and shown in Fig. 1. To
realize these accelerations, however, a more powerful
re-buncher is necessary for the injection of the RRC.

A test of the RILAC-CSM-RRC with h = 8 was car-
ried out in October 2001. A beam of 64 MeV /nucleon
®1Kr was accelerated with a beam intensity of 60 pnA
which is fifty times that obtained in the AVF-RRC so
far. Half of the beam was lost in the RRC, because the
rf power of rebuncher before the RRC was insufficient.

A superconducting ECR ion source has been de-
veloped and its beam test is now in progress.?) As
the method of inserting a solid element into the ECR
plasina, a micro-oven system was installed in the
18 GHz ECR at RILAC. The bean intensity of some
solid ions is expected to increase.

Charge stripping of ions after the RILAC will be a
very essential matter for the RIBF. Recently a long-
lived carbon foil has been successfully produced,® and
also. a liquid-type stripper has been developed.



Table 2. Upgrade of beam intensities with CSM.

(Present Data) (Expected Data)
\ = ~ RILAC —» CSM — RRC

o ; Stripping after CSM Beam
Fruo (hed' ] @ Q@ Ew  effi | intens,

{MeV/n) . (MeV/n) (%) | (pnA)

28g; APH B 6+ ~ T4+ 65 . N4l 1000
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RILAC(37.8MHz)+A1+A2+D1+RRC

84r

RILAC(37.8MHz)+A1+A2+RRC

L 0.6 A previous control system has been replaced by
a new one using EPICS.”) The low-level interfaces
gl i (CAMAC-CIM-DIM, GPIB) were kept as before. The
E RILAC+CSM+RRC i new control system covers not only the entire acceler-
g il ator but also experimental apparatuses such as RIPS
é h=6 3 and SMART. A new interface, which had been devel-
2 150 - ‘}! | o5 § oped for power supplies in RIBF, is also included in
= pano ° the new system and tested in a routine operation.
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Atomic Mass Number

Fig. 1. Performance of RRC. The two regions surrounded
by dashed lines are the conventional acceptances for the
AVF+RRC and RILAC+RRC. The open circles de-
notes the beams accelerated previously. The three solid
lines shows the beams obtained with the new scheme
of RILACHCSM+RRC and the solid circles are beams
shown in Table 1.
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Operation of the tandem accelerator

K. Ogiwara. T. Urai, and T. Kobayashi

The 1.7MeV tandem accelerator was operated for a
total of 141 days for experiments, except for the time
taken for machine inspection and a beam test, during
the aunual reporting period from Nov. 1, 2000 to Oct.
31, 2001.

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

(1) Rutherford backscattering spectroscopy (RBS)

(a) Channeling analysis of dopants in semiconduct-
ing materials

(b) RBS analysis of polystyrene surfaces and glassy
carbon films modified by ion implantation

(2) Nuclear reaction analysis (NRA)

(a) Lattice location of hydrogen in niobium alloys
by meaus of the channeling method

(3) Particle-induced X-ray emission (PIXE)

(a) Trace element analysis of biological and envi-
ronmental samples using energy-dispersive X-ray spec-
trometry

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

(¢) Characterization of the II-VI ternary semicon-
ducting crystals
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Triaxially deformed states in the Monte-Carlo Shell Model

N. Shimizu, T. Otsuka,*! T. Mizusaki,*? and M. Honma*3

[Nuclear Structure, Shell Model, Collective Motion]

For over half a century, typical collective motions
and the transitional states between them were investi-
gated and related to the dynamical symmetries, which
the Hamiltonian originally has. In order to investigate
these states microscopically in terms of the nuclear
shell model, the Monte-Carlo Shell Model (MCSM)
was developed. V)

In the Xe-Ba region, where the mass number is
around 130, the nuclei are well known to exhibit the
quadrupole collective properties of a triaxial deforma-
tion. They are called y-unstable nuclei, because their
potential-energy surfaces appear to be flat in the di-
rection of v, which represents the degree of freedom of
triaxial deformation. Their microscopic investigation
using the nuclear shell model, which was made possible
by the development of the MCSM, is cspecially impor-
tant in the transitional region. On the other hand, the
existence of a new dynamical E(5) symmetry was pro-
posed at the transitional nucleus between the spheri-
cal and triaxially deformed nuclei.?) The microscopic
study also enables us to discuss its validity.

In order to discuss the properties of an intrin-
sic state schematically, we generated a triaxially de-
formed wave function using BCS theory in the external
quadrupole field, the strengths of which corresponded
to the deformation parameters, (3,7). By combining
this wave function and the nuclear-shell-model Hamil-
tonian, which was obtained through a study using
the MCSM, we obtained a potential-energy surface
parametrized by 4 and -y. The Hamiltonian com-
prised a single-particle potential, pairing, quadrupole-
pairing, and quadrupole-quadrupole interactions. Fig-
ure 1 represents the surfaces of Ba isotopes without
angular-momentuin projection (upper part) and those
with projection (lower part).

The even-even nuclei, 3613413285 span a transi-
tional region from a nucleus having the feature of a
spherical vibrator (}3Ba) to one having a triaxial de-
formation (**2Ba). The upper-left part of Fig. 1 shows
a feature of spherical shape, because its minimal point
is located at 8 = 0. On the other hand, the upper-right
part shows the characteristics of a deformed rotor. We
can see that '*Ba is a transitional nucleus, and that
its surface appears to be flat in the region 0 < 3 < 0.1.

*1
*2
*3

Department of Physics, University of Tokyo
Institute of Natural Science, Senshu University
Center for Mathematical Sciences, University of Aizu

136, 134Ba 132B,

Fig. 1. Potential-energy surfaces of Ba isotopes. The up-
per figures show the surfaces of the intrinsic states,
and the lower ones correspond to the J = 0% states.
The solid (dashed) contour line separations are 100 keV
(500 keV).

This characteristic is consistent with the assumption
of E(5) symmetry.

When we turn our eyes to surfaces with angular-
momentum projection, the situation changes drasti-
cally. The minima occur in the direction of v ~ 30°
in the surfaces of *¥Ba and 132Ba, although they still
appears to be flat in the direction of ~, or «v-unstable.
This suggests that the restoration of rotational sym-
metry plays an important role in obtaining the triax-
ial state. This phenomenon was also studied and dis-
cussed by Hayashi et al. in theoretical work concerning
1880s.3) We have investigated the structures of Ba iso-
topes more microscopically, the results of which are
being prepared for publication.
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Extreme location of the fluorine drip line'

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

[NUCLEAR STRUCTURE shell model, unstable nuclei]

In neutron-rich nuclei, the magic number can shift
from that of stable nuclei to another. For iustance, the
N = 20 magic muuber disappears at around Z = 12,
and a new N = 16 onc appears near oxygen.?) The
location of the drip line sensitively reflects the magic
structure. In this direction. the drip line of fluorine
isotopes with Z = 9 attracts much interest: the drip
line is located at N = 16 for Z = 6, 7, and 8, while
it extends farther to N = 22 or more for Z = 9.2 In
this study, we investigated how the drip line suddenly
extends in fluorine isotopes based on large-scale shell-
model calculations using the Monte Carlo shell model
(MCSM).®) Because the model space and the effective
interaction are the same as those used in a study of
the yrast properties of O, Ne, Mg, and Si isotopes,?)
the present study gives a unified picture of this region
in going from stable to unstable nuclei. Note that this
effective interaction reproduces the O drip line.

The two-neutron separation energies of N = 20 iso-
tones were calculated from Z = 9 to 14, as shown in
Fig. 1(a). For Z = 10 to 14, the agreement between
the experiment and the calculations with full config-
urations is excellent. By comparing the full calcula-
tions with those in which the configuration is truncated
within the 0-particle 0-hole excitation (0pOh) from the
N = 20 core, the importance of the excited configu-
rations is clearly seen, as shown in the ground-state
probabilities in Fig. 1(b). To be more interesting, the
4pdh configurations rather increase for smaller Z. The
N = 20 nucleus, 2°F, is not bound against two-neutron
emission unless the 4p4h configurations are taken into
account. This binding mechanism of 2°F, i.e., large
4pdh contribution to the ground state, which is small
for N # 20 nuclei, is in sharp contrast to the previous
picture of the so-called “island of inversion.” 5) The “is-
land of inversion” picture results in the ground state of
29F having the OpOh configurations. and fails to repro-
duce unbound 260 and bound 2°F simultaneously.” %
In the present picture, **F gains corrclation energy
through mixing among the OpOh. 2p2h. and 4p4h con-
figurations. and becomes a bound nucleus in a natural
way. By the mixing of the 4p4h, the deformation is
not so enhanced, but the pairing correlation plays a
significant role.

Large 4p4h mixing occurs duce to the narrowing

' Condenscd from the article in Phys. Rev. C 64, 011301 (R)
(2001)
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*2 Departiment of Physics. University of Tokyo

*3 Institute of Natural Sciences, Senshu University
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Fig. 1. (a) Two-neutron separation energies of N = 20 iso-
tones from F to Si compared between experiments (the
triangles and the square) and shell-model calculations
with various truncation schemes. The cross in *°F rep-
resents the 0pOh + 2p2h calculation. (b) Probabilities
of the npnh (n = 0,2,4) configurations in their ground
states.

N = 20 shell gap, which is defined by the difference
in the effective single-particle encrgies 4) between the
sd shell and the pf shell. for smaller Z. The narrowing
shell gap is caused by a sharp lowering of the neutron
0ds /e orbit as protons occupy the 0ds /o orbit, being
essential in both the disappearance of the N = 20
magic number and the appearance of the N = 16 one.
Direct evidence about the narrowing shell gap, such
as the negative-parity energy levels. has not yet been
observed experimentally. However, it scems that the
extreme location of fluorine isotopes indicates this nar-
rowing, because, provided that it is absent, the bound
fluorine must stop at N = 18.
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Magic numbers of exotic nuclei'

T. Otsuka,*! R. Fujimoto,*! Y. Utsuno,*? B. A. Brown.*> M. Honma.** and T. Mizusaki*”

[NUCLEAR STRUCTURE shell model, unstable nuclei]

The magic numbers in exotic nuclei can be different
from those of stable nuclei due to a spin-isospin depen-
dent part of the nucleon-nucleon interaction. In partic-
ular, the spin-flip isospin-flip process due to this inter-
action produces significant monopole shifts of energies
of single-particle states of exotic nuclei, and hence can
change their shell structure drastically.

In order to understand underlying single-particle
properties of a nucleus, we can make use of effective
(spherical) single-particle energies (ESPE’s), which
represent mean effects from the other nucleons on a
nucleon in a specified single-particle orbit,.

Figure 1 shows neutron ESPE’s for *’Si and 20,
both of which have N = 16. The Hamiltonian and the
single-particle model space are the same as those used
in Ref. 1, where the structure of exotic nuclei with
N ~20 has been successfully described within a sin-
gle framework. The valence orbits are then Ody /o 3/9,
1512, 0f7/2 and 1ps/s.

The nucleus 29Si has six valence protons in the sd
shell and is a stable nucleus, while 220 las 110 valence
proton and is a neutron-rich exotic nmucleus. For 3°Si,
the neutron Ods;» and 1s;/o are rather close to each
other (see Fig. 1(a)). For 220, as shown in Fig. 1(b),
the Ods/o is lying much higher and is quite close to
the pf shell, giving rise to a large gap (~6MeV) be-
tween Ods /o and 18y /9. This large gap was pointed out
in Ref. 2. On the other hand, for the stable nucleus
30Gi, a considerable gap (~4MeV) is created between
the Odjz/o and the pf shell (See Fig. 1(a)). Thus, the
N = 20 magic structure is evident for 2°Si, whereas
the N = 16 magic number arises in 2*0. In 240,
the Ods/5 is lying higher reflecting the large spin-orbit
splitting which is basically the same as that for '70.
Although this high-lying Ods,; orbit is not so relevant
to the ground state of lighter O isotopes, it should
affect binding energies of nuclei around 2*O. Such an
anomaly was pointed out by Ozawa et al.® in observed
binding energy systeniatics.

The dramatic change of ESPE’s from 240 to 3USi
is primarily due to the strongly attractive interaction
between a proton in 0ds/p and a neutron in Ody . A
schematic picture on this point is shown in Fig. 1(c)
for the general cases comprised of a pair of orbits

T Condensed from the article in Phys. Rev. Lett. 87, 082502
(2001)
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Fig. 1. ESPE's for (a) 3’Si and (b) 'O, relative to 0ds 2.
(¢) The major interaction producing the basic change
between (a) and {b). (d) The process relevant to the

intearction in (c).

Jjs» =1+ 1/2 and j. = | — 1/2 with [ being the or-
bital angular momentum. Note that j. and j. are
nothing but spin-orbit coupling partners. The present
case corresponds to | = 2. As one moves from 2?0 to
30Si, six valence protons are put into the Odg/y orbit.
Counsequently. due to the strong attraction shown in
Fig. 1(c), a neutron in Od3/2 is more bound in 30g;,
and its neutron Ods;, ESPE becomes so low as com-
pared to that in 2O where such attraction is absent.

The process illustrated in Fig. 1 (d) produces the at-
tractive interaction in Fig. 1(c). The nucleon-nucleon
interaction in this process is written as

Vie =77 00 fra(r). (1)

The interaction Vi, produces large matrix elements for
the spin-flip isospin-flip processes: proton in j~ — neu-
tron in j. and vice versa. This gives rise to the inter-
action in Fig. 1 (c¢) with a strongly attractive monopole
term for the appropriate sign of Vi, .

In neutron-rich exotic nuclei, due to this mechanism,
magic numbers such as N = 8, 20, 38/40, etc. can dis-
appear. while N = 6, 16, 34, etc. may arise, producing
a variety of intersting structures and effects. Mean
filed theories should be developed so as to incorporate
fully the above-mentioned monopole shifts.
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A Search for a unified effective interaction for Monte-Carlo
Shell-Model calculations (I1I)

M. Honma,*! T. Otsuka,*? B. A. Brown,*? and T. Mizusaki**

[Shell model, Effective interaction]

An effective interaction is a key ingredient of the
nuclear shell model. For light nuclei, there are several
“standard” effective interactions, such as the Colien-
Kurath ' and the USD 2 interactions for the p and sd
shells, respectively. In the next major shell, i.e., in
the pf-shell, such an effective interaction has not been
available, mainly because the conventional shell-model
calculation has been difficult due to the huge dimen-
sion of the Hamiltonian matrix. However, the Monte
Carlo Shell Model (MCSM)?) has removed this diffi-
culty. Thus, it is a quite challenging problem to con-
struct a unified effective interaction which is successful
throughout the p f-shell, including both the beginning
and the middle of the shell.

We have approached this problem by a “model-
independent™ method, in which 195 two-body matrix
elements and 4 single-particle energies are treated as
parameters, and are determined by a least-squares fit
to the experimental energy data. We carried out sev-
eral series of iterative fitting calculations,® and have
presented the GF40A interaction.® In this report we
introduce a much improved interaction, which is called
GXPF1, as described below.

The fitting procedure was the same as that of the
GF40A interaction, except that the data selection was
slightly changed and the number of varied linear com-
binations of parameters was increased from 40 to 70.
Starting from the realistic G-matrix interaction with
core-polarization corrections based on the Bonn-C po-
tential,® the GXPF1 interaction was obtained with a
rms error of 168keV within FDA* (few-dimensional
basis approximation with empirical corrections).

The GXPF1 interaction was examined from various
viewpoints and was found to be quite successful over
a wide mass range. As an example, in Fig. 1, various
properties of the first 2 states are shown for even-even
N or Z = 28 nuclei. In the present calculations, con-
stant effective charges of ¢, = 1.23 and e, = 0.54 are
used for all nuclei. It can be seen that the overall sys-
tematics is reproduced reasonably well. Recently, new
experimental data have been published for the B(E2)
of ®8=6INj by Kenn et al.,”) which are also shown in
Fig. 1(B) by open squares. The present results for
58Ni, 6°Ni, and %Ni are much closer to these new data.
It is worth noting that the present results successfully
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Fig. 1. Various systematics of the first 27 states of N or
Z = 28 semi-magic nuclei: (A) excitation energies,
(B) B(E2) values to the ground state, and (C) elec-
tric quadrupole moments. The filled circles and open
squares show the experimental data.”® Theoretical
values obtained by the FDA* are shown by the solid
lines.

reproduce the experimental systematics over the N or
Z = 28 shell gap including the doubly-magic nucleus
N

Applications to unexplored regimes of large neutron
numbers or high excitation energy are of great interest.
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Relativistic mean field theory with pion for finite nuclei

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

[INUCLEAR STRUCTURE, relativistic mean field model, pion]

We have developed a mean-field model that incorpo-
rates the pion. It is based on the relativistic mean field
(RMF) theory. We applied the new model to various
N=Z nuclei and found that the pion has a large effect
on the nuclear mean field.

Recently, mean-field models, relativistic or non-
relativistic, are widely used to study nuclear structure.
They can reproduce the saturation property of nuclei
and the properly large spin-orbit splittings, and there-
fore give results that agree with the experimental data,
especially bulk data. In these models the tensor force
from the pion exchange is usually missing. However,
we know that the tensor force plays an important role
in nuclear structure based on many studies. There-
fore, it is interesting to study nuclear structure in a
relativistic mean-field framework with the pion.

In the relativistic mean field theory, we make the
mean field approximation (the Hartree approxima-
tion). In this approximation, because the pion is a
pseudoscalar meson, the expectation value of the pion
field should be zero if we assume parity symmetry of
single-particle states in a mean field. This is the rea-
son why we did not include the pion in the RMF the-
ory. However, if we imagine that single-particle states
in the mean field are not good parity states, namely,
mixed-parity states, the situation drastically changes.
In this case, the pion can be exchanged by those states
because there exist parity partners in themselves. As a
result, the expectation value of the pion field becomes
finite. The total wave function made by the mixed-
parity states is not a good parity state, and therefore
we need to project out the good parity state from it. In
this way, we can obtain a wave function that includes
the correlation caused by the pion.

The Lagrangian which we use is

L=1 (7%8“ — M — o0 — guypwt

— f—”yf’%r“a”n“>w
Mg
1 1 . 1
+ §0H08“0 — i’m,gaz — EW'WWW
1,2,,# 1‘ anp, _a 12aa
+ gmwwuw +- 50“7T ot — émﬂﬂ 7.

In the above equation, only linear terms are written,
but in the actual calculation the non-lincar terms of
the sigma and omega mesons are included. For the
coupling constants and masses for mesons, except for

%
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Fig. 1. Pion energy per nucleon as a function of the mass
number in a log-log plot.3) There are two groups: one is
for the jj-closed shell nuclei, denoted by the open circles,
the other is for the LS-closed shell nuclei, denoted by
the solid circles. The pion energy per nucleon for the jj-
closed shell nuclei decreases monotonically and follows
a steeper curve than A~!/%, which is shown by the solid
line.

the pion, we use the TM1 parameter set.!) For the
pion-nucleon coupling we adopt the pseudovector type
and set the value to f, ~ 1, which is taken from the
Bonn A potential.?) Because the TM1 parameter set
is determined in the absence of the pion, the effect of
the pion is included in the other mesons. Therefore,
we should refit the parameters in the presence of the
pion. This is our next task.

In Fig. 1 we show the potential energy of the pion
nornialized by mass numbers.?) From this figure we can
sce that the pion energies do not behave volume-like
and make a large contribution to the binding energies
(about 5MeV per nucleon for *°Ni).

We have just started a study of the pion in a rel-
ativistic mean-field model. Thus, our result is not
very quantitative. We need to significantly modify our
model. However, we believe that through this study
we can obtain a new understanding of how the pion
behaves in nuclei.
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Parity-violating mean field theory with the pion

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

[INUCLEAR STRUCTURE, piou, parity-mixing mean field]

Since the establishment of the shell model, we usu-
ally solve 1uclear many-body problems in model space,
where the single-particle states have good parities. On
the other hand, the parity of a nucleon changes when it
absorbs or emits a pion. As for the importance of the
pion, we remind ourselves of the findings involving few-
body systems.!) The calculated results demonstrate a
dominant role of the tensor force in a few-body system.
Almost half of the attraction is caused by the tensor
force. Recent variational calculations of the Argonne
group up to the A = & system also demonstrate the
dominant role of the pion.?) These facts suggest that
we look into the possibility of a finite pion mean field
in nuclear systeus.

In doing this, we have to break the parity and
Isospin symmetries once the pion mean field becomes
finite. Starting with the relativistic meson-nucleon La-
grangian density, which includes the pion terni, we can
obtain the equations of motion for the nucleon and
mesons.®) For simplicity, we write only the equations
for the nucleon, sigma and pion using only the linear
terins:

(Z",y,u@” - M~ g,0— gw’\/ﬂwu, - gﬂ"/,5~,/“6u7r“‘7“)y’,r

=0, (1)
(=A+m2) o = —g, (Dy). (2)
(A +m2) 7" = g0, (V7' 7). (3)

Here, the brackets (---) denote the ground state ex-
pectation value. The pion field is generally finite when
the source term breaks the parity. When the pion field
is finite in Eq. (3). the nucleon single-particle state
breaks the parity in Eq. (1), which again makes the
pion source term finite. The sclf-consistency solution
for the coupled equations provides a converged solu-
tion.

We consider the N=2 closed-shell nuclei. Since we
assume spherical synunetry for the intrinsic state, the
single-particle state can be expressed as

Dugm (&) =D W brjm (z) | (4)

wlere the ssunmation over x means parity mixing.
Since we arce especially interested in the occurrence
of a finite pion mean field, we take the TM1 param-
eter set of the (o,w, p) model. which guarantees the
saturation property, and take the value of the Boun
A potential for the pion-nuclecon coupling. Our study

" Research Center for Nuclear Physics, Osaka University
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Fig. 1. Pion potential energies for different values of the
coupling constant (ag2), within a range 0.8 < o £ 1.2.

on the pion potential energies of the self-consistent so-
lutions have provided results for the following N=2
closed-shell nuclei: 12C, 160, 49Ca, 50Nj, 807y, 100Gy
and %4Pb. The results of our study along with de-
tailed discussions are presented in Ref. 4. In Fig. 1, we
additionally show the results of the pion potential ener-
gies of the self-consistent solutions for different values
of the coupling constant. The critical value of the cou-
pling constant (g;zT(”.)) is defined such that it leads to
an infinitesimal pion potential energy. We have shown
that gﬁ(”.) for 12C is smaller than 0.80¢2 and for other

nuclei is between 0.80g2 and 0.95¢2. The critical val-
ues increase gradually with an increase of the mass
nuiber, although there is an appreciable difference in
the critical values between two groups of the jj- and
LS closed-shell nuclei.

In future work we must fix the parameters of the
Lagrangian. which include the effects of the pion mean
field and the rho meson tensor term, and also take into
account the Fock term in the coupled channel equa-
tions of the nucleon and mesons.
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Cranked relativistic mean-field study of chiral doublet bands

H. Madokoro and M. Matsuzaki*

[INUCLEAR STRUCTURE, Tilted axis cranking]

Recently. much experimental data have been ob-
tained which show the evidence of a tilted axis ro-
tation. There arc two topics concerning this phe-
nomenon: one is shears bands;l) the other is chiral
doublet bands.?) Theoretically, mean-field models have
turned out to be very powerful tools for studying these
tilted axis rotations. So far, all mean-field calculations
were, however, based on a simple pairing + QQ inter-
action, or a phenomenological core + particle picture.
Fully microscopic and self-consistent calculation with
more sophisticated effective interactions was strongly
desired.

In our previous work,? we for the first time extended
the relativistic mean field (RMF) model, which has
succeeded to reproduce many properties of finite nu-
clei, to a description of tilted axis rotation. Our re-
sult for the shears bands in ®*Rb was satisfactory. We
are now paying much attention to another interesting
topic, that is, the chiral doublet bands. As discussed
in Ref. 2, this pair of bands appears in triaxially de-
fornied nuclei as the result of a breaking of the so-
called ‘chiral symmetry’ in the intrinsic frame. The
rotational axis would then deviate from auy of the
principal axes. Therefore, we must perform a three-
dimensionally tilted calculation in the full 8 — ¢ plane,
where 0 and ¢ represent the tilt angles. This is con-
trary to the shears bands in which a description as-
suming the two-dimensional rotation is adequate.

In this work. we show a prelimninary result of the
RMF model applied to the observed tilted bands in
134pr  Although we have just finished an improve-
ment of the code so as to include pairing correlations,
we concentrate here on an investigation without pair-
ing. The configuration is assumed to be that a proton
particle and a necutron hole exist in the 1hy;/; high-j
orbital. The valence particle and hole are essential for
the appearance of a tilted rotating state.

Figure 1 shows the calculated and experimental
kinematical moments of inertia. The result is shown
from Q@ = 0.1MeV up to 2 = 0.4MeV. Above this
frequency, the minimum suddenly moves towards the
1-axis, and we can no longer obtain any tilted rotat-
ing states. This is consistent with the experimental
observation where a band crossing occurs at a higher
frequency, as has been seen. Up to 2 = 0.4MeV, we
find relatively good agreement with the experimental
values.

Table 1 shows how the position of the minima in
the 6 — ¢ plane changes as the rotational frequency in-
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Fig. 1. Calculated and experimental kinematical moments
of inertia in **Pr as functions of the rotational fre-

quency.

Table 1. Calculated tilt angles, § and ¢.

' Q (MeV) [ 0 ®
0.1 53° | 0°
0.2 55° | 0°
0.3 58° | 0°
0.4 60° | 0°

creases. As can be seen from the table, we obtained
two-dimensionally tilted rotating states, but no three-
dimensional minimum appears (that is, 8 is deviated
from either 0° or 90°, but ¢ is always 0°). This is incon-
sistent with the experimental observation where chiral
doublet bands are observed. The discrepancy can be
attributed to the fact that we neglected the pairing
correlations. In order for the three-dimensionally tilted
statc to appear, the angular momentum of the ‘core’
part should be in the direction of the 2-axis, while ne-
glecting the pairing would make the core rigid-like and,
therefore, a rotation around the shortest axis (1-axis)
would be favored. Including the pairing may make the
core irrotational-flow-like and the moment of inertia
around the 2-axis becomes the largest, resulting in the
core angular momentum directed in this axis. Such a
calculation with pairing is now in progress.
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Three-dimensional TDHF calculation on reactions
of unstable nucleif

K.-H. Kim, T. Otsuka,*! and P. Bonche*?

[INUCLEAR REACTION, Unstable uuclei]

Recent developments in experiments with radioac-
tive nuclear beams have opened a new field in nuclear
physics. the study of nuclei far from the 3-stability line
(i.e. unstable nuclei). Much experimental information
on the structure of such nuclei has been reported and
has exhibited several interesting phenoniena, such as
a neutron halo and neutron skin, which have not been
secn in stable nuclei. Such characteristic features of
the structure of unstable nuclei have attracted much
interest not only in themselves, but also in their effects
on reactions. However, studics of the reactions of un-
stable nuclei with neutron skin have been limited both
experimentally and theoretically. We consider here the
reactions of unstable nuclei with neutron skin.

We have applied here the time-dependent Hartree-
Fock (TDHF) method ") in three dimensions with the
full Skyrme interaction® to study unstable nuclei.
Since we completely remove symmetry constraints im-
posed on the wavetunction, except for the one with
respect to the reaction plane, the numerical calcula-
tions have become much larger and more difficult to
perform. We mention that, at present. the TDHF is
probably the ouly possible and practical means for de-
scribing massive transfer and fusion of nuclei with neu-
tron skin where the density, mean potential and shape
of the nuclei may change much more drastically com-
parcd to stable nuclei and the core part of halo nuclei
n an unexpected way.

We discuss here the reactions of 280 and %°Ca as
examples of unstable nuclei with neutron skin. In the
case of the 20+10 and 220+%°Ca reactions. an en-
hancement of the fusion cross section is not seen com-
pared to the reactions betwecn stable nuclei, such as
8O+10 and $0+4Ca.
tent with the results of two-dimensional calculations.

These results arc consis-
3)

»
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Since in the case of light nuclei, such as 220, the num-
ber of neutrons in the neutron skin is not large. for
example it is four in 220, and they are all loosely
bound, neutron trausfer can easily occur compared to
the case with stable nuclei, although the separation of
these neutrons from the core can easily occur compared
with the situation in stable nuclei. Therefore, neutron
transfer does not enhance the fusion cross section di-
rectly, and massive nucleon transfers are seen.

The situation is different in the case of reactions
of 89Ca. Similarly to the reactions of 20O, a signifi-
cant difference in the fusion cross section between the
80Ca+4Ca and 4°Ca+40Ca reactions is not scen. In
the case of the 0Ca+100 reaction, on the other hand,
the fusion cross section becomes larger compared with
the 4°Ca+"'90 reaction. We can also see that the cross
scction of the neutron trtansfer of this reaction is not
as large as that of the °Ca+4"Ca reaction. In this
case, neutron flow can still casily occur duce to the dif-
fernce in the neutron Fermi encrgics between °Ca and
180, similar to the 59Ca+%Ca reaction, although the
channels of the neutron transfer are not so favoured
energetically. The relation between ncutron transfer
and fusion of these reactons is interesting. We are now
studying the mechanism of these reactions and the re-
actions of heavier neutron-rich nuclei in detail.
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Resonance and continuum states in weakly bound systems

T. Nakatsukasa*! and K. Yabana*?

[Hartree-Fock and random phase approximation]

Recent developments in radioactive beam techniques
enable us to access nuclei near drip-lines. The drip-line
nuclei are weakly bound finite fermion systems. One
would naturally expect that the continuum should be
taken into account explicitly in any description of their
structures and reactions.

Bound solutions of the Schrodinger equation for the
Hamiltonian, H =T + V., can be formally written as

1
E-T
Here, a Green’s function, (F¥ — T)~!, can be uniquely
defined, since the operator, E— T, is negative-definite.
Bound states are characterized by discrete spectra, E,
(n=0,1,2,---).

On the other hand, for continuum states, since £—T
has zero eigenvalues, we need to modify Eq. (1) into the
Lippmann-Schwinger equation. First, we need to add a
zero-eigenvalue solution of the E—T', ®,. Furthermore,
in order to uniquely define the Green’s function, (£ —
T)~1, it is necessary to specify a boundary condition.
For usual physical situations, it is natural to adopt
an outgoing boundary condition (OBC) for scattering
waves,

U= V. (1)

1

\I/—@0+E_T+inv1}'. (2)
For two-body systems, one may easily separate the
relative coordinates from those of the center of mass.
Then, the OBC becomes rather trivial because this is
essentially a problem involving a single degree of free-
dom. For many-body systems, however, it can be very
complicated to settle the OBC for many degrees of
freedom.

We present a method to simulate the OBC, which
we call the “absorbing boundary condition” (ABC).!
The Green’s function with the OBC is written as
Eq. (2), where +in is an infinitesimal imaginary quan-
tity (n > 0). Now, we allow this imaginary part to
depend on the coordinate aud to be finite, +iW(r).
W(r) is taken to be positive far outside the systemn
(at large r) and zero elsewhere. This means that, for
FE > 0, the wave number, £, has a positive iinaginary
part, +iv(r), at large r. The outgoing wave defines its
asymptotic behavior as

ikr

W~ f( Q)

, at r — o0, (3)
,

Thus, with a complex potential of —W (r), the outgo-
ing wave dampens as
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Fig. 1. Monopole response in '2>C calculated with the BKN
interaction. Different boundary conditions are adopted;
(a) BBC (Box boundary condition), (b) ABC, and (c¢)
OBC.
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r

at r — oc, (4)

while the incoming wave diverges. Therefore, if we im-
pose the vanishing boundary condition at large r, only
outgoing waves are allowed. Since the complex poten-
tial takes care of the boundary condition, we can solve
Eq. (2) with ¥|poundary = 0, instead of constructing
the OBC.

An advantage of the ABC is simplicity of its nu-
nterical calculation. We may solve scattering problemns
in the same way as we do for bound states. Another
advantage is that the ABC easily implements a real-
time calculation.?) Instead of taking an energy repre-
sentation. we may calculate the time evolution of the
quantum states directly. We have demonstrated that
the real-time method with the ABC can properly take
account of the continuum in linear-response calcula-
tions.?) In real-time calculations, it is very difficult to
handle the OBC explicitly. The disadvantage is that
the ABC cannot properly handle low-energy escaping
particles and a long-range Coulomb potential.

We have studied the continuum response of de-
formed nuclei with the OBC and ABC.*) The
monopole response in ‘2C is shown in Fig. 1 as an ex-
ample. The results demonstrate that the ABC is able
to reproduce the same results as the OBC, except in
the vicinity of the threshold energy. See Refs. 2 and 3
for details.
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Triaxial deformation in °Be

N. Ttagaki.*! S. Hirose,*! T. Otsuka.** S. Okabe,** and K. Ikeda

[Cluster structure, Neutron-rich nuclei, Triaxial deformation]

The nucleus °Be has been known to have a strong 3
deformation due to the a-ar core. However, triaxial de-
formation is also possible as a result of the dynamics of
the two valence neutrons. This has been theoretically
discussed based on the deformed oscillator model,? in
which a v distortion of 34.8° has been predicted.

In our previous study of 19Be.? all of the observed
low-lying positive- and negative-parity states could
be explained as combinations of three basic orbits
(K™ = 3/27, 1/2%, and 1/27) of two valence neu-
trons around the two a-clusters. Here. the z-axis is
taken to be the axis connecting two a-clusters. If we
adopt K™ = 3/2~ or 1/2~ orbits for the two valence
neutrons, there appear two rotational bands in low en-
ergy; one is dominated by the K = 0 intrinsic struc-
ture and the other by K = 2. The calculated two 2%
states of these bands can be related to the observed
first 2% state at 3.358 MeV and the second 2" state at
5.958 MeV. It is therefore important to show how the
triaxial intrinsic configuration emerges in these states.
and how the orbits of the valence neutrons deviate from
axial symmetry. Here, we discuss our calculation of the
electro-magnetic transition between these K = 0 and
K = 2 bands (B(E2: K =2 — K =0)) as a signal of
a triaxial deformation. This transition is suppressed
when the orbitals are of pure axial symmetry. How-
ever, the orbitals may deviate from axial synunetry,
when the valence neutrons are mutually more corre-
lated and form a localized di-neutron pair due to the
neutron-neutron interaction. The recoil effect of the
valence neutrons with respect to the a-a core then
plays a role to break the axial symmetry of the charge
distribution.

The total wave function is fully antisymmetrized and
expressed as a superposition of Slater determinants
with various configurations of the valence neutrons.
The Slater determinants are also superposed with re-
spect to different relative distances between the two o
clusters. Projection to the eigen states of the angular
momentuni (.J) is numerically performed. All nuclcons
are described by Gaussians with a common oscillator
parameter, s = ﬁ, set equal to 1.46 fin.

We estimate the degree of the triaxiality as a func-
B(E2: 27 —27)
B(E2: 2} —07)
comes 0.34 in our calculation. which agrees with the

tion of the ~ angle. The ratio be-
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Davydov-Filippov model® at around v = 19°. Also,
B(E2: 2; —07)
B(E2: 2] —07)
model crosses with our result of 0.059 at around v =
17° and 22°. Thesc results strongly suggest that °Be
has a triaxial deformation of v = 152 -20°. Although
the a-a core is of axial symmetry and electric charge
exits only in the o's. the recoil effect gives rise to a
cliange from axial symunetry to the triaxial shape.

We can show triaxial deformation by artificially
weakening the spin-orbit interaction. With decreasing
spin-orbit interaction, the orbits of the valence neu-
trons deviate from the jj-coupling limit, and the di-
neutron configuration becomes important. Here, the
system becomes 3 body-like and the B(E2 : 25 — 27
value drastically increases.

A similar di-neutron component has been discussed
in weakly bound systems with the so-called halo struc-
ture. For example, in %He, in addition to the shell
model-like space, the model space of di-neutron+*He
has been shown to be important. This means that a
locally-correlated di-neutron wave function is impor-
tant for describing the valence neutrons with small
binding energy and a spatially extended distribution.
This is consistent with our discussion on the effect
of varying the strength of the spin-orbit interaction.
Namely, when the valence neutrons with low-binding
energies have a halo structure, the contribution of the
spin-orbit interaction between the core and the valence
neutrons becomes weak. Here, the valence neutrons
construct a di-neutron pair with spin singlet, by which
they can increase the spatial overlap between them and
the contribution of the attractive interaction. There-
fore, it is very challenging to explore the triaxial defor-
mations in '?Be and 4Be, which have weakly bound
neutrons as well as defornmed cores.

calculated with the Davidov-Filippov
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Equilateral-triangular shape in *C

N. Itagaki,”! T. Otsuka,*! S. Okabe,*? and K. Ikeda

[Cluster structure, Neutron-rich nuclei, Inversion doublet]

Recently. discussions of molecular states have been
extended to neutron-rich C isotopes. In our previ-
ous study,” we applied our approach introduced for
Be isotopes to C isotopes, and the possibility of an
a-a-cv linear-chain configuration was pointed out. In
the present work, we investigate another kind of clus-
ter structure in *4C, that is an equilateral-triangular
shape of the 3a core. A state with this symmetry is ex-
pected to appear at a much lower in energy than that
in the linear-chain case. According to group theory,
when the system has an equilateral-triangular configu-
ration of 3cv, a rotational band structure with K™ = 3~
appears. In '2C, the 3~ state has been observed at
E,. = 9.6MeV. From the theoretical side, it has been
analyzed based on many modecls that this state corre-
sponds to the band head of the K™ = 37 rotational
band, and the triangular-syminetry of the 3a-cluster
is reflected in this band.?) However, the presence of an
cquilateral-triangular shape of 3o is not fully estab-
lished for '2C, since the 4~ and 57 states, which are
members of a rotational band starting from 37, have
not been observed. Here, the 37 state is already above
the 3a threshold by about 2 MeV; therefore, large res-
onance widths are expected for the 47 and 5™ states,
which makes any observation difficult. On the con-
trary, we investigate neutron-rich C isotopes and show
that this band structure is much more stabilized in
energy due to the attractive interaction among the va-
lence neutrons around the 3a core.

A microscopic a+a+a+n+n model is introduced,
and the total wave function is fully antisymmetrized
and expressed by a superposition of basis states with
different rclative distances between the a-clusters and
various configurations of the valence neutrons around
the a-clusters. In 'MC, two valence neutrons rotate
around the 3a-core symmetrically, just like covalent
electrons in molecules. To describe such a density dis-
tribution, we introduce two kinds of basis states: shell-
model-like and molecular-orbital basis states. In the
shell-model-like basis state, the valence neutrons are
described as shell-model orbits around the center of 3.
This basis state describes the neutron-density around
the center, and is valid for the describing the yrast
states with relatively small a-o distances. The low-
est shell-model orbit of neutrons around 3« localized
on the zy-plain is p, (®(SM(p.)?)). However, the two

*1 Department of Physics, University of Tokyo

Center for Information and Multimedia Studies, Hokkaido
University

*2

valence neutrons arc not only localized around the cen-
ter of the 3a-triangle, but they also rotate around each
-« pair. Therefore, we introduce another kind of the
basis state, the molecular-orbital basis state (®(MO)),
where the orbit of the valence neutrons is described as
a linear combination of orbits around each two-a pair.
This basis state is important when the a-« distance be-
comes larger. The model space is a+'"Be(a+a+2n).

Due to mixing of the ®(SM(p.)?) and ®(MO) con-
figurations, there appear two 37 states in the low en-
ergy region. From the second 3~ state, a rotational
band structure comprised of the 35, 4], and 5] states
is calculated just around the '°Be+c threshold. Fur-
thermore, it is significant that the corresponding states
arc cxperimentally observed in —2.21 MeV (37) and
—0.34 MeV (47) with respect to the '9Be+a threshold
energy. This situation is very different from that of
IQC.

The calculation shows that the ground 0% state,
the yrast 2% state, and the 4% state states (05, 27,
43) around the “Be+« threshold energy fit into the
J(J + 1) rule. In this energy region, corresponding
states are also experimentally observed. The calcu-
lated electro-magnetic transition probabilities prove
that these states are members of a rotational band.
The B(E2: 2] — 47) and the B(E2: 0 — 27) values
are calculated to be 16.4 e2fm* and 38.1 e2fm*, respec-
tively, and this ratio of 0.46 almost agrees with the
well-known value of 0.51 for a rigid-rotor. This result
suggests that a positive-parity rotational band with
the cluster structure also appears around the 'YBe4a
threshold energy.

We have shown that both of the positive-parity
(band head is 01) and the negative-parity (band head
is 37) rotational bands appear around the '“Be+a
threshold energy. Although the neutron configurations
are slightly different, these two rotational bands are
considered to comprise an inversion doublet structure.
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Description of the Gamow-Teller resonance
within the phonon damping model’

N. Dinh Dang, T. Suzuki,* and A. Arima

[NUCLEAR STRUCTURE, phonon damping model, Gamow-Teller resonarnce]

The phonon damping model (PDM) 1) has been ex-
tended to describe the damping of charge-exchange res-
onances. The formalism was applied to calculate the
strength distribution of the Gamow-Teller resonance in
9Nb. The obtained results in two versions PDM-1 and
PMD-2 of the model, shown as the solid and dashed
lines in Fig. 1, respectively, are found to be in reason-

T T T T T T T

T
PDM-1
PDM-2

'i| Dinh Dang et al. (1997)
5
Lt Exp. by Wakasa et al. (1997) —®—
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Fig. 1. Strength functions of the GTR in “’Nb. See text
for the notation.

T Condensed from the article in Phys. Rev. C 64, 027303
(2001)
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able agreement with the recent experimental data (full
circles with error bars) ?) and with those of a previous
study with explicit microscopic coupling to 2p2h con-
figurations using a realistic interaction (dotted line).®)
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Phonon damping model
using random-phase-approximation operators!

N. Dinh Dang and A. Arima

[phonon damping model, random-phase approximation]

A fully microscopic interpretation of the phonon
damping model (PDM) is proposed. The phonon oper-
ator, which generates collective excitations, such as the
giant dipole resonance (GDR), is constructed from co-
herent particle-hole pairs. The phonon energy is deter-
mined as the solution of a dispersion equation within
the random-phase approximation (RPA). The phonon
structure is found iu terms of the RPA X and Y ampli-
tudes. The formalism has been illustrated by numer-
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ical calculations within a schematic model. The re-
sults of the calculations, shown in Fig. 1, demonstrate
the same feature of GDR, as a function of temperature
obtained previously within PDM-1,Y which employs
structureless phonons.
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Fig. 1. Temperature dependence of the strength functions (a) and width (b) of GDR. In (a): the solid,
short dashed, long dashed, dotted, dash-dotted and dash-double dotted lines are results at T' = 0,
1, 1.5, 2, 3, and 5 MeV, respectively. In (b): The thick solid, dashed, and dotted lines are the total
width T, the quantal width ', and the thermal width I'r, respectively, as described in the text.
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Improved treatment of ground-state correlations:
Modified random-phase approximationf

N. Dinh Dang and V. Zelevinsky*

[ground-state corrleations. random-phase approximation, superconducting pairing gap]

A method is proposed to improve the treatment of
the ground-state correlations in a finite Fermi system
compared to the standard random-phase approxima-
tion (RPA) or carlier suggested renormalized RPA.! )
The correlations lead to nonzero quasiparticle occu-
pancies in the ground state. The method employs
modified quasiparticles obtained by a canonical trans-
formation of the usual quasiparticles explicitly involv-
ing the quasiparticle occupation numbers. A set of
equations is derived, which allows one to determine
these occupation nunibers along with the RPA modes.
The formalism is illustrated with the Lipkin-Meshkov-
Glick model, and a model for superconducting pair-
ing at finite temperature. With the new approach,
the ground-state correlations are significantly reduced.
the energy of the first excited state becomes closer

f Condensed from the article in Phys. Rev. C 64, 064319
(2001)
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to the exact solution around the region where the
RPA collapses, and the superconducting gap decreases
monotonously instead of having a sharp phase transi-
tion. We discuss the effective equivalence of the inter-
action effects and the variation of temperature for the
ground-state correlations.
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Determination of the matter surface distribution of unstable nuclei

A. Kohama, R. Seki,* A. Arima, and S. Yamaji

NUCLEAR REACTION: matter density distribution of nuclei, least-square fitting, proton-

nucleus elastic scattering

Experimental facilities for unstable nuclei have been
receiving much attention in the recent years. RI-Beam
Factory (RIBF) is under construction at RIKEN in
Japan, and the Rare Isotope Accelerator (RIA) facil-
ity is being proposed in the U.S. Such facilities will
provide much data for the physics of unstable nuclei.
Among various aspects of unstable nuclei, one of inter-
est is the one-body matter density distribution, p(r).
The distribution is a fundamental quantity of nuclei,
and will serve as an important measure to test how well
we understand nuclear structure. It is perhaps an ap-
propriate time to make a close investigation as to how
well one could deterniine the one-body matter density
distributions from the various kinds of data that are
expected to emerge from the facilities.

As a concrete example, we have examined the types
of experiments that are under consideration at RIBF.
Unstable nuclei are often characterized as those with a
large surface region generated by loosely bound valance
nucleons.! Of course, we must treat the entire region
of the distribution, but will pay particular attention
to determining the surface region, which is our main
interest.

To this end, we have demonstrated that the sur-
face region of the matter-density distribution can be
determined well, even by the relatively low-intensity
beams expected to be available at the upcoming ra-
dioactive beam facilities.?) The density distribution is
determined in a model-independent way >4 by gener-
ating pseudo data and by carefully applying a statisti-
cal and systematic error analysis. We have illustrated
how the determination deteriorates in the central re-
gion of the density. as the quality of data decreases.?)

We have applied our analysis to the determination
of the matter density distribution of a neutron-rich nu-
cleus (Fig. 1), in which sonie of the paramecters in the
basis functions are fixed to those of the neighboring
stable nucleus. This would allow a practical procedure
in which one can apply the information of the density
distribution of a stable nucleus to an analysis of its
unstable isotopes.?
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Fig. 1. Results of the least-square fitting for the pseudo-
data set group C of ®Ni, which corresponds to a nu-
clear beam intensity of 10 [s™'] at RIBF. R (= 10 [fm])
is the maximum distance to probe nuclei by the exper-
iment, and M (= 10) is the number of basis functions.
We use here the Gaussian basis function.”) a) 25 fit-
ted cross sections (solid curve) and all of the pseudo-
data (cross with bar). b) 25 fitted density distribu-
tions (solid curve), and the original distribution (dotted
curve). The density distributions are drawn in the form
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Observation of new neutron and proton magic numbers'

R. Kanungo, I. Tanihata, and A. Ozawa

[Magic number, separation energy, beta decay Q value, excitation energy]

Our concept of a nucleus as having a shell structure
is born out of the existence of magic nucleon numbers
where nuclei exhibit extra stability. So far, the obser-
vation of these magic numbers, has been based mostly
on the study of nuclei on and near the stability line,
and were found to be N = 2. 8,20, 50, 82, 126, and like-
wise for Z.

Over the past decade, however, our knowledge about
nuclei has vastly expanded with the scope of study-
ing unstable nuclei. This reveals a considerable mod-
ification of the shell structure when one moves to
a neutron-rich region. Recently, Ozawa et al. have
shown the presence of a new neutron magic nuimn-
ber, N = 16,) based on a systematic study of the
single-neutron separation energy in neutron-rich nu-
clei. These observations suggest the possibility of a
change of shell closures in a wide range of neutron-rich
nuclei.

A magic number can be observed as sharp discon-
tinuites in certain observables, such as the Q value of
beta decay (Qg-). the single-neutron separation en-
ergy (S,), and the excitation energies of the first ex-
cited state (EXt) of even-even nuclei.

Breaks in the systematics of these three quantities
show the existence of new magic numbers at Z = 16
and N = 30 in neutron-rich regions of the nuclear
chart. Shell closure at N = 32 is also observed. The
recently reported new magic number, N = 16,1 was
also reconfirmed in this analysis from new view points.
After extending such systematic studies to the proton-
rich region of the nuclear chart, we observe breaks in
the systematics at N = 16, Z = 16, and N = 6.

A summary of the new neutron and proton magic
numbers and their relevant positions in the nuclear
chart is presented in Fig. 1. It can be observed that the

T Condensed from the article in Phys. Lett. B 528, 58 (2002)
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Fig. 1. Summary of new magic numbers and their locations
in the nuclear chart.

magic numbers on either side of the stability line are
quite identical and only differ for stable nuclei. Such a
symmetrical situation is indicative of the importance of
the isospin-dependent nucleon-nucleon interaction. It
has recently been pointed out by Otsuka et al.?) that
the spin-isopin part of the nucleon-nucleon interaction
is important for explaining the N = 16 magic num-
ber. The present observations over a wide range are in
conformity with such a possibility.
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Possibility of an enlarged core structure
of N = 15 neutron-rich nuclei’

R. Kanungo, [. Tanihata, and A. Ozawa

[Halo, Glauber model. interaction cross-section]

The recently measured interaction cross-section data
for 22N, 20, and #*F in a '*C target at relativistic en-
ergies have been analysed in a few-body Glauber model
approach. The conventional fixed core-plus-neutron
model for halo nuclei is unable to explain the observed
enhanced cross section for these nuclei by any selec-
tion of the neutron orbitals. Microscopic calculations,

f Condensed from the article in Phys. Lett. B 512, 261 (2001)

like those in the many-body Monte-Carlo shell model,
relativistic mean field theory and cluster model, are
also shown to fall to describe the large difference in
the interaction cross section between 220 and 220. A
possibility of core enlargement is suggested in these
nuclei.
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Fission-barrier heights estimated by a nuclear mass formula

H. Koura*

[Spontancous fission, Binding energies and masses|

Our group recently constructed a nuclear mass for-
mulat?, which we refer to as the KUTY formula, com-
posed of a gross part and a shell part. For the shell
part, we first calculate the proton and neutron spher-
ical shell cnergics using modified Woods-Saxon type
potentials.®) The shell energy of a deformed nucleus
is expressed as the minimum sum of an appropriate
mixture of the above-mentioned spherical shell ener-
gies and an average deformation energy with respect to
the deformation parameters. This mass formula gives
ground-state masses and shapes for nuclei ranging from
1He to superheavics. The standard deviation of the
calculated masses from the experimental masses of the
1995 Mass Evaluation® is about 680keV.

Although our mass formula is constructed by con-
sidering only the equilibrium nuclear shapes, the po-
tential energy surface for spontaneous fission can be
calculated by the same method as that used for ob-
taining the shell energies. The fission-barrier height is
defined as the highest saddle point from the ground-
state shell encrgy towards the prolate shapes. In this
report we limit the nuclear shape to the as, 4. ag
deformations in the range —0.2 < o < 0.5.

We show the energy surfaces against the nuclear de-
formation for some superhcavy nuclei in Figs. 1 and 2.
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Fig. 1. Calculated energy surface of 280112, The ground-
state shape of this nucleus is at about oz = 0.11 and
g — —0.06.

04

Fig. 2. Calculated energy surface of 309120, The ground-
state shape of this nucleus is at about a2 = a4 = 0.0.
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Fig. 3. Fission-barrier heights for even-even nuclei. The
neutron-rich nuclei located below the solid line may
have a higher saddle point in the region as > 0.5.

For the nucleus 289112, the height of the fission barrier
is only about 2 MeV and its width is relatively narrow.
The spontaneous-fission half-life is consequently cx-
pected to be rather short for this nucleus. On the con-
trary, for the nucleus 399120, the fission-barrier height
is about 8 MeV., and this width is fairly wide. There-
fore, the spontaneous fission of this nucleus is expected
to have a very long partial half-life, much longer than
the a-decay half-life.

We show the fission-barrier heights in Fig. 3 for even-
even muclei in the 84 < Z < 130 and 126 < N <
200 ranges. The nuclei located below the solid line in
Fig. 3 may have a higher saddle point in the region
as > 0.5 because we limited the range in the present
calculation. In this figure, the “hill” of the barrier
heights of the nuclei near 94122 is seen. The heights of
these nuclei are about 8 MeV or more. On the contrary,
the “basin™ of the barrier heights of the nuclei near
278110 is also seen. These heights are about 2MeV.
There are also other neutron-deficient nuclei having
relatively low fission-barricr heights.
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Estimation of alpha-decay half-lives with
phenomenological formulas

H. Koura,* T. Tachibana,” and M. Yamada*

[Alpha decay, Binding energies and masses]

We estimate alpha-decay half-lives T,, (s) from ex-
perimental Q.-values (MeV) with a phenomenological
formula. The parameter values in the formula are ad-
justed for the experimental 7,, and @, of the Evaluated
Nuclear Structure Data File (ENSDF), 2000 version.")

The alpha-decay half-life is written as

Ty = 1Oge 2/(NC011 X P), (l)

where N¢o is the collision frequency of an « particle to
a potential wall and P is the penetration probability.

Here, we consider two phenomenological formulas.
One is the Viola-Seaborg formula® with an even-odd
hindrance term h,

logyy To = (aZ +b)//Qa + (¢Z — d) + h, (2)

where a, b, ¢, d are adjustable parameters.

Another formula is derived from the penetration
probability of an « particle for a spherical Coulomb
potential, while neglecting such higher order terms as

A—4
logio T = L7195\ =——2n/v/Qa

—1.2901 %\/RZD

A4 o 1
+0.07466+/ TR“/Z/ZE)/Z - Qa

—logo Neonl — 1.59175 + h, (3)

wherce
R = I()14]]D/rs + d[), Ty = 1.08 fl’Il, (4)

subscript D indicates a daughter nucleus, and N and
do are adjustable parameters.
As for h, we adopt a simple expression,

h = hodeo, (5).

with

0 for even-even nuclei,
beo = 1 for odd-A nuclei,
2 for odd-odd nuclei. (6)

Here, hg is an adjustable parameter.

The values of the fitted parameters for Eq. (2) are
a = 1.55261, b = 0.73247, ¢ = —0.21669, d = 31.9949,
and hg = 0.56718 for @, and T, in MeV and sec-
ond, respectively. The root-mean square (RMS) devi-
ation of log T,y from the experimental oncs is 0.3625 for
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Fig. 1. Experimental and estimated log T, using Eq. (3)

(upper).
(lower). All data are for even-even nuclei.

Differences between the above two logT,

120 even-even nuclei. The RMS deviation is 0.7708 for
151 odd-A nuclei and is 0.9845 for 63 odd-odd nuclei.
Because 10% roughly corresponds to the collision fre-
quency N of the a particle, which should be about
1029722 Hz, the value of d is too large.

The values of the fitted parameters for Egs. (3) and
(4) are Neoy = 1029 Hz, dy = 2.0fm, and hg =
0.61410. The values of N, and dy are reasonable.
The RMS deviations for even-even nuclei, for odd-A
nuclei and for odd-odd nuclei are 0.3512, 0.7500 and
0.9802, respectively. Figure 1 shows the differences be-
tween the experimental and estimated T, of Egs. (3)
and (4) for even-even nuclei. This figure shows a dis-
tinet discontinuity at N = 126 because of the magic-
ity. At N = 102 (}"Hf)43) a large discrepancy is seen.
This nucleus is isolated from the other eve-even nu-
clei, and has a relatively larger deformation than the
others.

By using these formulas we can estimate the T, for
unknown nuclei with estimated @, from a mass for-
mula. In Ref. 3 we predict the unnieasured T, using
Eq. (2) with Q, from the mass formula.¥
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A software supporting experimental plan

for new elements synthesis

K. Hashizume.*! Y. Aritomo.*?*3 and M. Ohta*!

[Superheavy element, Synthesis index]

In estimating the evaporation residue cross section
for producing superheavy nuclei, there are many am-
biguities. A theoretical prediction can inevitably have
an error of one order of magnitude or more.

According to knowledge obtained from our recent
systematic analyses,!® the essential part which con-
trols the absolute value of the evaporation residue cross
section is decomposed and classified into several com-
ponents. Their sum is defined as a Synthesis Index
(SI). An investigation of each term of SI gives an expla-
nation of why a certain projectile-target mass combina-
tion is favorable or not for producing a superheavy el-
cment among various candidates of the entrance chan-
nel. SI is composed of the following terms.?® Each
term is expressed as an exponent of 10. Therefore,
for example, in term (3), if the shell correction energy
changes by 1MeV, the evaporation residuc cross sec-
tion changes by one order of magnitude.

In an actual calculation, when we treat a reaction in
the over-barrier energy, it is assumed that the maxi-
mum cross section is realized just above the energy of
the Bass barrier, i.e., 5 + AE, where AE (> 0) is
typically about several MeV.

(1) The index for the formation probability is given by

logyg Pfor
32+ (1/VAE 15 +0.085)(Z — 100)
1+ exp((a ~ 0.5)/0.075) '

which is valid for Z > 102. For Z < 102, the effect of
the liquid-drop part of the fission barrier becomes more
important and the above formula should be modified.
(2) Since an increase in the shell correction energy by
one MeV results in a one order enhancement of the
survival probability, the contribution to the index is
—dshelr; where dgpey is the ground-state shell correction
energy.

(3) The rotational enhancement factor as a function of
ground-state deformation (35") is expressed by 2.0{1+
exp((0.15—337)/0.015)} !, where the factor 2.0 means
the maximum contribution when the ground-state of
the compound nucleus is strongly deformed.

(4) The contribution to the cross section depends on
the neutron number of the compound nucleus (N).
The index for the neutron number dependence is
(N—=N,)/6, where N, is an arbitrary reference numnber.
The factor 6 appearing in the denominator is derived
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from the result that a six-unit increase of the neutron
number in a compound nucleus enhances the survival
probability by one order of magnitude. This is be-
cause, when the neutron number of compound nucleus
increases, the neutron separation energy decreases and,
as a result, the survival probability increases in com-
petioin with the fission process.

(5) The energy dependence of the survival probability
is derived from a systematic analysis. The index for
excitation energy (Eg5+ AE) is —0.3(E} + AE — E,),
where E, is also an arbitrary reference energy.

The factor 0.3 means that, in the superheavy mass
region, when the excitation energy of a commpound nu-
cleus increases by 3-4MeV, the survival probability
decreases by one order of magnitude due to the chance
of another multiplication of I',,/T";,;. That is to say,
when the excitation energy increases, the number of

evaporation steps also increases. Since the survival

probability is proportional to H‘g';l(Tgf)/FE;)t), it de-
creases along with the increase of m, where m is the
number of evaporation steps.

(6) When AF is negative, i.e., when the incident en-
ergy is under a barrier, the barrier penetrability (Tg)
should be taken into account. Ty is usually calculated
by using an inverse parabola with strength hw.

The index for the penetrability is log,, T, T =
{1 + exp(—27AE/hw)}~!. Summing up these terms,
we define the Synthesis Index for AE > 0 (the case of
over barrier energy) as follows:

SI = logyo Pror(Z, N, v, Ejy + AE)
— Osnew + 2.0{1 +exp((0.15 — 3J7)/0.015)} ~*
+ (N = N,)/6 —03(Ey + AE — E,).

The calculation of SI will be available on the Internet
home page of RIKEN from December, 2001.
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A two-step model for fusion and synthesis of superheavy elements

C. W. Shen,*! G. Kosenko,*? and Y. Abe*3

[superheavy element]

We propose a theoretical framework describing the
whole reaction process of synthesizing superheavy ele-
ments, starting from the encounter of a projectile and
a target up to residues of the elements, through the
formation of compound nuclei.’?) Since cooling pro-
cesses of compound systems are well known and es-
tablished, though there are ambiguities in the parame-
ters in statistical codes, an essentially unknown part is
the formation process of compound nuclei. In lighter
systems it is rather simple and just passing over the
Coulomb barrier, or quantum-mechanical barrier pen-
etration; however, in massive systems it is not the
end of the process, because there is a so-called con-
ditional saddle point or a ridgeline standing outside of
the spherical ground state and inside of the Coulomb
barrier. Therefore, we have two steps: firstly, over-
barrier up to the contact of two nuclear surfaces and,
secondly, the evolution of a pear-shape formed by con-
tact of the projectile and the target into the spherical
shape, overcoming the conditional saddle point.

The first step is treated by the classical trajectory
model extended so as to include the fluctuation asso-
ciated with friction. If we employ the surface friction
model proposed by Gross and Kalinowski, we obtain a
fully damped state at the contact point, i.e., the inci-
dent energy is completely dissipated into the internal
energy. In other words, the momentum is in the Boltz-
mann distribution. The orbital angular momentum is
also dissipated to form a sticking limit. A solution of
the first step, thus provides a sticking probability of
the projectile and the target.

The second step is the shape evolution of di-nucleus

complexes, which is again to be described by a stochas-
tic equation, ¢.e., a Langevin equation for shape de-
grees of freedom. In the framework of the two-center
parameterization, at least two parameters are neces-
-sary: the distance between the two centers and the
mass asymmetry. By solving the Langevin equation
with the so-called one-body wall-and-window forimula
as friction, we obtain the formation probability of the
spherical shape for various incident momenta. The
obtained formation probabilities are folded with the
Boltzmann distribution of the initial momentum to
give rise to the final fusion probability.

Combining the statistical decay calculations with
the code HIVAP, we obtain the residue cross sections
of superheavy elements. *®Ca+24Pu system is taken

*1 Department of Nuclear Physics, China Institute of Atomic

Energy, China
Department of Physics, Omsk University, Russia
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Fig. 2. Shell correction energy of 1/3 of Mgller’s predic-
tion used to reproduce the order of magnitude of the
experimental cross section.

as an example. Figure 1 shows the sticking probability
at the contact point after the first step. Figure 2 shows
the residue cross sections for zn reactions as well as the
fusion excitation function. The experimental cross sec-
tion to be compared is 1 - a few pb of the 4n channel at
E™ ~ 35MeV, which is apparently in good agreement
with the calculated results shown in Fig. 2.
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44Ti: Its initial abundance in Cassiopeia A and
its detection possibility in SN 1987A with INTEGRAL

Y. Mochizuki

[electron-capture decay, supernovae, y-ray line astrophysics]

44T} is a pure orbital-electron capture decay iso-
tope; in laboratories its half-life is measured for neutral
atoms. Thus, the laboratory half-life value may not be
directly applied to astrophysical environments where
44T is possibly in ionized states.

Mochizuki, Takahashi. Janka, Hillebrandt, and
DiehlV have argued that the electron-capture rate of
44Ty could be significantly reduced from its labora-
tory value because a high degree of ionization may be
caused by reverse shock in a young supernova rem-
nant. For the supernova remnant Cassiopeia A (here-
after, Cas A), they coucluded that retardation of the
decay increases the current *Ti-activity by a factor
of 1.5 -2.5, which yields a better compatibility between
the COMPTEL observation of the 1.16 MeV line ac-
tivity associated with the *4Ti decay of this remnant
and the supernova model predictions of the initial #47Ti
abundance. However. they pointed out that the above
possibility is strongly subject to the radial distribution
of 71 in the ecjecta.

Recently, Hughes et al.?) and Hwang et al.®) re-
ported map of the X-ray emitting ejecta in Cas A,
which includes Fe and Ca. Since *4Ti is cousidered to
exist along with Fe and it ultimately decays to 44(Ca,
the distributions of Fe and Ca may be referred to as
indicators of the position of #Ti in the ejecta. In the
present paper I reexamined the ionization effect of 44Ti
on its initial abundance in Cas A, discussed in the pa-
per.” with newly obtained observational information.

It is shown that under certain conditions the ion-
ization of **T1i increases its current activity and ac-
cordingly removes any apparent discrepancies between
447§ production in the supernova explosion as inferred
from COMPTEL ~-line measurements and theoretical
expectations from the current supernova nucleosynthe-
sis models (sce Fig. 1).

On the other hand, detection of the *4Ti y-line from
the supernova remnant SN 1987A is the one of prime
targets for the INTEGRAL nission, a gamma-ray as-
tronomy satllite planued to be launched in 2002. The
ionization effects of #*Ti in SN 1987A are also briefly
discussed here.

If we assume no reduction of the f-decay rate, the
T amounts of ~ 1.5 x 107 M, (Mg shows the solar
mass), suggested from the fitting of the late lightcurve
of SN 1987A. would produce on Earth a y-ray flux of
~3x107%ecm™2s7 .
limit of INTEGRAL.

This is close to the sensitivity

T Extracted from the article of Nucl. Phys. A 688, 58c (2001)
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Fig. 1. Initial yield of **Ti at the time of the explosion of
Cas A as a function of the y-ray photon flux, by which
the observed result from the COMPTEL experimentr))
is indicated by the arrow. WLWY5 indicates a theoret-
ical result® of the initial **Ti yield predicted for the
type of supernova explosion like Cas A. The apparent
discrepancies are reduced by taking the history of the
44T ionization into account. Details are found in an
article of Nucl. Phys. A 688, 58¢ (2001).

Contrary to the Cas A case, a simple linear analysis
shows that the retardation of 4Ti decay decreases its
activity for a supernova remnant that is younger than
the lifetime of #*Ti, i.e.. ~100 yr. This arises from the
linear dependence of the activity on the decay rate.

Recently, helium-like and hydrogen-like ions of O,
Ne, Mg, and Si have been observed in SN 1987A with
the Chandra X-ray observatory.®) If #4Ti is in the
hydrogen-like ionization state, it is expected from a
linear analysis that the activity is reduced by ~50% in
the case that assumes no retardation of the decay rate.
This means that the expected flux from SN 1987A may
lic below the detection limit of INTEGRAL.
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Formation of nuclear “pasta” in cold neutron star matter!

K. lida, G. Watanabe,* and K. Sato*

[Dense matter, Fission instability, Proton clustering, Neutron stars|

Nuclear matter exhibits the coexistence of a liquid
phase with a gas phase at subnuclear densities, due
to the attractive force responsible for nuclear bind-
ing. Such a coexistence is believed to be present in
the outer part of a neutron star.!) Since gravitational
coupling is far smaller than Coulomb coupling, the
star’s gravitational stability requires nuclear matter
to be neutralized by electrons. The resulting electri-
cally neutral matter is usually referred to as neutron
star matter. At sufficiently low temperatures, relevant
to neutron star interiors, long-range Coulomb inter-
actions force the system to separate periodically into
liquid and gas segments of macroscopic size, adding a
crystalline property to the liquid-gas coexistence. As
the electron chemical potential increases with increas-
ing pressure, a system in /3 equilibrium has the liquid
phase neutron-enriched and leaves the gas phase al-
most free of protons.

At zero temperature, it is believed that the energet-
ically favorable configuration of the mixed phase pos-
sesses interesting spatial structures;? the liquid (gas)
phase is divided into periodically arranged parts of
roughly spherical, rod-like, or slab-like shape, embed-
ded in the gas (liquid) phase and in a roughly uni-
form electron gas. Hereafter, we refer to these parts
composed of the liquid and gas phases as ‘nuclei’ and
‘bubbles,” respectively. Recent calculations, performed
within the Wigner-Seitz approximation using specific
nuclear models, indicate that at a density of about
10 g cm™3, which is rather small compared with
the saturation density of symmetric nuclear matter,
ps ~ 2.7 x 10 g cmi™3, the spatial structure changes
from a bee Coulomb lattice of roughly spherical nu-
clei to a two-dimensional triangular lattice of rod-like
nuclei. With the density increased further, it is trans-
formed into a layered structure composed of slab-like
nuclei and bubbles. Next, a two-dimensional triangu-
lar lattice of rod-like bubbles and a bee Coulonib lattice
of roughly spherical bubbles appear in turn. Finally,
at a density of about p,/2, the system dissolves into
uniform nuclear matter. These changes of the spa-
tial structure, accompanied by a reduction of the total
surface area, are governed by competition between the
electrostatic and surface energies. Since slabs and rods
look something like lasagna and spaghetti, the phases
with positional order of one and two dimensions are
often referred to as nuclear “pasta.”

In a separate study,?) we more extensively calculated

t Condensed from the article in Prog. Theor. Phys. 106, 551
(2001)
Department of Physics, University of Tokyo

*

the corresponding equilibrium phase diagrams for zero-
temperature neutron star matter at subnuclear densi-
ties. From a typical compressible liquid-drop model for
nuclei, we predicted that the phases with rod-like nu-
clei and with slab-like nuclei are energetically favored
in the density reginie just below ps and at zero temper-
ature; it is thus important to consider how these nuclei
are formed. Such formation requires the simultaneous
migration of an infinite number of nucleons, in con-
trast to the case of ordinary chemical reactions. This
prevents the nuclear system from crossing the energy
barrier formed between the initial and final states in
configuration space via quantum tunneling. Instead,
“pasta” formation can be driven by instabilities with
respect to fluctuations around the initial state.

In this work, we examined the kinds of instabilities
that are involved in the formation and decay of rod-like
and slab-like nuclei at zero temperature. As such, we
first note an instability with respect to quadrupolar
deformation of spherical nuclei, as originally investi-
gated in the context of nuclear fission by Bohr and
Wheeler. We also counsider an instability with respect
to proton clustering in uniform matter. This cluster-
ing is induced by the isospin syminetry energy. At
an instability point that the system reaches during de-
compression, the gain due to this energy compensates
for the gradient and Coulomb energies produced by
the resulting inhomogeneities, and hence a phase with
nuclei of sonie form appears.

We extend these considerations to other changes in
nuclear shapes. The possible instability with respect
to proton clustering in planar and cylindrical nuclei
tends to divide each nucleus into nuclei of lower di-
mension, while the possible fission-like instability of
slab-like and rod-like nuclei tends to lead to the for-
mation of uniform matter and slab-like nuclei, respec-
tively. Using a typical nuclear model, we find that
planar and cylindrical nuclei are stable with respect
to deformation-induced fission and proton clustering.
This suggests the possibilities that such nuclei persist
beyond the equilibrium transition points, and that the
size of the stellar region containing them cxceeds the
equilibrium prediction.
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Recent developments in an experiment to measure nuclear
half-lives relevant to the astrophysical r-process

M. A. Famiano, S. Nishimura, Y. Nishi, R. N. Boyd,* and I. Tanihata

[r-process, -decay, Nucleosynthesis]

Many nuclei of astrophysical interest and their sig-
nificant reactions have yet to be studied experimen-
tally. In particular, astrophysical processes which pro-
duce nuclei heavier than iron are postulated to include
reactions of nuclei far from stability. In the r-process,
the rate at which nuclei progress from low mass to
higher mass, and (to a lesser extent) the nuclei through
which they progress (the r-process path) depend on the
(-decay rates of those nuclei. These rates are expected
to be much more than 1s~'.1) An experiment has been
constructed to measure fast J-decay rates, allowing one
to study nuclei further from stability, and to hopefully
push the frontier of knowledge closer towards the r-
process path. Because of the low production yields of
the nuclei of interest, it is useful to simultaneously pro-
duce and measure as many of these nuclei as possible.

The current detector system, shown in Fig. 1, con-
sists of five implantation target layers, each contain-
ing 11 targets. Nuclei are implanted into any one of
the target layers (used to facilitate charge separation).
The targets are rotated out of the beam line into lay-
ers of position-sensitive detector arrays. Each array is
constructed of two orthogonal layers of plastic scintil-
lator fiber arrays and a Nal scintillator for detecting
coincident gamma rays. A correlation will be made
between the position of the detected S particle and
the beam implantation position in the target. The
target wheel can be rotated to an accuracy of 0.05°,
corresponding to a position accuracy of about 0.2 mm,
much less than the position resolution of the fiber de-
tector arrays. The time difference between production
and detection is the decay time of the implanted ion.
The rotation of the target wheel also serves the pur-

Fig. 1. Target wheel apparatus and detector array (exposed
for clarity).

*  Physics Department, Ohio State University, USA
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pose of reducing the buildup of long-lived nuclei. Since
the target wheel has 11 positions, then the sequence of
implantation — followed by a rotation — must occur
11 times before a target returns to its original position
and is implanted again. For example, for a lifetime of
200 ms, any given target is implanted only once every
4.4s (200ms x 11 rotations x 2 steps per rotation).
The minimum lifetime that can be measured, limited
by the rotation speed of the wheel, is on the order of
100 ms for rotation between the beam and the detector
array.

The fiber arrays (Fig. 1) must maximize the effi-
ciency, while minimizing the cross-talk between adja-
cent pixels. For this reason, multi-clad scintillating
fibers were chosen. Also, the flexibility allows for ease
of installation and manipulation, because the resulting
systein requires at least 20 such fiber arrays in close
proximity. Each layer is divided into 16 channels. The
overlap between an X channel and a Y channel creates
a pixel, each of which is 4mm square. One layer has
an absolute efficiency for 8 detection of about 50%,
resulting in a total efficiency of 25%. Cross-talk and
position sensitivity tests were conducted using a col-
limated 9°Sr source. Any cross-talk between adjacent
fibers would result in events in adjacent fibers. It was
found that the cross-talk between adjacent pixels is
negligible, while most of it appears to be on the glass
surface of the photo-multiplier tubes to which the array
is coupled, and comprises only a very small percentage
of the single count rate, and is thus not expected to be
a problem. The position resolution of these detectors
is a single pixel, enabling the location of the detected
particle to be known with little uncertainty.

Using various simulation packages, the target con-
figuration can be optimized to stop isotopes of inter-
est and their neighboring isotopes. Likewise, particle
identification is also done using the timne-of-flight of the
secondary particles.

The second stage of this experiment is planned for
early 2002 with a heavier primary beam. An initial
data analysis, followed by improvements to the detec-
tion system, will allow measurements of new half-lives.
The possibility for determining the level structure, in
addition to the half-lives of proton-rich nuclei, exists
as well, permitting a large growth in our knowledge of
astrophysically interesting nuclei.
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r-process in prompt supernova explosions

K. Sumiyoshi,*! M. Terasawa,*>** G. Mathews,** T. Kajino,***? S. Yamada.*® and H. Suzuki*®

[Nucleosynthesis, r-process, Unstable nuclei, Supernoval

A recent increase of experimental data of unstable
nuclei towards the r-process path gives strong motiva-
tions to study the nature of r-process nucleosynthesis.
It is now crucial to discuss the impact of the structure
and reaction of unstable nuclei around the r-process
path on nucleosynthesis in the astrophysical environ-
ment of the r-process.

Meanwhile, the findings of r-process elements in
extremely metal-poor stars by astronomical observa-
tions provide important clues to pin down astrophys-
ical sites for the r-process.!) Those data of very old
stars strongly indicate supernova explosions of mas-
sive stars as a unique origin of the r-process. A recent
analysis further suggests more than one kind of su-
pernova origin, which might be linked with the mass
range of presupernova stars. The abundance pattern
of the r-process may be different depending on the su-
pernova mechanism: a delayed explosion and a prompt
explosion, corresponding to massive and less massive
stars, respectively. For massive stars, the r-process in
a neutrino-driven wind has already been studied.?)

To pursue whether less-massive stars contribute to
the r-process, we have studied r-process nucleosynthe-
sis in neutron-rich ejecta from a prompt supernova ex-
plosion of a low-mass (11 M) progenitor.*) A prompt
explosion can occur for low-mass supernova progeni-
tors with small iron core masses and small rates of elec-
tron capture. To model a prompt explosion, we have
performed a general relativistic hydrodynamic simmu-
lation of adiabatic collapse and bounce®) using a rel-
ativistic nuclear-matter equation of state.®) The elec-
tron fraction (Y. ) during the collapse was fixed at the
initial-model value. The size of the inner collapsing
core was then large enough to enable a prompt explo-
sion to occur in the hydrodynamical calculation.

While adopting the calculated trajectories of
promptly ejected material, we explicitly computed the
burst of neutronization due to electron captures on free
protons in the photodissociated ejecta after passage of
the shock. The thermal and compositional evolution
of the neutron-rich material ejected from necar the sur-
face of nascent neutron star was obtained. These were
used in nuclear reaction network calculations to evalu-
ate the products of r-process nucleosynuthesis. We have
solved the nuclear reaction network % including about
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Fig. 1. Calculated final abundance of r-process elements
ejected from a prompt supernova explosion of an 11 Mg
star (line) compared with the solar abundance (dots).

3000 nuclei up to the neutron drip line to follow the
abundance of the nucleosynthesis products. We sum
up the products from ejected materials to evaluate the
total amount of r-process elements and their pattern.
Figure 1 shows the total abundance of the r-process el-
cments produced in the ejected material from a prompt
explosion.

We find that, unlike in earlier studies of nucleosyn-
thesis in prompt supernovae, the amount of r-process
material ejected per supernova is quite consistent with
observed galactic r-process abundances. Furthermore,
the computed r-process abundances are in good agree-
ment with the solar abundances of the r-process ele-
ments for A > 100. This suggests that prompt su-
pernovae are promising r-process sites. Such cvents
may be respounsible for the abundances of the heaviest
r-process nuclei.
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r-process nucleosynthesis in the type-1I supernova model
with a neutron star mass of ~ 1.4M

M. Terasawa,*'*2 K. Sumiyoshi,*® T. Kajino,*? and G. Mathews*4

[r-process, supernova, neutron star, neutron capture]

[t is generally believed that the r-process occurs un-
der explosive conditions at very high ncutron density,
high temperature, and high entropy. It has been dis-
cussed that core-collapse supernovae could provide the
most likely environiment for the r-process. It is now
commonly accepted that a massive Fe core explodes
with the help of ncutrino heating in a supernova ex-
plosion of. at least, a massive star.!) Because of the
conversions of neutrons to protons, this strong neutrino
flux, however, hinders the r-process, and the r-process
cannot occur in even a supernova model with very
high entropy, ~400 (in units of the Boltzmann con-
stant, kp).1'?) Therefore, it is necessary that the dy-
namical timescale of the explosion is much shorter than
the timescale of the neutrino interactions not to dis-
turb the r-process. So far, some authors showed that
the successtul r-process can occur in the fast neutrino-
driven wind model, even with relatively low entropy,
~200.3) However these models assumed the neutron
star mass, Mygs ~ 2.0M., (M is the solar mass), al-
though the typical Myg is considered to be ~1.4M,
based on observations.

The timescale of the explosion model that shows
a successful r-process pattern is under 10 msec.?) On
the other hand, the timescale of the r-process is about
a few seconds. Therefore the r-process is considered
to occur in the outer boundary region just behind
the shock wave.*) We should study more about the
outer boundary condition, which is given by the outer
boundary pressure (P,,:) in simulations. Thus, we
simulate the neutrino-driven wind with the typical
neutron star, Myg = 1.4M,. and investigate the de-
pendence of the abundance pattern on P,,;.

We summarize the key quantities in Table 1. Here,
Touts Ya,our and Yieed our stand for the temperature
(in the unit of 10°K) and the abundances of alpha
particles and seed nuclei at the outer boundary, re-
spectively. In each model, the dynamical timescale of
the explosion is almost the same and sufficiently short,
a few 10 msec. The r-process nuclei are synthesized by
the a-process and the r-process. At first, neutron-rich
seed nuclei with mass number ~100 are made by the
a-process. After that, the r-process starts from these
seed nuclei and makes heavy r-process elements.

From Table 1, T,,; becomes lower as P,,; becomes

*1 Department of Astrophysics, University of Tokyo
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Table 1. Summary of parameters and key quantities.

P““t [dyn/cmz] Tf)u/- )/n,nm, Kc’ed.r)ul
10?2 1.3 | 0.177 | 2.1 x 1073
10?! 0.7 | 0.198 | 1.2 x 1073
10%° 0.3 | 0.202 | 3.7x107%
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Fig. 1. Final abundance pattern.

lower, because the matter flows farther from the neu-
tron star. When 7, is high, Y, o4 is small and
Yieed.out 1s large. This is because the a-capture re-
actions are sensitive to the temperature and proceed
rapidly because of the high temperature. The large
value of Yseed out means a decrease in the number of
neutrons per one seed. As a result, it becomes diffi-
cult to synthesize heavy elements by the r-process for
a large P,y value. In Fig. 1, we show the result of nu-
cleosynthesis calculations and the solar r-process abun-
dance pattern. From these reasons, we find that the
heavier nuclei are synthesized with decreasing the P,y
value. By the comparison with the solar abundance,
the solid line is most likely in the case of 1.4M,.
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Neutrinos from supernova explosions and protoneutron stars

H. Suzuki,*! K. Sumiyoshi,** S. Yamada,*® and H. Toki*4

[supernova, neutrinos, protoneutron star]

Using a new numerical EOS (equation of state) ta-
ble calculated by Shen et al.,') we performed numerical
simulations of supernova explosions and protoneutron
star cooling. The EOS is based on the relativistic mean
field theory, and the parameters in its Lagrangian have
been chosen to reproduce the experimental properties
of both stable and unstable nuclei. Furthermore, the
numerical table covers such a wide range of thermody-
namical quantities (temperature, 0-100 MeV; electron
fraction, 0-0.56; density, 10°1-10'%%g/cc) that it is
very useful for supernova simulations.

As a first step towards full simulations of core col-
lapse and the subsequent explosion in massive stars,
we have studied the adiabatic collapse of stellar cores.
The initial core structures were taken from numerical
stellar models of Woosley’s group and Nomoto’s group.
The succeeding dynamics of the cores was calculated
with a spherically symmetric, general-relativistic hy-
drodynamical code developed by Yamada.?) In order
to explore the characteristics of Shen’s EOS simply,
we neglected electron capture and neutrino transport
in the cores. This approximation could be used to
estimate the upper limit of the core mass, which ex-
plodes promptly. As a result, we found, in precollapse
cores, compositional differences between our models
and those with popular Lattimer & Swesty’s EOS: nu-
clei with neutron number greater than 40 are more
abundant and free protons are less abundant in the
cores with Shen’s EOS. This might result in a reduc-
tion of the electron-capturc rates during the core col-
lapse, and would be preferable for successful prompt
explosions. Hydrodynamical simulations without elec-
tron capture and neutrino transport for various ini-
tial cores show that light cores (< 1.4Mg) explode
promptly with bounce shock, while massive cores can
not explode. We thus confirmed that even with Shen’s
new EOS the bounce shock wave alone cannot explode
massive cores.

Another implication of our numerical simulations
is r-process nucleosynthesis. If the core cxplodes
promptly, neutron-rich material would be ejected and
r-process nucleosynthesis might occur in the ejecta. Al-
though this possibility was investigated formerly by
Hillebrandt et al., they used an artificial distribution
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of electron fraction and concluded that too many 1-
process nuclei are synthesised to reproduce the obser-
vational data. On the other hand, we evaluated numer-
ically the electron fraction of each shell of ejecta while
considering the electron capture on free protons after
the passage of shock. In collaboration® with Tera-
sawa, nucleosynthesis in each shell was studied using
the calculated trajectory in the density-temperature
plane and the electron fraction of each shell. The re-
sultant relative abundance of heavy nuclei up to A~
200 has good agreement with the observational data.
In addition, our estimation of the total abundance of
r-process nuclei ejected from past prompt supernovae
indicates that there is no inconsistency between the
observation and our numerical results. We point out a
new interesting idea that relatively light r-process ele-
ments are formed in delayed supernovae, while heavy
nuclei are synthesised in prowmpt supernovae.

We also investigated the quasistatic evolution of pro-
toneutron stars with a numerical code including neu-
trino transfer (MGFLD scheme). Using the new EOS
table!) covering a very wide thermodynamic regime,
time evolution for even 50 seconds could be studied.
Compared with simulations using Wolff’s old EOS, the
central temperature of the protoneutron star and the
average energy of emitted neutrinos become somewhat
lower, but the qualitative feature does not change. A
lepton-rich initial model and a hot initial model were
also studied, and we obtained the result that the aver-
age energy of non-electron-type neutrinos is not much
higher than that of electron-type antineutrinos at the
late stage of a supernova neutrino burst. This fact
might affect the implication of SN1987A data on the
neutrino oscillation parameters. More comprehensive
studies including the collapse/explosion phase and con-
vection/accretion effects are required.
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Shell-Model calculations for /1{0 and 11&60 with microscopic AN and
3N effective interactions

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

[Hypernuclei, Shell model, Effective intcraction]

One of the challenging problems in theoretical stud-
ies of A hypernuclei is to describe their properties,
starting from hyperon-nucleon (YN) and nucleon-
nucleon (NN) interactions given in free space. The nu-
clear shell-model approach would be one of the promis-
ing methods for this problem over a wide range of mass
numbers of A hiypernuclei. In shell-model calculations,
however; we nced to introduce an effective interaction
because of a limited model space. The microscopic
derivation of an cffective interaction for nuclear shell-
model calculations is a fundamental problem for a mi-
croscopic understanding of nuclei.

We have proposed a method for a icroscopic
description of A hypernuclei within the framework
of the unitary-model-operator approach (UMOA).!-2)
UMOA is a many-body theory that leads to an energy-
independent and Hermitian effective interaction with
the property of decoupling. We have applied UMOA
to calculations of A single-particle energics in 170 and
A1 Ca, using various YN interactions given by the Ni-
jmegen and the Jiilich groups. Some reasonable results
have been obtained. such as small spin-orbit splittings
of A compared with those in nuclei, though the results
depend considerably on the YN interactions employed.

Lately, we have been making shell-model calcula-
tions for °0 in addition to 170, using the effective in-
teraction derived in previous works. Furthermore, we
arc trying to introduce a XN effective interaction into
the shell-model calculation. In the shell-model calcu-
lations of A hypernuclei made so far, the effects of the
>N channel have been treated as renormalization into
a AN effective interaction in many cases. The degrees
of freedom of ¥ have not becn treated explicitly in the
shell-model calculations. Therefore, it is interesting to
derive an effective YN interaction which includes not
only the AN channel, but also the XN one. and to apply
such an effective interaction to shell-modet calculations
for A hypernuclei.

As the first step, we have examined the effect of
the XN channcl on A single-particle encrgies in 170.
Figure 1 shows the dependence of the A single-particle
energics for the Nijmegen soft-core (NSC) 89 and the
NSCY7f YN potentials on the the model-space size of
the ¥N channel. The number py for Y = A, ¥ in Fig. 1
is defined as

Py =2ny + Iy + 2ny + In. (1)

with the harmonic-oscillator numbers,
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Fig. 1. Calculated energy levels in ;'O for the NSC97f (a)
and the NSC89 (b) potentials as a function of ps. The
energy levels with “AN” are the results without the N
channel in the model space.

{ny,ly} and {nx,Ix}, of the hyperon and the mu-
cleon, respectively. As for the value of pa, we fix it
as pa = 8 which is a sufficiently large number to sec
the ps-dependence. We can see that the results for
the NSCO7f (the left-hand side of Fig. 1) are almost
stable for the values of pg. This suggests that the
renormalization of the cffects of the XN channel into
the AN effective interaction is very good. On the other
hand, the results for the NSC89 (the right-hand side of
Fig. 1) imply that we should take a number larger than
3 as py to obtain convergent results. This is mainly
because of the strong XN-AN coupling effect of the
NSC89 potential. '

A high-resolution gamma-ray spectroscopy experi-
ment for 1°0 is in progress at BNL. Fine structures
reflecting the properties of the underlying YN inter-
actions should be obtained. Thercfore. it is of great
importance to investigate the origin of the fine struc-
ture from a microscopic point of view. We are now
performing a shell-model calculation for 0. using not
only the AN effective interaction, but also the ¥ N one.
The calculation result for 260 will be reported else-
where in thie near future.
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Nuclear K bound states in proton-rich systems to be formed by
(K=, ©7) reactions through A* as a doorway

T. Yamazaki and Y. Akaishi*

[kaon, strangeness few-body systems]

We propose to form very exotic nuclear K bound
states in proton-rich systems using (K~, 7 ™) reactions.
The structure of K~ pp, K™ ppp and K~ pppn was pre-
dicted to be deeply bound by variational calculations
based on KN interactions, which we derived previously
to predict deeply bound K~ ppn and K~ ppnn.!) Fig-
ure 1 shows the calculated KN and K-nucleus poten-
tials and the bound levels in A(1405), 2H and 2 H for
the K=-p, K~ -pp and K™ -ppn systems, respectively.

LjH
£y =-108MeV
T =20 MeV

r=61MeV

]

&0 &0 - 0

Fig. 1. Calculated KN and K-nucleus potentials and bound
levels: A(1405), 2H and 3 H for K~-p, K™-pp and K-
ppn systems, respectively. The nuclear contraction ef-
fect is taken into account. The shaded zones indicate
the widths. The ¥ and Am emission thresholds are
also shown.

Table 1. K nuclei produced by (K™, 7).

Target K nucleus B, T
d +H =K pp [38,51]
3He ]J—(He = K™ ppp

‘He 4KH€‘ = K™ pppn

9Be gilie = K™ paa

*

Institute of Particle and Nuclear Studies, High Energy Ac-
celerator Research Organization (KEK)
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Fig. 2. Energy diagram relevant to the formation of K
bound states in (K, 77) reactions through A(1520) +
T~ resonance as a doorway.

The reason for this deep binding is due to a strong at-
traction between K~ and p, which helps to contract the
nucleus (unbound without K7) to which K~ is bound.

A possible formation process for K bound states
in the (K~,7~) reactions was proposed; that is, the
elementary production of A(1405) and A(1520) in
n(K~.7n7)A* propagetes in the nucleus and serves as
a doorway for the formation of K bound states (see
Fig. 2).

Table 1 shows light target nuclei and K bound states
to be formed through A doorways by the (K=, 77 ) re-
action, as well as for the calculated binding energies
(B in MeV) and widths (T" in MeV) with nuclear con-
traction.
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Coulomb logarithm in the electron-cooling process

H. Anieiniya, T. Tanabe, and T. Katayaina

[Electron cooling, Coulomb collision, Coulomb logarithm, Ton beam]

In the conventional theory ! of electron cooling, the
Coulomb logarithin is assuined to be a constant. It is
considered to be only weakly dependent on the relative
velocity between an ion and electrons. However, this
assumption is not always accurate for ions with a ve-
locity comparable to, or less than, the electron thermal
velocity where the most efficient cooling is expected. In
the present work. the cooling rate is calculated more
precisely by taking the Coulomb logarithm as a vari-
able.

The loss rate of the momentum P of an ion trav-
elling with a velocity V' in electrons with a velocity
distribution f(w) is

Ww_ Y v_w
“U- U2 U T ov

where Q = N.Z%e1/(4mzy)?, N, is rhe lectron density,
Z is the charge of ion, U = (VZ + 0% — 2Vwcos )12,
L. = In(A\/p) is the Coulomb logarithin, A is the De-
bye length, p is the minimun access distance given by
p = Zc?/(4meomV?), m is the reduced mass given by
m~' =m, '+ M~ M is the ion mass. and e, m, are
the electron charge and mass, respectively.
We seek a potential @ which satisfies

oo _ 40
oV m

(1)

dt

G gl ) 2

Using the fact that L. consists of constant and vari-

able parts as

U 2
L.=1L,+In (;> i L,=In(6Np/2), (3)

s
where Np = (47/3)N, A3, s = (2T /m)"/?, we find
47Q / (Lo +2) +1In(U/s)?

PV)=—- f(w)dv. (4)

U
Thus, the rate of energy cooling becones

\E dP
i S VR R VR T 1070) (5)
dt dt

The rate of energy broadening is given by integrating

V- (VU) over f(v) as
dEp 1 47‘(‘Q
dt ~ 2 M

IJC(A\/ U)f(’l))d’l), (6)

where Ay is the Laplacian.
Defining another potential,

() = -2

L. U f(v)dv, (7)
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WC call express

dE, _ m [, 47Q j
W __m [Avp(v)+3 } (8)
Avi(v) = a(v) - T (9)

We also define dlmellslonless functions of @ = V/s,
¢1 and ¢, as

1, ,
& (a) = f/ m (v)dw, (10)

3 In(U/s)? v\dv
/_(U/Q) f(v)dw. (11)

While ¢, is a conventional function,!2 ¢9 is a func-
tion for a modification. The relations similar to the
electrostatics® for the case of constant L., Ay¥ = &
and A, ¢ = f(v), are modified by Eq. (9) and A,dy =
f(v), Ayda = In(a?) f(v) respectively, for the case of
variable L.

Then. () and (8) become

p2(0r) =

df;u ~Cof{(Ly + 2)Vadi(a) + Vada(a)},  (12)
dEJ_ . ‘
dt - \/I{LO(PI )+(b2(ﬂ/)}’ (13)

where C' = 47Q/ms. Note that these relations hold for
any forms of f(v). If Egs. (12) and (13) are integrated
for the ion velocity distribution F'(V'), we obtain the
cooling and broadening rates of an ion beam. In this
case, it is sufficient to calculate ¢ and ¢9, since V¢,
and V, ¢ disappear by partial integration.

As typical cases of f(v), an isotropic Maxwellian dis-
tribution (non magnetic case) and a two-temperature
distribution (frozen case) have been dealt with, where
besides the elliptic function K (k) a logarithinic-elliptic
function L(k) is introduced, i.e.

/2 1 (1 — k% sin? 9) dé
L(k) = / : (14)
0 1 —k2sin%@

[t has been found that the cooling rate of the previ-
ous theory!?) is overestimated for ions with velocities
larger than (2x7,/m)'/? while the energy broadening
rate is underestimated for all ion velocitics. More de-
tails on cooling and cnergy broadening rates using ¢,
and ¢o are forthcoming.
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Measurement of the effect of a non-equilibrium liquid D,+T5
mixture in muon-catalyzed dt fusion

K. Ishida, K. Nagamine, T. Matsuzaki, N. Kawamura,*! S. N. Nakamura,*? Y. Matsuda, M. Kato,*? H. Sugai,*3
M. Tanase,*3 K. Kudo,** N. Takeda,** and G. H. Eaton*?

[Muon catalyzed fusion, tritium, fusion neutron|

One of the critical steps in the muon catalysis fu-
sion cycle (uCF) is the formation of muonic molecular
ions. The dtp-formation rate (Ag,) has to be much
faster than the muon decay rate (Ao = 0.45 x 108s71)
for the uCF to catalyze many dt-fusions. Concerning
dtp formation by a collision of ty with Dy or DT, a
resonant formation mechanisin has been proposed to
explain an unexpectedly large formation rate.!) In this
process, the dtp-molecular binding energy resonantly
goes to the vibrational and rotational energy of the
final compound molecule ([(dtu)dee]* ete.) and any
small energy difference between the initial and final
states is compensated by the kinetic energies of the
participating atomns and molecules.

In contrast to the nonresonant (Auger) process, the
resonant process depends on the temperature as well
as the states of the participating atoms and molecules.
Among various dtu molecular formation rates, /\(’; e

tu(F) + DX — [(dtu)zee], (z=d.t,X = D,T)

where F' is the hyperfine state, /\gt“,d for a singlet tu
colliding with Dy molecule was calculated to make a
dominant contribution at low temperature. However,
so far, the temperature dependence of the dty forma-
tion rate, which was measured mostly on equilibrated
targets, is not fully explained by the calculation. Thus,
an experiment which can measure the contributions of
Dy and DT molecules separately is essential to un-
derstand the resonant mechanism correctly, and would
give us a key to improving the catalysis efficiency.
When we mix Dy and 15, an equilibrium state is
reached due to the reaction Dy + T —= 2DT. It is
known that this reaction is rapid (order of 10 minutes)
in the room-temperature gas phase, while it is slow (a
few days) in the low-temperature liquid. Thus, if we
mix Dy and T3 in the liquid phase and observe how
the pCF neutron yield is affected as the equilibrium is
gradually reached. we can separate the contributions
of Dy and DT molecules to dtu-molecule formation.
The experiment was performed at the RIKEN-RAL
Muon Facility. Dy gas and T; gas were separately pre-
pared and solidified at 15K one after another in the
target chamber. The target was then warmed up to
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20K to become the liquid state. Figure 1 shows the
meastred neutron disappearance rate (A,), neutron
yield per muon (Y,,), uCF cycling rate (A, = A, Y5 /@)
and the muon loss per cycle (W = (A, — Ao)/dA:) as a
function of time after Dy+7T5 mixing. Data were taken
for the liquid state (open circles in Fig. 1) up to 110
hours after Do-+T5 mixing. The target gas was then
warmed up to room temperature so that the equili-
bration would proceed completely. The gas was lique-
fied again to obtain data for a fully equilibrated target
(filled circles in Fig. 1).

It can be seen that the cycling rate was enhanced
by 30% in the non-equilibrium state just after Do-+T5
mixing, while the muon loss probability was almost
constant. These results are well explained by taking
into account the resonant mechanism and the equi-
libration process with a time constant of 56 hours.
A preliminary analysis shows that )\gt”_d ~ 4/\2m—t’
which is consistent with the theory, at least qualita-
tively. A detailed analysis is in progress.
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Fig. 1. Measured neutron disappearance rate (A, ), neutron
yield (Y;,), cycling rate (A.) and muon loss per cycle
(W) as a function of time after Dy and T mixing.
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Electron-RI collider at MUSES:
A possible electron spectrometer

T. Suda, S. Kato,*! K. Maruyama,*? and I. Tanihata

[Electron-RI collider, charge distribution, high resolution spectormeter]

A collider of electrons and radioactive ion beams,
the eRI collider, planned for thie second phase of the
RIKEN RI Beam Factory project, aims to explore the
not-yet-determined charge distribution of many unsta-
ble nuclei by elastic electron scattering, and at provid-
ing one of the most fundamental observalbles to inves-
tigate exotic nuclear structures of unstable nuclei far
from the stability line.

As we have previously reported,!™® the feasibility of
the eRI collider has been demonstrated and the accessi-
ble nuclei at the collider have been identified under the
expected luminosities. In addition to this study, the
requirements for an electron spectrometer to measure
the elastic scattering cross section has already been
clarified.

Since the elastic-scattering cross section of un-
stable nuclei is to be measured, the excitation-
energy resolution at the Nucleus-Rest (NR) frame of
Awnpr ~0.1 MeV will be indispensable. This require-
nment is equivalent to the momentum resolution of 104
for electron detection in the Collider (COL) frame,
which requires a high-resolution spectrometer instead
of a medium-resolution large-acceptance spectrometer,
such as CLAS at JLAB.

In this report, we present a possible electron spec-
trometer for the collider experiments currently under
discussion. As shown in Fig. 1, it is a QD-type spec-
trometer, whose Q magnet is one of the optical ele-
ments of the collider. The collision takes place inside
the Q magnet, and scattered electrons appear from the
side of the magnet. The pole shape of the Q magnet
at the exit of both sides is designed to provide a dipole
field in order to give a further kick to the scattered
electrons. The design of this special Q magnet is also
underway with this spectrometer design.

The advantage of this ‘beam-line’ spectrometer is
the ability to cover a very forward scattering angle,
such as a few degrees, without any serious interference
with the collider, where the Mott cross section rapidly
becomes large. Another advantage is to have a wide
scattering angular range which covers a wide range of
the momentum transfer, gy g, at a time.

This spectrometer has a scattering-angle coverage
of 200 mrad in the horizontal plane. The gap of the
dipole is 25cm. corresponding to a vertical angular
acceptance of 100 mrad. In addition, the expected fi-
nite interaction region in the longitudinal direction (~
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Fig. 1. Proposed electron spectrometer for the eRI collider
of MUSES.

10 cm) is well covered by its acceptance. By adjusting
the collision point in the longitudinal direction, this
spectrometer can cover a different scattering angular
range from 100 to 700 mrad. The first-order momen-
tum resolution is 1/7200, which is very close to the
requirements mentioned above.

At electron scattering facilities, such as MAMI and
JLAB, a vertical-bending spectrometer is often em-
ployed. This is not only because one can rotate the
spectrometer to a very backward angle, but also be-
cause measurements of the momentum and scattering
angle are decoupled, at least in the first-order optics.

We, however, employ a spectrometer which bends
scattered electrons horizontally, in order to realize a
large scattering-angle coverage. This configuration re-
quires the insertion of a position detector (“detector
17) between the Q and D magnets in addition to the
focal-plane detectors (“detector 2” and “detector 3”)
for determining of the momentum and scattering angle.
To avoid multiple-scattering effects in the inserted de-
tector, which distort the scattering-angle information,
the detector must have a sufficiently small material
thickness.
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High-spin isomeric beam line

T. Kishida, H. Watanabe, E. Ideguchi, T. Kubo, Y. Yang, M. Ishihara, S. Yamamoto, Y. Gono,*!
T. Morikawa,*! T. Tsutsumi,*! T. Fukuchi,*! S. Motomura,*! H. Tsuchida,*! O. Kashiyama.*! K. Saitoh,*!
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NUCLEAR REACTIONS, 00(1%6Xe,7n)!4*™Sm, 3C(14*™Sm,an), Radioactive beams,

Isomer

A high spin isomeric beam line has been constructed
at RIKEN utilizing the inverse kinematics of fusion-
evaporation reactions. The sccondary beams of fusion
reaction residues produced in a gas target are collected
with a superconducting solenoid and transported to
the secondary target position through the RIPS. The
principle of separation between the secondary beams
and the primary beam is based on the magnetic rigidity
and the charge state distributions. For better separa-
tion, a charge stripper section is placed between the
superconducting solenoid and the RIPS. Rectangular
slits of variable widths and positions have been placed
at the dispersive focal plane F1, in order to reduce the
intensity of the primary beam transported to F3.

In a recent experiment, a high spin isomeric beam of

145mGam with a spin of 49/2h and a half-life of 0.96 us
was used, which was produced via the reaction °O
(136Xe, 7n) 5mSm. The energy and intensity of the
projectile were 7.6 A MeV and 3 x 10! ions/s, respec-
tively. The thickness of the target material (COq gas)
was 0.91 mg/cm?. The stripper foil was a 0.8 um-thick
Al foil, and the solenoid was operated under the con-
dition that the beam optics was a point-to-parallel set-
ting. The obtained intensity of the !45™Sm high spin
isomieric beam was 1-2 x 10° pps with a kinematic en-
ergy of 5.53 + 0.11A4 MeV. The main impurities were
due to contamination of the primary beam. The ra-
tios of all the components in the charged particles at
the experimental focal point were 10% for the **5Sm
isomer, 10% for the '**Sm ground state, 50% for the
other reaction products and 30% for both direct and
indirect (scattered) contaminations of the 3¢Xc pri-
mary beam.

However, when the first experiment concerning the
secondary fusion reaction *C (145™Sm, zn) 158 2Er
was performed, the purity of the high spin isomeric
beam became much worse due to a change in the pri-
mary beam condition. A careful analysis of the timne
structure of neutron evaporation events revealed the
fraction of each background component. Fig. 1 A -C in-
dicate the variations of the ~-ray intensities in Nd iso-
topes as a function of the time difference between the

*1
*2
*3
wd
*5

Department of Physics, Kyushu University

Nishinippon Institute of Technology

Institute of Modern Physics, China

Royal Institute of Technology, Sweden

Horia Hulubei National Institute of Physics and Nuclear En-
gineering, Romania

Time [ich=0.31250ns)

14Nd 7dke A
T 0000 )238‘ “‘fx&
©
z an?e g,
£ | o™ *l14]keV ¥y
% T X e Mo e X< wtt ¥
E fal 1
I 100
:"’n 1880 1900 1920 1940 1960 1980 2000 2020 2040 2060
E Time Difference
= 1“Nd 93keVE
£ xﬁ% B
=
£l s AT o F696keV S;%x_,,,x
Z et FE A B
=)
S
<
L)
Gl 1880 1900 1920 1940 1960 1980 2062 2020 2040 2060
& Time Difference
>
& g
a
3 C
£
o
oD

1000 e %WMW‘*

100 -
1880 1900 1920 1940 1960 1980 2069 2020 2040 2060
Time Difference

Fig. 1. Time structures of the v-ray intensities in Nd’s.

RF signals and the neutron counter signals. A promi-
nent ridge around channel nuinber 2000 in the figures
was formed by the fusion products with direct contam-
ination by 3¢Xe. From these spectra, the intensity of
each component can be roughly estimated: 0.34% for
the 145™Sm isomer, 0.34% for the °Sm ground state,
1.7% for the other reaction products, more than 85%
for direct 1*°Xe and more than 12% for indirect '*¢Xe.
Even under such a bad condition, four peaks corre-
sponding to the transitions in the yrast band of *Er
were identified.

Improvements were recently made in the gas tar-
get and primary beam handling system in order to re-
duce both the direct and indirect components of 3¢ Xe.
To improve the gas target, the thickness of the aper-
tures was made thinner; 14 mm-thick brass apertures
of the gas cell were replaced by 100 pm-thick tantalum,
and the 10 mm-thick aluminum apertures of the outer
chambers by 100 pm-thick tantalum. This improve-
ment reduced the indirect component. For improving
the primary beam handling system, a movable colli-
mating slit was placed on the beam axis before the gas
target system in order to limit the emittance of the pri-
mary beam and to make the downstream beam more
stable and more insensitive to the operating condition
of the accelerator. This improvement reduced the indi-
rect component by preventing irradiation of the target
cell. It also made the beam spot more stable at F1,
thus reducing the direct component.
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Nal(T1) response for radioactive isotope beams

T. Suda, M. Chiba, T. Izumikawa,* R. Kanungo, T. Kato, A. Ozawa, T. Suzuki,* 1. Tanihata, T. Yamaguchi,
and T. Zheng

[Total energy detector, nuclear reaction rate, response functions|

A Nal(T1) detector has been demonstrated to be a
good total-energy detector for particle identification in
a heavy-ion involved reaction. For instance, an energy
resolution of 0.7% (FWHM) was obtained for a 110A-
MeV 22Ne beam. In spite of its excellent energy resolu-
tion, the nuclear reaction contribution inside the total
energy detector is not negligible, which introduces a
serious background for particle identification. In the
case of -the 110A-MeV 22Ne beam, about 7% of the
total events is found to suffer nuclear reactions.

Since the nuclear reaction rate must depend on
the reaction cross section of the incident nucleus, the
Nal(Tl) response to exotic nuclei, such as a halo nu-
cleus, is expected to differ from the others. In order
to develop a total-energy detector, which has a good
cnergy resolution and a smaller nuclear reaction con-
tribution, it is important to understand the nuclear
reaction contribution inside a total-energy detector.

The Nal(T1) response functions have been measured
for several radioactive isotopes, whose A/Z is close to
3 at the RIPS beam line using a ??Ne beam of 110A
MeV. No degrader has been placed at F1, and the
fragments have been transported to a NaI(T1) detector
placed at F3. The size of the Nal(Tl) crystal is 37¢ x
6 cin, and the position of the fragments on the Nal(Tl)
crystal have been monitored by two PPACs placed at
F3. Particle identification was performed based on the
standard Bp-AE-TOF mcthod.

Figure 1 shows the response functions for isotopes of
Z = 3. 4.5 aud 6. In Table 1, the kinetic energy of the
fragments. their range in the crystal and the nuclear
rate experimentally determined are shown. The width
of the full-energy peaks shown in Fig. 1 is about 1.2%
(FWHM), which is consistent with the width of the
momentum slit at F1.

The nuclear reaction rate of the fragnients (11 -28%)
are larger compared with that for the primary ?Ne
beam (7%). Especially, it reaches nearly 30% for 1 Be.
which is known to be a halo nucleus.

How can we understand this? We correct the re-
action rate due to a range difference by a simula-
tion. A longer range for smaller Z fragments may
introduce a larger nuclear reaction rate. The simu-
lation program is coded to estimate the nuclear reac-
tion rate in the Nal(T1) crystal by using the reaction
cross section calculated by a phenomenological formula
proposed by Kox et al.) The energy dependence of
the reaction cross section is taken into account above

*
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Fig. 1. Pulse height spectra of the Nal(Tl) detector for
radioactive isotope beams.

Table 1. Nuclear reaction rate in the NalI(T1) detector with
the results of a simulation.

energy range | reaction rate | simulation
(MeV/u) | (g/cm?) (%) (%)
[ ZNe| 110 [ 35 | 7 | 68 |

814 108 13.9 28+ 0.6 18
L4 87 10.6 25+ 0.4 15
1Be 102 9.5 274+ 0.5 15
12Be 85 7.7 174+0.4 12
B 97 7.3 224 0.8 12
15 83 5.9 13+£0.6 10
¢ 93 5.5 154 0.6 10
BC 82 4.7 11409 9

10 MeV/nucleon, where the formula is believed to work
reasonably well.

The results of the simulation. presented together in
the table, account for the larger fraction of the nu-
clear reaction contribution for lower Z. which comes
from the longer range compared with 2>Ne and larger
Z isotopes.

The simulation is found to give a good estimate of
the nuclear reaction rate for 22Ne. but underestimates
the rate for radioactive spices. It also underestimates
by a factor of almost two for a halo nucleus, 'Be,
which may indicate that the reaction cross section of
UBe is much larger than the Kox's prediction.

References
1) S. Kox et al.: Phys. Rev. C 35, 1678 (1987).



RIKEN Accel. Prog. Rep. 35 (2002)

Absolute detection efficiency measurement
of large plastic scintillators for neutrons at 100 MeV

S. Okada,*! T. Hayashi,*! K. Hirai,*! H. Ikeda,*! K. Itahashi,*! M. Iwasaki,*! T. Katayama,*! M. Miura,*!
A. Miyajima,*! T. Nakamura,*' M. Sato,** T. Sugimoto,*! D. Tomono,*! T. Yoneyama,*! T. Nagae,*?
H. Outa,*? H. C. Bhang,*® B. H. Kang,*® J. H. Kim,*® H. J. Lim,*3 T. Suzuki,** H. Baba,*® and N. Fukuda

[Detection efficiency, Plastic scintillators]

In our resent nuclear experiments? at KEK-PS,
many large plastic scintillation counters (1-2 [m]) have
been used for detecting neutrons of 10-200 MeV so as
to achieve both a large solid angle and a sufficient TOF
length. It is indispensable to measure the absolute de-
tection efficiency for neutrons within 10% error. We
performed a test experiment (MS108) to measure the
neutron detection efficiency for our two large plastic
counters whose sizes are 100 x 20 x 5[cm] (x(3 x 2)
counters) and 200 x 30 x 3 [em] (x 2 counters), respec-
tively. Since the cross section of the 7Li(p,n071)7Bc
(g.8.40.43 MeV) reaction was measured with less than
a 6% error, the quasi-monoenergetic neutrons pro-
duced via this reaction were used as a neutron source.
ng and n; denote the neutrons produced from a reac-
tion in which the residual nuclide “Be is produced in
the ground and first excited states, respectively. Al-
though these two states cannot be distinguished due
to the limit of the TOF resolution, they have sufficient
ability to be employed as a monoenergyetic neutron
source. The Hj beam from the RIPS beamline was
used as an incident proton beam at 100 MeV.

These neutron counters were located at a distance
of 5 meters from a "Li production target, which had
0.2g/cm? thickness. The configuration of these coun-
ters was arranged so as to be close in the real setup of
our KEK experiments; we piled and layered these neu-
tron counters. The same charged-particle veto coun-
ters as that of our experiments were installed in front
of the neutron counters. The number of incident pro-
tons was counted by a small counter located in front
of the production target. This counter had a thick-
ness of 1mm. Thus, the neutrons produced by the
reactions at this small counter was one of the main
neutron background sources. The protons scattered
at the production target were prevented from hitting
the neutron counters by using a sweep magnet (13 kG).
However, becausc a beam dump was located at a dis-
tance of about 4 meters from the neutron counters, the
neutrons caused by dumped protons could be a back-
ground source. Therefore. we made empty target runs
for estimating of these backgrounds.
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Fig. 1. TOF spectra for a typical counter at 5MeVee
threshold.

The TOF spectrum for a typical counter at a 5 MceV

electron-cquivalent threshold is shown in the top of
Fig. 1.  The dashed line shows the spectruin for
an empty run. We could clearly observe a sharp
peak coming from ground and the first excited state
g.5.+0.43 MeV). Because any accidental background
can be evaluated from the yield at the faster compo-
nents than this peak, this background was evaluated
to be less than 6%. The spectrum after subtracting
the empty run is shown at the bottom. By gating this
peak, the number of events from ground and the first
excited state could be accurately counted.

Now a detailed analysis of the detection efficiency is
inn progress. Comparing the results of this analysis with
those of Monte-Carlo simulation codes for the neutron
detection efficiencies, CECILY and SCINFUL,» we
will certify the accuracy of the absolute detection cffi-
ciency and its dependencies on the threshold. Detect-
ing neutrons by large plastic scintillators has recently
been a key point in the field of nuclear experiments.
The results of this experiment will offer data for this
study.
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Polarization transfer measurement for d-p elastic scattering

K. Sekiguchi.”? H. Sakai.*! A. Tamii,*! K. Yako,*! S. Sakoda,*! H. Kato,*! Y. Macda,”* M. Hatano,*!
T. Saito.”! N. Uchigashima,*! H. Okamura,*? T. Uesaka,*? K. Suda,*? J. Nishikawa.*? N. Sakamoto,
T. Ohuishi, Y. Satou,*® T. Wakasa,** N. K. Nayestanaki,*® and K. Ermisch*”

NUCLEAR REACTIONS, *H(d, p)?H, Eq4 = 270 MeV measured: KY (8), K, (0), K¥,.(6),

KY.(9)

We have reported precise measurements of cross sec-
tions and all deuteron analyzing powers at Fy = 140,
200, and 270MeV, and compared the obtained data
with the Faddeev calculations with and without the
Tucson-Melbourne (TM) 3NF model.*?) For the cross
section and the vector analyzing power (Ag), including
the 3NF model brings a good agreement of the data,
while for the tensor analyzing power the agreement is
deteriorated when the 3NF model is included. In or-
der to further assess the 3NF cffects, we extended the
measurement to new observables, namely polarization
transfer measurement for the d + p — P+ d elastic
scattering.

The experiment was performed at the RIKEN Accel-
erator Research Facility using tensor and vector palar-
ized deuteron beams of 270 MeV. A liquid hydrogen
(19.8 mg/cm?) or CHy (93.4mg/cm?) target was bom-
barded and scattered protons were momentum ana-
lyzed by the magnetic spectrograph SMART. The
polarization of the scattered protons was measured
with the focal-plane polarimeter DPOL. The measured
observables were the deuteron to proton polarization
transfer cocflicients (A}j KY . K;’y and KY,) in the
angular range of 8. . = 90° —180°. This measurement
also yielded an induced polarization (PY') of the out-
going protons. The relation between the polarizations
and the observables is expressed as

do do, b3 2
o, _ v o4 PRy 2 Kv
Py (dQ) (dQ) (P Ry Py oKL

1, 1 . 1 .
+§Afl+3qu+3Ag;>»

where z, y, and z are the coordinates of the incident
deuterons; z’, y'. and z’ are those of the emitted pro-
tons; and (‘fl‘;z) denotes the cross section with unpo-
larized beams.

Figure 1 shows the experimental results with open
squares. The errors are only statistical. The open
squares are our previous data in a test measurement.!
The two measurement data provide a good agreement,
except for Ix%’; - Kg; at 0. m. = 150°. The dark and
light shaded bands in Fig. 1 are the calculated results
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Fig. 1. Kj?;‘ — Kf,’;., K:‘;/,K}{;, and PY for d-p elastic scat-
tering at E'"® = 270 MeV. The dark and light shaded
bands in Fig. 1 are the calculated results with and
without TM 3NF, respectively. The CDBonn, AV18,
Nijmegen I,IT and 93 potentials are considered as NN
forces. The Coulomb force is not included. The hori-
zontal axis (6c.m.) is defined as the angle between the
incident and outgoing deuterons in the center-of-mass
system.

with and without TM 3NF by the Bochum-Cracow
group,’?) respectively. The CDBonn, AV18, Nijmegen
LII and 93% potentials are taken as two nucleon (NN)
interactions. Note that the Coulomb interaction is not
included. The horizontal axis (fc.,.) is defined as the
angle between the incident and outgoing deuterons in
the center-of-mass system. For K?j; — K;’;, the data
support the 3N force calculations, while for the other
observables (K;’/, KY.. PY") large differences between
the data and the NN force predictions are not repro-
duced by including the 3NF model.

The results of the comparison for the polarization
transfer coefficients reveal that the TM 3NF model has
deficiencies in its spin parts and that these observables
are useful to clarify the spin dependence of 3NF effects.
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Measurement of the analyzing powers for the dd — SHp and

dd — 3Hen reactions at 270 MeV

T. Saito,*! V. P. Ladygin,*? T. Uesaka,** H. Sakai,*! H. Okamura,*3 A. I. Malakhov,*> S. G. Reznikov.*?

A. Y. Isupov,*® N. B. Ladygina,*? N. Sakamoto, T. Ohnishi, A. Tamii,*! K. Sekiguchi,*? K. Yako,*!
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H. Kumasaka,* R. Suzuki,*® and Y. Satou,**

[(fd — 3Hp (®*Hen) reaction, Ey; = 270 MeV, Analyzing powers

The structure of *H and 3He nuclei in the high in-
ternal momentum region has not been clearly under-
stood. The tensor analyzing powers for the dd — 3Hp
and dd — 3Hen reactions are appropriate probes to
study the ratio of the S- and D-state wave functions
of 3H(*He) nuclei in the high-momentum region. Cal-
culations with the One Nucleon Exchange (ONE) ap-
proximation!) show that the angular distributions of
the tensor analyzing powers for these reactions are
sensitive to the structure of the *H(*He) if *H(*He)
is emitted in the forward hemisphere in the center-of-
mass frame. On the other hand, they depend mainly
on the structure of the deuteron in the case of back-
ward emission. Measurements of these observables
with a 270 MeV deuteron beam at 6., (*H or 3He) <
90° provide information about the *H(*He) spin struc-
ture up to a relative momentum of a dN pair of ~
600 MeV /c. Since *H and *He are mirror nuclei of each
other, the nature of charge symmetry breaking can also
be studied by measuring the analyzing powers for both
the dd — 3Hp and dd — 3Hen reactions.

We measured the tensor and vector analyzing pow-
ers (Ayy, Azz, Az, and A) for the dd — *Hp and
dd — 3Hen reactions at FE4 = 270 MeV over almost
the full angular range. A CD, target was bombarded
by polarized deuteron beams. Scattered particles were
momentum-analyzed by the SMART spectrograph. In
the case of the 3Hen channel, we detected *He. In the
case of the *Hp channel, *H (protons) were detected if
3H were emitted in the forward (backward) angles in
the center-of-mass frame. We also measured the en-
ergy spectra with a carbon target in order to subtract
the contributions from carbon nuclei in the CDy target.
Beam polarizations were monitored with the beam-line
polarimeters based on the dp elastic scattering.

The preliminary results of the analyzing powers are
presented in Fig. 1. The results of the *Hp and *Hen
channels are plotted by filled and open circles, respec-
tively. The solid, dot-dashed, and dashed lines are the
results of ONE calculations with different *He wave
functions from Refs. 2, 3, and 4, respectively. The
Paris deuteron wave function was used in these cal-
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Fig. 1. Preliminary results of the analyzing powers for the
dd — SHyp and dd — *Hen reactions at E4 = 270 MeV.
The filled and open circles are for the 3Hp and *Hen
channels, respectively. Explanations for the curves are
given in the text.

culations. The general features of the angular distri-
butions of the analyzing powers were reproduced by
ONE calculations at the backward emission angles of
3H, while great discrepancies were found between the
ONE predictions and the experimental results at for-
ward angles. These results indicate that there might
be some problems in the wave function of the three-
body systemn used in the ONE calculations. Since the
results of the 3Hp and *Hen channels are in agreement,
the effects of charge symmetry breaking have not been
observed within the experimental uncertainty.
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Measurement of the tensor analyzing power (Ty) in the dd — *Hp
and dd — ®Hen reactions at 0°

V. P. Ladygin,*! T. Uesaka,*! T. Saito,*> M. Hatano,*> A. Yu. Isupov,*3 H. Kato,*? H. Kumasaka,*!
N. B. Ladygina,*® Y. Maeda,*? A. I. Malakhov,*3 J. Nishikawa,*! T. Ohnishi, H. Okamura,*!
S. G. Reznikov.*® H. Sakai,*? N. Sakamoto, S. Sakoda,*? Y. Satou,** K. Sekiguchi.*?
K. Suda.*! R. Suzuki,*! A. Tamii,*?> N. Uchigashima,*? and K. Yako*?

[Three-nucleon Structure, polarized deuteron]

For the last decade, the tensor analyzing power (T5q)
for one-nucleon transfer reactions, like dp and d3He
backward elastic scattering, or d>He — p*He, at inter-
mediate energies in collinear geometry has been inten-
sively studied as an important source of information
about the spin structure of light nuclei at short dis-
tances.

The tensor analyzing power (Thg) in the dd — *Hp
and dd — 3Hen reactions at 140, 200 and 270 MeV of
the deuteron kinetic energy and in collincar geometry
has been measured at RARF using the SMART spec-
trograph. I The beam polarization has been measured
with a polarimeter based on dp elastic scattering. It
was continuously monitored during a run. The mo-
mentum of the secondary particles was reconstructed
using the information from the drift chambers placed
at the focal plane of the SMART spectrograph.’) The
identification of the p. d, 3H and ®*He was donc us-
ing the pulse-height and timing information from three
plastic scintillators. The CDy — C' subtraction was
made for cach sctting of the spectrograph to obtain
the contribution from deuterium.

The obtained data are shown in Fig. 1 versus the
initial deuteron momentuin. The open triangles and
squares are the Ty data in the dd — *Hp reaction
with *H emission at 0° and 180° in the c.m., respec-
tively, while the solid circles represent the data in the
dd — 3Hen channel at 0°. The solid and dashed curves
represent the calculations® performed within a one-
nucleon exchange (ONE) approximation for the for-
ward and backward kinewmatics, respectively. In this
model the tensor analyzing power (7b) in collinear
geometry has the following form:

2/2r — 72
V2(1+72)

where  is the D/S- waves ratio in *H(3He) or in
the deuteron at the corresponding internal momentum
for the forward and backward kinematics, respectively.
Equation (1) is also valid for Tho in d*He and dp back-
ward elastic scatterings and in the d*He — p*He reac-
tion. Therefore. the dependence of Toy for these reac-
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Fig. 1. T30(0°) in the dd — *Hp and dd — ®*Hen reaction
as a function of py. The solid and broken lines represent
the ONE calculations?’ with the He wave function of
Ref. 3.

tions versus the internal momentum must be the same
if ONE is valid.

One can see that the data obtained for both chan-
nels, dd — 3He(0°)n (solid circles) and dd — *H(0°)p
(open triangles), within the achieved experimental ac-
curacy are in good agreement. The sign of Ty in the
dd —* Hp(®Hen) reaction is opposite when *H(*He) is
emitted in the forward or backward direction in the
center-of-mass system. The sign of the Ty data at 0°
in the center-of-mass system is positive and agrees with
that obtained in the d®*He — 3Hed reaction.?) For the
backward kinematics, the sign of the Thg data is nega-
tive in accordance with the signs of Tog in dp backward
elastic scattering® and in the d®*He — p*He reaction.”)
This fact is attributed to the sensitivity of the data to
the D/S- ratio in the 3H(3He) and deuteron.

Although the global feature that Ty is negative and
its magnitude increases with the projectile momentum
is consistent with the prediction of the ONE approx-
imation, the absolute magnitude of 75y deviates dra-



matically from the calculations at the backward angles.
In addition, the magnitudes are even different among
the dp backward elastic scattering, the d®He — p*He,
and the dd — *H(180°)p reactions. Therefore, one
can conclude that a mechanism beyond ONE is nec-
essary for a better description of the data, and that
the mechanism gives different effects depending on the
reactions. One possible theoretical approach to the
problem is to use 3N Faddeev amplitudes instead of
the ONE amplitudes. Measurements of additional po-
larization observables will also help us to understand

the mechanism more clearly.
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Measurement of single and double spin-flip probabilities in
inelastic deuteron scattering on ?C at 270 MeV'
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[(d.d") reaction, spin-flip probability]

A polarization transfer measurement in inelastic
deuteron scattering is one of the essential probes of
isoscalar spin excitations. The reaction is selective of
isoscalar transitions. while the spin .S = 1 nature of the
deuteron allows spin transfer to the target. The mea-
surement of deuteron SFPs should provide a means
to disentangle between spin and non-spin excitations.
The single and double SFPs; S} and S3, arc expressed
in terms of polarization observables by the following
relations:

1 'y’ ~y'y’
Sl = 5(4 R 44'1/:,/ — QI\JU‘U y (1)
1 . ! . ' v .
Sy = g4+ 2PV 424, —9KY + KIS (2)

The quantities A, P and K refer to the analyzing
power. polarizing power and polarization transfer co-
efficient, one (two) index stands for the vector (teusor)
polarization, and the lower (upper) one for the incident
(outgoing) beam. The determination of S; and S5 thus
requires vector and tensor polarized beams and vector
and tensor polarimeters.

We have succeeded to measure the single and double
spin-flip probabilities through a direct obscrvation of
polarization transfer, thus by measuring all of the co-
efficients in Eqs. (1) and (2) in inclastic deuteron scat-
tering on 12C at E; = 270 MeV. The experiment was
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performed using vector and tensor polarized deuteron
beams from the RIKEN Ring Cyclotron, the magnetic
spectrometer SMART and a focal-plane deuteron po-
Jarimeter, DPOL. DPOL utilized d + C elastic scat-
tering for vector polarization measurements, and the
! H((z 2p) charge exchange reaction for tensor polariza-
tion measurements. It allowed all of the polarization
components of the scattered deuterons to be measured
simultaneously over a wide cxcitation encrgy range
(4 and 24MeV). The observed S7 value is large for
the spin-flip 17 (12.71 MeV) state, while it is close to
zero for other non-spin-flip states, such as the first 27
(4.44 MeV) state. The Sy values are consistent with
zero for all of the measured excitation cnergy range,
and no clear indication of the AS = 2 states has been
obtained from the present measurement. The overall
trends of the SFP angular distributions for the 17 and
27 states are well described by the microscopic DWTA
calaulations. The demonstrated feasibility of measur-
ing the deuteron SFPs as well as the capability of the
DWIA theory to reproduce the data will add a new
alternative probe of nuclear structure. Further exper-
lents arce planned in a search for the AS = 1 and 2
trausitions in a higher excitation energy region in *2C
and in other nuclei.
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Measurement of Doppler-shift attenuated ~ rays
from the *0(2]) state

N. Imai,*! N. Aoi,*! H. Sakurai,*! K. Demichi,*> H. Kawasaki,*> H. Baba,*? Zs. Dombradi,** Z. Elekes,*?
N. Fukuda, Zs. Fiilop,** A. Gelberg,** T. Gomi,*? H. Hasegawa,*? H. Iwasaki,*® E. Kaneko,*? S. Kanno,*?
T. Kishida, Y. Kondo,*® T. Kubo, S. Michimasa,*> T. Minemura, M. Miura,*® T. Motobayashi,*?

T. Nakamura,*® M. Notani,*® T. Ohnishi,*! H. J. Ong,*! A. Saito,*? S. Shimoura,*> T. Sugimoto,*®
S. Takeuchi,*? K. Yoneda, H. Watanabe, and M. Ishihara

[NUCLEAR REACTIONS: *97Au(*80, 180*)!97Au E = 48.2MeV /u; DSA]

The B(E2; 0f, — 2") values in even-even neutron-
rich nuclei have been successfully measured at inter-
mediated energies by using the Coulomb excitation
method.!?) However, this technique is not suitable
for a nucleus with Z < 8, since the nuclear excita-
tion competes with the Coulomb excitation for low-Z
projectiles. As an alternative, we propose a mean-life
measurement of the 2} — 05 .. transition using the
Doppler-shift attenuation method at intermediate en-
ergy. Here, we report on the first attempt to apply this
method to fast (3 ~ 0.3) projectiles.

In this experiment, we used a thick target and the
projectile velocity was degraded in the target. Accord-
ingly, the Doppler shifted y-ray energy was spread over
a certain region. The energy of the v ray emitted in-
side the target was distributed continuously, while that
emitted outside the target was constant since the pro-
jectile did not change its velocity any more. The lat-
ter component became larger when the mean-life was
longer. Therefore, when we properly chose the target
thickness and the projectile energy so that the time
for the projectile to pass through the target would be
comparable with the mean-life of its excited state, the
mean-life can be determined from the shape of the en-
ergy spectrum of 500 y-ray events with & 10% uncer-
tainty.

As a test, we applied this method to the *O(2%)
state, whose mean-life is precisely known to be 2.79 £+
0.07 ps.*) The experiment was performed at RIKEN.
The energy of the 80 primary beam of 100 MeV /u
was degraded by a °Be target of 463 mg/cm? and an
aluminuin degrader of 1358 ng/cm?. Figure 1 shows a
schematic view of the experimental setup. At the the
final focal plane of RIPS.Y) an encrgy of 48.2MeV /u
was obtained. The 'O beamn hit a 580 mg/cm? thick
YTAu target. In this case, the time needed to pass
through the target was 3.5 ps. The de-excitation v rays
from the inelastically excited *¥O nuclei were detected
by four clover Ge detectors (Clovers). Each Clover was
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Fig. 1. The layout of the detection system. See text for
details.

located 30 cm upstream from the target at 150 degrees
with respect to the beam direction.

The observed Doppler-shifted ~-ray energy was
spread due to the finite angular acceptance and the
change in the velocity. The spread due to the an-
gular acceptance was about 25keV, while the energy
spread by the velocity change was 100 keV. We would
thus distinguish between a - ray from outside the tar-
get and that from inside. The scattering angle was
measured by three parallel plate avalanche counters,
two of which were located upstream and the third one
downstream of the target. Particle identification of the
scattered particle was carried out with a silicon tele-
scope using the AF-F method. A silicon telescope was
placed 30 ¢ downstream from the target, covering an
angular acceptance of + 9.6 degrees. It consisted of
five layers of silicon detectors with thicknesses of 0.5,
1.0, 0.5, 1.0. and 0.5 1mm, respectively. Each layer was
composed of four silicon detectors. In order to prevent
the background v rays from the silicon detectors, we
put a 5cm thick lead shield between the Clovers and
the silicon telescope (See Fig. 1). Data analysis is in
progress.
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Projectile excitation in 1$0+2%%Pb,"*C at E(!°0O) = 100A MeV:
Preliminary results

S. Kumar.* V. M. Datar.* D. R. Chakrabarty.* E. T. Mirgule,* R. Kanungo, K. Kusaka, K. Morimoto,
A. Ozawa, 1. Tanihata, F. Tokanai, and K. Yoshida

[NUCLEAR REACTION '00+20%Pb,"e'C at E(*0) = 100A MeV; Coulomb excitation]

The giant resonance (GR) strength function in ex-
otic nuclei is a topic of current interest. This can be
nicasured from the Coulomb excitation (CEX) of high-
energy exotic nuclei by a high-Z target. With a mo-
tivation to conduct such studies with radioactive ion
beams from the RIPS facility, a test run was under-
taken using a stable 10 beam. The results of a partial
analysis of the data are presented in this report.

Targets of 2%Pb  (351mg/cm?®) and "*C
(180 mg/cm?) were bombarded with an '®0 beam
(1600 MeV, ~10° pps) in the RIPS beam line. The
projectile-like residues (PR) were detected in two de-
tector stacks (2° to 92 on either side of the beam) con-
sisting of a pair of X and Y Si-strip detectors (450 g,
10 strips). two Si-PIN diodes (450 pm), three Si(Li)s
(2mm) and two plastics (12 and 8 mm). The light
particles (n, p and «) were detected in three multi-
layer plastic walls at distances of between 3 and 5m
from the target and covering ~2° to 20°. The layers
consisted of plastic bars of cross-section 6cm x 6cm,
having PMTs at both ends. Thin plastic layers (5 to
10 mm) were kept in front of two walls. The front layer
was used for identifying the light particles whose en-
ergy was derived from the time of flight. An array of
125 BaFs detectors (e ~ 75%) was used to detect
rays from the excited PRs. The target and detectors
were kept in air. The beam was monitored by a PPAC,
which also generated a fast reference time output.

In the present analysis, one PR-stack, one plastic
wall and only decay by light charged particles (LCP),
p and «, are considered. The 7 decay of the PR is ig-
nored. The analysis included only those events which
correspond to the detection of one PR in the stack de-
tector and the corresponding LCP in those parts of
the wall shadowed by the stack detectors and in the
shadow-frec central zone. The cunergies of the LCPs
and PRs were corrected for the energy loss in air and
the stack material. From the measured energy and the
direction of tliec PR and the associated LCP, the excita-
tion energy (Ey) of 180 was calculated. The contribu-
tion from air in the beam path, measured with a blank
target, was significant (Fig. 1) and subtracted. A com-
parison of the subtracted Pb and C spectra, normal-
ized to the number of target atoms, showed that the
nuclear excitation (NEX) is significant at this beam
energy. Thesc normalized C spectra are scaled up by
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Fig. 2. Ex-spectra in '°O after subtracting air contribu-
tion. The C spectra are scaled for estimating the nu-
clear contribution in the Pb spectra.

a factor of 1.76 (ratio of the interaction radii in the
two systems) and are compared with the Pb spectra
in Fig. 2. This shows that the CEX exceeds NEX for
Ex below ~12MeV. Thus, the extraction of the GR
strength can be made from CEX at this beam energy
if a significant fraction of the sum-rule strength lies
well below this Ex. This may be true for very ex-
otic nuclei. The neglect of PR «y-rays in the analysis
iimplies that the actual Ex spectra are somewhat dif-
ferent from those shown. The cross section at lower
Ex will be depleted with a corresponding increase at
higher Ex. However, the conclusions regarding the rel-
ative importance of CEX and NEX is not expected to
change.
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Indirect measurement of the solar-neutrino
production reaction "Be(p,v)®B'

T. Motobayashi*

[Solar neutrino, Sy7-factor, Coulomb dissociation]

Intermediate-energy Coulomb dissociation and low-
energy proton transfer (ANC determination) have been
applied to determining the astrophysical S factor of the
“Be(p,7)8B reaction, which is of crucial importance for
high-energy solar-neutrino production. The results are
generally in good agreement with a recent evaluation
from direct capture measurements, as shown in Fig. 1,
where the S17(0) values from Coulomb dissociation,
ANC and direct-capture measurements are plotted to-
gether with the latest recommendation.)) This gives
a support to the recommended reaction rate of the
"Be(p,7)®B reaction used in solar models. For a more
accurate determination, however, further studies are
necessary to evaluate possible corrections due to the
mixture of E2 and nuclear components and higher or-
der processes for the Coulomb dissociation method. A
more detailed confirmation of the ANC method should
also be made by careful investigations of multi-step
processes, the choice of the optical potentials, and so
on. Finally, it should be pointed out that either di-
rect or Coulomb dissociation measurements have not
reached the Gamow energy of solar burning. Extrap-
olation is necessary to estimate Si7 at lower energies
with a theoretical energy dependence. Efforts to ob-
tain lower energy cross sections are desirable to reduce
the ambiguity of the "Be(p.v)®B reaction rate.

t Condensed from the article in Nucl. Phys. A 693, 258 (2001)
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Fig. 1. Values of S17(0) extracted by the Coulomb dissocia-
tion method (solid circles) and the ANC method (solid
squares). Those obtained by direct capture measure-
ments are also shown by the solid diamonds. The latest
recommendation, S17(0) = ]94:3 eV-b,l) is indicated by
the dashed and dot-dashed lines.
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Determination of the astrophysical S factor of the ®B(p,~)°C
capture reaction from the ®B(d, n)°C reaction

D. Beaumel,*! T. Kubo, T. Teranishi,*® H. Sakurai,** S. Forticr,*" A. Mengoni,** N. Aoi,*® N. Fukuda,
M. Hirai,*® N. Imai,™® H. Iwasaki,*?> H. Kumagai, H. Laurent,*' S. M. Lukyanov,*® J. M. Maison,*!
T. Motobayashi,*” T. Nakamura,*® H. Ohnuma,*? S. Pita,*! K. Yoneda, and M. Ishihara

[Transfer reaction, Nucleosynthesis]

Radiative capture reactions play a crucial role in as-
trophysics, since they are involved in most basic pro-
cesses, such as hydrogen burning. In the case of the
capture of charged particles, a direct measurement of
the cross sections is especially difficult due to the low
incident energies at astrophysical sites (compared to
the Coulomb barrier). Indirect methods, for which the
capture cross section is deduced from another reac-
tion, provide alternative approaches, particularly ap-
propriate when radioactive nuclei are involved. Trans-
fer reactions are a long-standing tool in this respect.
The deternmination of spectroscopic factors allows one
to deduce the direct radiative cross section by using
two-body potential models. When the reaction is pe-
ripheral. recent studies!) have shown that. instead of
spectroscopic factors, the relevant quantities to be ex-
tracted from transfer reactions are asymptotic normal-
ization coefficients (ANC), which define the asymptotic
part of the nuclear overlap function between the initial
and final nuclei. These coeflicients are determined i a
similar way as spectroscopic factors (i.e. by normaliz-
ing a calculated DWBA cross section to the data), but
are much less dependent on the DWBA paramecters.

In our study. we determined the ANC’s correspond-
ing to the overlap (°C|®*B, p) via the ®B(d.n)°C trans-
fer cross section. From these ANC’s the cross section
(or equivalently, the S factor) of the capture reaction,
8B(p.v)?C, can be deduced. Because the ®B nucleus
has a short half-life (0.77s), this reaction cannot play
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a role in stars like the sun. but it may become?

link between light nuclei of the proton-proton chain
and CNO nuclei (the hot p-p chain) in a very hot and
dense medium. Due to the short half-life, a direct mea-
surement of ®B(p.v)%C is impossible at the moment.

At the RIKEN facility, we have measured the cross
section of the ®B(d.n)?C reaction at 14.4 MeV/u in
inverse kinematics. A radioactive 8B beam was pro-
duced using the RIPS device. The ®B yield was roughly
104 pps. The C ejectiles were detected in coincidence
with the neutrons. allowing us to separate good events
from the background. despite a very low count rate.

The deduced value for the S factor of the ®B(p.~)C
reaction is

a

S[g =45+ ]36\/’}).3]

This result is roughly a factor of two lower than
the caleulated value already reported,* where a mi-
croscopic cluster model was used. It is in stronger dis-
agreement. (factor 4) with the calculation of another

reference.?)
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Inelastic scattering of '?Be with ‘He

Y. U. Matsuyama,*! T. Motobayashi,*! S. Shimoura,*? T. Minemura, A. Saito,*! H. Baba,*! H. Akiyoshi,
N. Aoi,** Y. Ando.*! T. Gomi,*' Y. Higurashi,*! K. Ieki,*! N. Iniai,** N. Iwasa,** H. Twasaki,*?> S. Kanno,*!
S. Kubono,*? M. Kunibu,*! S. Michimasa,*? H. Murakami,*! T. Nakamura,*> H. Sakurai,*® M. Serata,*!
E. Takeshita,”! S. Takeuchi,*! T. Teranishi,*? K. Ue,*? K. Yamada.*! and Y. Yanagisawa

[NUCLEAR REACTION: “He('?Be, 2Be*), Inelastic Scattering, Liquid helium]

We studied inelastic a + ?Be scattering by measur-
ing the y-decay of 2Be in its exited states. This was
the first experiment with RI beams using a liquid-He
target developed earlier.!

The experiment was carried out with RIPS. A pri-
mary 90 beam of 135 MeV /nucleon bombarded a ?Be
production target with 1480 mg/cm? thickness to ob-
tain a radioactive beam of '?Be. The '?Be nuclei in
the beam were separated eveut by event from con-
taminates using time-of-flight (TOF) information be-
tween two plastic 0.5 mm thick scintillators separated
by 5.3 m from each other. The energy of the beam was
approximately 60 MeV /nucleon, the purity of the ?Be
beam was more than 90% and the intensity was around
3% 10%*s7h

A liquid-He target of 250 mg/cm? was placed at the
forcal plane of RIPS. Liquid heliumn was confined
within a cell with a Havor foil window of 24 min di-
ameter. The direction and position of a beam particle
at the target were measured by two sets of parallel
plate avalanche counters (PPAC’s) installed upstream
from the target.

Outgoing particles were detected and identified by a
plastic scintillator array hodoscope located 4 m down-
stream from the target. The array consisted of three
layers (AE, E1, and E2) of 5mm, 60 mm, and 60 mm
thickness, respectively. The energies and scattered an-
gles of the particles were determined by the TOF’s and
hit positions in the hodoscope, respectively. Each par-
ticle was identified by using the TOF-AE and TOF-E
methods.

Sixty-eight Nal(T1) scintillators surrounded the tar-
get to detect v rays emitted from excited 12Be nuclei.
Each scintillator crystal was of rectangular shape with
a size of 6 x 6 x 12cm? coupled with a 5.1 cm ¢ photo-
multiplier tube. The segmentation of the array allowed
us to correct for Doppler shifts from moving reaction
products.

Figure 1 shows the v-ray energy spectrum associated
with '?Be identified in the hodoscope. It was obtained
as a sum of each Doppler-corrected spectrum of all the
Nal(Tl) scintillators. As one can see in Fig. 1, two
full-energy peaks were observed. The energies were
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Fig. 1. Doppler-corrected ~-ray stectrum measured in co-
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incidence with '?Be.

determined to be 2.10MeV and 2.68 MeV. The first
peak is assigned to the 27 — 0f | transition, whereas
the second one might correspond to the 17 — 0}
transition, which has been observed in the Coulomb
excitation experiment.?)

Figure 2 shows the experimental differential cross
section for inelastic scattering exciting the 2? state and
the 1~ state in '2Be. A clear diference is seen between
the 2] and 1~ distributions suggesting the usefulness
of a-inelastic scattering for nuclear-structure studies.

Data analyses are now in progress.
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Fig. 2. Observed differential cross section for inelastic scat-
tering the exciting 2] state and the 1~ state on ?Be.
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Isomeric 01 state in 2Be

S. Shimoura.*! A. Saito,*? T. Minemura, Y. U. Matsuyama,*? H. Baba,*? H. Akiyoshi, N. Aoi,*® T. Gomi,*?
Y. Higurashi,*? K. Teki.*? N. Tmai,*? N. Iwasa,** H. Iwasaki,*! S. Kanno,*? S. Kubono,*! M. Kunibu,*?
S. Michimasa,*! T. Motobayashi,*? T. Nakamura,*® H. Sakurai,*® M. Serata,*? E. Takeshita,*?

S. Takeuchi,*? T. Teranishi,*! K. Ue,*! K. Yamada,*® Y. Yanagisawa, and M. Ishihara

[Tsomeric state, vy correlation, Radioactive beam experiment]

An isomeric 07 state in '>Be was searched by us-
ing the projectile fragmentation of *O on a Be target.
The doppler-shift corrected energy spectra for y-rays
and the -y angular correlation were analyzed for de-
termining the excitation energy and for confirming the
spin, respectively.

The experiment was performed at the RIKEN Accel-
erator Research Facility. A primary beam of %0 pro-
jectiles at 100 A MeV bombarded on a 2-g/cm? thick
Be target. The ?Be(*) nuclides at 60 A MeV were
selected by the RIKEN Projectile Fragiment Separator
(RIPS).D The typical intensity and the purity of the
12Be beam were 2 x 107 pps and more than 85%, re-
spectively. Two plastic scintillators at the second (F2)
and at third (F3) focal points of the RIPS were used
for identifying the ‘?Be event by event by using the
tiime-of-flight (TOF) between the two scintillators and
the pulsce heights. Here, the TOF between the pro-
duction target and F3 was about 250 ns. Gamma rays
were detected by an array of 68 Nal(T1) scintillators
(DALI) about 70 cm downstream of the F3 scintillator.
Each Nal(T1) had an active volume of 12 cm (horizon-
tal) x 6cm (vertical) x 6cm (along beam line). The
array was divided into 6 layers consisting of 8, 12, 14,
14, 12, and 8 Nal(T1) scintillators, each of which sur-
rounded the beam axis. Timing signals of Nal(T1) were
used to discriminate the true coincidence from the ac-
cidental one. and to evaluate the vertex point from
which the ~-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 1 m? active area located
4 m downstream of DALI. The hodoscope consisted of
a 5-mm thick AF plane and a 60-mmm thick E planc.
The AFE planc was divided horizontally into 13 slats
and the £ plane consisted of 16 horizoutal bars. Par-
ticle identification was performed by using AFE-TOF
and E-TOF information.

We analyzed events where two Nal(T1) scintillators
made signals from in-flight 1?Be particles, where Epign
and E\ow denote the energics of the higher and lower
pulse heights of the two Nal(Tl), respectively. A broad
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bump was found at around Epjgn = 2MeV and Ey,,, =
0.15MeV. This peak became sharp after a correction
for the Doppler effect. the energies of the two vy-rays in
the rest frame were determined to be 2.1 and 0.14 MeV,
respectively. Since the former energy corresponds to
the excitation energy of the 27 state, a new state at
about 0.14 MeV above the 2%, i.e. an isomeric state
at By = 2.24MeV, is indicated. It is noted that a
small peak with the same excitation energy seen in
the spectrum of °Be(t,p) reaction?) may correspond
to the present isomeric state.

In order to determine the spin of the new state,
we have examined an azimuthal angular correlation
of these two v's with respect to the direction of the
12Be momentum. Figure 1 shows the observed angu-
lar correlation together with a theorctical prediction
assuming a cascade decay of 05 — 277 — 07, We con-
clude that the isomeric state has spin 07 based on the
excellent fit.
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Fig. 1. Azimuthal angular correlation pattern of 2.1-MeV
and 0.14-MeV gamma rays. The solid line denotes the
theoretical prediction assuming the 07 — 2% — 0%
transition.
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Molecular states in 12Be and “Be
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[NUCLEAR REACTIONS: Be(12C,X)!214Be—6He+SHe,fHe+5He, 75 A MeV]

Excited states in ?Be and *Be were studied by
measuring the *He+%He and ®He+®He breakup chan-
nels in the two-neutron removal and the inelastic scat-
tering of an exotic 14Be beam, respectively.

The experiment was carried out at RIPS in the
RIKEN Accelerator Research Facility. Excited states
in '2Be and !“Be were populated in the final state of
the 14Be+!2C interaction at an incident energy of 75
A MeV. The reaction products were measured and
identified by a hodoscope of a plastic scintillator array
with an active area of 1 x 1m? located 4.9m down-
stream of the target. The decay energies for 1?Be —
6He+%He and “Be — %He+%He were extracted by the
invariant-mass method.

Figure 1 shows the decay-energy spectra for the
breakup channels of (a) '?Be and (b) '*Be. The peak
at 1.7MeV in Fig. 1(a) is a new excited state at
11.8MeV in '?Be, and the others correspond to the
peaks reported in Ref. 1. Three new levels in '“Be
were found at 10.8 MeV, 11.6 MeV, and 15.5 MeV.

Angular-correlation data of decay particles were an-
alyzed to determine the spins of these observed states.
Figure 2 shows the result for the peak at 1.7 MeV for
12Be in Fig. 1(a). ¥ is the angle of the relative ve-
locity of the decay particles with respect to the beam
direction.?) The solid. dashed, and dotted curves show
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Fig. 1. Decay-energy spectra of (a) **Be* —°%He+%He and
(b) "Be” —°He+4*He.
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Fig. 2. Angular correlation for the peak at 1.7MeV in
Fig. 1(a).

the results of Monte-Carlo simulations assuming the
spins of the states to be J =0, J = 2, and J = 4,
respectively. The geometrical acceptance of the exper-
imental setup was taken into account. For J = 2 and
J = 4, isotropic backgrounds were assumed in addition
to a resonance contribution. Their relative magnitude
was fixed to be 2:1. The spin of the state was as-
signed to be 0 by comparing the x? values (x3_, = 1.4,
X450 = 2.9, x5_, = 2.4). In the same way, the angu-
lar correlations for the peaks in Fig. 1(b) were also
analyzed. However we were not able to fix the spins of
these states because of large x? values.

Figure 3 shows the energy-spin systematics of the
levels in ?2Be. The open squares correspond to the
data of Ref. 1. The solid line is the best fit to the open
squares. The solid circle represents the new excited
state observed in the present study. According to the
energy-spin systematics, the new level may be a mem-
ber of the rotational band with the ®*He-SHe cluster
structure in '?Be proposed by Freer et al.!)
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Fig. 3. Energy-spin systematics of levels in '?Be.
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NUCLEAR REACTIONS: 2H(Be,'B"),

74 A MeV; Isobaric analog state; Charge

exchange reaction; Radioactive beam experiment; Coulomb displacement energy; Halo

structure

The halo structure of the neutron-dripline nucleus
14Be has been investigated by various approaches, such
as the interaction cross section measurement, dissoci-
ation reaction and 4Be fragmentation.!™ In the re-
cent plausible view, the mixing of s and d-wave com-
ponents in the halo wave function has been suggested.
Another aspect of the structure of Be may be ex-
plored by studying its Isobaric Analog State (IAS).
Since the wave function of the IAS is essentially the
same as that of its isobaric partner, possible exotic na-
tures of YBe may be traced in properties of the IAS
such as the Coulomb displacement energy (AFE¢) and
the width of the TAS. In the present study, we have
measured the ¥Be(p.n)B* reaction in inverse kine-
matics at Ey, = 74 A MeV.

The experiment was performed at the RIKEN Ac-
celerator Research Facility. A secondary beam of Be
was produced by using the projectile fragmentation of
a 100 A MeV '80 beam on a 1110 mg/cm? thick *Be
target, and selected by the RIPS.?) Energy of the inci-
dent '*Be beam was 74 =4 A MeV in the middle of a
secondary target. and a typical intensity was 104 cps
with a purity of around 80%. After traversing through
the plastic-scintillator detectors, the “Be beam was
focused on a hydrogen or deuterium target with the
thicknesses of 187 and 204 mg/cm?, respectively.

The decay particles from *B* were detected in coin-
cidence by a AE-FE plastic scintillator hodoscope with
a 1x1m? active area. which was located at 4.9 m down-
stream from the target. Information on the particle hit
position was obtained by the segmentation and time
difference between signals from two photomultipliers
attached to the both ends of each scintillator bar. Ve-
locities of the decay particles were determined by the
TOF over the 4.91n flight path between the target and
the hodoscope. Charged particles were identified by
using the AE - TOF and E - TOF methods. For
neutron detection, the AE plane served as a charged-
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particle veto. The momentum vectors of the decay
particles were determined by comibining their veloci-
ties and hit positions on the hodoscope, and were used
to reconstruct the decay energy of ?Be+p-+n system.

A prominent peak was observed in the decay energy
spectrum of '2Be+4p+n channel on a hydrogen target,
while no peak was observed in the (d,2n) reaction,
indicating the AS = 0 nature. The peak observed
in the (p,n) reaction was assigned to the IAS of 4Be
because of the characteristics of AS = 0, AL = 0
derived from the angular distribution of B*. The
excitation energy and the width of the observed TAS
were determined to be 17.06 £ 0.03MeV and 0.11 +
0.05 MeV (FWHM), respectively.

Coulomb displacement energy of 1.62+0.11 MeV was
deduced between the ground state of *Be and its IAS.
This is smaller than the AEqc value of 1.97 MeV for
10Be and 1.83MeV for ?Be. This small AE¢ vatue
suggests spatial extension of the wave function of the
exchanged proton in the IAS, indicating the halo struc-
ture of the *Be nucleus.

A relatively large width of I' = 0.11 4+ 0.05 MeV was
obtained for the IAS. Assuming that ¥ B* (IAS) de-
cays to the ¥Be+p system, the particle-decay widths
were calculated to be T = 0.24MeV and I’ =
0.001 MeV for pure s and d-wave, respectively. The
s-wave spectroscopic factor of 45 &+ 20% is extracted
from the observed width.

These results suggest a considerable contribution of
the 2s; /o orbital in the ground state of 14Be.
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[Neutron Halo, Coulomb dissociation, Nuclear breakup]

We have studied Coulomb and nuclear dissociations
of two-neutron halo nuclei 'Li, *Be, and "B by a
kinematically complete measurement on Pb and C tar-
gets. The momentum vectors of the outgoing core frag-
ment and two neutrons were measured in coincidence
to reconstruct the invariant mass of the excited states
of these nuclei. The aim of the experiment is to study
low-lying E1 excitation in the Coulomb dissociation!™
and other multipole excitations in the nuclear disso-
ciation® in terms of the halo property. In addition,
the semi-exclusive spectrum, one neutron plus the core
fragment, was included in the data to extract the struc-
ture of the unbound resonances of 1°Li, 3Be, and 1°B.
These structures are important for understanding the
single-particle levels of neutron halo nuclei as well as
the binding mechanism of the three-body Borromean
structure. Inclusive breakup cross sections were also
measured to study the reaction mechanism concerning
the three-body breakup of halo nuclei.

The experiment was performed at the radioactive
beam line RIPS. An 0 beam at 100 MeV/u was
used to produce 'Li and Be secondary beams, and
#2Ne at 110 MeV/u was used to produce a "B beam.
The typical intensities of the secondary beams were
40k cps, 6k cps, and 700 cps for ''Li, 1*Be and 7B,
respectively. The energy of the secondary beams was
adjusted to be about 70 MeV /u on the target.

The experimental setup is shown in Fig. 1. The mo-
mentum of the beam ion was obtained by tracing the
trajectory by the two PPAC’s, and by measuring the
time of flight (TOF) between a thin plastic scintilla-
tor located about 5m upstream of the target and the
PPAC close to the target. The outgoing charged frag-
ment was bent by the dipole magnet, and tracked by
the two drift chambers (FDC1, FDC3) at the entrance
and exit of the magnet. The time of flight measured
by the hodoscope was combined with the tracking in-
formation to extract the momentum of the fragment.

Neutrons were measured by 54 rods of plastic scintil-
lators, each having dimensions of 214 (W) x 6 (H) x 6
(D) cm?. These rods were arranged into two walls, as
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Fig. 1. Experimental setup of breakup experiments on **Li,
Be and '"B.

shown in the figure (labeled LNEUT-A and LNEUT-
B). The TOF and hit position of the outgoing neutron
were measured to reconstruct the momentum. The ef-
ficiency of the neutron detector was studied by a sep-
arate experiment using the "Li(p,n)”Be reaction with
a Hy molecule beam at 70 MeV /u.

Thirty-six pieces of Nal(T1) surrounding the target
were used to detect the de-excitation v rays from the
core fragment. The ~-ray information can be used to
estimate the core excitation of the parent nucleus in
the breakup reactions.

An analysis of the data is now in progress.
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[NUCLEAR REACTIONS: 208Ph(12N 1 p)2°8Pb, Coulomb dissociatioﬂ

The importance of the radiative capture reaction,
HC(p,y)'?N. at low energies has been discussed in
connection with an astrophysical nuclear burning pro-

cess, called hot pp chain.) Hence. the cross section of

1 C(p.y)'2N determines the critical condition for the
production of C in very massive stars through B
decay? or for the synthesis of ''B in nova.?

In the region of astrophysical interest, there are two
resonant states in 12N: the first excited state with
J* = 21t at Fox = 0.960MeV, and the second one
with 27 at 1.19 MeV. These energies correspond to the
center-of-mass cnergies (Ecp) for the capture reaction
or the p-"1C relative encrgies (Eyel) in breakup mea-
surements of 0.359 MeV and 0.589 McV. respectively.
Concerning astrophysical implications. the most im-
portant property is the radiative width (I'y) of the
1.19 McV state.

Experiments have been performed at RIKEN using
the secondary beam line, RIPS. A 77.0 McV /nucleon
12N radioactive beam was produced through a frag-
mentation reaction of a primary 135 MeV /nucleon O
beam. A 30mg/cm? 2°®Pb target was bombarded by a
secondary 2N beam. Protous and ' C produced in the
12N dissociation were detected by a plastic-scintillator
hodoscope with an active area of 1 x 1m? located 5.1m
downstream of the target. The hodoscope was set in
a vacuuin chamber. and consisted of two types of lay-
ers: thirteen 5 thick AE layers and sixteen 60 mm
thick F layers. The energy-loss signal from the AE
plane was combined with the time-of-flight (TOF) to
identify the atomic nunber (Z) of cach fragment. The
mass (A) was determined from a correlation between
the TOF and the energy deposit in the E layer. The
energy of the fragment was determined by its measured
mass and the velocity obtained from the TOF. The
complete kinematics of the reaction products, the to-
tal energy and relative momentum vector of the p++C
system, were thus fully determined. To measure v rays
emitted from excited states of "' C in the channel of *N
— p+11C*, a y-ray detector system, called DALI (De-
tector Assembly for Low Intensity radiation), consist-
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ing of sixty-four Nal(T1) scintillators, was set around
the target.

The experimental relative-energy spectrum is shown
in Fig. 1. The closed circles represent the data ob-
tained in the present work. The solid curve shows the
result of a Moute-Carlo simulation assuming three con-
tributions, two resonances at Eep, = 0.359 MeV and
0.589 MeV, and direct proton capture, whose magni-
tudes were treated as fitting parameters. The bump
observed at around 0.6 MeV is mainly due to the El
excitation of 2N from the 17 ground state to the
27 state at Eo = 1.19MeV. The radiative width,
I, = 13.0 £ 0.5meV, was cxtracted by conparing the
vield of the resonance and the result of a distorted-
wave calculation with corrections due to the detector
response. This is in between the two different predic-
tions by Wiescher et al.®) (2meV) and Descouvemont
and Baraffe® (140meV). The present result is consis-
tent with that of the Coulomb dissociation experiment
at GANIL? (61 3 smeV), but the accuracy is greatly
improved.
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Fig. 1. Relative energy spectrum obtained for the
208py(12N 1L C p)?°®Pb reaction. The solid curve repre-
sents the results of a Monte-Carlo simulation, compris-
ing the three components shown by the dashed curves.
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(NUCLEAR REACTIONS: 2%Ph(*30,'2N p)2%8Pb, Coulomb dissociation]

We studied the low-energy E1 strength in 2O by
a Coulomb dissociation measurement. The process
130—12N+p in the field of 2°8Pb was measured using
radioactive *0O beams with 83.5 MeV /nucleon incident
energy.

Only a few levels are known for 'O, based on the
pion charge-exchange reaction data,!) which has a lim-
ited the energy resolution for precise spectroscopic
studies. The nuclear structure of 20 is also impor-
tant for evaluating the astrophysical reaction rate of
the radiative capture process, 2N(p,¥)'30. This re-
action is expected to play a role in the hot p-p mode
nuclear burning in hydrogen-rich massive objects.?

A theoretical estimate was made for the >N(p,v)20
reaction rate by Wiescher et al.?) in their network
calculation for the hot p-p mode. The quoted res-
onance corresponds to the state observed in the
BC(xt,77)130 reaction.V)

Experiments have been performed at RIKEN using
the secondary beam line, RIPS. A 83.5 MeV /nucleon
130 radioactive beam was produced through a frag-
mentation reaction of a primary 135 MeV /nucleon 0O
beam. A 55mg/cm? ?Y8Pb target was bombarded by
the secondary 30 beam. The breakup fragments, 12N
and proton, were detected in coincidence after travel-
ing through a 5.1 m flight-path by a plastic scintillator
hodoscope. From the fragments’ velocities, measured
by their time-of-flight and their hit positions in the
hodoscope, we could reconstruct the p-'2N relative en-
ergy.

Figure 1 shows the E1 strength function for 30O
extracted from the Coulomb dissociation yield. The
dashed curve represent the line shape expected for an
s-wave E1 resonances assuming the full single-particle
strength calculated by the R-matrix theory.®) The con-
tribution from quadrupole excitation was estimated
from data taken with a carbon target in the same
setup, and was subtracted. The sum of the B(E1)
strength in the range 0.5MeV < FE.y < 2.0MeV is
0.079 4+ 0.003 e?fm?. This is close to a prediction by
Sagawa et al.®) Their large-scale shell-model calcula-
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Fig. 1. Dipole strength function for '*O obtained from the
Coulomb dissociation yield. The dashed curve show the
line shape assuming an s-wave resonance fitted to the
data around 1.2 MeV.

tion results in a large B(E1; T) of 0.056 e?fm? at around
2.9MeV excitation energy. This large E1 amplitude
at low excitation energies is remarkable, because the
lowest E1 states in other Z = 8 nuclei are located
at higher energies of 5.17 MeV (140), 5.18 MeV (}°0)
and 7.12MeV (1%0). The observed large E1 strength
should considerably increase the reaction rate of the
2N (p,7)*0 reaction compared with that predicted
by Wiescher et al.,?) because their predicted strength
(', = 24meV) corresponds to a lower B(E1) of 0.001
e%fm?.
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[Unstable nuclei, Nuclear astrophysics|

We have developed an in-flight low-energy RI beam
separator, CRIB,Y under the RIKEN-CNS joint-
research program. One of the applications of low-
energy RI beams (< 10MeV/nucleon) is a study of
resonance states in unstable nuclei, which are of great
interest for nuclear structure and nuclear astrophysics.
This report describes the first experimental result ob-
tained at CRIB. The experiment aimed at study-
ing resonance states in unstable nuclei, 3O and 2N,
via elastic scattering *2N+4p and !C+p, respectively.
Data of these resonances is important to understand
a hydrogen burning process at high temperature in
metal-deficient stars.

The elastic scattering was measured in inverse kine-
matics with RI beams, 2N and ' C, and a proton tar-
get. In this situation, the center-of-mass energy and
angle can be determined by measuring the energy and
angle of the recoil proton at better resolution than
by micasuring those of the heavy ejectile. It is useful
to apply the thick-target method,?® where the target
thickness is chosen to be comparable to the range of
the beam in the target. Due to a large energy loss
of the beam, a wide range of the excitation function,
do /dQU(E), of elastic scattering can be measured at the
same time. Protons were detected at forward angles in
the laboratory frame. At a fixed angle, the proton
energy spectrum has roughly the same shape as the
excitation function. In the excitation function, a res-
onance can be identified as an interference pattern of
potential scattering and resonance scattering.

Secondary beams, >N and 'C, were produced
by the *He(°B.'2N)n and 3He(!°B,''C+p)n reac-
tions, respectively. A primary beam of B at
7.8 MeV /nucleon from the AVF cyclotron has an in-
tensity of 200 pnA. The production target was a cell
containing *He gas with a thickness of 0.25mg/cm?.
The secondary beams were separated by CRIB with
an energy degrader of 10-pm mylar foil at the disper-
sive focal plane. The beam obtained was a mixture
of 2N (3%) at 3.9MeV/nucleon and 'C (15%) at
3.4 MeV /nucleon. The total secondary-beam intensity
was about 10° particles/sec. The experimental setup
was installed at the dispersive focal plane of CRIB.
The setup consisted of two PPACs for beam tagging,
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Fig. 1. Preliminary experimental results of the proton spec-
tra for (a) **N+p and (b) ' C+p elastic resonance scat-
tering.

a CHs target of 90 um and a set of AE-E silicon de-
tectors, which covered scattering angles of 0-5° for the
recoil protons.

Figure 1 (a) and (b) show preliminary results of the
proton energy spectra for 2N+p and !C+p, respec-
tively. In the spectra. many resonance states in 30
and 12N were identified. The analysis of the spectra us-
ing resonance formulae is now in progress. The values
of the width, spin and parity will be newly determined
for the resonance states at E, = 2.75 and 4.21 MeV in
130 and E, = 3.13MeV in 2N,
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[NUCLEAR REACTIONS: “He('*0, X), 60 A MeV; Projectile fragmentation}

We have studied the systematics of the production
cross sections of light isotopes for the projectile frag-
mentation of 4O at 60 AMeV on a liquid-helium
target. The experiment was performed at the RIPS
(RIKEN projectile-fragment separator) beam line. A
beam of O was produced by the fragmentation of
an 10 beam at 135 AMeV on a ?Be target with a
thickness of 1295 mg/cm?. The *O nucleus and con-
taminants were identified using time-of-flight (TOF)
information obtained from two 0.5min thick plastic
scintillators separated by 5.3m from each other. The
110 beam bombarded a 100 mg/cm? liquid-helium tar-
get. Reaction products were identified using a AE-E
plastic hodoscope 4m downstream from the target.
The scattered angles of the particles were determined
by hit positions in the hodoscope. The hodoscope con-
sisted of AFE and F plastic scintillators of 5 and 60 mm
thicknesses.

The production cross sections from the reaction of
4He(140,X) at 60 AMeV were measured, and com-
pared with a calculation using an empirical parame-
terization code, EPAX.?) The observed cross sections
were determined by identified particle counts in the
hodoscope at the target-in run and the target-out run.
The particle acceptances of the hodoscope were de-
rived based on information of the angular distribution.
These results are shown in Fig. 1. The closed circles
indicate the measured production cross sections. Some
nuclei have not been observed due to the too-short
lifetimes or too-small cross sections. The solid his-
togram represents the EPAX calculations. The dotted
histogram represents the EPAX calculations, including
decay products from unbound nuclei, such as "He —
‘He+n, “Li — ®He+p, °Li — %He+p, ®Be —
‘He + p + p, ®Be — “He + *He, B — “He + ‘He + p.

EPAX reproduced the global tendency of the cross
sections obtained in the present measurement, al-
though considerable differences in the absolute value
was found for ®Li, '“Be and carbon isotopes. For
nuetron-rich fragments of 8Li and '°Be, the cross sec-
tions were much smaller than EPAX. Fragments of
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Fig. 1. Cross sectoins from the reaction *He(**0, X) at 60
AMeV. The closed circles indicate the measured pro-
duction cross sections.
EPAX calculations.
smaller than the size of the data points.

The histograms represent the
The statistical error is generally

5He, 8He and °Li were not observed. This indicates
that fragments located on the opposite side of the 3
stable line to the projectile are difficult to produce in
the fragmentation reactions.

For all carbon isotopes. the cross sections are ten-
times larger than those found by EPAX calculations.
This discrepancy is possibly due to the sizeable effect
of the inelastic excitation to the states above the par-
ticle emission threshold. An analysis including such
inelastic scattering is in progress.
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Coulomb dissociation of 1*N and 4O
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Y. Higurashi,*! M. Hirai,** K. Ieki,*! N. Imai,*?> N. Iwasa,*> H. Iwasaki,*? Y. Iwata,** H. Kobayashi,*!
M. Kurokawa,*? T. Minemura, H. Murakami,*! S. Ozawa, H. Sakurai,*? S. Takeuchi,*! T. Teranishi,*?

K. Yamada,*! Y. Yanagisawa, K. Yoshida, Z. Liu, and M. Ishihara

NUCLEAR REACTIONS: 208Ph(13N pl2C)2%8Ph, 76 AMeV; 298Pb(140,p!3N)28Pb, 85

AMeV:; Coulomb dissociation

In order to test the Coulomb dissociation method"
in extracting radiative-capture cross sections of
astrophysical interest, we studied the processes
BN-12C+p and O—13N+p in the field of 2°°Pb
via the lowest El resonances in N (1/2%; E =
2.37MeV) and O (17; Eex = 5.17MeV), respec-
tively. The earlier results of the %O dissociation at
RIKEN? and GANIL®) agreed with a direct measure-
ment performed at Louvain-La-Neuve.®) The RIKEN
experiment?) also measured the N dissociation, and
the extracted E1 strength was consistent with that ob-
tained from direct measurements of the “2C(p,y)'*N
reaction. However, these agreements were confirmed
at accuracies of around 30%. The present experiment
was aimed at improving the experimental accuracy.

Radioactive beams of N and O were provided
by using the projectile fragmentation of a 135 A MeV
160 beam with a 1.4g/cm? Be target. The "N and
140) heams were separated by the RIPS facility,”) and
bombarded a Pb target with a thickness of 55 mg/cm?.
The averaged energies were 76 A MeV and 85 A MeV,
respectively, for 1*N and 'O at the middle of the tar-
get. Outgoing charged particles were detected in co-
incidence by a AE-FE hodoscope,® and their veloci-
ties were measured by the time-of-flight. The rela-
tive energies of the breakup fragments were calculated
from their velocities and relative angle. An array of
64 Nal(T1) scintillators was placed around the tar-
get to detect y-rays with the process 3 N— 12C*(27;
4.44 MeV)+p, which can not be separated from the
12C(0F; g.s.)+p dissociaton by only measuring the
fragments.

Figure 1 shows the angular distributions of the ex-
perimental yield together with theoritical predictions
normalized to the data. The energy resolution and
the coincidence efficiency were taken into account in
a theoretical calculation based on the distorted-wave
therory, assuming pure E1 Coulomb excitation. As
seen in the figures, the experimental distribtuions can
be fairly well reproduced by the calculations, especially
for the '®N dissociation. The normalization factors
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Fig. 1. Experimental and calculated angular distributions
for the reactions 2*Pb('*N, p'?C)**Pb (left part) and
208pp(10, p'*N)?®Pb (right part).

lead to radiative widths of 0.52 £ 0.04eV (}3N) and
2.8 £ 0.2eV (0). The former is in very good agree-
ment with the adopted value, 0.50 + 0.04eV, based
on direct 2C(p,y)'*N measurements. Thus, the reli-
ability of the Coulomb dissociation method has been
tested to an accuracy of the order of 10% in this case.

The extracted width for 14O agrees within the errors
with the results by the previous Coulomb dissociation
experiments, 3.1+0.6eV 2 and 2.44+0.9eV,% and that
by the direct capture measurment, 3.8 + 1.2eV.%
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E1l strength of the subthreshold 3/2% state in O and its influence
on the CNO reaction *N(p,v)*O
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NUCLEAR REACTIONS: Pb(**0,'307).

astrophysics

The Coulomb excitation of 1*O was studied to deter-
mine the radiative width (') of the 3/2% state in 1°O.
The higher tail of the state may affect the low-energy
behavior of the reaction, which is important for the
astrophysical rate of the CNO reaction *N(p,v)!50.

The experiment was performed at RIPSY at the
RIKEN Accelerator Research Facility. A secondary
150 beam with an energy of 100 A MeV was focused
on a lead target and excited by the Coulomb force.
The de-excitation v-ray was detected by a Nal(TI)-
scintillator array with 64 crystals. The scattered parti-
cles were detected by a plastic scintillator hodoscope®
consisting of a 5 mm thick AE plane and a 60 mm thick
E plane. Details of the setup are described in Ref. 3.

Figure 1 shows the Doppler-corrected «-ray energy
spectrum measured in coincidence with inelastically
scattered 50 detected by detectors at the angle § =
63°. The peak observed at 3.6 MeV is due to back-
ground photons originating from the target excitation,
which corresponds to the 2% state at 4.1 MeV in 2%Pb.
No distinct peak can be seen at 6.79 MeV, where the
yield due to the 3/27 — g.s. transition is expected.
We fitted the experimental spectrum by five compo-
nents: three ground-state transitions from the 5.24,
6.18 and 6.79 McV states in '°0, the y-ray spectrum
due to the target excitation, and an exponential back-
ground. The line shapes for the transitions were ob-
tained by a simulation which took into account the
detector response. The spectrum for the target exci-
tation was evaluated by data taken by detectors at a
backward angle, where photons from %O are greatly
reduced due to the Doppler shift. The solid curve in
the figure shows the result of the fit. The peak at
5.2MeV is due mainly to direct excitation of the 1/2*
and 5/27 states at 5.183 MeV and 5.241 MeV, respec-
tively, and also the feeding of the 5/2% state from the
higher 5/2% state at 6.859 MeV and the 7/2% state at
7.276 MeV. The dotted curve indicates the evaluated
spectrum for the target excitation, and the straight
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Fig. 1. Doppler-corrected ~y-ray spectrum measured in co-
incidence with 'O and fitted by five components.

dashed line is the exponential background. The re-
sult of the fit for the component of the 3/27% state at
6.793 MeV is shown by the solid curve.

The radiative width, T, = 1.44 *53eV, for the
3/2% state is extracted by comparing the measured
cross section and the DWBA calculation assuming E1
Coulomb excitation. Considering the possible con-
tribution from minor gamma transitions from other
states, a fair estimate of the 1o upper limit of the ra-
diative width is 1.6eV. This result is consistent with
a recent lifetime measurement by the Doppler-shift at-
tenuation method.? Their result corresponds to the
width 'y = 0.41 fg'f;’é eV. Thus only a minor ef-
fect of the 3/2% state is expected for the low-energy
YN(p,7)*P0 cross section.
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Measurements of the reaction cross sections of
C isotopes at intermediate energy
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[NUCLEAR REACTION: Be(??Ne, '6C): E = 1104 MeV; Measured reaction cross Sections]

The interaction and reaction cross sections of un-
stable nuclei have been measured so far all over the
world to investigate their radii and density distribu-
tions. Recently, interaction cross sections of carbon
isotopes were measured at high energy, ~960A4 MeV
at GSL.Y The interaction cross section can be related
to the interaction radius. For stable nuclei, the inter-
action radii were found to follow r; o« AY3.Y where
A is the mass number. After applying this relation
to neutron-rich carbon isotopes, however, it was found
that the cross section at A = 16 greatly deviates from
this property. This might suggest the anomaly of nu-
clear structures near '°C. Based on this result, the
reaction cross sections for %14 16C were measured at
intermediate energies (504 and 804 MeV) to study the
density distributions of these carbon isotopes.

According to Glauber theory,? the reaction cross
section is given by the product of the nucleon densi-
ties of the projectile and the target, multiplied by the
nucleon-nucleon cross sections. Because the nucleon-
nucleon cross sections become larger at lower energy,
the reaction cross sections at lower energy become
more sensitive to the outer part of the density. Thus,
in principle, the density distributions of the projec-
tiles can be studied based on the energy dependence
of the cross sections. The reaction cross sections at
both intermediate and high energy!) are analyzed to
determine the density distributions.

In the present experiment we applied a new tech-
nique to the transmission method to measure the re-
action cross sections. A schematic drawing of the ex-
perimental setup is shown in Fig. 1.

The experiment was performed using the RIKEN
Projectile fragment Separator (RIPS). C beams were
produced by bombarding a ??Ne beam with 1104 MeV
on a Be target, which was located at FO, and trans-
ported to the dispersive focus, F1. After Bp selection
and an energy-loss analysis by a wedge degrader. they
arrived at the F2 focus achromatically. where the reac-
tion target C (201nm) was placed. Then, the projec-
tiles as well as the reaction products were transported
aud focused by the quadrupole triplet to the final fo-
cus, F3, which was ~6m downstream,. as shown in
Fig. 1.
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Fig. 1. Schematic depiction of the experimental setup.

Particle identification before the reaction target was
done by means of Bp-AE-TOF method. The detector
system commonly used at RIPS was applied to count
and identify the incident particles. One more parallel
plate avalanche counter (PPAC) was installed to define
the beam emittance at F2.

After the reaction target, the TOF-AE-FE method
was applied to identify the outgoing particles. This
method provides good mass separation due to good
time and energy resolutions for time-of-flight (TOF)
and E counters. Thin plastic scintillation counters
were used to measure the TOF between F2 and F3,
and a Nal (3" ¢, 60 mm) counter was applied to E mea-
surements. For Z identification, three silicon detectors
(50 x 50 mm?, 150 um) were placed in front of the Nal
counter.

In this experiment, transmission from F2 to F3 is im-
portant to determine the cross sections precisely. For
12(, transmission of more than 98% was obtained with-
out the reaction target when the emittance cut was
applied at F2 before the reaction target. The result
of the cross section of '2C is consistent with a phe-
nomenological parameterization of the reaction cross
sections given by Kox et al.®) For '8C. a larger en-
hancement of the cross section at intermediate energy
has been observed compared with that of high cnergy
relative to the calculation. Further analysis is ongoing.
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Study of the spin polarization of °C for a g-factor measurement
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[NUCLEAR STRUCTURE, 'C, Spin polarization, 3-NMR method]

Based on the S-NMR method for spin-polarized
radioactive-isotope beams, the g factor of the ground
state of light unstable nuclei has been measured.!) For
measuring g factors, it is important to produce spin-
polarization in the projectile fragmentation reaction.
In the present work, magnitude of the spin polarization
of °C was studied. In the case of °C, the ground-
state g factor is extremely sensitive to whether the
spin-parity is J™ = 1/2%,3/2%,5/27, which are pos-
sible candidates for the ground state; the correspond-
ing Schmidt value are g;, , = —3.83, ga,,, = +0.77,
and gq,, = —0.77. Similar observations are gained
in more realistic shell-mode calculations.?) Owing to
the large difference, the spin-parity can be assigned by
measuring the g factor as a different approach using
nuclear-reaction studies.®)

A beam of '9C was obtained from the fragmentation
of 22Ne projectiles at an energy of 110 MeV /uucleon
on a ?Be target of 736 mg/cm? thickness. In order to
produce spin polarization, the 1?C fragments were ac-
cepted by RIPS at emission angle of 6y, = 0.8° — 6.2°
and a momentum of pgp = 7.95 — 8.44GeV/c. The
19C fragments were then isotope-separated and im-
planted in a stopper material to which a magnetic field
of By = 40.07mT was applied. For measuring the spin
polarization (P), appropriate stopper materials should
be chosen so that they cat provide a sufficiently long
relaxation time compared with the g-decay lifetime of
19C (7 = 65.6ms). In the case of J™(!°Cy ) = 1/27,
graphite can be used for this purpose.!) This mate-
rial, however, might not be applicable for the cases
of J*(*¥9C4s) = 3/2% and 5/27 because of the effect
of 19C quadrupole relaxation. For these cases, Pt is
known to be applicable by studying the '7C g-factor
measurement.!) Conversely, Pt cannot be used for the
J”(]'gCg,SA) = 1/2% case becausc of the short relaxation
time expected from its large g factor.

The value of ABP(IQCg_S,) were measured by means
of the adiabatic field rotation method using a sim-
ilar experimental setup, described in Ref. 1, where
Ap is the f-ray asymmetry factor. Based on this
technique, the value of AgP(*°C,,) can be deter-
mined without any information concerning the g fac-
tor. In measurements with graphite and Pt stoppers,
AgP(1%Cy) = —0.29£0.17% and —0.18+0.26% were
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observed, respectively.

Although the obtained statistics do not permit de-
tailed discussions. it can be said that the spin polar-
ization is very small in all cases of J’T(lgCg'S,). Three
possibilities can be considered for the observed small
polarization. Firstly, the polarization appears to be
diminished because of the large background. Figure 1
shows a decay curve accumulated in the °C 3 decay.
The large background is due to the daughter nuclei
after '°C 3 decay. Secondly, non-vanishing angular
momentum due to the Fermi motion in a group of nu-
cleons in the projectile that is removed through the
fragmentation process, which is cssential mechanism
of the spin polarization,? can not be expected if the
spin-parity of the ground state is 1/2%. Finally, it is
known from our previous studies that fragments can
not be spin-polarized using a Be target in some cases,
although it has an advantage concerning the yield. An
experiment with another target. such as ?>Nb, is under
consideration.

9000

Counts / ms

Time (ms)

Fig. 1. 8-decay curve accuniulated in the present measure-
ment. The two main components obtained from the
fitting analysis are shown together with that of '?C
(thick dotted curve). The thick line and the thin dotted
curve show a constant background due to the long-lived
daughter nuclei and "B implanted as a beam contam-
ination, respectively.
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Search for ?2'B
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[NUCLEAR REACTIONS: “Be(*"Ar.X), E(*Ar) = 94 A MeV]

A very neutron-rich nucleus, 2!, has been searched
based on motivation concerning the N = 16 magic
number.?) In a previous report.?) the motivation for
this experiment and the experimental setup for the first
attempt were described in detail. In this report, we
describe the experimental setup for the second attempt
and the results of a search.

The experimental setup at RIPS for the second at-
tempt is almost similar to the previous one. The main
differences are the installation of a plastic scintillator
at F1 (thickness = 0.5 mm), which provides timing and
analog signals, and the use of a Ta production tar-
get instead of a Be target. as in the previous exper-
iment. The “°Ar beam was accelerated at the AVF
and RIKEN Ring Cyclrotron up to 94 A MeV and
reacted with a 681 1mg/em? thick Ta target. The typi-
cal primary beam intensity was 41 pnA. The magnetic
rigidity of the first half of RIPS was sct at 5.616 Tm
in order to optimize the yield of the 2'B isotopes. To
reduce the relative rates of lght isotopes, a thin alu-
minum wedge with a mecan thickness of 223 mg/cm?
was used at F1. The magnetic rigidity of the second
part of the RIPS spectrometer was thereby adjusted
to 5.530 Tm.

Particle identification was performed by a standard
method based on the energy loss (AFE), time-of-flight
(TOF) and magnetic rigidity (Bp) measured for each
fragment. The TOF of each fragment was determined
from the F2-Pl timing and the F1-Pl timing. Two SSD
detectors at F2 provided independent energy-loss val-
ues (AFE). Additional energy-loss values were obtained
from F1-Pl. The magnetic fields at the two dipoles
werc monitored by NMR probes.

The Ta production target was irradiated for 121.5
hours in total. Particle identification for the !B sct-
ting showed 16 events of the candidate. However, the
identification suffered from scrious background due to
scattered light particles. mainly *'Li. In order to con-
firm Z = 5 as candidates, we checked the cnergy-loss
value from F1-Pl. The encrgy-loss values of all 2!B
candidates coincided with those in M Li. Thus, we con-
clude that those candidates were scattered particles of
T, and no event for 2'B was observed in this mea-
surement.

To show the particle instability of 2'B, we measured
the production cross sections for B-isotopes with the
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same experiniental setup using Be and Ta targets. To
deduce the production cross sections, we need to know
the transmission efficiency from FO to F2 in RIPS. We
used MOCADI simulations® to obtain the transmis-
sion. The present cross sections are shown in Fig. 1.
Previously. Momota et al. measured the production
cross section for a reaction of “°Ar 4+ Be with 90 A
MeV.%Y For '®B, our present data is consistent with
this value, which shows the validity of the MOCADI
simulations.

The present results of the !B search only gave an
upper limit of the production cross sections of 2'B,
as shown in Fig. 1. The upper limit is much smaller
(factor of 12) than the production cross sections ex-
trapolated by EPAX.®) which were normalized to our
experimental cross sections. Thus, this large discrep-
ancy shows the particle instability of 21 B.
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Fig. 1. Experimental production cross section for B iso-
topes produced with an “CAr primary beam at 94 A
MeV on Be (squares) and Ta (circles) targets. The
closed marks show the present data. The open squares

4) The upper limit of the pro-

show the previous data.
duction cross section of 2! B is shown by the arrow. The
curve shows the extrapolation of the experimental data

using EPAX parameterization. 5)
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Measurement of the longitudinal momentum distribution of 220
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[NUCLEAR STRUCTURE; 220, Momentum distiribution, TOF}

We measured the longitudinal momentum distribu-
tion of 220 via a break-up reaction. Measuring the lon-
gitudinal momentum distribution of neutron-rich nu-
clei enables us to investigate nuclear structures. The
shape of the longitudinal momentum distribution of
valence neutrons provides information about the or-
bits occupied by them. ‘

Usually, the momentum distribution is measured
with a magnetic spectrometer. The present measure-
ment was based on a time-of-flight (TOF) technique
with nearly full acceptance. This helped to reduce
complexities arising due to a finite spectrometer ac-
ceptance.

The experiment was performed using the RIKEN
projectile fragment separator (RIPS). The experimen-
tal setup is shown in Fig. 1. A primary “°Ar beam at
93.7 A MeV was impinged on a 280 mg/cm? Be target
to produce an 220 secondary beam. The RIPS was op-
erated in an achromatic mode with a 425 mg/cm? alu-
minum wedge degrader and a momentum acceptance
of 0.8%. We installed a 0.5 mm thick plastic scintilla-
tor at the dispersive focus, F1. The typical count rate
of the plastic detector at F1 was ~10% Hz.

The 220 beam was bombarded onto a 450 mg/cm?
carbon target installed at the first achromatic focus
F2. After the carbon target, we installed a 0.5 mm
thick plastic scintillator at F2. Another 1.5 mm thick
scintillator was located 5.5 m downstreamn at the final
achromatic focus, F3. To monitor the beam size we
installed parallel plate avalanche counters (PPAC) at

F2 F3

I | Ry
\llasllc\\ \sm? ial

N “\\Plastic \ ]
N\ PPAC C target Plastic
Degrader Si PPAC

<— Be target

40Ar

Fig. 1. Experimental setup.
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all foci.

Particle identification (PID) before the carbon tar-
get was performed by the magnet rigidity (Bp)-AE-
TOF method. Bp information was obtained from po-
sition information of a PPAC in F1. AE and TOF
information were obtained from a 350 pm Si detector
at F'2 and two plastic detectors at F'1 and F2, respec-
tively.

After the carbon target, reaction products were iden-
tified by the AE-TOF-E method. AE information was
obtained from a stack of 17 Si detectors. TOF infro-
mation was obtained from two plastic detectors at F2
and F3. The total energy information was obtained
from a 3”¢ x 6cm Nal(T1) detector positioned at the
end of beam line. The typical energy resolution of the
Nal(T1) detector was ~1% in FWHM for 65 A MeV
210.

A typical TOF-E plot is shown in Fig. 2. We could
identify the one neutron removal fragment, 'O, and
the unreacted 220. The population ratio of 2O to 220
was ~1.0x1073. In addition, a few of the two-neutron
removal fargment 2°0 were observed.

The main source of the background was nuclear re-
action events which occured in the Nal(T1) detector,
because the shape of the background in the TOF spec-
trun was the same as that of unreacted 220.

To reduce the background, we are now developing a
nuclear reactiou-suppressed total-energy detector sys-
tem. The data analysis is still in progress.

ooo E Hai°RBc (en)

Fig. 2. Particle identification spectrum for fragments of
220 at the final achromatic focus, F3.

67



RIKEN Accel. Prog. Rep. 35 (2002)

First experimental evidence of core modification

in a near drip-line nucleus, 230

R. Kanungo, M. Chiba. N. Iwasa,*' S. Nishimura, A. Ozawa, C. Samanta.*?** T. Suda.
T. Suzuki,** T. Yamaguchi. T. Zheng, and I. Tanihata

[Momeutum distribution, Halo, time-of-flight]

The measured interaction sections?)  of
neutron-rich N, O, F isotopes indicate an abrupt rise in
the cross section the N = 15 isotopes. This is expected
to be a signature of halo formation. However, an
anomaly arises in understanding the observed enhance-
ment of the cross-sections within the usual core-plus-
neutron halo model. Namely, in such an approach, a
consideration of the neutron occupying the 2s;,5 o1-
bital is insufficient to explain the amount of enhance-
ment. This has led to the proposition of new form of
core-mmodified structure for these isotopes.?) It should
be mentioned here that the usual halo model considers
the core to have same size and properties as a frec nu-
cleus. The usual halo model has successfully described
the known halo nuclei in the p-shell region. We con-
ducted a further experimental investigation to probe
the cause for such a structure through a measurement
of the longitudinal momentum distribution of 230.
The experimental technique adopted for this pur-
pose was a new oue based on the time-of-flight princi-
ple. The salient feature of this techuique in comparison
to the usually adopted spectrometer technique is that
the breakup fragments are transported to the final fo-
cus after the reaction target without passing through
any dipole magnet. This has helped us to obtain a
nearly full acceptance. The advantage of this feature

Cross

is not only that the extraction of the momentum dis-
tribution beconies relatively simple, covering a large
momentum range, but also that the measurements can
be made at the sanme time for multi-nucleon removal,
proton knock out and pickup reactions. Furthermore,
it allows measurements of the interaction cross sections
with the same experimental setup. The details on of
the setup are discussed in Ref. 3.

In the present experiment, the longitudinal momen-
tum distributions of fragments froni the two-ncutron
removal as well as one-neutron removal from 220 in
a reaction with a C-target at 72 A MeV were 11ea-
sured. The unexpectedly narrow width of 21O (115 +
34 MeV /c in FWHM) from fragimentation of 22O is the
first direct evidence of a change in the structure of 220
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inside 230 compared to the bare 220 nucleus. A the-
oretical interpretation of the present data considering
neutron correlation is an involved study, no formalism
of which vet exists. Therefore, at present we inter-
pret the data by folding the momentum distributions
of 220220 and 2?2020, which also considers the
simultaneous cmission of the two neutrons. Taking
into account all possibilities of two-neutron reimoval
through the ground as well as excited states of 220, in
a normal shell model configuration (i.e. J© = 1/2" for
230), we obtained a distribution which is wider than
the observed one. On the other. hand if we assume the
possibilty of two neutrons in 220 to be emitted from
the 2s; /5 orbital (which would mean one of the neu-
trons in the so-called 220 core is in the 281 /5 orbital),
we obtain a consistent description of the two-neutron
removal distribution. It should be inentioned here that
both the interaction cross section and the momentuin
distribution analysis of freec 220 indicate that the va-
lence neutron is in the 1ds,, orbital.

This observation indicates a strong niodification of
the core structure for neutron halo-like sd shell nuclei
ncar the drip-line. The probability of two neutrons
occupying the s-orbital in %0 may suggest the low-
ering of the s-orbital, thus providing a reason for the
N = 16 magic nuuber. This also introduces a new
two-fold definition of a valence nucleon, one which de-
termines the spin of the nucleus, and the other which
participates with greater probability in the reaction.
The 220 momentum distribution from 230 fragmenta-
tion shows a width of 73 £ 150eV/c in FWHM. In
the same experiment we also measured the longitu-
dinal momentum distribution of one-neutron removal
from 220. This is reported in Ref. 3.
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Study of the 2Mg(p,v)?*Al reaction
by the Coulomb-dissociation method

T. Gomi,*! T. Motobayashi,*! K. Yoneda. S. Kanno,*> N. Aoi,*?> Y. Ando,*! H. Baba,*! K. Demichi,*!
Zs. Fiilop,*® U. Futakami,*! H. Hasegawa,*! Y. Higurashi,** K. Teki,*? N. Imai,*? N. Jwasa,** H. Iwasaki,*>
T. Kubo, S. Kubono,*> M. Kunibu,*! Y. U. Matsuyama,*! S. Michimasa,*®> T. Minemura, H. Murakami,**

T. Nakamura,*® A. Saito,*! H. Sakurai,*? M. Serata,*! S. Shimoura,*® T. Sugimoto,*® E. Takeshita,*!

S. Takeuchi.*! K. Ue,*® K. Yamada,*! Y. Yanagisawa, A. Yoshida, and M. Ishihara

[NUCLEAR REACTIONS: 28Pb(2*Al,p?*Mg)*"Pb, 50 AMeV; Coulomb dissociation|

We performed an experimental study of the
stellar 22Mg(p,v)?*Al reaction using the Coulomb-
dissociation method. This reaction is relevant to the
nucleosynthesis of 22Na in Ne-rich novae.’ 3 The first
excited state of 22Al, lying at 405 keV above the pro-
ton threshold,® is located near the Gamow energy for
novae. Therefore, the 22Mg(p,v)?*Al reaction in the
rp-process could be dominated by resonant capture
through the first excited state. In the present study
we almed at making a determination of the radiation
width (T') of the first excited state in 23Al

The experiment was performed at the RIPS beam
line. A radioactive beam of 2>Al was produced by the
projectile fragmentation reaction of a 28Si beam on a
9Be target. A beam of 2>Al at 50 MeV /nucleon bom-
barded a 88 mg/cm? 2°8Pb target. The products of the
breakup reaction, 2?Mg and a proton, were detected,
respectively, by a silicon telescope and a plastic scintil-
lator hodoscope located 56 cm and 41 downstream of
the target. A stack of sixty-eight Nal(T1) scintillators
was placed around the target to measure deexcitation
~-rays when 22Mg is excited to a bound state. The
details can be found in Ref. 4.

To select the breakup events through the first ex-
cited state in 2%Al, and also to reduce the contribu-
tions of higher excited states, we analyzed the data
under the condition that the opening angle between
22Mg and a proton is smaller than 9°. Under this
coincidence condition, the time-of-flight (TOF) dis-
tribution of the breakup protons is shown in Fig. 1.
The observed peaks gave a trace of the resonant-
state excitation. Figure 2 shows a Doppler-corrected
~-ray spectrum obtained under the same condition.
As shown in this figure, we observed deexcitation
~-rays corresponding to the 27— 07 transition of
22Mg. This indicates a considerable contribution of
the process Al — 23AI*(E, ~ 2MeV) — p +
2Mg* (27 ; B, = 1.246 MeV), which should be sub-
tracted to extract the breakup cross section of interest,.

From the TOF distribution of protons, we obtained
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Fig. 1. TOF distribution of the breakup protons obtained
under the condition that the opening angle between
22Mg and a proton is smaller than 9°. When the p-
22\Mg relative energy is 405keV, it is estimated that the
TOF of protons ranges from 38 to 48 nsec.
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Fig. 2. Doppler-corrected +-ray spectrum in coincidence
with breakup events. The 27— 0T transition of **Mg
can be seen.

a rough estimate of the cross section of the Coulomb-
dissociation reaction through the first excited state of
23A1 to be 4 mb. Supposing that the spin and parity of
23Alis 5/27 for the ground state and 1/2% for the first
excited state, the cross section corresponds to I', ~ 6 x
10~7 eV, which is compatible with the value predicted
by J. A. Caggiano et al.®
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Coulomb excitation of 24Si
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[2*8Pb(24S1,248i7)2%8Pb, Coulomb excitation]

The coulomb excitation of a very proton-rich nu-
cleus, 248i, to its 2% state was studied using a radioac-
tive beam of 24Si at 57.9 MeV /nucleon bombarding a
208p}h target. The nucleus, 24Si, was produced by using
projectile fragmentation of a 28Si primary beam on a
9Be production target. The fragments were collected
and analyzed by RIPS. The extracted 2*Si intensity
was typically 3.2x10% s~1. Particle identification of the
secondary beam was carried out event-by-event using
the time-of-flight (TOF) information between the cy-
clotron RF and a plastic scintillator with 500 pau thick-
ness set at the second focal point of RIPS. A 29%Ph
target of 56.8 mg/cm? thickness was placed at the focal
point of RIPS, and used to excite the projectiles. The
position aud incident angles of the beam at the target
were measured by two sets of parallel-plate avalanche
counters (PPAC) placed at third focal point (F3).

Scattered 21Si nuclei were detected by a counter
telescope placed 60cm from the target in a vacuum.
The telescope cousisted of four layers of eight ion-
implanted silicon detectors of 50 x 50 cin? effective arca
and 500 pm thickness. The particles of interest werc
mostly stopped in the last layer. An isotopic identifica-
tion of scattered particles was achieved by the AE-F
method. A good resolving power of the detector tele-
scope enabled us to distinguish 24Si from other reaction
products with Z =8 14.

Sixty-eight Nal(T1) scintillators surrounded the tar-
get to detect y-rays. Each scintillator crystal was of
rectangular shape with a size 6 x 6 x 12cm®. The en-
crgy and efficiency calibration of each Nal(Tl) crystal
was made by using standard ?2Na, Co, 88Y, 137Cs
sources. The high granularity of the setup allowed us
to measure the angle of the y-ray emission. which was
useful in correcting large Doppler shifts of the v rays

from the excited 24Si, that was moving with ©/c ~ 0.3.
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Fig. 1. The de-excitation v ray.

Excitation to the 2% state was identified by measur-
ing the v-ray de-excitation of the 2% state in coinci-
dence with the scattered %*Si ions. Figure 1 shows
the v-ray cnergy spectrum associated with the 2*Si
+298Ph inclastic scattering. It was obtained by sum-
ming the spectra for all of the Nal(Tl) scintillators
after’ a Doppler-shift correction. The accidental co-
incidence yicld was subtracted from the energy spec-
trum by using data obtained by setting a gate at the
region heside the true-coincidence peak in the 24Si-v
time-difference spectrum. As can be clearly seen in
the figure, only one full-cnergy peak was observed at
1.89 MeV!) corresponding to the 2% — 0 transition.
Further analysis to extract the B(E2) value is now in
progress.
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Study of the first excited state
in a very neutron-rich nucleus, 3°Ne
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[NUCLEAR REACTIONS: p(*°Ne,**Ney)p. p(nge.,QgNev)p]

An interesting aspect of the region around N = 20
nuclei is the transition from spherical to deformed
shapes in the so-called ‘island of inversion.”!) We re-
port on the first energy measurement of the 27 ex-
cited state in a very neutron-rich nucleus, *°Ne, with
N = 20.

In-beam ~ spectroscopy using radioactive beams has
been carried out by some methods in recent years.
We have performed proton inelastic scattering with
a liquid-hydrogen target by detecting de-excitation
~-rays in coincidence with scattered particles. This
method takes advantage of its high experimental effi-
ciency, because the useful target thickness of liquid hy-
drogen is one or two orders thicker than that of other
methods. The method can be now applied to very
neutron-rich nuclei even with a beam intensity on the
order of 0.1 counts per second.

An experiment was performed at RIPS. A primary
40Ar beam of 94 MeV /nucleon with a typical intensity
of 60 pnA bombarded a "**Ta target with a thickness of
666 mg/cm?. To maximize the beam intensity of 30Ne,
the experiment was operated with a full-momeuntum
acceptance of 6%. Particle identification of the sec-
ondary beam was performed by a standard method
based on the energy loss (AE), time-of-flight (TOF)
and magnetic rigidity (Bp)?) for separating 2°Ne and
30Ne beams. The positions of the fragments at the
momentum-dispersive focal plane (F1) were recoded
using a parallel-plate avalanche counter (PPAC) in or-
der to determine the Bp values. The TOF of each
fragment was measured from timing singals of a plas-
tic scintillator placed at F2 and RF signals of the cy-
clotron. Two silicon detectors were located in front
of the final focal plane (F3) for measuring the energy
loss. The 3°Ne beam was obtained to be 0.2 cps with
a contamination of 2Ne, *'Na and 3?Na beams.

The 3°Ne beams impinged on a liquid-hydrogen tar-
get3) with a thickness of 180 mg/cm?, which was placed
at F'3 to excite the projectiles. Scattered particles were
detected and identified by a PPAC and a silicon tele-
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scope located about 50 cin downstream of the target.
The identification of Z was obtained by the TOF-AE
method. DALI with sixty-eight NaI(Tl) scintillators
was placed around the target to detect the de-excited
~ rays emitted from excited fragments.

Figure 1 (a) and (b) show a preliminary result of the
energy spectra of v rays with a doppler-shift correc-
tion. They were obtained by 2?Ne and 3°Ne beams
in coincidence with the fragments of Ne isotopes, re-
spectively. In Fig. 1(a), v lines at around 440, 600,
and 1300keV can be observed, whereas the y line at
790 keV can clearly be observed in Fig. 1 (b), except for
the v line in Fig. 1 (a). Note that the spectra show the
~ ray from 28Ne, 1320keV. Compared to both spec-
tra, the v rays at 790(30) keV were assigned to be the
2% — 01 transition associated with **Ne + p inelastic
scattering. Also, the remaining two peaks in Fig. 1 (a)
may be from the fragments of 2Ne. A further analysis
is now in progress.
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Fig. 1. Doppler-corrected energy spectra of y-rays obtained
in coincidence with 2*Ne(1(a)) and *°Ne(1(b)) beams
and fragments of Ne isotopes.
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Proton inelastic scattering by 3?Mg
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[Proton inclastic scattering, nuclear deformation]

A sudden disappearance of the N = 20 shell closure
was suggested for the very neutron-rich nucleus 3?Mg
based on the low excitation energy (885 keV) of its first
2% state,"'?) and an enhanced B(E2) of 454 4 78 e2fm?
was obtained in the 0% — 2% Coulomb excitation.?)
The present study is aimed at investigating a pos-
sible difference between the amounts of proton- and
neutron-deformations for **Mg by measuring the pro-
ton inelastic scattering, hoping that more detailed in-
formation would become possible on the nuclear struc-
ture.

The experiment was carried out at RIPS. Primary
beams of *°Ar with a cnergy of 93.6 MeV /mucleon bom-
barded a 641 mg/cm? thick ! Ta target. Radioactive
32Mg beams with a energy of 59.6 MeV /nucleon werce
extracted by the RIPS. The secondary beams con-
tained 3% of 4Al, 28% of 3°Na and small amounts of
other nuclides as well as #2Mg with a fraction of 68%.
The beams bombarded a liquid-hydrogen target® with
a thickness of 180 mg/cm?, contained in a cooled cell
with windows made of 6.6 pin havar foils. The over-
all beam-target lnminosity was obtained by measuring
event-by-event the hit position of the beam on the tar-
get using position information provided from two sets
of parallel-plate avalanche counters (PPACs) set up-
streain of the target. The averaged energy of *2Mg in
the middle of the target was 49.5 MeV /nucleon. The
reaction products were measured by a counter tele-
scope placed 48 cm fromn the target. The telescope con-
sisted of three identical ion-implanted silicon detectors
of 50 x 50 mm? effective area and 500 thickness.
The particles reaching the third detector were rejected
in the analysis. The scattering angle was measured
by a parallel-plate avalanche counter (PPAC) placed
in front of the silicon detectors. The v-ray deexci-
tation was measured in coincidence with the inelasti-
cally scattered *>Mg ions. A DALI setup consisting of
fifty-four identical Nal(T1) scintillators was positioned
around the target for y-ray detection. The typical en-
ergy resolution of each 12-cm-length and 6 x 6-cm?-
arca scintillator was 9.1% for the 662 keV ~-ray. The
Doppler shift was corrected for by the detector angle
with respect to the beam direction.

Particle identification for magnesium ions was per-
formed by the function ¢cAE(E + kAE)®, which was
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proposed by Stokes, Northrop and Boyer® using sig-
nals from the first and second silicon detectors. Param-
cters k and b were adjusted so as to achieve the best
isotope separation, whereas a is an arbitrary constant.
The resultant width, 0.8 (FWHM), is a measure of the
mass resolution of the present measurement. Figure 1
shows the Doppler-corrected spectra of ~-rays mea-
sured in coincidence with *2Mg. In the spectrum two
peaks have been identified. One at 0.9 MeV is due to
the transition from the first excited 2% state at 895 keV
to the ground state in *?Mg. Considering the present
isotopic resolution, a peak seen at around 1.5 MeV is
attributed to a transition in 3?Mg. This energy may co-
incide with that of the peak (1430 keV) observed in the
fragmentation experiments at GANIL® and RIKEN,”)
where -y correlation data indicate that the peak cor-
respouds to a transition to the 2% state from a higher
state, the spin of which is not established. An analysis
is now in progress.
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Fig. 1. Doppler-corrected spectrum of y-rays in coincidence
with 32Mg, produced by proton inelastic scattering by
32
Mg.
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Large collectivity of 3*Mg'
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NUCLEAR REACTIONS: Pb, C(**Mg,**Mg~y), 44.9 MeV /nucleon, Coulomb excitation, De-

duced B(E2)

Experimental evidence for deformed nuclei in the
so-called ‘island of inversion,’!) centered at Z ~ 11
and N ~ 21, was first obtained by a mass measure-
ment,?) which revealed that the neutron-rich 3132Na
isotopes are more tightly bound than predicted theo-
retically. In this region, the most convincing evidence
for an anomalous deforination has been obtained in the
N = 20 nucleus **Mg from the low E(2]) of 886 keV?)
and the large B(E2)% of 454(78) ¢*fin? as well as an
enhancement of the binding energy.” Currently, great
interest is focused on investigating more neutron-rich
nuclei beyond N = 20 to elucidate how the anomaly
evolves across the region of the island.

Here, we report on the first mecasurement of
B(E2;0f, — 27) for the very neutron-rich mucleus
Mg with N = 22, which was performed with the
intermediate-energy Coulomb excitation method.®) A
very large value of the measured B(E2), together with
the low E(2]),7 indicates that the deformation of
34Mg is even larger than in the classical case of 32Mg.

The experiment was performed at the RIPS fa-
cility® in RIKEN. A secondary %*Mg beamn at
44.9 MeV /nucleon bombarded a 693 mg/cm?-thick Pb
target. The typical intensity of the **Mg beam was 4
counts per second. Scattered particles were detected
and identified by an array of silicon detectors. By us-
ing a granular array of 66 Nal(Tl) dctectors, we mea-
sured de-excitation v rays in coincidence with the scat-
tered particles. Angle-integrated cross sections were
obtained from the observed v-ray yields. Data were
also taken with a 339 mg/cin?-thick C target to evalu-
ate nuclear excitation contributions. The details of the
experimental arrangement are described elsewhere.?)

Figure 1 shows the Doppler-corrected ~-ray energy
spectrum obtained from 3*Mg + Pb scattering. In
the spectrum, a single dominant peak stands out at
656(7) keV. Since the intermediate-energy Coulomb
excitation selectively excites the 27 state of an even-
even nucleus, we conclude that the v transition corre-
sponds to de-excitation of the first excited 21+ state of

t Condensed from the article in Phys. Lett. B 522, 227 (2001)
*1 Center for Nuclear Study, University of Tokyo

*2 Rikkyo University

*3 University of Tokyo

*4  ATOMKI, Hungary

*5  Tohoku University

*6 Tnstitute of Modern Physics, China

L E=44.9 MeV/nucleon ]
20 - -

80—  656(7) keV .
[ AN ]

= 2 1_’0 g8.
0]
& )
= I ]
i 40 L 34 34 ]
N i Pb(**Mg,**Mg 7)Pb ]
2 ] (**Mg,""Mg 7)Pb |
Z L
5
(@]
&

1

P B A L
500 1000 1500 2000

E, [keV]

Fig. 1. Doppler-corrected ~y-ray energy spectrum obtained
in the inelastic scattering of **Mg at 44.9 MeV /nucleon
with a Pb target.

34Mg located at 656(7) keV.

An experimental deformation parameter (32) of
0.58(6) was deduced through an ECIS calculation by
searching for the 32 value which best reproduces the
measured cross section of 286(52) mb. The error in
(2 includes both experimental uncertainties and theo-
retical ambiguities regarding the choice of optical po-
tentials and the nuclear contribution. We then ob-
tain B(F2:0;, — 2) = 631(126) e*fm*, which is the
largest among the E2 strengths observed for nuclei in
the vicinity of the island of inversion. The very large
B(E2) value, corresponding to a quadrupole deforma-
tion parameter of Jo &~ 0.6, strongly indicates that
34Mg is a well-deformed nucleus.
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Spectroscopy of 34Si with inelastic deuteron scattering
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[NUCLEAR REACTIONS: 2H(**Si,3Si 7))

Excited states in 34Si were studied by measuring de-
excitation 7 rays in coincidence with *#Si ion produced
by deuteron inelastic scattering in reversed kinematics.

A radioactive ion beam of 3?Si produced in the
fragmentation reaction of a primary *®Ar beam in a
beryllium target and separated by the RIKEN projec-
tile fragment separator (RIPS) bombarded a liquid-
deuterium target. The reaction products were ana-
lyzed by four silicon counter telescopes arranged in a
2 x 2 matrix. The de-excitation v-rays were detected
by a Nal(Tl) array consisting of 68 Nal(T1) crystals
surrounding the target from 40 to 138 degrees in co-
incidence with 3%Si detected by the silicon telescopes.
A lead shield with a thickness of 5 cm surrounded the
Nal(T1) array for background reduction.

Figure 1 (a) and (b) show the de-excitation v spectra
for the 2H(*Si,34Si ~) reaction in the projectile and
laboratory frames, respectively. Nine « lines at 591,
930, 1010, 1193, 1435, 1715, 1941, 2696 and 3328 keV
were observed in the projectile frame, whereas a 511-
keV line was observed in the laboratory frame. The
lines at 1010 and 1941keV are known to be from
3381 and 32Si, respectively, and the lines at 930 and
3328 keV are from **Si.") Recently, Nummela et al. dis-
covered lines at 591, 1193, 1715 and 2696 keV by their
B-delayed v measurements, but they were not placed
in the decay schemes, except for the 591-keV line.?)
The solid curve in Fig. 1 (a) represents a fit with these
gamma lines. The line shape (dashed curve) of each
transition was calculated by Monte-Carlo simulations.
An additional ~ line at 2300keV and an exponential
background (dotted curve) were necessary to fit the
spectrum.

The above assignments of the gammia lines have been
confirmed by a careful analysis using particle ideuntifi-
cation from the silicon telescope obtained by the AL-E
nethod. Exceptions are the 1435 and 2300 keV lines.
The 2300-keV line was not reported in previous pa-
pers.! ) The 1435-keV line was tentatively assigned

asa (4 ) — (%+) transition of *3Si by Fornal et al..¥)

however, our analysis favors assigiuing the line to be
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Fig. 1. v spectra in (a) the projectile frame and (b) the
laboratory frame in coincidence with **Si detected by
the silicon counter telescope. (¢) Decay scheme of **Si.

from 34Si.

In order to construct a decay scheme, -y coinci-
dence data were analyzed. The lines at 591, 930, 1193,
1715 and 2696 keV were observed in coincidence with
that at 3328keV. The 930-keV line was not observed
with the 1193-, 1715- and 2696-keV ~ lines. From
these facts, the 1193-, 1715- and 2696-keV lines are
tentatively assigned to the transitions from states at
4518keV, 5043 keV and 6024 keV to the 27 state, as
indicated by the dashed lines in Fig. 1(c).
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Production cross sections of neutron rich N = 50 nuclei in
66 A MeV ®Kr-induced reactions
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NUCLEAR REACTIONS: ?Be(®Kr,X), E(8¢Kr) = 66 A MeV; Measured production cross

sections of 89Zn, 81 Ga, #2Ge, and 33 As

The fragmentation reaction of ®6Kr is profitable in
the production of neutron-rich nuclei lying along the
nutron magic number 50 towards the doubly magic nu-
cleus, ™Ni. In this work, we measured the production
cross sections of neutron-rich N = 50 nuclei in the frag-
mentation of 66 A MeV 8Kr, which allowed us to make
a reliable estimation of the secondary-beam intensities
available with RIPS. The obtained results were com-
pared with the cross sections of the sanie reactions at
higher energy (500 A MeV)Y) as well as the production
cross sections in the in-flight fission rection.?

A primary beam of 8Kr was accelerated by the AVF
and RING Cyclotrons and bombarded a 97 mg/cin?
thick Be target at 66 A MeV. The typical beam inten-
sity was 0.5 pnA. Projectile-like fragments were col-
lected and analyzed by RIPS. The angular acceptance
of RIPS was set at the maximum value of 5 msr. The
momentum acceptance was defined using a slit at F1
and was set at 0.5%.

The fragments were transported to the final focal
plane (F3) and detected by a parallel-plate avalanche
counter (PPAC) and four layers of Si detectors (0.5 mm
thick) located behind the PPAC. The PPAC provided
detection timing and the positions of fragments. The
time-of-flight (TOF) between the production target
and F3 was determined from the time difference be-
tween the PPAC and the RF signal of the accelerator.

Particle identification was made by measuring the
magnetic rigidity (Bp). time-of-flight (TOF), and en-
ergy deposit in the second and third Si detectors (AFE
and E). The atomic nuimber was determined from the
correlation between the TOF and AFE. E information
was incorporated for the determination of A.

Differential cross sections were measured with eight
Bp settings ranging from 2.74Tm to 2.83'Tm. The
cross sections were determined from a fit of the
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observed momentum distribution to an asymmetric
Gaussian. The collection efficiency was corrected for
based on the angular acceptance calculated by the
INTENSITY code.

The obtained production cross sections are shown
in Fig. 1 together with the results concerning the frag-
mentation of *6Kr at 500 A MeVY and that of the in-
flight fission of uranium.?’ The present result agrecs
well with that at 500 A MeV, while they are about two
orders of magnitude smaller than the in-flight fission
reaction cross sections. The prediction by EPAX2%)
(solid line) gives almost consistent values in this re-
gion, but the slope is less steep than the observed value.
A simple exponential extrapolation (dashed line) gives
~107'2 barn for the production cross section of "8Ni.
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Fig. 1. Production cross sections of N = 50 isotones as a
function of the atomic numbers.
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Coulomb excitation of 34Se
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[NUCLEAR REACTION: Pb(*Se.*Se~). Coulomb cxcitaion]

Unstable nuclei around the N = 50 neutron magic
number have drawn our interest from the point of view
of both nuclear structure and nucleosynthesis. How-
ever, experimental information was limited, mainly
due to difficulties in the secondary-beam production.
In this work. a neutron-rich N = 50 nucleus, 3#Sc, was
studied through a Coulomb excitation measurement.

The ®¥Se beam was produced at RIPS" using the
projectile fragmentation reaction of *Kr. The pri-
mary beam of *Kr was accelerated by the AVF and
RING Cyclotrons and bombarded a 97 mg/cm? thick
Be target at 66 A MeV. The typical bean intensity was
0.5pnA. The width of the momentum slit at F1 was
set at 1%. A flat Al plate (instead of a wedge-shaped
one) was used for the energy degrader at F1, and a
reasonably small beam spot size of 12mm (FWHM)
was obtained at F3 thanks to the narrow momentuni
acceptance. An isotope purity of 83% was achicved
with an intensity of about 5 keps.

The #**Sc beam irradiated a 226 mg/cm? thick Pb
target. The energy of the 3 Se beam was 38.6 A MeV at
the middle of the target. The position and incident an-
gle of the secondary beam was measured with two sets
of parallel-plate avalanche counters (PPAC’s) located
upstream of the secondary target. Scattered particles
were detected by a PPAC and a Si telescope located
about 50 an downstream from the sccondary target
covering a scattering angle of up to about 6 degrees in
the laboratory frame. This PPAC was used for deter-
mining the scattering angle of the outgoing particles.
The Si telescope consisted of two layers, cach of which
had four Si detectors placed in a two-by-two matrix.
The size of each detector was Sem x 5em x 325 p.
The Si telescope provided AFE-E information, which
was used to identify the atomic number (Z) of the
outgoing particle.

The de-excitation ~-rays were detected with DALT,
which consisted of 68 Nal(T1) scintillators. The energy
of the observed ~-ray was corrected for the Doppler
shift based on the position of the scintillator which
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detected the ~-ray.

Figure 1 shows the Doppler shift-corrected y-ray
spectrum observed in coincidence with the outgoing se-
lenium (Z = 34) isotopes. The y-ray peaks at 1455 keV
and 667keV are ascribed to the transitions betwcen
known states in ®Sc?): the transition from the first
excited state (J™ =27, E, = 1455keV) to the ground
state and that from the 2122 keV state (tentatively 17)
to the first excited state. Besides these 7y-ray lines,
sceveral peaks are seen in the spectrum, such as those
aromnd 1MeV, 1.3MeV and 1.8 MeV. Assignments of
the transitions to these lines were not made. Further
analysis. including a determination of the transition
strength and establishiment of the transition assign-
nielts, is in progress.
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Fig. 1. Doppler shift-corrected y-ray spectrum observed in

coincidence with the outgoing selenium.
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g-Factor of a high-spin isomer in 4Dy
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[NUCLEAR REACTION 2*Mg('#2Xe,71)"4" Dy, E = 7 MeV /nucleon; measured (6. B. )]

Many isomeric states have been observed in nuclei
near the semi-doubly magic nucleus *%Gd (Z = 64,
N = 82). These isomers are mainly produced when
the valence particles around the '4Gd core align on
the symmetry axis. Such a feature is most likely
maintained even at a higher spin state. That is why
high-spin isomers could be observed in N = 83 iso-
tones with atomic numbers from 60 to 68. The ex-
citation energies and half-lives of these high-spin iso-
mers were systematically studied in detail.’) However,
the g-factor and quadrupole moment have been mea-
sured only in the high-spin isomer of M7CGd so far. The
configuration and deformation parameter (3) of this
isomer were deduced from thesc experimental quanti-
ties to be [I/(f7/2hg/2i13/2)W(h%l/z)]jg/f) and —0.19.%)
respectively. A deformed independent particle model
(DIPM)* well reproduces the characteristics of a high-
spin isomer in 7Gd. According to this calculation.
high-spin isomer in 149Dy, whose excitation cnergy and
half-life are 8.52McV and 28ns,% respectively. is ex-
pected to have the same configuration and deforma-
tion as that in M7Gd. In this work, therefore, we at-
tempted to measure the g-factor of the high-spin iso-
mer in 9Dy in order to check the validity of this cal-
culation.

Figure 1 shows a schematic diagram of the experi-
mental setup. The high-spin isomer in 9Dy was pro-
duced and aligned via an inverse kinematic fusion re-

Ge detector) Ge detector
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Fig. 1. Schematic drawing of the experimental setup.
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Gamma rays emitted from '**"* Dy are indicated by the

~-ray singles spectrum measured by a Ge detector.

diamonds.

action, 2'Mg(1¥2Xe,7n) 9Dy, with a pulsed beam of
132Xe accelerated up to an energy of 7 McV /nucleon
by the RIKEN Ring Cyclotron. The beam repetition
time was selected to be 1pus. The recoil nuclei were
stopped on a lead foil placed 7cm downstrcam from
a magnesium target. An cexternal magnetic field of
1.5T was applied to the stopper perpendicularly to
both the beam axis and the detection plane. The
space between the target and the stopper was filled
with Ar gas to retain aligmment of the recoil nuclei
during the flight. It took about 41s to pass through
the Ar gas region. This recoil-into-gas technique al-
lows us to measure only ~+ rays emitted via an isomeric
state (ty2 > 1ns) by enclomng a production target
with lead shields. Gamma rays from the stopper po-
sition were measured with four Ge detectors located
at £45°, £135°. A ~-ray singles spectrum obtained in
this experiment is shown in Fig. 2. The g-factor is ex-
tracted from the ratio of the v-ray intensities, R(t) =
[1(8,t) — I(—=6,0)]/[1(8.t) + I(—0.t)]. where I(4,t) in-
dicates the normalized and background-corrected yield
of v ray decxciting the isomeric state. An analysis of
the prernncntdl data is now in progress.
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Study of PHENIX Electron Trigger
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[Quark Gluon Plasnia, High Energy Heavy Ton Collisions, PHENIX, RHIC]

One of the major goals of the PHENIX experiment
is to investigate the property of new states of matter
through clectron and clectron-pair measurcinents.!»?
The Electron Trigger using a Ring Imaging Cherenkov
(RICH) detector and an ElectroMagnetic Calorimeter
(EMCal) is dedicated to this purpose. At RHIC, the
designed luminosity is 1.4 x 103! cm~2sec™! in p+p at
V5 = 500 GeV and 6.0 x 10%% cm™2sec™! in Au + Au
at /syn = 200GeV. The reaction rate with these
luminosities is 12 MHz in p+p and 1.2kHz in Au +
Au. Since the Data Collection Module (DCM) has a
maximum bandwidth of 25 kHz, a rejection factor of
approximately 500 (12 MHz/25kHz) is needed in the
extreme case of p + p collisions.

As a first level hardware trigger, the PHENIX LVIL.-1
trigger system decides whether to accept the data or
not from the detector subsystemn’s LVL-1 signals within
40 Bunch Crossing (BC) after an cvent. The Elec-
tron Trigger is constructed from the RICH and ENCal
LVL-1 signals.

The PHENIX detector complex has two central arns
and two muon arms. Both RICH and EMCal are lo-
cated in the central arms. The RICH is one of the ma-
jor devices for electron identification. The Cherenkov
photons generated by electrons. positrons, and high
momentum hadrons are reflected by spherical mirrors
and detected by 5120 PMT arrays. The RICH LVL-1
signal is generated when the analog sumn of 20 PMT's
(4(@) x 5(z)) output exceeds a trigger threshold. The
primary information from EMCal is the energy and
spatial position of photons and electrons. One arm
comprises four sectors of lead-scintillator (PbSc¢) mod-
ules. the other has two sectors of PbSc and two of
lead-glass (PbGl). The EMCal LVL-1 signal is gener-
ated when the deposited energy in 4 towers exceeds a
threshold value. The Electron Trigger uses the matrix
coincidence between 256 bits of RICH LVL-1 signal and
172 bits of EMCal LVL-1 signal.

The study of an Electron Trigger counsisted of two
stages. First, the trigger algorithin, efficiency and re-
jection power were studied by simulations. The 60k
single J/¢r — ete™ events, Hdk single ¢ — ete”
events and 200 k mininmum-bias events of p+p, Si+ Si,
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Ag4- Ag and Au+ Au were used. The results were de-
scribed briefly in the CNS annual report 1999.%) Main
conclusion was that the RICH threshold should be 3
photo-clectrons per trigger-tile under the condition of
COq9 radiator gas. and the EMCal energy threshold
should be 0.9 GeV for the J/v trigger and 0.3 GeV for
the ¢ trigger. The RICH LVL-1 hardware was devel-
oped based on this study.*) The trigger algorithmn was
then applied to real data and trigger performance was
evaluated. This is the main topic described in this
report.

From the obtained data, 593000 cvents of Au + Au
full-field data at /syny = 130GeV were used in this
study. The electrons froin the collision points. which
were off center by 30 c¢m in the z direction, didn’t reach
the EMCal surface becausc of the pole picces of the
central magnet.  Thus the absolute value of the z-
vertex reconstructed by Beam-Beam Counters (BBC)
within 30 cin was required in these eveut samples.

Table 1 gives the centrality class and correspouding
number of binary collisions as well as the number of
participants in a event.

Events were sorted into 6 centrality classes, as listed
in the table. These classes were derived from the com-
bination of Zero Degree Calorimeters (ZDC) and BBC.
The number of participants was calculated using a
Glauber model. The nuinber of participants in most
peripheral events was around 5. These event samples
are useful to evaluate the clectron trigger performance
for a p+ p run.

Figure 1 shows the single electron trigger efficiency
for RICH as a function of the trigger threshold. which
has units of photo-clectoron in a trigger-tile.

This simulation result shows that the trigger effi-
ciency is almost 100% when the threshold level is be-
low 3 photo-electrons, and declines with an increase in
the threshold level. The RICH threshold was fixed to

Table 1. Centrality classes of a Au+ Au event.

‘ Centrality ‘ Binary Collisions ‘ Participants

0-5% 945 + 141 347 £ 52
5-15% 673 £ 100 271 £ 41
15 - 30% 383 £ 57 178 £ 27
30 - 60% 123 £18 76 £ 11
60 - 80% 19+£11 19+11
80 - 92% 3.7+£22 5+3
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Fig. 1. Simulated trigger efficiency as a function of number
of photo-electrons in a trigger tile.

3 photo-electrons from the simulation result.

Table 2 shows the summary of trigger rate under the
various conditions for the last Au+ Au run. Rejection
powers of around 3 (0.3 GeV) and around 8 (0.9 GeV)
were achieved. Here, the rejection power is defined by
the number of total events divided by the nuniber of
triggered events.

Figure 2 shows the rejection power as a function
of the centrality classes, which are described in Ta-
ble 1. The closed circles are for the case when the EM-
Cal energy threshold was set to 0GeV (corresponds
to RICH only trigger), the open square shows the ¢
trigger (0.3 GeV) and the closed square shows the J /1
trigger (0.9GeV), respectively. Since matrix coinci-
dence hardware will not be ready, complete look-up
(256 bits + 172bits) can not be done in an upcoming
run. Because a feasible way is half sector matching
(16 bits + 16 bits). this matching was used as the co-
incidence method in this study.

The rejection power clearly moves upward as the
centrality goes down in Au + Au collision. In the most

Table 2. Survival rate under various trigger conditions.

Trigger

Total Event

RICH Hit (3 photo-electron)
EMCal Hit (0.3 GeV)
EMCal Hit (0.9 GeV)

RICH and EMCal (0.3 GeV)
RICH and EMCal (0.9 GeV)

Count ‘ Ratio 1
593000
376418 63%
310725 52%
142288 24%
160132 27%
74428 13%
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Fig. 2. The rejection power as a function of centrality.
The closed circle shows RICH only trigger, open square
shows ¢ trigger (EMCal threshold = 0.3GeV) and
closed square shows J/v trigger (EMCal threshold =
0.9 GeV).

central case, the rcjection power is approximately 1.5.
At 80-92% centrality, rejections of 23(¢ trigger) and
95 (J/v trigger) were achieved. Although these re-
sults are not directly applicable to the coming p + p
events, simple extrapolation to the p+p case (number
of participants = 2) provides a rejection factor larger
than 200 in the J/4 trigger case.

An Electron trigger algorithm has been developed
and applied to PHENIX real data. It is expected that
a good rejection power to reduce the trigger rate down
to the level of DAQ capability will be achieved in an
upcoming p + p rum.
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Measurement of the ®Li(a,n)''B reaction cross section
with 8Li beams below 1.5 MeV /n energy
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[Nucleosynthesis, Inhomogeneous Big Bang models|

We have performed measurenents of the cross sec-
tion for the SLi(a,1n) B reaction with a ®Li beam with
0.6 MeV/n energy at the TRIUMF cyclotron of the
ISAC facility. This reaction is considered to be crucial
to predict the light-element abundances from big-bang
nucleosynthesis.?)

Although some previous experiments were made to
determine this reaction cross section,® ¥ they were
not even in qualitative agreement with each other.
Measurements of the low-energy cross section, be-
low 1 MeV/n, which are important for predicting the
abundances of light elements by inhomogeneous big-
bang models of nucleosynthesis (IBBN), have not been
nicasured vet due to difficulty of handling low-cnergy
bheams.

The Isotope Separator and  Accelerator (ISAC)
which was constructed at TRIUMFE (Canada) recently,
consists of two systems. One is a target assembly where
many different isotopes can be produced by bombard-
ing various clements with 500 MeV protons beain from
the TRIUME cyclotron. The other device, a Radio
Frequency Quadrupole (RFQ). is used as the first step
for increasing the energy of the isotopes extracted from
the target. By using this facility, singly charged ion
beams consisting of isotopes whose mass is less than 30
atomic mass units can be accelerated. Moreover, the
ISAC facility at TRIUMF is designed to provide the
world’s most intense beams of accelerated radioactive
isotopes for a wide range of experimental programs.
ISAC employs the ISOL (Isotope Separation On-Line)
technique. where short-lived isotopes are continuously
produced. ionized and transported as a focused beam.
Hence. the most important reactions involved in the
chains of muclear reactions occurring in explosive as-
trophysical sites become available for study.

For determining the SLi(ar, 1)1 B reaction cross sec-
tion, the neutron production rate is measured. Neu-
trons are cmitted from 0 degree to 180 degrees in the
laboratory system. The identification of neutrons can
be done by measuring the energy and cmission polar
angle, since the incident energy of a ®Li beam is well
fixed and momentum of the *He gas is negligible. Be-
cause of the high beam intensity (more than 1 x 107
particles per sec.), any kind of beam counter is not use-

*1 TRIUMF Cyclotron Laboratory, Canada
*2  QOhio State University, USA

*3  Oak Ridge National Laboratory. USA

*4 University of York. USA

80

ful to be operated under such a high-current condition.

We have installed 3 neutron counter walls which con-
sist of 16 plastic scintillator slats with 2 PMT’s in the
ISAC experimental hall. The neutron counter has di-
mensions of 6 X 6 x 108cm?® and two PMT’s (Hama-
matsu H6410) are attached to the ends of the plas-
tic scintillator. The neutron walls are placed at 1.6 m
away from the center of a He gas target by taking into
account the time-of-flight separation of neutrons eimit-
ted from the ground state of ! B and ones emitted from
the first excited state of ''B. The neutron walls cover
the polar angle from 21 degrees to 140 degrees with
around a 6% geometrical acceptance.

The signal from the PMT's is divided into two lines:
one is used for a timing measurcment after discriniina-
tion; the other is used for a charge measurement. The
hit position on the counter is determined by the time
difference between both side PMT’s and also the ra-
tio of the integrated charge from them. The energy of
a neutron is determined by the tine-of-flight method
by measuring the time difference between the neutron
counter signal as a start and the cyclotron-RF clock
timing as a common stop.

Sixteen signal lines from &8 counters are fed into
one discriminator module (CAMAC 3412), where the
threshold and width are adjusted to 50mV and 80 ns,
respectively. The sum output from this discriminator
is reshaped at the level indicating 2 of any 16 PMT’s
firing, and is then used in the trigger logic.

In order to trigger events indicating that ''B or
any charged particles scattered in a target, a target
cell which includes 5 small pieces of plastic scintil-
lators read by a multi-anode PMT (HAMAMATSU
RH900L16) is installed in the vacunm chamber. The
entrance and exit windows of the target cell are closed
with Ni foil less than 250 mm in thickness to allow ®Li
beams to pass through it. *He gas is filled in the cell
at pressures of 20 to 25 torr.

Three trigger settings are employed in this experi-
ment. The first one. called the single trigger, requires
one of the neutron counters to fire. The second oue,
called the double trigger, requires two of the neutron
counters to fire within a 200 ns interval, covering slow
neutrons. This double trigger makes it possible to re-
quire adjacent hits of scattered neutrons in the counter.
The third one requires a single trigger OR double trig-
ger AND that the target cell counter fires.

The beam spot was well-tuned at the target entrance



window with a size of less than 3mme. Although an
intensity of 1.8 x 107 particles per sec was achieved
with a beam energy of 0.6 MeV/n, it was 1 order of
magnitude less than what we expected.

The analysis is still progressing. At this moment,
no clear neutron peak has been observed in any trigger
settings. The reason is due to a considerable amount of
ganna-ray background from the target area. As long
as we survey the radiation around the target, almost
70% of the beam scems to be stopped at the exit win-
dow area. This value is inuch worse thai we estimated
in a simulation. We believe that the main component

of background is gamma rays related to the beta de-
cay of ®Li stopped at the target window area, and that
the rest is the room background. Surely the separation
of gamma signals from the neutron signal is essential.
This result will be used to improve the experimental
setup for the next run.
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Indication of a reduced chiral order parameter from the 1s 7w~
states in 2°°Pb and light nuclei

H. Geissel,*! H. Gilg,*? A. Gillitzer,** R. S. Hayano.** S. Hirenzaki,*® K. Itahashi.*® M. I‘\«/asaki,*6 P. Kienle,*?
M. Miinch,*? G. Miinzenberg,*! W. Schott,*? K. Suzuki,** D. Tomono,*® H. Weick.”! T. Yamazaki, and

T. Yoneyama*

6

[pion, pionic states, chiral symmetry]

It is of great importance to study the s-wave (local)
part of the pion-nucleus interaction, as emphasized re-
cently,n?) since not only the s-wave strength as a whole
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Fig. 1. Presentation of the isoscalar (by) and the isovec-
tor (b)) parameters in units of my'. The ls states of
light symmetric pionic atoms give a shaded horizon-
tal band. The b§ — b; constraint by the 1s state of
205Ph with a neutron skin effect is shown by another

The b5 — by con-

straint without a neutron skin effect is shown by the

broken line. The double-scattering effect,”) when b

shaded band with lo error lines.

is modified in the nuclear medium, is shown by three
dotted curves corresponding to different nuclear densi-
ties of 0.155, 0.165 and 0.175 fm ™. The free-7N values
(“FREE”) and their effective values (“EFF”) after the
double scattering corrections are also indicated. The
scale for the reduction of the squared chiral order pa-
rameter, R = b /b, &~ f?/f2, is indicated in the up-
per part. Various potential parameters obtained from
the global fitting of pionic atom data are also shown.
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translates into a pion mass excess in a nuclear medium,
but also its isovector parameter (by) is related to the
pion decay constant (fr). The isoscalar bj (includ-
ing the density-quadratic term) and isovector b, pa-
rameters of the s-wave pion-nucleus interaction in the
Ericson-Ericson potential were deduced to be

by = —0.029 £ 0.0013 m ",
by = —0.116 + 0.018 m *,

by using the binding energies and widths of the 1s m~
states in both light pionic atoms and the deeply bound
7~ state in 2°5Pb,®) in which a neutron skin effect?) is
taken into account (see Fig. 1). The enhanced isovector
strength, [b1|, over the free-xN value (—0.090) infers
that the squared chiral order parameter is reduced in
the nuclear medium by

f*2 bf{ee 0.14

_Jr +0.

= 12 =— =0.78 012"
m

b1 z
This is in accordance with Weise's prediction, R ~
0.65, as an indication of a partial restoration of chiral
symmetry breaking.?)
The isoscalar part is accounted for as arising from
a double-scattering effect, without invoking a large Re
Bop(r)? term.

R
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Bound states of a positron with molecules

M. Tachikawa, I. Shimamura, R. J. Buenker,*! and M. Kimura*?

It is now known that in electron (e™)-polar molecule
systems, an infinite number of stable electron bound
states can be formed in the Born-Oppenheimer ap-
proximation if the polar molecule has a dipole mo-
ment larger than D, = 1.625 Debye (D).!) This is a
consequence of a long-range dipole interaction, behav-
ing as ~r~?2 at large r, regardless of the nature of
the short-range interactions. Even if the dipole mo-
mient is smaller than D., or there is no dipole mo-
ment at all. the formation of bound states around a
molecule may still be possible, though their number
should be finite. Indeed, these considerations have fur-
nished basic knowledge about electron attachment to
polar molecules, and have also been found to be useful
for a systematic understanding of low-energy electron
scattering by molecules.

These theoretical considerations do not depend on
the sign of the dipole interaction. Therefore, we expect
that a positron (et) has an infinite number of bound
states around a stationary polar molecule whose dipole
moment exceeds D, = 1.625 D at the equilibrium nu-
clear position, although the spatial distribution of the
positron can be expected to be opposite to that of an
attached electron. These considerations have not been
fully appreciated in studies of possible positron attach-
ment to molecules.

Possible positron binding states with atoms have
been studied theoretically,) and two important mech-
anisms of electron binding to atoms have been pro-
posed: (i) a positron forms a positronium within an

*1 Theoretische Chemie, Bergische Universitat-
Gesamthochschule Wuppertal, Germany
Graduate School of Science and Engineering, Yamaguchi

University

*2

atom, and (ii) a positron can be trapped on the tail of a
long-range polarization potential. For molecular cases,
there have been some theoretical attempts® ) to inves-
tigate a possible formation of positron bound states
based on the Hartree-Fock, quantum Monte Carlo and
other approaches.

We have investigated a number of different molecules
from non-polar to strongly polar molecules. By using
the HF method with the inclusion of higher order cor-
rections, we have confirmed that, indeed, OH™ ions
can maintain a bound state with a positron. We have
found that the electron cloud on the H atom shifts
toward the O atom because of the higher electroneg-
ativity of the O atom. Next, we added a positron to
the OH™ ion, and found that p orbitals in the O atom
stretch out toward the positron, and are significantly
deformed. This is because the positron is more at-
tracted by a negative charge centered on the O atom,
and is eventually captured by it.
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Diabatic ionization model for capture of antiprotons by atoms

Y. Teranishi and I. Shimamura

Collision processes involving an antiproton have at-
tracted much attention recently, since the Antipro-
ton Decelerator (AD) facility at CERN is expected
to open new possibilities for related experiments.!
Even though the capture of antiprotons by atoms or
molecules is one of the most important processes in an-
alyzing these experiments, accurate theoretical calcu-
lations are available only for the simplest target, i.e.,
the hydrogen atom.?) In the present study, we pro-
pose a simple, diabatic ionization model for the cap-
ture cross sections for atomic targets in general, and
discuss its validity by comparing with other theoretical
results.

In our model, we assume that the target atom (A)
is ionized with unit probability when, and only when,
an antiproton (p), following the classical trajectory,
reaches a critical distance (R.) from the target nu-
cleus, at which point the diabatic ionization potential
becomes zero. In other words, R, satisfies the equation

Vatom(Rc) s Vion(RC)’ (1)

where V#°™(R) and V°"(R) are diabatic potentials of
the antiproton-atom system p-A and of the antiproton-
ion system p-A™T, respectively, defined by

Vatom(R) = ‘I,atom ‘ Vatom—;B(R) | \I]atom >, (2)
and
Vion(R) — \I’ion | Vion—ﬁ(R) | ,I,ion = . (3)

We assume that the antiproton is captured by the
atom if ionization occurs at collision energies E below
the ionization threshold. The capture cross section is
then given by

o= %(EJrAE)Rf, (4)

where AE = V3°m(R.) — V3™ (o0). If we make a
further assumption that the angular momentum of the
emitted electron is negligible, the cross section differ-
ential in the continuous classical angular momentum I
of the formed antiprotonic atom pA™ is given by

do [

do _ o b 5
a = ouE (5)

where p is the reduced mass of pA™. The maximum
angular momentum is given by

Imax = {Q/L(E + AE)RC}1/2 (6)

The parameters R. and AE were calculated for var-
1ous atomic targets with atomic numbers Z = 1-54 us-
ing the Hartree-Fock wave functions. The total (cap-
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ture + ionization) cross sections for He and Ne atoms
are shown in Figs. 1 and 2 and are compared with the
results of classical-trajectory Monte Carlo (CTMC)
calculations.®*) As shown in these figures, our results
agree well with the CTMC results.

100

Total cross section
=

0 0.2 0.4 0.6 0.8 1

Energy(a.u.)
Fig. 1. Total cross sections for He. The solid line indicates

the present calculation, and the open square the CTMC
calculation.

100 y —

Total cross section
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Fig. 2. Total cross sections for Ne. The solid line indicates
the present calculation, and the open squarc CTMC
calculation.
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Tunneling effect in the single ionization of Ne by
an intense laser field

Y. Teranishi and I. Shimamura

The study of atoms and molecules in intense laser
fields has grown over the last decade. Developments
in the laser technology have led to short-pulse lasers
with field strengths on the order of one atomic unit.
lonization of atoms and molecules by such a strong
field takes place due to tunneling ionization or over-
the-barrier ionization.

Feeler and Olson!) studied the single ionization of Ne
by using the classical Monte-Carlo method to obtain
the momentum distribution of Ne™ after ionization by
800 nm lasers with various intensities of from 3x 10 to
3 x 10'® W/ecm?. In this intensity regime, the Keldysh
parameter (), defined by

QEJ()(JJ2
i e 1
Y T (1)

where Ej, w, and I are the ionization potential of the
target, the frequency of the laser field, and the inten-
sity of the laser field, respectively, is smaller than unity
(0.775 to0 0.245), which may imply that over-the-barrier
ionization plays a dominant role, and that classical
mechanics can describe the ionization process. Their
calculation, however, gives a rather broad momentum
distribution of Net compared to the experimental re-
sults. In the present study, the momentum distribution
of Net was calculated by the classical Monte-Carlo
method including the tunneling effect. The role of tun-
neling in the ionization process was considered.

In order to treat a multi-electron target in the classi-
cal mechanical framework, we considered only one ac-
tive electron subjected to the model potential proposed
by Garvey et al.?) The initial condition for the electron
is given by the micro canonical ensemble. Hamilton’s
equations were solved by the Runge-Kutta method,
and when the electron reaches the potential barrier,
the tunneling probability was calculated assuming one-
dimensional motion along the direction of the laser po-
larization, namely,

1

1 + exp(27|a|) (2)
Here, o is defined by
T2
o= / p(x)dx, (3)
Jz,

where , and 2, are the turning points, p(z) is the mo-
mentum of the electron parallel to the laser polariza-
tion, and the contour of the integration is also parallel
to the laser polarization. Our results for a wavelength
of 800nm and an intensity of I = 1.3 x 10 W/cm?
with and without the tunneling effect, are shown in
Fig. 1 along with the experimental results given in
Ref. 3. Our results show that the tunneling effect plays
an important role in the ionization process even when
the Keldysh parameter is smaller than unity (v = 0.245
in this case). The tunneling effect sharpens the mo-
mentum distribution because the pulse width is so
large that the ionization is completed before the in-
tensity reaches its peak value.
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Fig. 1. Momentum distribution of the Ne' ion after ion-
ization by an 800nm, I = 1.3 x 10" W/cm? laser.
The solid line indicates the present calculation, and the
dashed line represents CTMC without tunneling effect.
The solid squares indicate the experimental values.
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Theoretical intensity distributions of K X-ray
satellite spectra emitted from Al

T. Yamamoto

Theoretical calculations were carried out to repro-
duce the fine structures of the K X-ray satellite spectra
of Al induced by the impact of C3¥ ions. These satel-
lites are emitted from KL™ multiple ionized states, i.e.,
excited states with one K and n L vacancies. Relative
intensities of the satellites emitted from KL™ multiple
ionized states are proportional to KL™ multiple ioniza-
tion cross sections, if we assume that the fluorescence
yields for all multiple ionized states are the same. The
KL™ multiple ionization probability Pk~ is expressed
by a binomial equation as

- [(2) 0

a.b

()]
[)mo-r]

where Ppy, Pas and Py, are the ionization probabili-
tics of 1s, 2s and 2p electrons, respectively. The Bi-
nary Encounter Approximation (BEA)" and the Semi-
Classical Approximation (SCA)?) are often employed
to calculate the multiple ionization cross section, and
arc useful for light projectiles such as protons and al-
pha particles. However, large discrepancies appear be-
tween experiments and calculations for heavier pro-
jectiles carrying orbital electrons when we use these
nmethods. Because the projectiles are treated as bare
particles, i.e., particles with no orbital electrons, the
jonization cross section is proportional to Z;2 in these
methods, where Z; is the atomic number of the pro-
jectile. Then, we employed the Geometrical Model,>%
which is a modification of BEA, in order to obtain
KL™ multiple ionization cross sections. This method
is applicable under the condition, v, > v., where v,
and v, are velocities of the projectile and the L elec-
trons, respectively, and hydrogenic wave functions are
employed for the clectrons in the target atom. In this
method, the charge state of the projectile is assumed
to be an effective charge instead of Z;. Details of the
Geometrical Model are found in the references.®) The
multiple ionization cross section due to the shake pro-
cess is not negligible for a target with a low-Z num-
ber. The shake probabilities®) were also taken into
account in these calculations. Calculated results for
the K-alpha X-ray spectra of Al induced by C3** ions
with incident energies of 18.5, 23.6, 40.3 and 72.3 MeV
are compared with experimental results®) in Fig. 1,
in which theoretical intensity distributions reproduced
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Fig. 1. Comparisons of Al K-alpha X-ray satellite distri-
butions induced by a) 18.5, b) 23.6, ¢) 40.3, and d)
72.3MeV C37 ions between experiments and calcula-
tions. Solid bars represent experiments, and shaded
and open bars represent calculations with and without
the shake effect, respectively.

the experimental ones well. From these results, our cal-
culation method was found to be useful for analysis of
the satellite structures induced by heavy ion impacts,
where conventional methods failed.
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Studies on electron degradation and thermalization
in Hy and D, gases

K. Kowari*

The relaxation of subexcitation electrons in Ho gas
at a temperature of 300 K and the number density of
2.69 x 10 ecm™® has been studied by Kowari using
the Boltzmann equation.)) The Boltzmann equation,
which explicitly includes elastic and inelastic collisions,
is given by

of

ot
where f = f(v,t), and v is the velocity of an elec-
tron. In Eq. (1), Jo(f) and J..(f) are the elastic
and inelastic collision operators, respectively. The
elastic collision operator is the Fokker-Planck opera-
tor, and the inelastic collision operator a difference
operator. The expansion of the electron vclocity
distribution function in Legendre polynomials gives

flo,t) = > filv,t)P(cosf). We assume that the
=0

= Jalf) + Jin(f). (1)

electron distribution function is spatially homogeneous
and isotropic in w. The electron energy glistribution
function is expreg.sed as p(E,t) = 2n(2):VEf(v,t),
where F = m;Z, and the incremental degradation
spectrum as z(F,t) = wvp(E,t). Inserting p and z
in Eq. (1), we obtain the equation for time evolu-
tion of z(F,t). We solve it with an initial distribution
po = 6(E — Eg)d(t), where Fy is an electron initial en-
ergy. Once we have obtained the electron distribution
function p(E, t), we can calculate the electron average
energy, the cumulative degradation spectrum, the cu-
mulative net yields, and so on.

It deepens our understanding of electron degrada-
tion and thermalization in gases to carry out a study
on isotope effects in Dy and Hy gases. We have recently
carried out calculations for electron degradation and
thermalization in Do gas with three different clectron
initial energies and complementary calculations in Hy,
in order to study isotope effects.?) Suppose ny, is the
number of collisions that excite a molecular state [ to
m, the net cumulative yield is calculated as

ﬁlm(t) = nlm(t) - nml(t)»

where m is greater than [. Figure 1 shows cumulative
net yields for major rotational-excitation processes in
Hs and Ds. The net yicld for J = 1 to 3 is the largest
in Hy because of the statistical weight, and that for
J =2 to 4 in Dy. All net yields shown in Fig. 1 seem
to reach a plateau by 6 1us.

It is shown that the electron average energy in Hy de-
creases more rapidly than that in D; until some 5.5 ns,
and thereafter it decreases more slowly.?) Furthermore,

*  University of Electro-Communications
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Fig. 1. The solid curves represent net yields for primary
rotational excitations with an initial energy of 5eV in
Hy, and the dashed curves those in D>. The symbol
7Lj—o2 indicates the net yield for J = 0 to 2, nij=3 for
J =1to 3, Nj=o4 for J =2 to 4, and n =35 for J =3
to 5.

the influence of collisions casuing rotational excitation
and deexcitation on the electron average energy after
6 ns is discussed for Hy and Ds.

I have given an analysis of the electron average ener-
gies in Hy and Dy with multi-term exponential fitting
by meaus of a fitting algorithm I have developed.?) The
paper compares the calculated exponents with experi-
mental results by Warman and Sauer®) and by Okigaki
et al.®

In a series of pa.persl"B) electron attachment is not
included, and this is considered to be justified as the
cross section for electron attachment in Hs is much
smaller than those for the other processes involved;
however, it is reported that if Hy molecules are vi-
brationally or rotationally excited. a peak at 4eV is
strongly enhanced.®) Since the present method can in-
clude electron attachment,” we will be able to study
the negative-ion formation in Hy and Dy at high tem-
perature if adequate information on the cross sections
for electron attachment is given.
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Elastic-wave source characterization for
95 MeV /u Ar-ion irradiation on solids

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

We have observed elastic waves generated by irradi-
ation of 95 MeV /u Ar ions on various solids, and mea-
sured the propagation time of the elastic wave in the
matter to determine the depth of the wave source.

The experiments were performed at the RIKEN
Ring Cyclotron with a 95 MeV/u Ar beam which con-
sisted of a single-bunch pulse with a width of 3ns and
an interval of about 60 ms. The beam preparation,
monitoring and irradiation setups were similar to those
for the previous experiments.!?)

The irradiated samples were polycrystalline metals
(Al and Cu), single-crystalline alkali-halides (LiF and
KCI), polycrystalline Al,Og, fused silica (SiOs), and
an invar alloy. The samples were squarc-shaped plates
with similar dimensions of about 40mm x 40mm x
10mm except for the Cu plate which was 35mm x
35mm x 10mm. The beam spot size was about
4mm x 4mm and the beam was incident perpendic-
ularly on the square-shaped surface (face plane). Two
KCI samples were used with different surface orienta-
tions of {100} and {111}. The velocities of the longi-
tudinal and shear waves in the samples were measured
by a sing-around method.

The elastic wave was detected by piezoelectric sen-
sors (Fuji Ceramics, M304A).%) The sensor is equipped
with a head amplifier and is sensitive to oscillation per-
pendicular to the surface up to about 2 MHz with the
highest sensitivity at about 300 kHz. Two sensors were
attached to a sample: one. referred to hereafter as the
side sensor, was on a side plane, and the other, re-
ferred to as the back sensor, was at the center of the
back plane opposite the face plane where the beam hit.

Figure 1 shows the waveforms measured by the back
sensor for various samples. The waveform is averaged
over 40- 50 shots to reduce the noise, and normalized
to the same number (about 9 x 10%) of ions. The axis
of the sensor was about 1.5mm from the beam center.
This distance was smaller than the diameter of the
sensor and the beam spot size, therefore the shortest
distance from the beam spot to the sensor was equal
to the sample thickness. Since the sensor can detect
the oscillations perpendicular to the surface and was
positioned nearly opposite the beam spot. it detected
only the longitudinal wave (compression wave).

Two of the materials, invar and fused silica, yielded
much lower amplitudes than the others, as shown in
Fig. 1(b). These two materials have very low coeffi-
cients of thermal expansion. The results indicate that
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Elastic waveform at back sensor
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Fig. 1. Elastic waveforms captured by a sensor attached
to the surface opposite the beam spot. The waveforms
are normalized to the beam-bunch intensity; (b) shows
those for fused silica, invar and Al,O3 where the ordi-
nate is expanded by a factor of 10.

the process that generates the longitudinal wave (com-
pression wave) is influenced by the thermal expansion
of the material. The results for invar and fused silica
arc not included in the following discussions.

We have measured the delay between the irradiation
and the onset of the elastic wave. From the delay time,
we have obtained the depth of the wave source from
the beam spot. The depths are in accordance with, but
slightly smaller than, the ranges calculated by a TRIM
code® with a relative difference of 3-10%. There is no
difference between the two crystal orientations of KCI.

Both the back and side sensors detected the longi-
tudinal wave with a positive output voltage at the on-
set which corresponds to an outward displacement of
the surfaces. This result means that the stress at the
source Is compressive and propagates in all directions.
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Anomalous shift of the Curie temperature in Fe-Ni Invar alloys
irradiated with high-energy ions

F. Ono,*! A. Iwase,*? Y. Hamatani,*! Y. Motoshimizu,*! N. Ishikawa,*?
Y. Chimi,*® Y. Mukumoto,*! and T. Kambara

Fe-Ni Invar alloys are known to exhibit various
anomalies in both mechanical and magnetic proper-
ties.)) Anomalies in the thermal expansion coefficient
were interpreted as being due to the large positive
value of the magnetovolume effect which cancels out
the normal part of the thermal expansion. Anoma-
lous decrease in the spontaneous magnetization from
the Slater-Pauling curve was considered to be due to
the instability of the ferromagnetic condition of the
3d-electrons.?) It is also known that Fe-Ni Invar al-
loys show anomalously large pressure dependence at
the Curie temperature, T¢r, and under the spontaneous
magnetization.’®) The Curie temperatures of Fe-Ni
Invar alloys around the composition of 33.6 at%Ni were
reported to decrcase with pressure at a large rate of
—36 K/GPa. Therefore, high-energy ion irradiation is
expected to introduce a large change in T¢.

The effect of high-energy ion beam irradiation on
Tc of Fe-31.9 at%Ni Invar alloy was investigated using
an ac-fleld method. To observe the Curie tempera-
ture for such a thermodynamically unstable specimen
as in the case of the present study, a rapid method of
observation is needed. In the present experiment we
used a specially designed apparatus for instantaneous
measurements of ac-susceptibility-temperature curves.
By using the present method, it is possible to com-
plete the measurement of the temperature dependence
of ac-susceptibility from room temperature to 500K
within 90sec. The irradiations were carried out at
room temperature with 3.54 GeV Xe ions at fluencies
of the order of 10'2/cm?, using the RIKEN Ring Cy-
clotron. The observed ac-susceptibility-temperature
curves after the irradiations are shown in Fig. 1. The
ac-susceptibility decreases suddenly at the Curie tem-
perature. In this figure it is evident that T increases
with the irradiation dose. The Curie temperatures
were determined to be 410, 414 and 417K for 1, 3
and 5 x 10*? jons/cm? irradiations, respectively.

Considering the large negative pressure dependence
of T¢ in Fe-Ni Invar alloys, the present experimental
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Fig. 1. Temperature dependence of ac-susceptibilities for
Fe-31.9 at%Ni Invar alloys after irradiation with
3.54 GeV Xe ions to a dose up to 5 x 10'?ions/cm?.

result that T increases with the irradiation dose im-
plies that a negative pressure has been introduced to
the specimen by the high-energy ion irradiations. Such
a negative pressure may be expected to be generated
along the paths of the ion beams through high-density
electron excitations.
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Final lattice sites and atomic motion of *”Fe atoms in Si
immediately after GeV-ion implantation

Y. Yoshida,* S. Ogawa,* Y. Kobayashi, and A. Yoshida

The RIKEN RI-beam factory is expected to pro-
vide a wide variety of radioisotopes, many of which are
suitable for use as nuclear probes in Mossbauer spec-
troscopy (MS), perturbed angular distribution (PAD),
and other nuclear methods. High-energy GeV-ion im-
plantation, however, would produce serious lattice de-
fects along the ion tracks and near the final lattice sites
of the probes, making it very difficult to study the lo-
cal surroundings and the atomic motion of the probes
deeply implanted in a bulk material. In order to de-
termine the damage effects in the Mdssbauer spectra
obtained by 2-GeV %"Mn/5"Fe implantation in Si,
we compare the in-beam spectra with those obtained
from a laboratory Mossbauer experiment on 3 nm-thick
57Fe-deposited CZ-Si under thermal equilibrium.

The absorption spectra were measured under a vac-
uum of 107 Pa between 300 and 1273 K. The Fe con-
centration was cstimated to be 2 x 107 Fe/cm? from
the thickness of the Fe layer, i.e., at least two orders of
magnitude higher than that of Fe solubility reported at
1273K,%) and seven orders of magnitude higher than
that of the in-beam cxperiment.!) When the speci-
men temperature was increased, «-Fe first appeared
at 300K and subsequently different Fe-Si compounds
were formed at higher temperatures. After measure-
ment at 1273-K for one week, a singlet became the
dominant component. corresponding to Fe on substi-
tutional sites in Si. The spectra obtained at thermal
equilibrium are shown in Fig. 1, which are compared
with those obtained from the former in-beam experi-
ment Y on ®"Mn/°"Fe in FZ-Si (Fig. 2). In the in-beam
spectra at 418 and 625 K, Fig. 2 clearly shows both in-
terstitial and substitutional Fe components on the left-
and right- hand side, respectively. In the present ex-
periment, on the other hand. only the substitutional
component is observed {Fig. 1), indicating that the Fe
atoms exist mainly on the substitutional sites. More-
over, the small interstitial component with a fraction
_of about 5% may also be seen in the spectra measured
at 573K and 773 K. The present result, however, com-
pletely contradicts the picture generally accepted so
far for the lattice sites as well as for the solubility of
Fe atoms in Si.?

Furthermore, in the in-beam experiment, both the
disappearance of the interstitial component and the si-
multaneous relaxation effect on the centre shifts were
observed at approximately 650 K, which could be inter-
preted to be the jumps of interstitial Fe atoms into va-
cancies.!) Since the substitutional component shows no
line-broadening due to diffusion and is therefore quite
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Fig. 1. Mossbauer spectra at thermal equilibrium obtained
from the laboratory experiment, which shows only sub-
stitutional Fe components in Si.
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Fig. 2. In-beam Mossbauer spectra which consist of inter-
stitial and substitutional Fe components.

stable even at 1273 K. the dynamical behavior observed
in the in-beam experiment should correspond to a re-
covery process from a nonequilibrium to an equilibrium
state around the nuclear probes.
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On-line TDPAC studies using the 1?0 beam

W. Sato, H. Ueno, H. Watanabe, H. Ogawa,*! H. Miyoshi,*! N. Imai,*? A. Yoshimi,
K. Yoneda, D. Kameda,*? Y. Kobayashi. and K. Asahi

The tinie-differential perturbed angular correlation
(TDPAC) method has been widely applied to research
in condensed matter physics as well as nuclear physics,
and it has provided valuable information on hyper-
fine interactions. Applicable probe nuclei are, how-
ever, limited to those having long-lived parent nuclides
that allow chemical treatments for their introduction
into samples of interest, and this limitation could be
a cause of the restriction of investigated samples. It
is hence of great importance to develop new probes
that can be applied to the TDPAC method. If it is
possible to produce short-lived nuclei and introduce
them into samples of interest immediately after their
production, those nuclei could be used as probes for
the TDPAC method. In the present work, we have
taken advantage of the advanced technology of parti-
cle acceleration and have developed a new short-lived
probe, 9F, disintegrated from the parent nuclide 20,
for a TDPAC study of fullerene Cgp.")

The O beam was produced at the RIKEN Accel-
erator Research Facility. Ionized ??2Ne was accelerated
by two-stage acceleration with the AVFE cyclotron and
ring cyclotron up to 110 MeV/u at a beam intensity
of 150pnA. The secondary beam 'O was produced
using the RIKEN projectile-fragment separator.?) A
well-focused pulsed 'O beam of 65MeV/u was im-
planted in the sample, and on-line TDPAC measure-
nents were performed on the (1357-197)-keV cascade
~v rays emitted fron1 '°F nuclei using sixteen BaF; scin-
tillators arranged in four independent detector planes
to cover a solid angle of approximately 27 sr.

Prior to studying polycrystalline Cgp, the 'O beam
was implanted in distilled water for observing the mag-
nitude of the directional anisotropy denoted by the
angular correlation coefficient Agp. The TDPAC spec-
trum of '°F in the distilled water is shown in Fig. 1.
As generally expected for nonviscous liquid samples,
the directional anisotropy of the cascade v rays is neg-
ligibly perturbed. We accordingly fitted the spectrum
assuming the diffusion approximation for the time-
differential perturbation factor Gago(t). From the fit,
the angular correlation coefficient was cxperimentally
estimated to be Aqy = —0.17 £ 0.01.

The TDPAC spectrum for the polycrystalline
fullerene Cgo at 73K is plotted in Fig. 2. Since the
directional anisotropy shows a slowly relaxing damped
oscillatory structure, we interpreted the spectrum as
having two different components: one has a static elec-
tric quadrupole interaction with the extranuclear field
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Fig. 1. TDPAC spectrum of '°F in distilled water at room
temperature.
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Fig. 2. TDPAC spectrum of '*F in polycrystalline fullerene
Ceo at 73K.

and the other is dynamically perturbed by the field.
The electric-field-gradient (EFG) value for the first
component was optimized by the least-squares fit as
|V..| = (4.4 £0.8) x 10'¥ Vem~2. Taking into consid-
eration reported values of the EFGs at the '9F nucleus
forming a C-F bond,” the estimated EFG value for
the first component would also reflect the same type
of interaction between the network carbons and flu-
orine atoms. In the case of the sccond component,
it is considered that the dynamic perturbation is at-
tributed not to the thermally activated motion but to
the recoil effect triggered by the 5~ particle cmission
from the 9O nuclei, because little, if any, teniperature
dependence can be observed in the TDPAC spectra.
For more detailed understanding of the interaction be-
tween the 'F probe and Cgo molecules, the present
data should be compared with results of theoretical
calculations.
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Stopping power measurement of ¥ Kr in a laser-produced plasma

A. Sakumi, T. Katayama, T. Nishimoto.” and Y. Oguri*

Iu the cuergy region of hundreds of keV/u, the en-
ergy dependence of the stopping power of oxygen ions
in a plasma is quite different from that in cold mat-
ter.”"#) Although the experimental investigation has
been conducted for a few species, the results are not
sufficient to explain the physics involved in beam-
plasma interaction systematically. With this back-
ground, we have experimentally investigated the de-
pendence of the stopping power in the plasnia on the
atomic number of various projectiles with fixed inci-
dent energy, ranging from Kr to Bi. These projec-
tiles are available at the CNS (Center for Nuclear
Study. Univ. of Tokyo) beam line in the RILAC facility.
Figure 1 shows a schiematic view of the experimental
setup. The energy loss of ions, which interact with the
target plasma, is measured by the time-of-flight (TOF)
method. In order to filter the plasma light emission, a
gold foil is sct in front of MCP. The laser, ion beam.
and the pulser are synchronized by the digital delay
generators.

A dense plasma is produced by irradiating a small
lithiwim hydride (LiH) pellet with a Q-switched Nd-
glass laser (A = 1.054 pn, 4.5] and 30us (FWHM)).
The pellet diameter is approximately 60 gm. The ir-
radiance of the laser on the pellet is 2TW/cm?. The
target is a plasma with a density of 10¥ cm™ and a
temperature of ~15¢V.

The beam consists of 1 MeV /u ®#Kr!'"* jons, deliv-
ered with the period of 32 MHz. Figure 2 shows the
signals from the bunch monitor behind the RILAC #3
cavity (a) and the stop detector (b). The beam du-
ration of the (a) signal is about 2ns in FWHM, while
that of the (b) signal is about 5ns in FWHM. The drift
distance from the #3 cavity and the stop detector is
about 50m, and the momentwn spread is 0.15%, so
that the spread of beamn shape is observed. For good
accuracy of the experiment. we most decrease the beam
spread.

RILAC LiH plasma target
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Fig. 1. Schematic view of the experimental setup.
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Figure 3 shows the signals without (a) and with the
plasma (b). The energy loss was estimated by the
tinie duration between each signal. The maximal de-
lay was 4.1 ns at t = 60 ns after the laser was fired and
the relevant energy loss was 3MeV. The estimated
stopping power was 190 MeV/(mg/cm?), as shown iu
Fig. 4. Figure 4 also shows the stopping power calcu-
lated using the enhanced Bethe equation and the rate
calculation. The experimental result agrees with the
calculation.
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TOF spectral profile of fullerene-like fragment ions
in C%t—Cg( collisions

Y. Nakai, T. Kambara, A. Itoh,*! H. Tsuchida,*? and Y. Yamazaki

A number of studies of Cgp fragmentation have
been performed with various excitation probes.!”® In
particular. production of fullerene-like fragment ions
(FLFT’s) has been intensively studied. The time-of-
flight (TOF) peak profile for each product ion contains
information on fragmentation, that is, the kinetic en-
ergy release and lifetime. We have developed a high-
resolution TOF mass spectrometer to obtain informa-
tion on the fragmentation mechanism. Using this spec-
trometer, we measured TOF peak profiles in the mass
range of C7, to Cf; for fragmentation by 2.5MeV /u
He?™ ion impact and compared themn with the sim-
ulation of sequential Cy emission based on the Rice-
Ramsperger-Klein-Marcus (RRKM) formalism. It was
shown that the experimental results support high acti-
vation energics (9.5¢V for Cf,) and a very loose tran-
sition state.?) Here, we report TOF spectral profiles of
heavy fragment ions by 2.5MeV/u C* impact. The
beam of 2.5 MeV /u C% was accelerated by the Rlken-
Linear-ACcelerator (RILAC). The details of our exper-
iment setup are described in Ref. 10.

Figure 1(a) shows an experimental TOF spectrum
in the range of C;ro to C;8 by 2.5MeV/u C* impact.
Generally, the peak intensities of Cdy_,, (n = 1 to
5) decrease exponentially with n. These peaks have
the following features: The tail of each peak of singly
charged FLFT on the longer TOF side is found to curve
much more gently than that on the shorter TOF side.
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Fig. 1. (a) Experimental TOF spectrum in the range of
Cd, to Cx by 2.5MeV/u C° impact. (b) Experimen-
tal TOF spectrum in the range of Cig’ to ng’ by C%F
impact.
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This asymmetry becomes less prominent with lighter
fragment ions. The short vertical lines in Fig. 1(a)
represent the TOF peak positions of the 12Cg,_,,, frag-
ment ions when they are produced promptly with zero
recoil energy. It is seen that all the TOF peaks are
not only tailed to but are also shifted to the longer
TOF side than the corresponding vertical lines. These
features strongly indicate that the fragmentations take
place after Cgg is lonized by a projectile ion. The fea-
tures of the TOF peak shape by C%" impact are very
similar to those by 2.5MeV/u He?* impact.?) This
similarity indicates that the production mechanism of
singly charged FLFI by 2.5 MeV/u C%F impact is the
same as that by 2.5 MeV /u He?' impact.

Figure 1(b) shows an experimental TOF spectrum
in the range of Ci;{ to Cg; by C®* impact. The short
vertical lines in Fig. 1(b) represent the TOF peak po-
sitions of the "2CZ5 , fragment ions when they are
produced promptly with zero recoil energy. The TOF
spectrum of doubly charged FLFI is similar to that
of singly charged FLFI. This TOF spectral similar-
ity between singly charged FLFI and doubly charged
FLFI indicates high activation energies of Cy emission
from doubly charged fullerene ions as singly charged
fullerene ions because the shape of the TOF peak is
sensitive to the activation energy. A very recent study
using a storage ring revealed that the activation ener-
gies of Cg emission from doubly charged fullerene ions
are close to those from singly charged fullerene ions in
the mass range of Cag to Czo.'") The similarity of the
TOF spectra also implies that production mechanisms
of doubly charged FLFI are the same as those of singly
charged FLFI. Namely, it implies that the sequential
Cy emission from excited C?m+ ions is a dominant pro-
duction mechanism of doubly charged FLFI.
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Lattice location of hydrogen in Nb-Mo alloys

E. Yagi, S. Koike,*! T. Matsumoto,*® T. Urai, N. Tajima, and K. Ogiwara

Regarding the effect of alloying on the terminal sol-
ubility of hydrogen (TSH) in group V, metals in the
periodic table (V, Nb and Ta), it has been reported
that for undersized metal solutes, e.g., Nb in Ta and
Mo in Nb, the TSH increases rapidly with metal solute
concentration up to a certain solute concentration, and
for oversized solutes. e.g.. Ta in Nb and Nb in V| the
TSH also increases with solute concentration but less
rapidly.!?) In order to understand the mechanism of
this effect, the lattice location of hydrogen in such alloy
systems is to be investigated. Previously we performed
channelling studies to locate hydrogen in Nb-based Nb-
Mo alloys with various concentrations of Mo up to 20
at.%. The result showed that, at low Mo concentra-
tions, H atomns are trapped by Mo atoms at room ten-
perature and are located at sites which are displaced
from tetraliedral (1') sites by about 0.6 A towards the
nearcst-neighbour lattice points (trapped sites Ty,).?
At a high Mo concentration, 20 at.% Mo, H atoms arc
not observed at such Ti, sites, but a major portion
of them are located at T sites, and 20 30% of them
arc at octahedral (O) sites at low hydrogen concentra-
tions.?) These results indicate that the hydrogen site
occupancy changes with the Mo concentration, Chy,.
The Nb-Mo alloy system forms a solid solution over
the entire Mo concentration range. The TSH in Nb
at room temperature is about 4 percent, whereas the
TSH in Mo is very low. Therefore, systematic studies
on the Cyi, dependence of hydrogen site occupancy arc
desired.

In the present study, the lattice location of hydro-
gen in an alloy with a higher Mo concentration of 26
at.% is mvestigated at room temperature by a chan-
nelling method utilizing a nuclear reaction 'H(*'B, «)
a a with a "B beam of about 2MceV, as in previous
studies.>®) For comparison, the lattice location of hy-
drogen in pure Nb is also investigated. Hydrogen was
doped from the gas phase to a hydrogen-to-metal-atom
ratio Cy = [H]/[M] of 0.023 for the Nb specimen, and
three different values of Cy = 0.016, 0.026 and 0.059
for the Nb-Mo alloy specimens. The chanuelling angu-
lar profiles obtained for the alloys are very similar to
those of the Nb specimen. Based on the coniparison of
the ohserved angular profiles with the calculated ones,
it is concluded that. irrespective of the hydrogen con-
centration, more than 90% of H atoms are located at
T sites in the Nb(74 at.%)-Mo(26 at.%) alloys. Even
if H atoms are located at O sites, the proportion is less
than 10%. This is different from the result for H in
Nb(80 at.%)-Mo(20 at.%) alloys. in which, at low hy-
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drogen concentrations, a 20-30% O-site occupancy by
H atoms was observed in addition to T-site occupancy.

The site change of hydrogen in the Nb-Mo alloys
containing up to 20 at.%Mo has been explained as fol-
lows.*) At low Cypo. the strain field induced by the un-
dersized Mo atoms is localized and the internal strain
is relaxed by hydrogen occupation of interstitial sites
neighbouring Mo atoms; H atoms occupy well-defined
T:. sites near Mo atoms due to attractive elastic in-
teraction between them. At high Cyg. there will be
a statistical distribution of local atomic configurations
and concomitant distribution of interstitial site energy.
In addition, the interference of the strain field induced
by nearby Mo atoms influences the distribution of in-
terstitial site energy. Correspondingly, trapping be-
haviour will become less well defined, and therefore,
the number of H atoms located at Ti, sites per Mo
atom becomes smaller. At much higher Cyy,, d.¢., 20
at.%Mo. the average separation between Mo atoms
becones cven smaller, and the cffect of strain fields
of individual Mo atowms tends to be averaged out. It
would be more appropriate to regard this alloy as a
purc metal having a hoinogeneously reduced lattice pa-
rameter. As a result, the energy difference between T
and O sites becomes sialler, and O sites become more
easily available for occupation.

The present result for the Nh(74 at.%)-Mo(26 at.%)
alloys, however, cannot be explained by such a size
effect. In the Nb(74 at.%)-Mo(26 at.%) alloys, the lat-
tice paramecter is considered to be smaller than in the
Nb(80 at.%)-Mo(20 at.%) alloys. Therefore, on the ba-
sis of the size effect, a larger fraction of the O-site oc-
cupancy would be expected in the Nb(74 at.%)-Mo(26
at.%) alloys. The experimental result is incompatible
with this expectation. Therefore, other effects should
be taken into account to explain the site occupancy
of hydrogen in 26 at.% Mo alloys. The experiinents on
niore cotcentrated alloys are now in progress.
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High-resolution soft X-ray measurements in 2.3keV /u
N’* ions transmitted through an Au microcapillary target

Y. Iwai.** Y. Kanai, H. Oyama, K. Ando, H. Masuda,*? K. Nishio,*?
M. Nakao,** T. Tamamura,** K. Komaki,"! and Y. Yamazaki

X-rays emitted from 2.3keV/u N7* ions transmit-
ted through a thin Au microcapillary foil were mea-
sured with a high-resolution soft X-ray spectrometer,
to study the formation and relaxation dynamics of a
hollow atom (ion)!) produced by a resonant charge
transfer in ion-surface collisions.

The present study was performed using a 14.5 GHz
Caprice type electron cyclotron resonance ion source
in RIKEN.? Recently. a new method of manufactur-
ing the microcapillary foil has been developed involv-
ing a nanolithographic technique, which allows the
preparation of a highly ordered microcapillary foil.®
In the present experiment, an Au microcapillary foil
was used, which was ~1 mm? in area with a thickness
of ~1 pm, many straight holes of ~100nm in diame-
ter, and a honeycomb structure with a 200 nmn inter-
val, i.e., the geometrical opening ratio was ~25%. It
was expected that efliciency would be good compared
with that of a former target.*) A detailed description
of the high-resolution soft X-ray spectrometer is given
in Ref. 4.

Figure 1 shows an X-ray spectrum, which was taken
immediately downstrcam of the target, for 2.3keV/u
I5N7* jons transmitted through the microcapillary.
The eight major lines are attributed to hydrogen-like
and helium-like transitions. which are summarized in
Table 1.5 Tt is expected that the relative intensity of
each transition reflecs the cascade transition of the hol-
low atom (ion). The trausitions of np-1s (5 < n < 8)
were observed with the highly ordered microcapillary
target for the first time and the transition from nine
or more n was not observed as a peak. According to
the classical over barrier model (COBm), the principal
quantumn number n. in which electrons are resonantly
captured from the target is given by

q

QW (1 + \/%)?

where ¢ is the charge state of the ion and W is the work
function of the target (physical quantities are given
in atomic units).%) The principal quantum numbers of
the initially populated states can be estimated as n ~
g + 1 = 8 in the present case. It is possible that the
principal quantum number of the initially populated
states is n ~ 8. The experimental result was consistent

ne(q) ~
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Fig. 1. Spectrum of K X-rays, measured with the spec-
trometer immediately downstrcam of the target, for
2.3keV/u >N ions transmitted through a highly or-
dered Au microcapillary. Bars with transition terms
show transition energies and I* indicates N VII ioniza-
tion potential el1crgy.5)

Table 1. Observed transition energies and electronic con-

figurations.

Experiment Ref. data® Configurations Terms
4304 +£04eV 430.7eV  1s2p — 1s* Py — 'Sg
500.3+0.5eV  500.3eV 2p = 1s Py — Sy

500.2eV 2p = Is  ?Pijp — Sy
593.1+£0.7eV  592.9eV 3p— 1s  *Pgp — *Sij
626.1+0.7eV  625.4eV 4p — 1s  *Pssp — *Sip
640.3 £ 0.7¢V  640.4eV 5p — 1s  *Pgn — %Sy,
648.6 £ 0.8eV  648.5eV 6p — 1s  *Pyso — 2S1
654.2+0.8¢V  653.4eV Tp—1s  *Pyn — %Sy,
657.1+0.8eV 656.6eV 8p — 1s  Psp — 2S5
Cf. 658.8 eV 9p — 1s Py — 2Si
667.1eV"

* N VII ionization potential energy

with the prediction of the COBm.
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Visible light emission from slow highly charged ions transmitted
through a Ni microcapillary

Y. Morishita, R. Hutton,*! Y. Kanai, K. Ando, H. Masuda,? H. A. Torii,*® K. Komaki,*® and Y. Yamazaki

In the study of the neutralization process of a slow
highly charged ion (HCI) above a metal surface, one of
the most difficult and unavoidable experimental prob-
lems is that the HCI collides violently with the surface
within < 10713 sec due to its image charges induced
on the surface. Hence, observers mainly observe the
final moment, or the integrated memory of the neu-
tralization process. A technique of using microcap-
illary targets made it possible to extract such ions in
vacuurn, which are in different stages of the neutraliza-
tion above the surface.!) With the aim of observing the
first electron transfer, we have constructed a beam line
with a spectrometer in the visible light region, which
is schematically shown in Fig. 1. HCls, supplied by a
14.5 GHz Caprice ECRIS in RIKEN, are first impinged
into a microcapillary target made of nickel which is
100 nm in diameter and 700 mn in thickness. Photons
emitted from the HCIs downstream of the capillary are
then collected with aluminum-coated two Hlat and one
spherical concave mirrors, and imaged onto a slit of
the spectrometer with 5001 focal length, in which
the photons are dispersed and detected with a back-
illuminated CCD cooled to —120°C.

Figure 2 shows a spectrum observed with 2.0keV/u
Ar”* incident ions, the wavelength region of which cor-
responds to An = —1 transitions of the exiting ious,
which have captured one electron into a state with its
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Fig. 1. Schematic drawing of the experimental setup in-
stalled in the hall for slow highly charged ions at
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Fig. 2. A spectrum around n = 7-8 transitions of Ar®t
ions. Transitions with ¢ down to 5 can be observed, and
lines show splittings due to fine structures for smaller

¢, transitions.

principal quantum number of n; = 8. The spectrum
consists of seven clearly separable lines, and is thought
to reflect the difference of the initial angular momen-
tum (£;) of the captured electron.

For the identification of each line, we calcu-
lated transition wavelengths using multi-configuration
Hartree-Fock codes. accounting for various wavefunc-
tions for doubly excited states, i.e..

363[, 3snif. 3pngk. 3dnst.

where n; = 411, ng = 46 and n3 = 4 5. One of
the main reasons for this selection for wavefunctions
is based on a fact that encrgy levels for singly excited
states of Ar®t (3snf) ions are very close to those for
doubly excited 3pn,l!’ states because of a small gap
between the 3s and 3p states of Ar™ ions. Although
transition wavelengths can not be predicted with suffi-
cient accuracy, relative line positions make it possible
to identify each line. The calculated results are shown
by bars in Fig. 2. Here. (1) lines with the same ¢; num-
ber split into some components due to fine structures
of the states involved in the transitions, t.e., two coin-
ponents for ¢; = 6 transitions and four components
for ¢; = 5 transitions, and (2) ¢; = 5 transitions have
longer wavelengths than ¢; = 7.6 transitions due to
the configuration interactions stated above, which is
very different from a simple hydrogenic picture of an
excited ion with a finite-sized core.
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Improvement of experimental setup for Ion-atom crossed-beam
measurements at energy range below 100eV/q

M. Hoshino,* M. Kitajima,* Y. Kanai, Y. Nakai, H. Tanaka,” and Y. Yamazaki

Multielectron capture processes in highly charged
ion (HCI) and neutral atom collisions have become
one of the central topics of research in atomic colli-
sion physics. In the low-energy region, generally when
the velocity is below 1 au, differential cross sections
(DCSs) are very important for understanding interac-
tion potential energy curves, which are essential in the
detailed study of HCI-atom collision dynamics. There-
fore, we have produced a crossed-beam experimental
setup for DCS measurements of HCI-atom collisions
in the energy range below 100¢V/q.!) It is known that
the oscillation structure called Stiickelberg oscillation
appears in DCS of HCI-atom collision. This results
from the interference effects between the ions scat-
tered along different paths on the interaction potential
curves. Therefore, information about the oscillation
structure in DCS is very mmportant for understand-
ing the interaction of HCI-atom collisions. In order
to observe this oscillation structure, sufficiently high
angular resolution is necded. for example, less than
+0.5° at the collision encrgy of 100eV/q. However,
for the DCS measurements in the C*-He collision sys-
tem which we have reported,??®) the angular resolution
was not sufficiently high, so that the physical infor-
mation about the interaction in these system was not
obtained. Therefore, the experimental setup has been
improved to enable us to monitor the size, the shape
and the angular divergence of the HCI beamn directly.

A collision chamber is set at the BL2 of the 14.5 GHz
Caprice ECR ion source in the RIKEN Experimen-
tal Hall for slow highly charged ions.) The collision
chamber consists of a beam energy sclector, an effu-
sive nozzle and a scattered ion analyzer. Recently, we
installed a beam-profile monitor in the collision cham-
ber. The beam-profile monitor is sct at the turntable
with the scattered ion analyzer and can rotate from
0° to 60°. The beam-profile inonitor is a multichannel
plate (MCP) with a phosphor anode. Active diam-

*
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Fig. 1. A typical beam profile of the N** ion beam at
100eV/q obtained by the CCD camera.

eter of the MCP is 10mnm. The iimage of the beam
on the phosphor screen is guided by two scts of plane
miirrors and is monitored from outside of the collision
chamber with a CCD camera. The beam-profile mou-
itor can be moved away from the collision region to a
40 mm distance, so that the size and the angular diver-
gence of the HCI beam can be estimated directly. The
beam adjustment to obtain a high quality HCI beam
can be easily carried out. A typical profile of the N4+
ionn beam at 100 ¢V /¢ obtained by the CCD camera is
shown Fig. 1. Typical beam current is about 100 pA
in the collision volunie at energy of 100eV/q. N** ion
beam with about 2 mm diameter and £0.5° angular
divergence at 100eV/q is obtained.
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Current status of a cooling system for MCI using positron plasma

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

Interaction between ultralow-energy multi-charged
ions (MCls) less than 1eV/q and atoms/surfaces has
not yet been investigated,!) since no realistic technique
to produce ultraslow MCls has been developed. In or-
der to study this undeveloped field, a project to pro-
duce ultraslow MCls using a positron cooling technique
is under way. The principle of the positron cooling
technique is the same as that of the electron cooling
one, which has been successfully applied for producing
low-energy antiprotons.?) Charged particles stored in a
strong magnetic field lose their energies via cyclotron
radiation, the rate of which is inversely proportional
to the particle mass cubed. This fact means that if
light and heavy particles are stored in a strong mag-
netic field simultaneously. the light particles bechave as
cooling agents of the heavy particles. Positrons are
expected to be particularly useful because the recom-
bination of positrons with positive ions docs not take
place, 7.c.. the stored ions remain their initial charge
states during the cooling. The cooling time of 10°
MCls from 10%eV to 107 eV would be a few scconds
when 10% positrons are stored in a trap at 5T. An
ultralow-energy beam is gencrated if cooled MCls are
extracted slowly from the trap.

The cooling of MCls will be practically realized in
the following way® (see Fig. 1): (1) 100 electrons,
which are used as cooling agents for accumulating
positrons, are trapped in a multi-ring electrode® at
B=5T; (2) slow positrons are guided magnetically from
a ?2Na-based slow positron source into the trap. In
the trap. the positrons are first re-moderated with a
tungsten single crystal, then they are injected into the
pre-loaded electron plasma. The slow positrons thus
prepared are eventually trapped at the bottom of the
potential valley. The positron trapping efficiency is
expected to be 20 30%:;> (3) MCIs produced at an
ECR ion source are injected into the trap and cooled
with the positron cloud; (4) the cold MCIls (and the
positrons) are extracted from the trap by ramping the
potential valley. The cold MCI beam produced by such
a method would be transported via an electrostatic
lens system® from the trap to a magnetic field free
region for various experiments.

To date, we have constructed the following hard-
ware: (1) the slow positron source®: (2) the beamline
which can guide both positrons and MCls to the trap;
(3) a 50-cm-long multi-ring electrode trap®* which
consists of 23 electrodes. The slow positron source
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Fig. 1. Procedure of HCI cooling.

generates 2.5 x 10° positrons/sec using a 30mCi ?2Na
radioactive source, and the beamline can transport
all of the slow positrons to the trap. The multi-ring
electrode trap successfully confined an electron plasma
with a long lifetime of about 8 hours.

Now we are studying a technique for controling the
electron plasma precisely, particularly its charge dis-
tribution, since the positron trapping rate strongly de-
pends on this parameter.”) We will start the positron
accumulation experiment after optimizing the param-
eters of the electron plasma.
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Precision spectroscopy of the Zeeman splittings of the Be™ 2 281/2
hyperfine structure levels

T. Nakamura, M. Wada, K. Okada.*! I. Katayama,*? S. Ohtani,*® and H. A. Schuessler**

To date, precision measurements of the Zeeman
splittings of the ground-state hyperfine structure
(HFS) of trapped ions have been performed mainly
with the aim of developing frequency standards. We
have proposed the application of this technique in the
study of the nuclear structure of the various Be iso-
topes.t)

The hyperfine constant A shows a small but finite
isotope dependence. The main part of this hyperfine
anomaly stems from the finite distribution of the mag-
netism over the extended nucleus and is known as the
Bohr-Weisskopf effect.?) The effect is empirically de-
scribed by

A= Apoint(l Tt 6BW)a
where A and Apging are the hyperfine constants for
extended and point-like nuclei, respectively, and egw
is the anomaly. Since Apgin: cannot be obtained ex-
perimentally, we compare the ratio of A to the nuclear
gr-factor among the isotopes. The differential anomaly

Al/g; -
A= A2/g§ — 1~ egw — €Bw

can then be evaluated.

We plan to investigate the neutron halo structure of
the 'Be nucleus by means of the measurements of the
Bohr-Weisskopf effect which is sensitive to the radial
distribution of the loosely bound valence neutron. A
recent theoretical estimate supports the importance of
the investigation of the Bohr-Weisskopf effect in con-
nection with the nuclear structure of ''Be.?) We have
been working towards the development of exact exper-
imental techniques for this purpose.*™®

In order to investigate the Bohr-Weisskopf effect of
11 Be, we must determine the hyperfine constant A and
nuclear g-factor gy for all of the odd Be isotopes with
an accuracy of at least 1075, A combined linear trap,
which consists of a superconducting Helmholz mag-
net and a linear rf trap, was constructed” for testing
a laser microwave multiple resonance method. Fig-
ure 1 shows typical microwave resonance spectra for
the nuclear spin flip resonance and the electron spin
flip resonance of Bet under an external magnetic
field of 0.47T. We were able to determine the hy-
perfine constant A and the nuclear g;-factor in units
of the atomic gj-factor from the two sets of reso-
nance frequencies using the Breit-Rabi formula. The
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Fig. 1. Electron spin flip resonance (top) and nuclear spin
flip resonance (bottom) spectra of the ground-state hy-
perfine structure of “Be™ obtained by laser microwave
multiple resonance spectroscopy under an external mag-
netic field.

values obtained are A = —625008835.23(75) Hz and
g/g; = 2.13478033(28) x 107%.®) These values are
slightly inconsistent with the NIST results by about
20.9) A reason for this disagreement could be a possi-
ble quadratic dependence of the hyperfine constant A
on the strength of the external magnetic field.!%'1) We
plan to confirm this theory in further experiments by
measuring the magnetic field dependence with greater
accuracy.
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A cryogenic ion trap for improving the trapping lifetime
of Be™ ions

K. Okada,*! M. Wada, I. Katayama,*? L. Boesten,*! T. Nakamura, and S. Ohtani*?

Laser-microwave double resonance spectroscopy of
trapped ions enables us to precisely measure the hy-
perfine structure splitting of alkali earth ions. We have
proposed systematic measurements of the hyperfine
structures of unstable Be isotopes in order to study
the Bohr-Weisskopf effect.’) Normally, we have only
minute amounts of unstable isotopes available to us.
Thus, it is important for the laser spectroscopy of such
ions to minimize the loss of the trapped ions. More-
over, buffer gas cooling is also essential for trapping
such externally injected ions.>®) The main causes of
the ion loss are kinematic collisions with heavy residual
background gases and chemical reactions with impuri-
ties. These problems can be solved by using a cryogenic
trap whose electrodes can work as powerful cryopumps
for such impurities in the trap region.”) We report the
development of a cryogenic linear rf ion trap for im-
proving the trapping lifetime of light Be™ ions.

We used an experimental setup similar to that de-
scribed in our previous paper.®) The modifications are
as follows. The linear rf trap was enclosed by double
cryogenic cylinders. A cylindrical radiation shield in
contact with a liquid helium (LHe) reservoir (1.61) was
surrounded by an outer cylinder in contact with a lig-
uid nitrogen (LNg) reservoir (3.01). The coolant injec-
tion pipes were welded to the LHe reservoir and passed
through the LNy reservoir to reduce the evaporation
of LHe by thermal inflow. The residual pressure inside
the vacuwmn chamber was approximately 5 x 1078 Pa
at room temperature. The pressure in the cryogenic
region was estimated from the pumping speced of the
cryogenic parts and fromt conductance calculations to
be lower than 1 x 10719 Pa.

We measured the storage time of He-gas-cooled Be™
ions (Fig. 1). Typically, it was of the order of 10
seconds at room temperature, but it was extended
to about 15min with LHe cooling (Fig. 1(b)). In
our experiment, we showed that laser cooling assisted
buffer-gas cooling even under the LNy cooled condition
(Fig. 1{c)). These results indicate that a difference in
the amount of the impurities of less than 1077 Pa re-
sults in a considerably improved trap lifetime, i.e., the
lifetime of trapped light ions is very sensitive to the
quality of He gas.

We also measured the trap lifetime of laser-cooled
9Be™ ions under cryogenic conditions. A lifetime of
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Fig. 1. Time evolution of the fluorescence signal from He-
gas-cooled *Be™ ions. Trap lifetimes T are 2.37(5) min
for the LNz-cooled trap (a), 14.9(1) min for the LHe-
cooled trap (b), and 22.9(1) min for the LN3-cooled trap
assisted by laser cooling (c). Laser power was 600 uW
for (c), and 40uW for (a) and (b). The stray light
level lies below the axis in all figures. fi¢ = 2.457 MHz,
Vie =120V, He gas pressure p = 4 x 1072 Pa.

178(3) min was obtained from the dominant time cou-
stant of the fluorescence decay curve.) This lifetime
is approximately 18 times longer than the correspond-
ing lifetiine at room temperature. A laser-cooled ion
crystal, which was lost within 10 minutes at room tem-
perature, was kept for approximately 30 min without
any ion loss with the cryogenic linear trap.%)

The usefulness of a cryogenic linear rf ion trap for
the minimization of ion loss and for the long-term con-
finement of light Be™t ions was demonstrated in our ex-
periment. Most of the ion-loss problems, particularly
for buffer-gas-cooled light ions, can be solved by using
a cryogenic ion trap. Such a cryogenic trap should also
be useful for the accumulation of ions of an unstable
isotope.
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Optical detection of atoms and ions in superfluid helium

R. Saneto,*! Y. Fukuyama, I. Tanihata, Y. Matsuo, and Q. Hui*?

Superfluid helium (He II) is expected to be a suit-
able medium to study short-lived nuclei because it can
instantly stop ions with high kinetic energy.!) Injected
ions are trapped at a certain region of a He 11 chamber
determined by the initial energy of ions. Then, laser
spectroscopy can be applied to trapped atoms and ions
to determine the structure of these nuclei. Microwave
detection combined with the optical pumping method
will enable us to measure hyperfine splitting of alkali
and alkali-earth atoms and ions.?®) In order to perform
a laser spectroscopic study of unstable nuclei in He II,
it is necessary to develop a method of detecting an op-
tical signal. In off-line experiments, laser ablation is a
useful method of implanting atoms and ions in He II.
We have reported that ions produced by laser ablation
were introduced into He II by applying an electric field
and the mobility of ions was measured.®) In this report,
we describe laser-induced fluorescence (LIF) detection
of impurity atoms and ions, such as Ba, Ba™t, and Sr,
in He II.

The experiment was performed in a quartz con-
tainer filled with He II of 1.6K in a cryostat at satu-
rated vapor pressure. Laser ablation with a Q-switched
Nd:YAG laser (355nm, 10 Hz, 101nJ) was carried out
above a liquid surface and produced ions were injected
into He II by an electric field generated at electrodes.
A detailed design of the cryostat and the electrodes is
described in Ref. 4. The schematic of optical detection
is illustrated in Fig. 1. For the excitation of implanted
atoms and ions in He II, a pulsed dye laser pumped
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Fig. 1. Schematic of optical detection.
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Fig. 2. Emission spectra of Ba and Ba™.

with an excimer laser was used. LIF signals were de-
tected with a photomultiplier tube (PMT) through a
monochromator. The detected signals were amplified
and integrated by a boxcar averager.

Figure 2 shows the emission spectra of Ba and Bat.
The wavelength of the dye laser for excitation (446 nm)
was set to the peak position of the D2 excitation line
of Ba™ in He II. The lowest singlet transition line of
Ba and the D1 line of Ba™t, which are in the typical
shape of lines in He II, were observed.?) Furthermore,
we observed a number of lines of Sr and Ba.

The amount of ions injected into He I after the laser
ablation is estimated to be 108 from the ion current ex-
periment.?) Since the efficiency of our optical detection
system is about 1072, the intensity of the Ba™ line in
Fig. 2 corresponds to emission from 10 ions. There-
fore, in order to perform optical detection of short-lived
nuclei, 10% of ions would be required in the detection
region.

We are now constructing a new cryostat which has
a window for introducing ion beams into He II. It is
necessary to determine the position of implanted ions
for the efficient observation of optical signals. The new
cryostat is designed to use hodoscopes that can detect
the position of unstable nuclei by observing beta-ray
emission.
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Study of BaF; crystal by a positron annihilation technique

K. Inoue,* N. Suzuki, Y. Itoh, A. Goto, and T. Hyodo*

In the last decade, BaF3, which is widely used as
a material for an ultra fast v-ray scintillator has at-
tracted much interest. Its photoluminescence process
is Auger-free: the radiative transition of a valence elec-
tron to a hole created in the core level stimulated by
the excitation of the outermost core Ba?t 5p level.))

In the present study, we measured the positron life-
time spectra and the doppler broadening spectra in
BaF; in the temperature range of 14 K-295 K.

First, a two-component analysis of the lifetime spec-
tra was performed. The results are shown in Fig. 1.
The shorter lifetime component is attributed to the
mixture of para-positronium component and the com-
ponent of the positron which does not form positro-
niwm.  The longer lifetime is attributed to ortho-
positroniumn.

It is seen that in the temperature range below 90 K,

71, 7 and Iy are almost constant. However, in the
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Fig. 1. Positron lifetimes and intensities for BaF.
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range above 100K, 7y and 72 decrease and I increases
as temperature rises. In the temperature range be-
tween 90 K and 100 K, 7;. I and the mean lifetime
change almost step-likely, and 79 starts to decreasc.

Figure 2 shows S-paramcter, which is defined as the
number of counts of the central region of the Doppler-
broadened 511 keV annihilation y-ray energy spectrum
divided by the total nmunber of counts. There is a
sharp drop in the temperature range 90 K-100 K. This
change correlates well with the result of the positron
lifetime.

Such step-like changes in the positron annihilation
parameters indicate the existence of a phase transition
of BaF;y or a change in the state of positronium.

An interesting phenomenon possibly related to our
result is reported by Ejiri et al.”) They measured the
photoluminescence spectra in BalFy and found that the
photoluminescence excited at 23K is much different
from that at room temperature, and explained that the
intensity of self-trapped exciton increases with cooling.
They also found that the intensity of the photolumi-
nescence of the self-trapped exciton becoies maximum
at around 95 K. However, they measured the photo-
luminescence spectra at only five temperatures; 23 K,
54K, 95K, 130K and 300 K. It is not certain that the
maximum is in the range of 90 K 100 K.

It is desirable to micasure the temperaturc depeu-
dence of various physical parameters of BaFy with
small temperature steps by various experimental tech-
niques.
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Temperature dependence of the Compton profile for BaF, crystal

K. Inoue,*! N. Suzuki, N. Hiraoka,*> M. Ttou,*? Y. Sakurai,*?> Y. Itoh, A. Goto, and T. Hyodo*!

In the previous paper,") we reported that the
positron anunihilation parameters for BaFy showed a
clear step-like change in the temperature range 90 K-
100K, and that this indicated the existence of a phase
transition.

Although the positron annihilation technique is
highly sensitive to various phase transitions (e.g.,
structural phase transitions, spin crossover transitions,
glass transitions, and so on), it is usually difficult to
identify the origin of the transition using only the
positron annihilation parameters. Thus it is useful
to combine this technique with other complementary
techniques.

In this study, we measured the temperature de-
pendence of the electron momentum distributions in
BaF, using a high-resolution Compton scattering tech-
nique. The measurements of Compton profiles were
performed at the beam line BLO8W of the SPring-8
facility. A monochromatized 116 keV incident X-ray
beam was scattered at an angle of 172°, dispersed by
a Si[620] analyzer, and detected by a high-purity Ge
detector. The momentum resolution was 0.15 atomic
units (a.u.).

The results are shown in Fig. 1. The solid circles
in (a) represent the Compton profile for BaFs at 85K
and the open triangles represent that at 110K. Fig-
ure 1 (b) shows the difference between the two spectra.
There is a slight difference beyond the statistical error
in the central part of the spectrum (within +2.5 (a.u.)).
This result probably corresponds to the result of the
positron annihilation measurements and evidences the
existence of a phase transition between 85 K and 110 K.

The difference in the Compton profiles is observed
only in the central region. It suggests that this phe-
nomenon is caused by the change of the electronic state
of the valence band (2p of F~), because the momentum
distribution of the valence electrons is narrow. For ex-
ample, the covalency of the chemical bonding between
Ba and F atoms might change between 85 K and 110 K.

The change in the Compton profiles is somewhat un-
clear as is apparent in the positron annihilation param-
eters.)) This is probably because the sensitivity to the
changes of the valence electrons differs. The amplitude
of the positron wave function is large in the intersti-
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Fig. 1. (a) Compton profiles for BaF; at 85 K (solid circles)
and 110K (open triangles). (b) The difference between
the above spectra.

tial region because of the repulsive force between the
positron and the nuclei. Thus, positrons are sensitive
to the changes of the valence electrons. The Compton
profiles represent the momentum distributions of all of
the electrons in a material. Thus the Compton profiles
are relatively insensitive to the change of the valence
electrons.

In order to clarify this point, we are also continuing
to investigate the temperature dependence of BaF, by
other techniques.

The measurements of Compton profiles were per-
formed at the SPring-8 facility with the approval of
the Japan Synchrotron Radiation Institute (JASRI)
(Proposal No. 2001B0231-ND-up).
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uSR study of the Cu-spin dynamics in Las_,Sr,Cuy_,Zn, Oy

1. Watanabe. T. Adachi,* K. Takahashi,*

A magnetically ordered state of Cu spins appearing
at low temperatures in La-based high-T, superconduc-
tors around the hole concentration of \% per Cul) is
now recognized to be a statically stabilized state of the
dynamical stripe correlations of spins and holes. This
stabilized state has been argued to lead to the suppres-
sion of superconductivity.?) Meanwhile, it has been re-
ported by Koike et al.®) that the superconducting state
in Lag_,Sr,Cui_yZn, 04 (LSCZO) around z = 0.115
is strongly suppressed by only 1% Zn substitution for
Cu also. These results suggest that the Zn substitu-
tion affects the stabilization of the dynamical stripe
correlations. Thus, in order to clarify the effect of the
non-magnetic impurity, Zun, on the dynamics of the dy-
namical stripe correlations, muon spin relaxation mea-
surements on the Zn-substituted LSCZO with x = 0.13
were carried out at the RIKEN-RAL Muon Facility,
while changing the Zn concentration from y = 0 to
0.10.

Figure 1 shows the time dependence of the asym-
wetry parameter of the muon-spin polarization, A(t),
(uSR time spectrum) of LSCZO with y = 0, .01,
0.05 and 0.10 at various temperatures. Figure 2 shows
the detailed temperature dependence of the time spec-
trum of the Zn-substituted LSCZO with y = 0.01 dis-
played in a short time region from 0 to 2 usec. In the

[ Lay Sr(.u]‘Ln O,
x=0.13, y=0 ® 2K
10 B S
A 8K
r 15K A
051 . -
0 —i=r
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Fig. 1. Zero-field uSR time spectra of the Zn-substituted
Lag_;Sr;Cui—Zn,O4 with z = 0.13 and y = 0, 0.01,
0.05 and 0.10 obtained at various temperatures.
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Fig. 2. Temperature dependence of the zero-field uSR time
spectra of the Zn-substituted Laz_Sr.Cui—yZn,Oq4
with = 0.13 and y = 0.01 within the early time range
from 0 to 2 usec.

Zn-free sample, the time spectrum does not change
so much, showing a Gaussian-type behavior down to
2 K, indicating no influence of the Cu moments at the
muon site, that is, the Cu spins are in a paramagnetic
state. In the case of the Zn-substituted LSCZO with
y = 0.01, a fast depolarizing component appears at low
temperatures below about 10 K and the time spectrum
changes to an exponential type, and finally the muon-
spin precession is observed at 2 K, as shown in Fig. 2.
The muon-spin precession is no longer observed even
at 2K in the Zn-substituted LSCZO with y = 0.05.
Solid lines in figures are the best-fit results obtained
using the analysis function of Age™ 2t + Aje Mt 4
Age 22t x cos (wt + ).

The observation of the muon-spin precession in the
Zn-substituted LSCZO with y = 0.01 at 2K clearly
indicates the appearance of a long-range magnetically
ordered state of Cu spins. This means that the dy-
namically fluctuating stripe correlations are statically
stabilized by only 1% substituted Zn, forming a long-
range ordered state. In contrast, the disappearance of
the muon-spin precession at y = 0.05 means the desta-
bilization of the statically ordered state of the stripe
correlations, that is, the magnetic correlation among
Cu spins tends to be destroyed by the Zn substitution
for y > 0.01.

As a result, the present pSR study confirms that a
small amount of non-magnetic impurities tends to pin
and statically stabilize the dynamical stripe correla-
tions but a large amount of non-magnetic impurities
destroys the stripe correlations themselves.
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Isomer effect on charge transfer from C3zH, molecules
(allene and propyne) at keV energies

T. Kusakabe,*! 1. Shimamura, and M. Kimura*?

Our understanding of charge transfer processes in
collisions of ions and hydrocarbons above intermediate
collision energies has been extremely limited due to the
complexity of the target. However, it becomes increas-
ingly important in a number of applications such as
those in plasma, material, medical and astrophysical
sciences.

For hydrocarbon molecules, as the number of car-
bon atoms increases, in general, the number of iso-
mers increases. The C3H4 molecule is known to possess
two stable isometric molecular structures, i.e., allene
(propadiene; HoC=C=CH,) and propyne (methylacety-
lene; HC=C-CHjy). It has been known that isomers
always show conspicuous differences in various physi-
cal and chemical properties in stationary, or dynamii-
cal aspects in the interaction energy equivalent to the
thermal energy domain. However, as a natural consen-
sus, it has been assumed that the isomer effect rapidly
disappear as the collision energy increases above, say,
50 eV regime because of a shorter interaction time, and
hence, has entirely been ignored in experiinental stud-
ies in the past. Therefore, it would be interesting to
investigate this phenomenon to determine the degree
of the effect on charge transfer depending upon the
molecular structure of the isomers.

We have observed, for the first tiine, prominent iso-
mer effects in charge transfer processes in collisions of
C™ ions with allene and propyne even at a collision en-
ergy as high as 1000eV.") The present charge-transfer
cross sections of allene are found to be systematically
larger than those of propyne in the entire energy range
studied up to 4.5keV. In order to understand the de-
tails, we have carried out a theoretical analysis based
on the DV-Xa method? for molecular states and a
semiclassical molecular orbital close coupling approach
for scattering dynamics.

The specific processes we have studied are collisions
of the ground-state C*(?P) ion with the allene and
propyne (C3H4) molecules:

CY(®P) + C3Hy(v; = 0)
— C(®P) + C3H,™ (vf) + 0.90eV for propyne,
(1)
CT(?P) + C3Hy(v; = 0)
— C(®P) + C3Hy™ (v) + 1.57¢€V for allene, (2)

where v; and vy denote the initial and final vibrational

*1 Department of Nuclear Engineering, Kinki University

*2 Graduate School of Science and Engineering, Yamaguchi
University
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Fig. 1. Charge transfer cross sections for C*-C3Hy (allene
and propyne) collisions. O; the present data for allene,
[]; the present data for propyne. The experimental er-
ror bars denote the absolute total uncertainty. Theoret-
ical results for allene and propyne are included in solid
and dot lines, respectively.

quantum numbers, respectively, of a target molecule.

The present experimental charge-transfer cross sec-
tions are shown in Fig. 1 for allene and propyne from
0.2 to 4.5keV along with the present theoretical re-
sults. Experimental charge-transfer cross sections of
allene are consistently larger than those of propyne in
the entire energy range studied, but the difference be-
tween these two sets of cross sections becomes more
pronounced with the collision energy below 0.4keV.
The difference between these two sets of the cross
section is 32.5% and 21.7% at 0.2keV and 0.3keV,
respectively, and these values are much larger than
the present total absolute experimental uncertainty of
14.6%. Therefore, the difference in the two sets of
cross sections in the isomers is confirmed at least at
the two lowest energy points. The trend of the two
cross sections of calculated results, although the abso-
lute magnitude is somewhat larger than the measured
one, is found to be consistent with that of measured
results, and supports our observation.
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Microwave resonances in the hyperfine structure of antiprotonic
helium and deduction of the antiprotonic orbital magnetic moment

E. Widmann,*! J. Sakaguchi,*! H. Yamaguchi,*! T. Ishikawa,*! R. S. Hayano,*' J. Eades,*?> M. Hori,*?
H. A. Torii,*® B. Juhdsz,** D. Horvath,*> and T. Yamazaki

Following the discovery of a doublet splitting in the
laser resonance transition (n.l) = (37.35) — (38.34)
in antiprotonic helium (pHe®)!) and the theoreti-
cal study of the hyperfine structure by Bakalov and
Korobov.?) an experiment to determine the quadru-
plet structure (sce Fig. 1) using two laser pulses and
one microwave was carried out during 2001 at the An-
tiproton Decelerator at CERN. The first laser pulse
was used to induce an asymmietric population of the
F =1+ 1/2 doublet whose time evolution caused by
microwave transitions was detected by the second laser
pulse. Two microwave resonance transitions (electron
spin flipping with respect to the large orbital angular
momentum (! = 35) of p) were observed as predicted,
as shown in Fig. 2. The observed f{requencies are
12.89624 + 0.00019 and 12.92430 + 0.00018 GHz (pre-
liminary), in excellent agreement with the predicted
frequencies.?) The precision achieved in this first ex-
periment is ~1 x 1072, Since the experimental values
agree with two independent theoretical calculations re-
cently performed,®® they provide experimental proof

F=L"-1/2

(m,L) B
F=L-1/2 J7=L

:VSHF’
J7T=L-1
Vhe®
n
VHF
VHF
J= Lt
i
Fral+1/2 t s
Jo=L

Fig. 1. Hyperfine structure of the antiprotonic helium and
various transitions.
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of the fundamental relation concerning the antipro-
tonic orbital g-factor and the anti-nuclear magneton
eh
2M,c

a(P)uy =

to the precision of ~1 x 107°. Note that no experi-
mental value is known for either ¢;(p) or un (nuclear
magneton) for the proton because no such orbiting pro-
ton exists in the matter world.
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In-beam Mdssbauer study on valence states of 5"Fe decaying from
"Mn implanted into KMnQO, (II)}

Y. Kobayashi, M. K. Kubo,*! Y. Yamada,*? T. Saito,*? H. Ueno, H. Ogawa,*> W. Sato, K. Yoneda,
H. Watanabe, N. Iinai,** D. Kameda,*> H. Miyoshi, and K. Asahi

Applications of 5"Mn, which is one of Mdossbauer
source nuclides for °“Fe, are quite rare because its half-
life (Ty/, = 1.45min) is short. Mn occurs in various
stable oxidation states up to 7+ in solids, which is not
the case for Fe and Co. Therefore, Mn is considered
to be one of the most attractive probes in solid-state
chemistry to investigate the chemical states after nu-
clear transformations.

We have succeeded in obtaining well-resolved in-
beam Mossbauer spectra of ®”Fe arising from >"Mn im-
planted into KMnOy4 between 11K and 155K. 5"Mn
particles were produced as a RI beam following the
nuclear projectile fragmentation of a *?Co beam (E =
80 A MeV) with a Be target using RIPS, and sub-
sequently implanted into a sample of KMnOy, in
which Mn ions are in a 7+ state and form symmet-
ric [MnOy4]~ tetrahedra. A typical °"Fe(« °"Mn)
Maéssbauer spectrum of KMnO, at 11K is shown in
Fig. 1. The obtained spectra below 90 K could be ana-
lyzed as having two components of a doublet and a
singlet at least. The doublet was assigned to FeZt
ions located interstitially or substituted for K-sites in
KMnOy from the derived Mossbauer parameters.

Suppose that the anomalous singlet resulted in the
Fe atoms substituting for regular Mn-sites in symmet-
ric tetrahedra. Molecular orbital calculations (DV-Xa

108 |
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Fig. 1. A *"Fe(« °"Mn) Méssbauer spectrum of KMnOy,
at 11 K.
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Fig. 2. Calculations for the population of 3d electrons
against the valence states of Fe.

and G98) were carried out to determine the electron
densities of Fe atoms in tetrahedral [FeO4]™~. The G98
calculation reveals that two species of [FeO4 |2~ (Feb)
and [FeOy4]° (Fe®t) are the most stabilized tetrahedra,
and that in these species the Fe atom is located in sym-
metric oxygen configurations. The other Fe”™ atoms
do not form stable tetrahedra of [FeO4]™~ geometri-
cally. The results of G98 calculation are consistent
with the shape of the singlet, that is, the electric field
gradient obtained in the Mossbauer spectra is zero.
The nature of the Fe-O bond tends toward covalent
from ionic with increasing valence state of Fe, there-
fore, the contribution of 3d-electrons to bonding or-
bitals increases, while that to antibonding orbitals de-
creases. Although the total population of 3d-electrons
decreases as the number of antibonding electrons de-
creases in the region from Fe?™ to Fe®* the popula-
tion of 3d-electrons increases because of the covalent
character in the region between FeS* and Fe8+. from
the calculations based on the different modes (NPA,
Mulliken and DV-X«), as shown in Fig. 2. Therefore,
the isomer shift of [FeO4]?~ corresponding to Feb+ ap-
pears to have a maximum value, while that of [FeO,]°
with a higher valence state is considered to be less than
the value corresponding to Fe®*. On the basis of the
Maésshauer parameters and the molecular orbital cal-
culation, it is concluded that the singlet is assigned
to the "Fe atoms substituting at Mn-sites in tetrahe-
dral [MnO4]~ with an unusually high valence state of
Fe(VIII).
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Stimulation of transferrin-dependent *°Fe and ®V uptake in rat
isolated adipocytes by insulin or vanadyl treatment

H. Yasui,” K. Kawabe,* A. Nakayama.* R. Hirunuma, S. Enomoto, and H. Sakurai*

The biological actions of vanadium have been in-
vestigated by many researchers. Since vanadium ions,
such as vanadyl (VO?*) and vanadate (VO37), have
been demonstrated to normalize blood glucose levels
of diabetic animals and patients, the insulin-mimetic
mechanisin of vanadium treatment has attracted much
interest. However, a few studies on the mechanisms of
biological actions in vanadium treatments have been
reported.

Insulin has been demonstrated to stimulate the
translocation of transferrin receptors from an intracel-
lular compartment to the plasma membrane, and sub-
sequently the accumulation of iron (Fe) in adipocytes,
by increasing the binding and uptake of diferric trans-
ferrin.!) This insulin-dependent stimulation is based
on an intracellular signaling mechanism similar to the
recruitinent of glucose transporters. Recently, the
insulin-mimetic effect of the vanadate ion on trans-
ferrin receptors and Fe uptake in rat adipocytes was
examined in order to determine its function in the
translocation of glucose transporters as an acute bio-
logical response.?) Thus, we first planned to study the
mechanisms of the vanadyl ion in a major oxidation
state in animals, which is less toxic than the vanadate
jon, as well as insulin in terws of stimulating uptake of
59Fe and #*V bound to transferrin in rat adipocytes.

A multitracer technique was used to investigate the
vanadyl- or insulin-stimulated uptake of trace elements
in rat isolated adipocytes. A multitracer solution con-
taining the radioisotopes of 20 elements was prepared
from a silver target irradiated by a heavy-ion beam
of 135MeV /nucleon accelerated by the RIKEN Ring
Cyclotron. Male Wistar rats (200g of body weight,
7 weeks old) were used in this study. Isolated rat
adipocytes (2.7 x 10° cells/mL) prepared as described?
were preincubated at 37°C for 0.5 hr using three differ-
ent concentrations (1 or 5x 1074, and 1 x 1073 mM) of
vanadyl sulfate or 4nM insulin in 1 mL of KRB buffer
(pH 7.4) containing 20mg of bovine serun albumin.
The multitracer solution dissolved in a physiological
saline containing bovine apo-transferrin (Tf) was then
added to the reaction mixturc and the resulting solu-
tions were incubated at 37°C for 2hr, where a final
concentration of Tf was 2mg/mL. The rcactions were
terminated by soaking in ice water and the mixtures
were centrifuged at 12,000 rpu for 1 min. After the so-
lution surrounding the cells was aspirated, the radioac-
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Fig. 1. Uptake ratios of *Fe and 48V in each cell prepa-
ration at 2 hr after an addition of the multitracer solu-
tion in the cell suspension treated with insulin (4 nM)
or vanadyl sulfate (V-low; 1 x 107 Vemids Bl 107 Y
V-high; 1 x 1072 mM), and in the untreated cell sus-
pension (control group). Data are expressed as nicans
+SD for 3 preparations. Significance level: "p < 0.05
and **p < 0.01 vs. control group.

tivity levels in the cells were measured by y-ray spec-
trometry (Ortec GEM, ParkinElner). The observed
~-rays were analyzed in terms of their encrgies and
half-lives. In this study, we focused on the data of
39Fe and *8V. Their uptake rates (% dose/2.7 x 10°
cells) were calculated.

The mean uptake ratios of °Fe and **V. both of
which were bound to apo-transferrin, were determined
in adipocytes of each group. The uptake ratios of
both elements increased with the stimulation of in-
sulin, however, the ratios were not significantly differ-
ent between the control group and the vanadyl-treated
eroup (Fig. 1).

These results indicate that the vanadyl ion treat-
ment nearly stimulates the translocation of transferrin
receptors from the cytosol to the plasma membrane in
rat adipocytes as well as that of glucose transporters,
suggesting the importance of roles of the vanadyl ion
other than as glucose trausporters in adipocytes.
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Abnormal metabolism of trace elements in mouse caused by
Zn-deficiency during the growth period

T. Ohyama,*! M. Yanaga,*! H. Maetsu,*! M. Noguchi,*? H. Suganuma,*! K. Ishikawa,*?> R. Hirunuma,

S. Enomoto, and T. Omori

Zinc is a very important element in terins of health.
More than 300 different enzymes in the body depend
on Zn to work properly. Recently, loss of the taste in
young generation caused by Zn-deficiency is increasing
in Japan.

In our previous works, abnormal metabolisms of Zn
and other trace elements, such as Co, Fe and Mn, in
addition to various symptoms were observed in Zn-
deficient mice.!) Furthermore, we also found a correla-
tion between Zn and Co concentrations in the liver of
mice fed with a Zn-deficient diet during the growth
period.!) However, details of the mechanism of the
change in metabolism of Zn and Co during the growth
period have not been clarified yet. Therefore, in the
present work, we investigated the behavior of Zn and
other trace elements in mice fed with a Zn-deficient
diet during the growth period after weaning using
the multitracer technique. We compared the results
with those for the adult mice fed with the Zn-deficient
diet®%) in order to obtain more knowledge regarding
the functions and interdependencies between Zn and
other trace elements in growing organisins.

Three-week old- (growing mice) and 8-week old
(adult mice) male mice of the ICR strain were di-
vided into two groups; one group was fed with the
Zn-deficient diet and distilled water (Zn-def. mice),
and the other group was fed with the control diet
and distilled water (control mice). After 3 weeks of
this treatment, a multitracer solution, which was pre-
pared from an Ag target. was orally administered or
intraperitoneally injected into each mouse. Six, 24 and
72 hours after administration, various organs and tis-
sues, such as the liver, kidney, pancreas, testis, bone,
and intestine were removed and subjected to gamma-
spectrometries. The oral administration method (oral)
is suitable for determination of the amounts of admin-
istered trace elements absorbed through the small in-
testine and their distribution in the organs and tis-
sues. On the other hand, total amounts of trace ele-
ments are absorbed when the intraperitoneal injection
method (i.p.) is adopted. Therefore, results obtained
using the second methods will reflect only the distri-
bution of trace elements in the body after injection.

When the multitracer solution was orally adminis-
tered to the growing or adult mice, Zn and Co uptake
levels in several organs and tissues of Zn-def. mice were
higher than those of control mice. This suggests that

w1
2

Faculty of Science, Shizuoka University
Department of Biology and Geosciences, Faculty of Science,
Shizuoka University

skl

10 ¢ 10 ¢

9 oral E i.p.
=} [
) I
A e
2 01 0.1 fs\’\é
s .
(=" L
= 0.01 : 0.01
0 50 100 0 50 100
Time (h)
1 -o- Zn-def. mice (Zn) -+ Control mice (Zn)

-+ Control mice (Co)

~~ Zn-def. mice (Co)

Fig. 1. Zn and Co uptake levels in bone of growing mice
after oral administration and intraperitoneal injection.

Co uptake from the small intestine increased with an
increase in the Zn uptake level. On the other hand,
when injected intraperitoneally, such a significant en-
hancement of Zn and Co uptakes was not observed. On
the contrary, as shown in Fig. 1, the Zn uptake levels
in the bone and pancreas of Zn-def. growing mice were
lower than those of control growing mice. This trend
agrees with the results for INAA.D The Zn concentra-
tions in the bone and pancreas of Zn-def. growing mice
were much lower than those of control growing mice.
The INAA data indicated that Zn, which had accumu-
lated in the bone and/or pancreas, was transported to
other organs and tissues of Zn-def. growing mice which
required more Zn to support their functions.

The Mn uptake levels in the liver and all the other
investigated organs and tissues of growing mice were
significantly higher than those of adult mice. Feure
and Joel reported that the absorption levels of Mn in
voung animals were higher than those in adult ani-
mals, generally because of incomplete maturation of
the intestine walls in young animals.¥) This may be
one of the reasons for the increase in Mn uptake levels
in growing mice.
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Brain regional uptake of trace elements in normal mice
during development

T. Tarohda,*"*? Y. Yabushita.*® Y. Kanayama,*3 R. Amano,*® and S. Enomoto

The knowledge of the function and metabolic be-
havior of trace essential elements in a variety of brain
regions is of great importance. Through studying the
physiological and biochemical roles of essential ele-
ments, a dramatic metabolic change can be described
during the development of the brain. In the previous
study, the brain uptake behavior of Mn, Zn and Se was
examined. They showed that uptake rates in 1-day-old
mice were higher than those in 4-, 8-, 21-, and 56-day-
old mice, and the uptake of Mn was higher than that
of Zn and Se for 1-day-old to 8-day-old mouse brains.
In the present work we focused on the brain regional
uptake of Mun, Zn and Se during the developmental
stage, that is 1 day to 21 days.

Twenty normal ICR mice were used for this ex-
periment. The mice were classified into four groups
according to age (1-, 4-, 8-, and 21-day-old mice).
An appropriate amount of the multitracer solution
was injected intraperitoneally (i.p.) into each mouse
(0.1ml/5g mouse weight). The mice were sacrificed
and perfused with 0.9% NaCl solution under ether
anesthesia 48 hours after the i.p. injection. The sam-
ples were divided into six regions; striatum (ST), cere-
bral cortex (CC), cerebellum (CB), hippocampus (HI),
thalamus plus hypothalamus (TH) and midbrain plus
pons plus medulla oblongate (MP). The uptake behav-
ior was evaluated in terms of the regional uptake rates
(% dose/g).

Figure 1 compares the regional uptake rates in the
ST, CC, CB, HI, TH and MP of the brains of norinal
1-, 4-, 8, and 21-day-old mice 48 hours after the i.p.
injection. Of all the age groups examined (1-, 4-, 8-,
21-, and 56-day-old), the regional uptake rates of Mn,
Zn and Se were highest in 1-day-old mice. In com-
parison to the regional uptake rates of Zn and Se, the
Mn regional uptake rates were higher in 1-day-old to
8-day-old mice for all brain regions, although the con-
centration of Mn is normally much lower than that of
Zn in the brain. Mn concentration in 1-day-old mouse
brains is much lower than that in 21-day-old mouse
brains, and Mn concentration in the brain rapidly in-
creased with growth in 1- to 21-day-old mice. These
results suggest that Mn is crucial during the earlier
stages of development. An interesting contrast is that
in the all regions of the 21-day-old specimen. out of the
three elements, zinc had the highest uptake rate. In the
21-day-old hippocampus, it was found that the highest
trace uptake had changed from Mn to Zn (called the
“turning point”), and moreover, the Zn uptake rates
increased in 8-day-old to 21-day-old mice. These re-
sults suggest that the role of Zn is crucial in the later
stages of development in the hippocampus. The turn-
ing point at 21 days underlines the shift in the respec-
tive roles of Mn, Zn and Se elements during develop-
ment, particularly as seen in the hippocampus.
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Fig. 1. Brain regions uptake rates of ®**Mn, ®3Zn, and "®Se in normal 1-, 4-, 8-, and 21-day-old mice 48
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Brain regional tracer uptake and elemental concentration
in mice fed Zn-deficient and -excessive diets

Y. Yabushita,*! Y. Kanayama,*! T. Tarohda,*?> R. Amano,*! and S. Enomoto

Zinc (Zn) is a cofactor of many proteins distributed
among all enzyme classes and has diverse functions in
brain homeostasis.!) Lack of Zn was shown to result
in poor growth, alopecia, and anostosis,? and its ex-
cess intake leads to toxicity. It is thought that these
symptoms are caused by various element (Zn)-element
(others) interrelationships rather than by the influence
of the single Zn element. In this work, we examined the
brain regional tracer uptake and the elemental concen-
tration in mice fed Zn-deficient and -excessive diets in
order to obtain some information about element (Zn)-
element (others) interrelationships.

Dam ICR mice were fed Zn-deficient (1) (Zn con-
centration: 0.7 ppm), Zn-deficient (2) (3.6 ppm), Zn-
adequate (36.0 ppm) or Zn-excessive (3520 ppm) diets
and pure water from the 16th day of pregnancy. Na-
tal mice pups were nurtured to three weeks and bred
with their dams. Three-week-old weanling male mice
(n = 5) were used for the experiment. It was difficult
for the mice to survive in the Zn-deficient (1) state;
only one mouse survived. The multitracer solution was
intraperitoneally (i.p.) injected into the mice. Forty-
cight hours after i.p. injection, the brain was excised
and dissected into eight regions. Each of the eight re-
gions was weighed and freeze-dried immediately. The
dried samples were measured using y-ray spectra with
a high-purity Ge detector and evaluated in terms of
“brain regional uptake rate (% dose/g).” Identical

samples were analyzed using instrumental neutron ac-
tivation analysis (INAA) and evaluated. As a result,
the multitracer solution enabled the simultaneous trac-
ing of 6Sc, %4Mn, 58Co, %°Zn, "5Se, and ®*Rb in all
brain regions. Figure 1 shows the brain regional uptake
rates of °Zn, 46Sc¢, ®*Mn, 58Co, 3Se, and 83Rb in Zn-
deficient, -adequate, and -excessive mice. The $Zn up-
take rates of Zn-excessive mice were significantly lower
than those of Zn-adequate mice. However, all other
tracers except for 6°Zn of Zn-excessive mice were sig-
nificantly higher than those of Zn-adequate mice. The
83Rb uptake rates of Zn-deficient (2) mice were signif-
icantly higher than those of Zn-adequate mice. Using
the INAA method, the concentrations of Zn in all brain
regions were determined. No significant difference in
Zn concentrations in each region was observed among
the four diet groups.

These findings suggest that Zn-deficient and
-excessive states influence the tracer uptake rates ex-
cept for °Zn, however, the Zn concentration in mouse
brain is not influenced by the Zn concentration of diets.
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Subcellular distribution of trace elements in mouse brain regions
using the multitracer technique

Y. Kanayama,* T. Tsuji,* R. Amano,* and S. Enomoto

In our previous work, we have studied the subcellu-
lar distribution of several trace elements in the brain,
and then fundamental results regarding the distribu-
tion were used to determine biochemical or physiologi-
cal functions of trace elements.!) To improve our exper-
imental procedure, we divided the brain into smaller
regions such as the cerebral cortex (CC), hippocampus
(HI), and corpus striatum (ST). In this study, we ex-
amined the subcellular distribution of several radioac-
tive tracers in the brain regions of normal mice, par-
ticularly in the CC, HI, and ST.

Five normal male ICR mice (6 weeks old; body
weight, 31-34g) were used in this experiment. A
multitracer solution obtained from RIKEN Ring Cy-
clotron was prepared as a physiological saline solution.
Twenty-four hours after the intraperitoneal (i.p.) in-
jection of the multitracer solution, each mouse was per-
fused with a physiological saline under ether anesthe-
sia. After excision of the brains, the CC, HI and ST
were removed from the brains and weighed immedi-
ately. Subcellular fractionation was performed accord-
ing to the method of Hajés.2) Each region was homog-
enized in 3ml an ice-cold 0.32 M sucrose solution con-
taining 0.01 M Tris-HCI buffer solution at pH 7.0. The
nuclear fraction (NU) was obtained by centrifuging the
homogenates at 1,000 x g for 10 min. The remainder
was then divided into the supernatant fraction (SU)
and the pellet by centrifuging at 15,000 x g for 30 min.
The pellet was resuspended in 1ml of 0.32M sucrose
solution. The suspension was carefully layered over a
0.8M/1.2M sucrose concentration gradient, and then
ultracentrifuged at 63,000 x g for 2 hr. Finally, par-
ticles were resolved into the following fractions: the
myelinated axonal fraction (MY) at the 0.32M-0.8M
sucrose interface, the synaptosomal fraction (SY) at
the 0.8 M—1.2M sucrose interface and the mitochon-
drial fraction (MI) as the pellet. Each fraction was
freeze-dried, and then subjected to ~y-ray spectrome-
try. The uptake behavior was estimated in terms of
relative subcellular fractional uptake rate (%).

As a result, the multitracer method enabled simul-
taneous tracing of 46Sc, **Mn, *8Co, %Zn, 7Se, ®*Rb,
887r, 193Ryu and '°'Rh. Figure 1 compares the rela-
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Fig. 1. Relative subcellular fractional uptake rates (%) of
165 5Mn, *®Co, %Zn, Se, ¥Rb, ¥ 7r, 103Ry, and
191RY in the cerebral cortex, hippocampus and corpus
striatum. Abbreviations are defined as follows: SU,
supernatant fraction; MY, myelinated axonal fraction;
SY, synaptosomal fraction; MI, mitochondrial fraction;
and NU, nuclear fraction.

tive subcellular fractional uptake rates in regions CC,
HI and ST. Based on the uptake rates of *Mn, ®®Co,
657n and 7°Se, it was noted that these elements are ac-
cumulated in the SY from all the brain regions. 83Rb
is predominantly accumulated in the supernatant frac-
tion. Based on the ®*Mn uptake rate, the SY fractional
percentage of the HI is the highest among the brain re-
gions studied. The subcellular distribution of %°Zn is
very similar to that of 7°Se.

This subcellular fractionation technique described
here is a useful and valuable tool for studies of chemical
speciation of trace elements in the brain.
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Lateral and sexual differences in concentrations of trace elements
in cerebral cortex of normal mice

Y. Kanayama.* Y. Yabushita,* R. Amano,” and S. Enomoto

There are few studies on the lateral and sexual
differences in the behavior of trace elements in the
brain. Recently, Panayi et al. examined the differences
in trace-element concentrations between normal and
Alzheimer’s disease brains, and reported that there are
differences between the right and left hemispheres of
such brains.) Diamond et al. reported that environ-
mental enrichment induces formation of a thicker cor-
tex in rats and sexual difference is observed as well.?)
In the present work. we focused on the lateral and sex-
ual differences in the concentrations of trace elements
in the cerebral cortex by a multitracer technique and
instrumental neutron activation analysis (INAA).

A multitracer was prepared from an Ag target ir-
radiated with YN beam of 135MeV /nucleon, which
was accelerated in the RIKEN Ring Cyclotron. After
the chemical separation of the target, the multitracer
solution for injection, which is a slightly acidic physi-
ological saline solution (pH 2-3), was prepared.

Six male and six female normal ICR mice (4 weeks
old) were used in this experiment. Forty-eight hours af-
ter intraperitoneal injection of the multitracer solution,
the mice were sacrificed and perfused with physiologi-
cal saline under ether anesthesia. Each brain was dis-
sected and divided into the left and right hemispheres,
and then cerebral cortical sections of each hemisphere
were obtained (the obtained left and right cerebral cor-
tical regions were in the same position). After imme-
diate weighing and freeze-drying of the cortex sam-
ples, the radionuclides uptake behavior was evaluated
in terms of brain regional uptake rates (%dose/g).

Identical cerebral cortex samples were subjected to
INAA. The samples were irradiated for 2, 5, and
40 min, using a pneumatic tube system connected to
the core Pn-3 site, the graphite thermal colummn Te-
Pn site and the core Pn-2 site of the Kyoto Univer-
sity Reactor. The activities (2*Na, 2"Mg, 22Al, *8Cl,
42K 56Mn, 957n, 82Br, and 85Rb) produced were mea-
sured by 7-ray spectrometry using detectors made of
highly pure Ge, and then their concentrations were de-
termined and expressed in pg/g wet weight.

The use of multitracer solution enabled simultaneous
tracing of the radionuclides >*Mn, ®Zn, 7Se, and *Rb
in the cerebral cortex and accurate comparison of their
uptake behavior. Figure 1 shows the typical results
of the uptake rates of **Mn and Zn in the cerebral
cortices of the left and right hemispheres of the male
and female mice. From these results, the uptake rates
were comparable with those obtained in our previous
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Fig. 1. *Mn and ®°Zn uptake rates in the cerebral cortices
of normal mice (n = 6 for each group). Abbreviations
indicate as follows: FL, female-left cortex; FR, female-
right cortex; ML, male-left cortex; MR, male-right cor-
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Fig. 2. Concentrations of Mn and Zn in the cerebral cor-
tices of normal mice (n = 6 for each group). Abbrevi-
ations indicate as follows: FL, female-left cortex; FR,
female-right cortex; ML, male-left cortex; MR, male-
right cortex.

studies.?) It was found that there was no significant
difference in the cerebral cortical uptake rate of Mn
and Zn between the right and left hemispheres, and/or
between the male and female mice.

On the other hand, the concentrations of Na, Mg,
Al, Cl, K, Mn, Zn, Br, and Rb are compared for iden-
tical samples; typical results for Mn and Zn are shown
in Fig. 2. The Mn and Zn concentrations were also in
agreement with our previously obtained values. More-
over, no significant difference was observed between the
left and right hemispheres, and/or between the male
and female mice.

In the future, studies of subjects with a neurode-
generative disease that have a notable lateralization or
sexual difference, the two techniques (multitracer and
INAA techniques) are potentially useful tools for de-
termining abnormal metabolisin in their brains.
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Trace-element transfer from pregnant mice to the fetuses

T. Tsuji,* A. Kanbara,* R. Amano,* E. Hirunuma, and S. Enomoto

It is interesting to study the function of the placenta
as a barrier between the maternal body and the fetus,
in which passage of nutrients, oxygen and waste be-
tween the maternal body and the fetus is regulated in
a constant state. The fetus can accumulate and uti-
lize essential trace elements through the placenta from
the maternal body before birth. Enomoto et al. have
studied the placenta function by a multitracer tech-
nique.” In the present study, we also examined the
quantitative uptake and retention of trace elements in
the placenta, fetus, and amniotic fluid using a multi-
tracer technique, and focused on some trace elements
in the fetus immediately before birth.

A multitracer solution containing 13 radioactive iso-
topes ("Be, 16Sc, 18V, *Mn, %8Co, Fe, 9Zn, "Se,
83 Rb, 89Sr, 887Zr, 9Rh and '®Ru) was prepared ac-
cording to the method of Ambe et al?) Two sixteen-
day-pregnant CD-1 (ICR) dams were used for this
experiment. Multitracer physiological saline (0.1 ml)
was injected intravenously (i.v) into the mice via their
tail. The mice were sacrificed under ether anesthesia
48 hours after i.v injection. The maternal blood. pla-
centas and fetuses were excised and the amniotic fluids
were collected; all were weighed immediately and freeze
dried. The radioactivity of each dried sample was de-
termined by ~v-ray spectrometry using high-purity Ge
detectors. The uptake behavior was evaluated in terms
of uptake percentage of the injected multitracer (%).

The thirteen radioactive isotopes mentioned above
were observed and evaluated in the maternal blood,
placentas, fetuses and amniotic fluids in the last stage
of pregnancy (18-day-pregnant dams and fetuses), as
shown in Table 1. From results in Table 1, we can
understand the transport, retention and excretion of
these isotopes across the barrier system of the ma-
ternal blood—placentas—fetuscs. Trace elements such
as Be, Sc, Zr, and Ru were mainly transferred, accu-
mulated and retained in the placentas. In particular,
the Sc uptake percentage in the placentas was about
290 times that in the maternal blood and Sc¢ hardly
passed through the placental membrane into the fe-
tuses. On the other hand, the other nine trace cle-
ments (V, Mu, Co, Fe, Zn, Se, Rb. Sr and Rli) were
transferred through the placenta and mostly accumu-
lated in the fetuses. The uptake percentage of Sr was
about 130 times higher in the fetuses than in the ma-
ternal blood, and about 97 times higher in the fetuses
than in the placentas. Namely, a large amount of Sr
was transported and concentrated in fetuses. It can
therefore be presumed that the accumulation of Sr is
involved in active bone formation in fetuses and that Sr
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Table 1. Uptake percentages of 13 trace elements (Be, Sc,
V, Mn, Co, Fe, Zn, Se, Rb, Sr, Zr, Rh, and Ru) in the
maternal blood, placentas, fetuses and amniotic fluids
48 hours after i.v injection. (unit: %)

Maternal Blood® Placenta™ Fetus™ Amniotic Fluid™

"Be 0.38 0.9340.15 0.7540.11 001
*So 0.18 52.85+4.36 N.D. 0.05
v 0.29 3.00+026 9.27+0.75 024
*Mn 0.86 1.5614+0.37 8.13+0.68 0.20
%Go 009 0.35+0.07 2.45:+0.03 0.10
“Fe 15.57 12.12+4.81 46.78+2.82 007
%zn 088 2.50+0.28 36.74+2.12 0.16
Se 1.51 2584031 14.57£0.27 0.31
“Rb 269 2.1140.18 14.08+0.51 0.18
®Sr 007 0.09:+0.01 8.55+0.52 0.05
®zr 0.33 3.54+0.66 1.0740.11 0.06
“*Rh 203 1.78+0.22 12.97:+0.28 0.13
'Ry 042 0.85:0.23 0.59+0.80 0.12

The total blood volume calculated by multiplica-
tion of body weight by 0.07.

Each pregnant mouse had 13 placentas and fe-
tuses on average.

The total volume of amniotic fluids used was
1.659 g as reported in the literature.®

N. D. indicates “not detected”; in this case, its detec-
tion limit was estimated to be 0.03%.

*ok

EETS

is one of the bone-accumulating elements. Table 1 also
shows that V, Mn, Zn, and Se, which are considered
to be essential trace elements in fetuses. have similar
types of uptake behavior in the maternal blood, pla-
centas, fetuses and amniotic fluids. On the other hand,
the uptake percentages of Fe and Rb in the maternal
blood were equal to or slightly higher than those in
the placenta. This can be explained by the fact that
Fe and Rb (analogous to K) are transported into the
placenta and easily pass across thie matcernal blood,
placenta tissue and fetus.

In our laboratory, the examination of the distribu-
tion of some trace elements in the organ and tissue in
fetuses immediately before birth and in pups imimedi-
ately after birth is in progress. In the future, we hope
to discuss on the involvement of some important ele-
ments in the final crucial stage of pregnancy and in the
early stage of development.
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Influence of sodium iron ethylenediaminetetraacetic acid and ferrous
sulfate on the transport of trace elements in everted intestinal
segments of rats

K. Igarashi,* Y. Nakanishi,* R. Hirunuma, S. Enomoto, and S. Kimnura*

Iron deficiency in developing countries is largely
due to the poor absorption of iron from thier food-
stuffs. The staple foods, such as grains, vegetables
and legumes, contain non-heme iron, which has a low
intestinal absorption efficiency compared with heme
iron. Heme iron from meat and meat products is ab-
sorbed as an intact porphyrin structure by specific re-
ceptors in the brush border mucosa. On the other
hand, non-heme iron must be solubilized to be ab-
sorbed from intestine. Furthermore, the staple foods
also contain inhibitors of iron absorption such as phytic
acid and polyphenols. The bioavailability of non-heme
iron is extremely low because these inhibitors bind iron
in the intestinal lumen. The absorption rate of veg-
etable iron is only about 1-2%.") Tron is taken up from
the lumen and retained in the mucosa, and a fraction is
transferred out of the mucosa into the organism. Iron
transport occurs primarily in the duodenum, jejunuin
and ileum, which adapt iron absorption capacity in re-
sponse to changes in body iron stores. Distal parts
of intestine show no regulation and are markedly less
efficient in the transport of iron.

Since iron deficiency is attributed to poor absorption
of dietary iron, food fortification is assumed to be an
effective method for enhancing iron absorption. Food
fortification has also been recommended as a long-term
approach for improving iron deficiency. Therefore, iron
fortification programs have been implemented to pre-
vent iron deficiency in many developing countries.?)

Sodium iron ethylenediaminetetraacetic  acid
(NaFeEDTA), a metal chelate, is one of the fortificants
used in food fortification programs. It is a flavorless,
inert compound. It is reported that the bioavailability
of NaFeEDTA is nigligibly influenced by inhibitors of
iron absorption, indicating that NaFeEDTA is a suit-
able food additive for iron fortification. On the other
hand, it is possible that EDTA may bind to metals
other than iron and influence their absorption because
of its strong chelating property. In a previous study, it
was shown that NaFeEDTA may possibly inhibit the
incorporation of Zn and Co into rat organs because
of its chelating property, although the results suggest
that NaFeEDTA is not affected by tannic acid in the
absorption of various elements.

Thus, to investigate the effects of NaFeEDTA and
ferrous sulfate (FeSO4) on the transport of various
trace elements, we determined the uptake rates of trace

*

Graduate School of Human Life Sciences, Showa Women’s
University

Table 1. Composition of Tyrode solution.

mmol/]

NaCl 137.00
KCl 2.70
NaH2P04 12.00
D-glucose 15.00
NaHCO3 0.40
CaCly-2H20 0.14
MgCly-6Ha O 0.05

elements in everted intestinal segments of rats, using
a multitracer technique. We further determined the
effect of tannic acid on the incorporation of trace ele-
ments.

Seven-weck-old male Wistar rats were purchased
from Charles River Japan, Inc. and were housed in
stainless steel cages. The cages were placed in an air-
conditioned room with 12h of light. They had free
access to diet and drinking water.

The rats were subjected to overnight fasting and
then their abdomens were opened under anesthesia. A
6-cm-long segment of each of the duodenum, jejunum
and ilenm was removed and everted. The segments
were filled with 0.6 ml of buffer shown in Table 1 (pH
7.2), and then incubated with 10 ml of buffer contain-
ing NaFeEDTA or FeSO,4 and Ag-derived multitracer
solution for 1h. The perfusion was kept equilibrated
with 95% O9 and 5% CO, at 37°C. After incubation,
the serosal solution were collected. These saniples were
placed in a Ge detector, and the radioactivities of the
multitracers were measured.

The data on the biodistribution of samples are cur-
rently being analyzed. The experimental results ob-
tained will indicate the mechanism of metal trans-
port in the intestine and the effects of NaFeEDTA and
FeSO, on intestinal uptake.
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Metabolic studies on multitracer-injected rats and plants using a
prototype multitracer gamma-ray emission imaging system
(MT-GREI): A proposal

R. Hirunwmna, S. Motomura,*! Y. Gono,*! R. Amano,* and S. Enomoto

It was proposed in multitracer research that the up-
take distribution of various elements in rats and plants
be examined using a new ~y-ray detection systemn, mul-
titracer vy-ray emission imaging (MT-GREIL). A multi-
tracer technique has been developed using the RIKEN
Ring Cyclotron. The technique has been applied for
the investigation of the behavior of various radioac-
tive trace elements in chemistry, biology, pharmacol-
ogy, medical sciences, and environmental science. The
technique has the advantage that the behavior of var-
ious elements can be determined under strictly iden-
tical conditions. However, with the present technol-
ogy, a sample has to be separated into parts and to
be measured them individually. And the behavior of
tracer isotopes must be confirmed. MT-GREI is pro-
posed to identify the positions of all isotopes simulta-
neously. This system uses two segmented Ge detectors.
A high-energy-resolution Compton camera consisting
of two segmented Ge detectors was used to measure
the positions of many isotopes in a sample simulta-
neously.  Segmented Ge detectors were developed to
fabricate Ge telescopes combined with large-sized Ge
detectors.?) Their dimensions are 50 x 50 x 20 mm?,
and their cathodes are divided into 25 segments of
10 x 10mm? area. The segmented Ge detector was
combined with a large-sized Ge detector. They were
used as a telescope and successfully corrected Doppler
shifts of energies of v-rays emitted from rapidly recoil-
ing reaction products. Two segmented Ge detectors
can be used for identifying the y-ray source position
when they are used as a telescope (a Compton cam-
era). Monte-Carlo simulation was performed to opti-
mize the conditions for the design of this system.??)

The multitracer is prepared from Ti, Ag, and Au
foils irradiated with 2C, N, and %0 beams accel-
erated by the RIKEN Ring Cyclotron. The first ex-
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periment, is to examine the uptake distribution of var-
ious elements in the organs of rats using a multitracer.
The multitracer solution is administered to the rats.
One to three days after administration of the multi-
tracer, the rats are sacrificed under deep diethyl ether
anesthesia, frozen inmediately, fixed with ice-cold 8%
carboxymethyl cellulose, frozen on the specimen stage
at —20°C. and sliced to 100 gm thickness at —20°C
with a microtome. The distribution of radioactivity in
each area of the selected slices is determined by ~y-ray
measureiment using MT-GREL

The second experiment is to examine the uptake be-
havior of the multitracer in various plauts (for exam-
ple, komatsuna, tomato, and rice). The roots of the
plants are kept for several wecks in the multitracer so-
lution. After this uptake period. the roots are washed.
The roots. leaves, stems, flowers, and seeds are dried
at 30°C, and cach dried sample is determined using
MT-GREL

The distribution of radioactivity of various nuclides
in cach arca of the sclected slice samples of rats and
plants was possible to detect using MT-GREIL It is
believed that in medical institutions MT-GREI can be
used as a substitute for autoradiography.

This system enables the measurement of a sample
without separating it, which is a great advantage when
used for living things. This system is primarily de-
signed for multitracer applications. Imaging multiple
nuclides simultaneously becomes possible, and its ap-
plication in nuclear medicine and clinical diagnosis is
expected.
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Alleviation of Cadmium cytotoxicity by manganese (II)

T. Yanagiya, N. Iimura,* S. Enomoto, and S. Himeno*

Cadmium (Cd) is a highly toxic nictal that causes
adverse effects in organisms, however, little is known
as to how Cd enters cells. Metallothionein (MT) plays
an important role in Cd detoxification. Recently, we
established a Cd-resistant cell line (Cd-rB5) from im-
mortalized MT-null mouse fibroblasts, and found that
Cd-rB5 cells exhibited a marked decrease in Mn and
Cd uptake.!?) Kinetic analyses revealed that Cd tra-
verses cells partly via a high-affinity Mn transport sys-
tem, and that the suppression of this pathway is one
of the determinants of the reduced susceptibility to Cd
in Cd-rB5 cells.?) To clarify the role of the transport
system for Mun in the cytotoxicity of Cd, we examined
the modulation of cytotoxicity and accumulation of Cd
by Mn, using Cd-rB5 and their parental cells.

As shown in Table 1, the simultaneous addition of
MnCl; to a medium alleviated the cytotoxicity of Cd
in parental cells dose dependently. In addition, the
accumulation of Cd in parental cells was reduced by
the addition of MnCls. In Cd-rB5 cells, however, Mn
did not modulate cither the cytotoxicity or the accu-
mulation of Cd. These results suggest that Mn may
compete with Cd in entering cells, leading to a reduc-
tion of Cd cytotoxicity.

We further examined the effect of other divalent met-
als such as Zn, Co, Ni, Fe and Cu, on Cd-induced cy-
totoxicity and Cd accumulation. The eytotoxicity and
accumulation of Cd in parental cells was attenuated by
the addition of ZnCls, but not by CoCls, NiCly, FeSO4
or CuCls, suggesting that Zn may also have an affinity
to the transport system for Mn and Cd.

In this study, we demonstrated that the simultane-
ous addition of Mn reduced both the cytotoxicity and
accumulation of Cd in parental cells, but not in Cd-
rB5 cells in which the high-affinity transport system
for Mn does not function. These results also suggest
that the transport system for Mn may be used for the
uptake of Cd. Moreover, we also demonstrated that
Zn reduced the cytotoxicity and accumulation of Cd
only in parental cells. Although Zn is known to be
an efficient inducer of MT, a primary factor for Cd
detoxification, the reduction of Cd cytotoxicity by Zn
in parental cells is due not to the induction of MT,
but to the inhibition of Cd accumulation. Our find-
ings obtained from MT-null cells suggested a new role
of Zn as a blocker of cellular Cd accumulation via the
high-affinity Mn transport system.

*

School of Pharmaceutical Sciences, Kitasato University

Table 1. Effect of simultaneous addition of MnCl,, ZnCls,
CoClg, NiCla, FeSO4 or CuClz on Cd-induced cytotoxi-
city and Cd accumulation in Cd-rB5 and parental cells.

Parental cells Cd-1B3 cells
Metals added 10
the medium (pM)
1Cs9 0f Cd (uM) @ ;Zi‘} ‘C‘Eﬁ:“ . ICsof Cd (M) ;:jC:[ 22:',‘;) .
MnCl, 0 221 1000 3.1 2246 100.0 £2.0
1 3.86 439x14% 2133 97.0+3.0
3 7.13 173x14* 2151 95.8+4.7
10 2132 99+02* 20.10 95.6+2.7
20 2217 9.0£08* 16.00 101279
ZnCl, 0 221 100012 2246 100013
1 231 97.1%13 2236 1012£3.1
3 233 86.1+£34* 2177 97.2+94
10 5.64 500+48* 21.96 97.6+56
20 8.03 383+18* 2136 107.54.1
CoCl, 0 221 1000+7.6 22.46 1000+3.9
] 2.45 1044 £2.1 22.52 102048
3 251 103133 21.09 98713
10 242 1016+62 22.66 99.1£28
20 246 92536 297 99.9+£86
NiCl, 0 221 100.0+6.5 22.46 100.0+0.2
1 240 97428 2327 1005+ 1.5
3 243 1027+29 2291 98.6+2.4
10 2.32 966+34 2171 100440
20 238 100.1+14 2216 1006 +3.6
FeSO, 0 221 100032 22.46 100031
1 239 101.7+69 2245 103,155
3 2.57 104926 2227 100.9+4.6
10 259 101232 2268 104050
20 2.56 92.8+£22 22.09 103.5+4.3
CuCl, 0 221 1000425 2246 100.0+3.0
1 251 98.3+20 21.96 100.8 £3.2
3 245 985+ 14 2111 983417
10 2,55 90.0+£25* 2244 98.0£25
20 219 B4.5£17* 2230 982+24

@ Cells were exposed to CdCl, in the absence or presence of 1, 3, 10 and 20 pM MnCl,, ZnCly, CoCly, NiCl,,
FeSO, or CuCl, for 48 h. and then the surviving cells were determined by MTT assay. The concentration of
metals required to kill 50% of the cells as caiculated by MTT assay

b Cells were exposed to 2uM [1%9Cd)-CdCl, in the absence or presence of 1, 3, 10 and 20 uM MnCl,, ZnCl,,
CoCly, NiCly, FeSO, or CuCl, for 48 h. Asierisks indicate significant differences from the value obtained in the
abscnce of metal inhibitors by 7 test (*p<0.01)

Utilization of MT-null cell lines enabled us to clarify
the significant role of metal transport systems as mod-
ulators of Cd cytotoxicity. Further studies are required
for the identification of Cd and Mn transporters.
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Measurement of the binding affinity of multitracer to an
apoplast protein extracted from soybean root!

J. Furukawa,* R. Hirunuma, S. Enomoto, and T. M. Nakanishi*

More than 200 proteins were localized in plant
apoplasts and the mobility of some of these proteins
was thought to be affected by Al. It was also sug-
gested that the inhibition of the protein mobility was
a result of the linkage of proteins and other cell wall
components mediated by Al In this study, we com-
pared the binding affinity of various metal elements to
an apoplast protein in the presence and absence of Al
by means of the multitracer technique.

Root tips of two-day-old seedlings [Glycine maz. (L.)
Merr. cv. Tsurunoko] were excised between 2 and 6 mm
from the root tip. corresponding to the elongation
zone. An apoplast protein was extracted from these
excised roots with 50 mM MgCls solution by means
of the infiltration method. After the extraction, pro-
tein was ultrafiltrated through a molecular membrane
(10000 M.W.. 8000 x g).

Multitracer solution was prepared from a silver foil
irradiated by the RIKEN ring cyclotron. From the
gamma ray spectroscopy analysis, 11 nuclides ("Be,
4ANg, 43¢ SMNn VPa 0o 7y ™gs, MRb, ®Br
and 87Y) were simultancously determined.

One pg of the apoplast protein was mixed with
200 pl of 50 mM MES buffer solution (pH 5.0 and 6.0)
containing the multitracer and was incubated for 30
min at 4°C and then ultrafiltrated through a molecu-
lar membrane (10000 M.W., 4500 x g). The membrane
was washed with the 200 pl buffer solution after ultra-
filtration. To determine the effect of Al on the binding
affinity of elements to the apoplast protein, buffer so-
lutions containing AICl; (100 uM or 1mM) and the

multitracer were also prepared.

Table 1 shows the binding affinity of trivalent ele-
ments. The trivalent elements, Sc. Fe and Y, showed
high binding affinity at both pH 5.0 and pH 6.0. The
high binding affinity of trivalent elements and the low
binding affinity of monovalent and divalent elements to
the protein (data not shown) suggested that the bind-
ing affinity of elements to the protein increased in the
following order: monovalent < divalent < trivalent.
At pH 5.0. the amounts of both Fe and Y binding to
the protein decrecased in the presence of 100 uM Al
When 1 mM of Al was added, the binding aflinities
of Fe and Y further decreased. The decrease in the
binding affinity suggested that there was a competi-
tion between Al and cither Fe or Y for binding to the
apoplast protein.

We also carried out the measurement of binding
affinity using the protein that was extracted from Al-
treated roots (200 uM AlCls, 2h). After Al treatment,
some proteins were not extracted. Compared with the
binding affinity to the protein, the effect of Al on the
binding affinity of these two elements was observed.
The binding affinity of Fe decreased to 69.3% by the
application of 1M Al This value of binding affin-
ity corresponded to 83.4% of that without Al treat-
ment, whereas in the case of using protein extracted
from non-Al-treated roots, the binding affinity of Fe
decreased to 47.9%. A similar tendency was observed
in Y. These results suggest that the proteins not ex-
tracted after Al treatment had a binding affinity com-
peting between Al and either Fe or Y.

Table 1. Binding affinity of detected elements (% of incubated). The protein column, and Al and protein
column indicate the cases with the buffer solution containing 1 ug of protein and 1 ug of protein plus
Al respectively. The numbers in brackets are the percentage of the binding affinity based on that of

the protein column.

pHS5.0

pH 6.0

Protein extracted without

Protein extracted without

Protein extracted after

Al treatment Al treatment Al treatment

100 pM 100 uM 100 uM
Element Protein Al& | mM Al Protein Al& lmMAl Protein AIE;L lmMAl
. & Protein . & Protein . & Protein

Protein Protein Protein
S 76.6£2.8 74.5£6.6 51.0+3.0 81.0+0.1 85.048.6 65.1442  76.9+1.8 93.2£0.2 84.5+5.8
(100.0) (97.3) (66.6) (100.0) (104.8) (80.3) (100.0) (121.1) (109.8)
Fe™ 36.742.4 20.6+£3.2 15935 66.9+3.6 70.4x154 32.0+£2.0  83.1£6.6 86.9+5.2 69.3£2.5
(100.0)  (56.1) (43.3) (100.0) (105.2) (47.9) (100.0) (104.5) (83.4)
v 933+2.9 74.5+7.3 17.8%55 79.4+£2.9 65.249.5 59+0.7  94.6£6.4 84.6+2.0 40.8+8.4
(100.0)  (79.8) (19.1) (100.0)  (82.1) (7.4 (100.0)  (894) (43.1)

Values are means (%) = S.D. for at least 3 experiments.

Condensed from the article in Anal. Sci. in press

Graduate School of Agricultural and Life Sciences, Univer-

sity of Tokyo
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Influence of samarium on the uptake of trace elements by marigold

H. Suzuki,*! H. Kumagai,*' F. Mori,*?> K. Sakamoto.*? K. Inubushi,*? and S. Enomoto

With the continual development of high-technology
industries, rarc-carth elements (REEs) are being used
an ever widening range of materials including fluores-
cent substances, magnets and superconductors. With
such uses, however, REEs may cause the environmen-
tal pollution. The emission of REEs into the cnviron-
ment would pollute soils, which in turn would affect
plants. However, the influence of REEs on plants re-
mains almost unknown, except for La, Ce, and Yb.13)
In the previous paper,?) we revealed that La not only
inhibits plant growth but also affects the uptake of
trace elements such as Mn, Se, Rb, and Sc. Such ef-
fects of La may be due to the impairment of the perme-
ability of the plasma membrane. Information on the
influence of REEs on plant growth and the uptake of
trace elements should be uscful in revegetation or phy-
toremediation. Consequently. we studied the influcnce
of Sm, which is used as a magnetic material in high-
technology industries, on plant growth and the uptake
of trace elements, and report our results.

Seeds of marigold plants (Tagetes patula L. cv.
Bonanza spray) were sowed in 9-cain pots (240 mL in
volume) containing 400 g of river sand with 10 gmol Sm
kg™! sand (Sm treatment) or without Sm(NO3)3. As
the elongation of the root from the marigold seed was
seriously affected at Sm concentrations higher than
50 pmol Sm kg~! sand, the experiments were carried
out with a Sm concentration of 10 umol kg~! sand.
Plants were grown in a biotron with a 18/6 h day/night
regime, at 15,000 lux. 65% relative humidity and 25°C.
The marigold seedlings were thinned to 1 plant per pot
seven days after sowing. Throughout the experiment,
the pots were weighed twice a day and watered to 55%
of the water-holding capacity of river sand. The details
of plant nutrient management have been described in
our previous paper.”)

A multitracer solution was prepared from an Ag tar-
get that was irradiated with a 135MeV /nucleon N

beam accelerated by the RIKEN Ring Cyclotron. The
Ag target was dissolved in HNOy and then the Ag was
precipitated with HCI as AgCl, leaving a multitracer
in solution. The solution was evaporated to dryness,
and dissolved in a fertilizer solution. The multitracer
containing the radionuclides of "Be, 22Na, 4°Sc, ®!Cr,
54Mn, 59Fe, 56Co, 9°Zn, 7®Se, 83Rb, 85Sr, Y, 87,
and 9™ Tc was applied 29 days after sowing. The
chemical forms of the radionuclides on administration
were assumed to be Be?t, Nat, Sc®*, Cr3t, Mn?t,
Fe3t, Co?t. Zn?t, Se032~, Rb*, Sr?*, Y3+, Zrit)
and TcO4~.%) The plants were sampled for analysis 21
days after the multitracer was added. The radioactivi-
ties of the plants were measured using Ge semiconduc-
tor detectors. The radioactivity applied to the pot was
taken as 100% and by comparison, the radioactivity of
the plant was expressed as a percentage of the uptake
(relative uptake, % of DOSE).

Table 1 shows the relative uptake of radionuclides
and the fresh weight of plants. The fresh weight of the
aerial parts and roots of marigold decreased with Sm
application. Compared to the results for La reported
in the previous paper,®) the decrease in the growth
of aerial parts was similar, but the decrease of the
root growth was not. Consequently, Sm may have a
stronger effect in inhibiting plant growth than La.

For the uptake of trace elements, Sm treatment re-
sulted in lower uptake of 22Na, >*Mn, %6Co, 7°Se, and
83Rb than in the control. On the other hand, Sm treat-
ment resulted in higher uptake of ®!Cr and ®8Zr than
in the control. At the same time, the uptake of "Be,
46S¢, 59Fe, 927Zn, #58r, ¥Y, and %™ Tc showed little or
no difference between Sm treatment and control. In
comparison with La in the previous paper,” Sm was
different in that 2>Na and %6Co uptake decreased, 5! Cr
and 387Zr uptake increased, and *6Sc uptake was not af-
fected. While REEs are considered to have character-
istics similar to each other, the present results suggest

Table 1. Fresh weight of plants and relative uptake of various radionuclides by plam,s.“)

Treatment Fresh weight Relative uptake
(g plant™) (% of DOSE)
APY Root Be  Na  *’sc %'Cr **Mn  ®Fe *Co %z "se ®Rp s %y ¥z e
Control 6.42 3.29 01 171 1.6 1.2 19.4 1.5 9.8 9.3 22.4 48.9 6.5 2.4 1.2 67.2
Smtreatment 5.15 2.78 0.1 11.9 1.6 1.7 14.0 1.4 7.9 9.0 17.6 39.9 5.6 2.8 3.5 61.7
Student's t -test® ** * ns. % n.s. * * n.s * n.s * * n.s ns ***  ng

2 Each value is presented as the mean of data from four plants.
® Aerial parts: 9 n.s., not significant; * P< 0.05; ** P<0.01; *** P<0.001.
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The effect of EDTA complexation on diffusion of
various ions in granitic rock

T. Mifune,* Y. Takahashi,* C. Egawa,* R. Hirunuma, and S. Enomoto

Diffusion of various ions through micropores of sed-
iment and rocks has been studied in order to quan-
tify their behavior in the diagenetic processes in sed-
iment or their migration in groundwater-rock sys-
tems.>?) The difference in diffusion behavior among
various ions can be explained primarily by their dif-
fusivity in water and also by the influence of sur-
face diffusion, as evident for some ions which have
strong affinities with mineral surfaces.?) However, their
diffusion behaviors may change in the presence of
complexing ligands in water such as natural organ-
ics like humic substances, and other synthetic agents.
Ethylenediaminetetraacetic acid (EDTA), well-known
synthetic chelating agents forming stable complexes
with many cations, have been widely used in various in-
dustrial fields to late, which has resulted in high EDTA
concentrations in freshwater systems ranging from
10-100 pg/dm?, for example, in Swiss or German
rivers.?) The presence of EDTA in natural aquifers will
alter the behaviors of various ions in the environment,
such as their sorption and diffusion, due to the high
stability of metal-EDTA complexes. In this study, we
applied a multitracer technique to deduce the EDTA
complexation effect on the diffusion behavior of various
ions migrating through granitic rocks.

The diffusion through granitic rocks was examined
by the through-diffusion method.*) Weathered gran-
ite samples from drilling cores of Toki granitic rocks,
found in central Japan, were cut into 5-mm-thick and
30-mm-diameter disks. FEach disk was fitted tightly
between two cells filled with water (ionic strength:
0.10mol/dm?® by KCl). Three systems (A, B, and C)
were studied: A, pH 4 without EDTA; B, pH 4 with
1.0mmol/dm® EDTA; C, pH 6 with 1.0mmol/dm?
EDTA.

The radioactivity of each radioisotope in the diffu-
sion cell increases with time. while that in the source
cell apparently becomes constant after its decrcase dur-
ing approximately the about first 10 days, mainly due
to the sorption to the rock samples. Diffusion curves
selected for some cations in systems A-C are shown in
Fig. 1, where the ratio of the concentration of each ion
in the diffusion cell at each time, Cp(t), to that in the
source cell after reaching an apparent constant value
for each ion, Cg const, 18 plotted on the vertical axis.
In the absence of EDTA (system A), each ion diffuses
depending on the character of each element, regulated
mainly by the charge of the ion and the hydrated ionic
radius. In the presence of EDTA (systems B and C),
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Fig. 1. Diffusion curves for systems A-C. System A: with-
out EDTA, pH 4; System B: with EDTA (1.0 mmol/
dm?®), pH 4: System C: with EDTA (1.0mmol/dm?),
pH 6.

however, the behaviors of ions such as Mn(II), Co(II),
Y(IIT), and Ce(IIT) that form stable complexes with
EDTA are similar to one another. This must be due
to the formation of the EDTA complex, where the dif-
ferences among diffusion behaviors of these four ions
disappear. In system B, the Cp(t)/Cy.const ratios for
Mn(II), Co(II), Y(IIT), and Ce(IIT) were quite low dur-
ing our experimental period compared with those of Rb
and Na, probably due to the sorption of the EDTA
conmplex on oxide surfaces of the weathered granite
such as Fe- and Al- oxides. The negative charges on
the surface increase at higher pH, which inhibits the
sorption of the EDTA complex. This probably allows
the diffusion of Mn(II), Co(IT), Y(III), and Ce(III) as
the EDTA complex at pH 6 (system C). These results
indicate that in systems B and C, the diffusion of each
ion is governed not by that ion’s character but by the
behavior of EDTA. This shows that we need to iden-
tify the species dissolved in each ion in natural aquifers
in order to predict the diffusion of various ions through
rocks. However, the diffusion curves of Nat and Rb™
for systems B and C were similar to those for system
A since Na- and Rb- EDTA complexes do not form
under this experimental condition as calculated from
their stability constants. It is suggested that the dif-
fusion behavior of Na®™ and Rb™ is regulated by the
diffusivities in water in these three systems, irrespec-
tive of the presence of EDTA.
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Molecular design of organic ligands highly selective
for lanthanide metal ions

; . - 2 : R
S. Umetani,*! Y. Komatsu,*? H. Yamada,*? and S. Enomoto

In the course of our studies on the solvent extraction
of lanthanides using 3-dikctone-type acylpyrazolones
and 3-phenyl-4-benzoyl-5-isoxazolone (HPBI), we have
noticed that the acidity of the extractant and its sep-
arability are strongly related to the distance between
the two donating oxygens. This finding has been con-
firmed by a systematic investigation of three series of
B-diketones: the cyclic group (1) in which the O-O
distance is governed by ring-structure geometry, the
heterocyclic 4-substituted pyrazolones (2), governed
by the steric effect between the 3-methyl group and
bulky 4-acyl substituents,’? and the a-substituted (-
diketones (3). governed by the steric effect of bulky
substituents at their a-position. The structures of (-
diketones iu use are shown in Fig. 1.

The introduction of a methyl group to the o-
position in the molecular structure of benzoyltrifiu-
oroacetone (BFA) yielded a-methyl benzoyltrifluo-
roacctone (MBFA). Their O-O distances were esti-
mated by the semi-empirical molecular orbital calcu-
lation, MNDO/H, to be 2.51 A and 2.42 A, respec-
tively. 'H NMR spectrum data clearly show that the
intramolecular hydrogen bonding of MBFA is strength-
cned (sharp OH-peak at § = 15.8 ppm) owing to its
smaller O-O distance, compared to that of BFA (very
broad OH-peak at § = 15.2ppm). Their dissociation
constants, pK,, were measured by the potentiometric
titration method in a water-dioxane solution (25:75
v/v) to be 8.10 for BFA and 10.35 for MBFA.

The extraction of lanthanides using BFA and MBFA
(denoted by HA) was performed into benzene. The
overall equilibrium can be written as follows:

Ln?t + 3HA, = LnAs, + 3H™.

The validity of this equation was confirmed through
the effects of pH and concentration of the extractant
(HA) on the extraction of lanthanides. From this equa-

tion, the extraction constant K¢y and the distribution
ratio D (D = [LnAs],/[Ln®*]) can be deduced:

Kox = [LnAsl, [H*}:j/[L111‘+][HA]30

+13 3
= D[HT]"/[HA]%.
In N=
N~ o N R th/g/ca
0,0 0., ° 0,0
1 2 3

Fig. 1. Modified S-diketones.
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Table 1. Extraction constants and pHi,, values for lan-

thanides.

BFA MBFA
logKex SFY  logKe SFY

LAt —11.70 —17.61
1.38 1.80

Prit —10.32 —15.81
1.32 1.50

Eu’t  —9.00 —14.31
0.66 0.72

Ho®** —8.34 —13.59
0.64 0.66

Yb3t  —7.80 —12.93
3.90% 4.68"

Extraction into benzene. [BFA]y = [MBFA]y = 0.1 M.

) SF: separation factor, defined by the difference between
log Kcx values of two consecutive metals. ) Separation
factor for La and Yb.

log Kok = log D — 3 pH — 3log[HA],.

Table 1 shows the extraction data of BFA and
MBFA. From the data, it is clear that BFA, with
its smaller pK, and larger O-O distance, can extract
lanthanides more efficiently: the K¢y values for BFA
are in fact 105-106 times larger than those for MBFA.
Otherwise, as a result of the diminution of the O-O
distance, MBFA separates lanthanides more efficiently
than BFA: the separation factor of La and Yb, found
to be 4.68 for MBFA exceeds that for BFA which is
3.90.

It should be noted that the introduction of an «-
substituent in the structure of -diketone is often fol-
lowed by a notable decrease of the % enol tautomer
of the extractant, thus hindering the solvent extrac-
tion procedure. A bromo group has been introduced
to dibenzoylmethane (DBM) and BFA to obtain a-
BrDBM and «-BrBFA with shorter O-O distances.
However, due to the predomination of their keto forms,
the attempt to obtain their solvent extraction data
was failed. Our study is now being expanded fur-
ther with a phenyl group as the a-substituent for enol-
rich 3-diketone derivatives such as phenyl acetylace-
tone (PAA) and phenyl benzoylacetone (PBA).
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New multitracer production: Development of a gas-jet coupled
multitarget system and an automated rapid chemistry apparatus

H. Haba,*! S. Enomoto, R. Hirunuma, Y. Nagame.*' and A. Shinohara*?

During the last ten years, the RIKEN multitracer
has been successfully applied for investigations of the
behavior of various elements in the fields of chemistry,
biology, medicine, and geology. The multitracers were
produced from metallic targets such as Ti, Ag, and Au
irradiated with 135MeV /nucleon '2C, N, and '°0O
beams using the RIKEN Ring Cyclotron. After the ir-
radiations, the multitracers were chemically separated
from the target material.!) Recently, a few technical
developments for the preparation of the multitracer
have been reported.2?) Takamiya et al.?) produced
multitracers using the thermal neutron fission of 23U
at the Kyoto University Reactor (KUR). They sepa-
rated the fission products from the UO;y target using
NaCl as a catcher material. Shibata et al. ) found that
the multitracer solution was obtained quickly and eas-
ily by amalgamating the gold target irradiated with
the RIKEN Ring Cyclotron.

We plan to develop a gas-jet coupled multitarget sys-
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Fig. 1. Schematic of the gas-jet coupled multitarget system
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and the automated rapid chemistry apparatus.

*1  Advanced Science Research Center, Japan Atomic Energy

Research Institute
Department of Chemistry, Graduate School of Science,
Osaka University
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tem and an automated rapid chemistry apparatus as
a novel technique for the multitracer production. A
schematic of the gas-jet coupled mwultitarget system
and the automated rapid chemistry apparatus is shown
in Fig. 1. The multitracers are produced from various
target materials irradiated with 135 MeV /nucleon *2C,
14N, and 'O beams from the RIKEN Ring Cyclotron.
The targets should be multiplied in order to collect
the recoiling nuclei efficiently. The recoiling products
are stopped in helium gas, attached to aerosols such
as NaCl, KCIl, and C, and continuously transported
through a Teflon capillary tube to a chemistry room.
Advantages of the gas-jet coupled multitarget system
are as follows. The multitracers are separated from the
target material without chemical separation and are
transported to a chemistry room within a few scconds.
Thus, radionuclides with short half-lives of less than 1
minute are available for experiments. In addition, tar-
gets with various chemical forms are prepared by elec-
trodeposition or vacuum-evaporation techniques. Fur-
thermore, the composition of the radionuclides in the
multitracer is optimized by changing the target array.
The radionuclides of interest are concentrated with
the liquid chromatography apparatus based on ion ex-
change or solvent extraction. As shown in Fig. 1, the
reaction products transported by the gas-jet system
are deposited on the collection site of the slider. Then,
the multitracers are dissolved with a desired solution
and fed into the ion exchange or extraction column.
We also plan to use circulating gaseous targets such as
Ar, Kr, and Xe using the same experimental setup.
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Ultrafast plasma luminescence of heavy-ion tracks in insulators

K. Kimura, T. Kambara, and M. Kase

We have developed techniques for luminescence mea-
surements with a time resolution of 85 ps.?) Using thesce
techniques, we observed a novel ultrafast luminescence
decay component (UFLDC) from the track core in a
number of wide-band-gap materials: NaF, LiF', NaCl,
KCl, CsCl, KBr, KI, Rbl, Csl, BaFy, MgO, and a-
alumina.?) The luminescence is characterized as fol-
lows. The UFLDC is a common phenomenon in wide-
band-gap materials except for some types of mate-
rials such as diamond and SiO,. The lifetimes of
UFLDC’s are less than 100 ps and their decay curves
do not have long tails. Their specific intensities in-
crease super-linearly with increasing excitation den-
sity. Heavy-ion irradiation such as with Xe ions re-
sulted in strong intensity whereas that with He ions
did not produce the UFLDC. The specific intensities
showed sample dependence, but only slight tempera-
ture dependence. The time-resolved spectra (TRS) of
the UFLDC were broad bands spreading from 200 to
400 nm. These results show that the UFLDC is novel
luminescence that cannot be attributed to known ex-
cited species, and moreover suggest that it arises from
multiple interactions among dense electron-hole pairs.
Consequently, we attribute the UFLDC to electron-
hole plasmas. This is the first time that it has been
confirmed that the incipient ion track can emit pho-
tons as a collective behavior. Although electron-hole
plasma luminescence is known to be observed in some
semiconductors by HT irradiation, this plasma arises
from the diffusional recombination of free excitons with
much longer lifetimes than those of the present samples
but is not due to the incipient track.

However, for a detailed characterization of the
electron-hole plasma, many questions remain unsolved.
One of them is why the redshift from the absorption
edge is so large. The second is how the luminescence
takes place. Considering the analogy of electron-hole
plasmas in semiconductors, it may be reasonable to
suggest that the UFLDC arises from electron-hole re-
combination. The shift may be explained due to the
displacements and bindings of holes in the incipient
track. In the incipient track, ejected eclectrons dis-
tribute densely in a space like a sheath round a core
cylinder containing holes. In the core, there is the
extremely strong Coulombic repulsion among a num-
ber of excess cations, and hence binding forces in the
crystal are destroyed completely and holes (halogen
atoms in case of alkali halides) can move to aggregate:
X+XT =Xy, X4+X - Xo, X+X+X7 — X3, and
so forth.®) These products or intermediate states be-
come new holes along with X, and they become the
counter parts to ejected electrons when e-h plasma
is relaxed. Recombination luminescence among such

holes and electrons causes the large redshift by the
Stokes shift, as is well known for the sclf-trapped ex-
citon, and the superposition of various shifts broadens
the resultant band. If this is true, the peak and struc-
ture of the TRF should be dependent on the mass of
irradiating ions and on the constituent halogen ions of
the crystal.

To ascertain this and characterize the UFLDC fur-
ther, it is necessary first to measure a precise TRL.
To date, our TRLS have not been able to provide the
correct peak maximum or the correct band structure
because of the instability of ion beams and the small
number of sampling wavelengths. In order to overcome
these problems, we intend to develop a method for
multichannel time-correlated photon counting for each
ion striking. namely, a fast secondary electron detector
(FASD')) gives timing pulses of ion penetrations with
a time resolution of 25 ps. Eight wavelengths of pho-
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Fig. 1. System for time-correlated 8-channel photon count-
ing for each ion striking. FASD: a fast secondary elec-
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separated anodes.

125



Fig. 3. Wavelength-dependent decay curves in the case that
a randomly triggered diode laser is used as a light
source.

ton counting are correlated with a FASD timing pulse
using a time-to-amplitude converter. The 8-photon
counting was performed using a microchannel-plate-
mounted photomultiplier with 8 anodes and an MgFq
window (model R4110U), which was obtained from

126

Hamamatsu Photonics. Time-correlated counting was
performed using a modified system of models SPC330
by Becker and Hickl GmbH. This system can give at
least 8-wavelength data free from beam fluctuation.
Figure 1 shows a part of the time-correlated count-
ing. Figure 2 shows an 8-anode MCP-PMT. Figure 3
demonstrates wavelength-dependent decay curves in
the case that a randomly triggered diode laser was used
as a light source. The monochromator was a model
Spectrapro-300i built by Acton Research Corporation.
The figure shows that the system has sufficient resotu-
tion.

References

1) K. Kimura, J. Kaneko, S. Sharma, W. Hong, and N.
Itoh: Phys. Rev. B 60, 12626 (1999).

2) K. Kimura, S. Sharma, and A. Popov: Radiat. Meas.
34, 99 (2001).

3} K. Kimura, S. Sharma, and A. Popov: Nucl. Instrum.
Methods Phys. Res. B, to be published.



RIKEN Accel. Prog. Rep. 35 (2002)

Enhancement of 37Cs accumulation by phytochelatine synthetase
expression in rhizofungus Fusarium oxysporum

T. Soshi and . Yamaguchi

Radionuclides released by nuclear power plants into
the environment pose a potential risk to human health.
Recently, significant attention has been drawn to phy-
toremediation as a cost-effective technology to remove
pollutants from the environment. However, the rate
of radionuclide removal using conventional plants is
low. To improve the removal efficiency of plants, we
are studying the utilization of rhyzosphere microor-
ganisms, which were known to affect plant growth and
metal-ion uptake.l'?) We have shown that the non-
pathogenic Fusarium spp. symbiotic to tomato can in-
crease the uptake amount of radionuclides through in-
fection.?) On the other hand, it has been suggested
that metal-binding proteins or peptides can be uti-
lized in engineering plants and microorganisms for
bioremediation.*) The introduction and overexpres-
sion of metal-binding peptides, such as phytochlatins
(PCs), have been exploited to increase metal accumu-
lation by plants.>®) We are interested in application of
the transgenic technique and the rhyzosphere system
to phytoremediation of radionuclides. In this paper,
we report that the introduction of the Schizosaccha-
romyces pombe phytochelatin synthase gene to rhizo-
fungus Fusarium oxysporum is effective in increasing
radionuclide accumulation.

The phytochelatine synthase (PCS)  gene,
SPAC3H110, was cloned by a genomic polymerase
chain reaction (PCR) using PCR primers designed ac-
cording to the published genomic DNA sequence data
(GenBank accession number Z68144).>%) The ampli-
fied fragment was subcloned into the expression vec-
tor, pCPXHY?2, derived from pGEM4Z (Promega). In
the pCPXHY?2, the constitutive Aspergillus gpd-1 gene
promoter was inserted at the unique FcoRI site and the
hygromycin B phosphotransferase gene (hyg) upstream
of the gpd-1 promoter for selection. The resultant plas-
mid pPCSHY2 was used for transformation of the non-
pathogenic strain of F. ozysporum. Isolated transfor-
mants and a non-transformed control strain were cul-
tured in 50 m! of potato dextrose broth at 25°C for 2
days, and then the multitracer and radioactive cesium
mixture were added to these cultures. After 3 days,
mycelia were collected and washed three times with
250 mM CaCly. Then, mycelia were harvested by fil-
tration and dried at 50°C overnight. Radioactivity of
each sample was measured by a hyperpure Ge detector
(SEIKO EG&G).

Table 1 shows the radionuclide accumulation abil-
ity of transformants for °*Cr, ®2Mn, %6Co, 5°Zn, "Se,
83Rb, 88Y, and '37Cs. The data was expressed as a

Table 1. Radionuclide accumulation ability of pPCSHY2

transformants.
_— el oy 2 T4 TS T6 TT T8
*Co 092 024 077 061 087 087 095
ier 150 152 105 126 098 104 139
Wes 148 135 135 124 060 147 142
*Mn 353 406 395 390 433 442 462
¥Rb 099 107 156 117 095 110 141
Se 055 060 059 061 061 068 066
sy 138 172 163 192 178 181 179
“Zn 181 166 103 103 098 109 1.08

ratio of activity relative to that of the control strain.
PCS expression reduced the accumulation of 3Co and
75Se but it did not affect the accumulation of ®!Cr,
83Rb and %Zn. A moderate increase in the accumula-
tion of 137Cs and 88Y was observed. 52Mn was accumu-
lated about four times more than the control. 37Cs ac-
cumulation was elevated to almost 1.5 times that of the
control. The tested nuclides have not been reported to
have affinity for PCs. The results suggest that PCs
have affinity for at least Cs, Y and Mn ions. Alterna-
tively, PSC expression might activate some other path-
way of Cs, Y and Mn accumulation.

137Cs contamination has been one of a serious prob-
lem after the Chernobyl accident.”) Generally, the rate
of 137Cs uptake by plants is very low, since Cs ions
are tightly adhere to soil materials and organic com-
pounds, thus it is difficult to remove them. The Fusar-
ium strain used in this study enhances the uptake of
some radionuclides including *7Cs by tomato through
infection.!) If the PSC-expressing transformant can
transfer a significant amount of Cs ions to the host
plant, the removal efficiency of Cs would be increased.
Further studies are needed to determine the effects of
transformed Fusarium on the radionuclide uptake by
plants.
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Effective plant-mutation method using heavy-ion beams (VI)

Y. Konomi,* T. Abe, F. Sugawara,” and S. Yoshida

There is a difference in sensitivity to ion beams be-
tween the organs of plants.!) We found that tobacco
is sensitive to irradiation with ion beams during the
stage of fertilization.?) In this paper we report the ef-
fect of ion beams on various tissues of wild tobacco
(Nicotiana glutinosa).

Dry seeds were irradiated with ion beams (N or C at
135MeV/u) within a dose range of 20 to 800 Gy. Im-
bibition seeds incubated in 1/2MS agar medium for 12
to 60 hrs before irradiation, were irradiated with C-ion
within a dose range of 10 to 50 Gy. After 28.7 to 101.7
hrs of pollination, intact embryos in flowers were irra-
diated with N-ion within a dose range of 10 and 20 Gy.
One month after the irradiation, M, seeds were har-
vested. The M; seeds were germinated in the 1/2MS
medium at 25°C under continuous light.
month, we determined their germination perceuntage
and survival rate (number of survival plants/number
of seeds). Morphological abnormalities were obscrved
two months after seeding.

The germination was not affected by ion-beamn irra-
diation in the case of dry seeds. However, the germi-
nated plants produced no leaves and died with doses
higher than 600 Gy. The morphologically abnormal
plants appeared with a dose of 400 Gy. The abnormal-
ity rates induced by the N- and C-ion exposures were
11.6 and 8.2%, respectively. A decrease in survival
rate was obscrved at 350Gy in the case of the imbi-
bition seeds. For example, no plants survived among
the irradiated seeds which were incubated over 48 hrs.
In a dosc range of 20 Gy, seeds with 51 hrs of incuba-
tion was the most sensitive stage to irradiation, which
showed the lowest survival rate (34%) and the highest
frequencies of abnormal plants (7.2%, Table 1). On the
contrary, embryos showed the high frequencies of ab-
normal plants. The cimbryo stages were 28.7, 65.7 and
101.7 hrs after pollination within 10 Gy and their fre-

After one

* Faculty of Science Technology, Tokyo University of Science

128

Table 1. Frequency of morphologically abnormal plants
(MAP) induced with C-ion irradiation at various im-
bibition stages.

Imbibition [hrs] Survival (%] Frequency of MAP [%]

14 95.6 £0.9 00x£1.5
26 96.9 £ 2.7 0.0£5.7
48 92.0+ 2.3 3.5+0.0
51 33.7+15.1 7.24+0.0
59 96.3 + 1.3 3.1£0.0
[%]
100 - -
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Fig. 1. Effects of embryo treatment with N-ion beams
within a dose range of 10 Gy at different developmental
stages on frequency of morphologically abnormal plants
(L) and germination percentage (H).

quencies of abnormal plants were approximately 30%
(Fig. 1). The sensitivity of these organs decreased in
the following order: cimbryos during fertilization cycle,
imbibition seeds, dry sceds.
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Isolation of sterile mutants of Verbena hybrida
using heavy-ion beam irradiation

K. Suzuki,*! Y. Yomo,*? T. Abe, Y. Katsumoto,*! K. Miyazaki,** S. Yoshida, and T. Kusuni*?

Long blooming period and a large number of flowers
are the important characteristics of floricultural crops.
Plants belonging to the genus Verbena (Verbenaceae)
are one of the most commercially used major bedding
plants. Suntory Ltd. (Osaka, Japan) has developed
a new cultivar of the verbena ‘“Temari’ series (Ver-
bena hybrida), which has many characteristics supe-
rior to those of common verbena cultivars. Because
most Temari cultivars continuously bloom with a large
number of flower clusters from spring until autumn
in temperate areas, ‘Coral Pink’ of the Temari series
sometinies shows a decrease in the number of flower
clusters compared to other varieties. Coral Pink of the
Temari series was also observed to produce self-seeds
autonomously at a high frequency. We hypothesized
that the number of flower clusters would be increased
by the repression of autonomous self-seed setting, and
isolated sterile nmtants of Coral Pink of the Temari
series using heavy-ion beam irradiation.

We have successfully isolated the flower color mutant
of Petunia altiplana by irradiation of fertilized egg cells
under in vivo conditions.!) In this report, because we
expect that the characteristics of the host plant and its
mutant are identical except for sterility, in vitro plant
materials maintained on MS solid medium were used
for all irradiation experiments. The results of prelimi-
nary irradiation of several organs from several in vitro
plant materials including Verbena suggested that irra-
diation of a nodal culture with an N heavy-ion beam
at a dose of less than 10 Gy is effective in mutational
breeding of sterile plants without undesirable muta-
tions such as dwarfing, leaf curling and slow growth.
Sixty-four single nodes containing two lateral meris-
tems at each base of two opposite leaves of Coral Pink
of the Temari series were cultured in one plastic dish
and irradiated with 0, 1, 2, 5 and 10 Gy of the *N
heavy-ion bean at 135 MeV /u. All shoots that devel-
oped from the lateral meristems after irradiation were
planted in soil and grown in a greenhouse. About 80%
shoot formation was observed for all doses of irradia-
tions, and most of the shoots showed normal morphol-
ogy. The sterile-mutant phenotype of cach flower in
clusters after open pollination was casily detected, as
shown by an uneularged ovary. Clusters with differ-
ent frequencies of sterile flowers were observed. Some
branches of clusters whose flowers are all sterile were
selected, and were propagated several times by cut-
ting. These plants were grown to flowering and the
next selection was carried out by the same methods.

*1
*2

Institute for Fundamental Research, Suntory Ltd.
Flower Division, Suntory Ltd.

Repeats of this selection system could concentrate the
sterile phenotype, removing the fertile one from prob-
able chimerical plants that developed from the irradi-
ated meristeins harboring mass proliferative cells. Fi-
nally, four mutant lines with stable sterility were suc-
cessfully selected (Table 1).

In order to determine the effect of seed setting on
flowering characteristics, field trials of both the host
plant and its sterile mutants were carried out from
spring until autumn. The sterile mutants continuously
grew well compared to the host plant, and in par-
ticular, at the end of the blooming season, autumn,
the host plant started senescence probably due to a
continuous reproductive state of seed setting. It was
observed three timmes in the three-month pot experi-
ment that the sterile mutants had a larger number of
flower clusters than the host plant. In the field tri-
als, it was observed that the sterile mutants of Coral
Pink of the Temari series produced a small number
of seeds, which has not been observed completely un-
der the greenhouse condition due to lack of pollinators.
This seed setting at low frequency and the observation
of almost no effect on growth are similar to those found
in other Temari series, indicating self-incompatibility;
thus, it is assuimed that the pollination with geneti-
cally heterogeneous combinations between the pollen
and the pistil as a male and fernale, respectively, can
only produce seeds. A cross-pollination test indicated
that the sterile mutants of Coral Pink of the Temari
series also exhibit self-incompatibility. Tt is noted that
the characteristics of the host plant and its mutants
are identical except for sterility. Finally, we conclude
that heavy-ion beam irradiation is an excellent tool
for mutational breeding of sterile mutants at a high
frequency. Moreover the niutation which causes fertile
plants to produce sterile mutants leads to an increase
in the number of flower clusters and good growth.

Table 1. Summary data for isolation of sterile mutants of
Coral Pink of the Temari series.

Dose of No. of No. of No. of No. of
irradiation materials meristems shoots sterile
cultured  developed plants
0Gy 15 30 25 0
1Gy 64 128 115 0
2Gy 64 128 88 0
5Gy 64 128 115 1
10 Gy 64 128 108 3
References
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Isolation of variegated mutants of Petunia hybrida using heavy-ion
beam irradiation

K. Mivazaki,*! K. Suzuki,*? T. Abe, Y. Katsumoto,*2 S. Yoshida, and T. Kusumi*?

Variegation with various patterns in yellow, white
or red, at a particular part of the leaf, regularly or
irregularly, is a special and historical characteristic of
many ornamental plants in horticulture. Petunia is
one of the most important bedding plants in the world.
Fifteen varieties of Surfinia (Petunia hybrida), propa-
gated by vegetative cuttings, were developed and com-
mercialized by Suntory Ltd. and Keisei Rose Nursery
Ltd. Due to substantial propagation by vegetative cut-
tings, variegated plants were found by chance, though
the frequency was quite low. We investigated how
we could efficiently isolate those variegated plants of
Surfinia, using heavy-ion beam irradiation to induce
an artificial mutation.

In the first step, we irradiated in wvitro nodal
cuttings. containing lateral meristems cultured in
MS medium. of 10 varieties of Surfinia with 4N
(135 MeV /u) at a dose of 5. 10, and 20 Gy, or °Ne
(135MeV/u) at a dose of 1, 5, and 10Gy. We se-
lected variegated mutants among in vitro shoots devel-
oped from irradiated lateral meristems. Other normal
shoots were acclimated and grown, and were screened
under greenhouse conditions. From the several varie-
gated mutants isolated, some showed chimerical phe-
notypes containing both variegated and normal leaves
in one plant, however they lost the variegations due to
the dominance of normal leaves which were vigorous.
We isolated independently two mutants by in vitro se-
lection, and two mutants by greenhouse selection.

In order to rescue such chimerical mutants, we de-
veloped on alternative modified selection method using
an n vitro regeneration technique. We again irradi-
ated in vitro nodal cuttings of 12 varieties of Surfinia
with 12C 5 Gy, N 5 Gy, and 2°Ne 1Gy. The frequen-
cies of variegated mutants including pale green leaves

*1 Flower Division, Suntory Ltd.

*2 Institute for Fundamental Research, Suntory Ltd.
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Fig. 1. Variegated mutant from surfinia ‘Blue Vein.’

by the first in vitro selection were 18.9%, 26.8% and
10.8% isolated by 2C., N, 2°Ne irradiations, respec-
tively. We obtained many regenerated shoots from leaf
disks of these variegated leaves in MS medium with
1mg/l BA and 0.1mg/l NAA. It was observed that
most of the regenerated shoots showed normal or al-
bino leaves, but some of them showed un-chimerical
variegated leaves with quite a low frequency. As a
result, we successfully isolated one and four mutants
(Fig. 1) of variegated plants from in vitro and in vitro
regeneration selections, respectively.

These results indicate that heavy-ion beam irradi-
ation and its related selection system using in wvitro
tissue culture techniques are powerful tools for the iso-
lation of variegated Petunia.



RIKEN Accel. Prog. Rep. 35 (2002)

Induction of mutation in Sandersonia aurantiaca Hook. by
heavy-ion beam irradiation

M. Horita,* K. Sakamoto, T. Abe, and S. Yoshida

Sandersonia (Sandersonia aurantiaca Hook.) be-
longs to the Liliaceae family, and is the only species in
its genus, however, less intra-specific variations can be
found in this species. Thus, there is no variety in the
Sandersonia currently available on the market. Inter-
specific hybrids of the genus can not be made. Sander-
sonia is only available in orange. Mutation breeding is
considered to be an effective method to develop new
varieties in such cases. We applied the heavy-ion beam
irradiation method which has been reported to be an
effective mutagen in many plant species.

Dry seeds of Sandersonia were irradiated with '*N-
ion beams at doses rates of 20, 50, and 100 Gy, re-
spectively. Embryos were excised from irradiated dry
seeds, and cultured on a modified Murashige & Skoog
medium at 22°C. The embryos germinated within one
month and grew in culture vessels up to the two-leaf
stage. Then, they were transferred to potted soil and
grown in a green house. The influence of irradiation
on the germination rate of embryos and the induction
of mutation of M1 plants was evaluated.

The germination rate of embryos was not influenced
at a dosage rate of 20Gy. A dosage rate of 50 Gy
slightly decreased the germination frequency of em-
bryos and a rate of 100 Gy decreased the germination
severely (Table 1). Mutation characteristics were ob-
served in 9 out of 432 plants with 20 Gy irradiation,
which was 2.1% of the mutant appearance frequency.
Among 9 plants, some albino plants could be seen in
the culture vessels. Although 50 Gy irradiation was
slightly inferior to that of 20 Gy in terms of the fre-

quency of induction of mutants, 6 mutants out of 346
plants were obtained. A dosage rate of 100 Gy irradia-
tion produced only one mutant from 109 plants. These
results suggest that dosage rates of 20 Gy or less are
suitable for the induction of mutant plants in the case
of dry seed treatment of Sandersonia. Mutation char-
acteristics observed in the M1 generation were albino,
striped leaf, dwarf and deformed leaf (Fig. 1). These
results show that heavy-ion beam irradiation is effec-
tive for the induction of mutations in Sandersonia, at
least in the leaf stage. Flowering was not observed in
M1 plants, therefore mutation in flower color remains
to be evaluated. However, these mutant plants, among
other plants, formed tubers.

We are now investigating the appearance of mutant
plants particularly in terms of flower color in the M2
generation.

Fig. 1. Mutated plants of Sandersonia induced by '*N
Albino plant (left) and
plant with striped leaves (right).

heavy-ion beam irradiation.

Table 1. Effects of "N heavy-ion beam irradiation on Sandersonia.

No. of No. of

Irradiation 2 No. of No. of -
dose (Gy) cultmred _germinnted albino plants  stripe-leaf plants Githety
embryos embryos (%)
20 720 432 (60.0) 5 2 2
50 784 346 (44.1) b} 1 0
100 791 109 (13.8) 0 1 0
Cont.™™ 56 33 (58.9) 0 0 0

* Dwarfed plant and plant with deformed leaves

** Untreated embryo

*  Hokkaido Green-Bio Institute
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Mutation induction in human cells after low-dose exposure to

heavy ions

S. Morimoto, T. Kato, M. Honma,* M. Kase, F. Hanaoka, and F. Yatagai

It is very difficult to detect biological effects of low-
dosc ionizing radiation, particularly those of heavy-ion
radiation. However, it is highly desired to obtain such
information not only for estimation of radiation risk
to human body but also for basic understanding of
cellular responscs.

Our previous studies have revealed unique charac-
teristics of cellular responses and genetic changes in
the human lymphoblastoid cell line TK6, after a rel-
atively high-dose heavy-ion exposure. For example,
mutation induction in the hypozanthine phosphoribosyl
transferase (HPRT) gene,”) p53 induction,? and cell
cycle arrest? were extensively examined using this cell
line. We extended this line of work to low-dose radia-
tion exposure such as 10 ¢Gy exposure and determined
out that the number of p53-induced cells depends on
the kind of heavy ion.*

In this study, we applied loss-of-heterozygosity
(LOH) analysis® to the mutants at the heterozygous
thymidine kinase (T'K') locus to elucidate the genetic
effects of low-dose radiation exposure in more de-
tail. We considered this analysis very attractive be-
cause the type of LOH provides information about the
LOH induction pathway, homologous recombination or
DNA nonhomologous end-joining, through which DNA
double-strand breaks (DSBs) can be repaired (Fig. 1).

TK6-20C cells were irradiated with 10 ¢Gy of X-rays
or C ions and the observed mutation frequencies (MF)
at the TK locus are summarized in Table 1. The LOH

analysis demonstrated an increase in the relative por-

Hemizygous LOH
Type 1 Type 2
NF F

End-joining

NFF
F é or
/ xm kM

Homozygous LOH
Typa 1 Type 2
NF F NF F
Homologous or
[Recombination
T*m

km Tk rkm

Hetero type
NF F NF
) or
Translocation

% Shorter Chromosome
Ed

DSB(s)
—p-

TKm

TKM: NF (Non functional)
TK : F (Functional)
No Chromosomal
Change
(Gene Conversion)

Fig. 1. A model of expected loss of heterozygosity (LOH),
which is induced by double-strand breaks (DSBs). DSB
repair through end-joining could produce hemizygous
LOH, while that through homologous rejoining could
produce homozygous LOH. Both types of LOH have
no functional allele.

Division of Genetic Mutagenesis, National Institute of
Health Sciences
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tion of hemizygous LOH among all the number of TK
mutants, i.e., 10 to 42% by X-ray exposure (Fig. 2),
although there was no significant increase in MF (Ta-
ble 1). Furthermore, C-ion exposure enhanced such
proportion to 58% (Fig. 2), resulting in more than
twofold increase in MF (Table 1).

These results indicate that radiation-specific induc-
tion of hemizygous LOH is more efficient after expo-
sure to C lons than the X-ray exposure. This finding
suggests that DSBs are more frequently produced by
22 keV/pm C-ion exposure than by X-ray exposure.®)
This assumption is consistent with our previous result
that the nunber of ph3-induced cells after 10 ¢Gy of
22 keV /pm C-ion exposure is higher than that after X-
ray exposure.?) Alternatively, DSBs produced by C-ion
exposure are more complicated than by X-ray exposure
and the difficulty in repairing such complicated DSBs
might produce hemizygous LOH more efficiently. At
present, we are analyzing the LOH pattern in more
detail using the satellite marker on chromosome 17 to
further clarify the radiation exposure effects.
|ONo LOH

| ™ Hemi LOH
|8 Homo LOH

Background

X-ray 10 cGy

Ciion (22keVipm) 10 cGy

Fig. 2. Population of non-, hemizygous, and homozygous
LOH mutants after X-ray or C-ion (22keV/um) expo-
sure. 110 mutants were determined for Background, 92
for X-ray, and 67 for C-ion exposure.

Table 1. TK Mutation frequencies induced by 10 cGy of
X-ray or C-ion exposure.

Mutation Frequency®

vy (x107°%, mean + SD)
Background 5.7+1.3
X-ray 6.9+28
C-ion (22keV/um) 17.9 £ 8.9

a) Obtained from three independent experiments
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Delayed cell-cycle progression following exposure to heavy ions

S. Goto,” S. Morimoto, M. Kase, and F. Yatagai

High-LET (linear energy transfer) radiation is one
of the tools for tumor treatment, but it is not as pop-
ular as X-ray irradiation. Compared to X-ray irradia-
tion, the basic mechanisms responsible for such cellular
effects are still not well understood. For better un-
derstanding of cellular effect, cellular respounses after
exposure of human lymphoblastoid cell TK6 to 3 Gy
of C ions (22keV/um) or Fe ions (1000 keV /pm) were
examined in this study.

Cell-cycle progression after exposure was determined
by laser scanning cytometry (LSC). G2/M-phase cells
accumulated in all cases of irradiation. Compared
to X-ray irradiation, the number of accumulated cells
was less in the G2/M-phase after Fe ion irradiation
(Fig. 1(A)). This measurement did not confirm the
following possibilitics that a) the cell-cycle progres-
sion irradiated cells was arrested in the S-phase and
did not proceed to the G2/M-phase. and that b) they
were not accumulated in the G2/M-phase during a cer-
tain period. Therefore, we prelabeled S-phasc cells
with BrdU before the cxposure, and monitored the
cell-cycle progression of thesc labeled cells. By LSC
analysis, we could visualize the pattern (Fig. 1(B))
that indicates the position of the labeled cells in the
cell-cycle. Morcover, the rate of progression of the la-
beled cells from the S-phase to the G2/M-phase can
be calculated as shown in Fig. 1(C). The S-phase cells
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exposed to Fe ions showed delayed progression to the
G2/M-phase (Fig. 1 (B) and (C)). Such delay is proba-
bly due to the difficulty in repairing the so-called clus-

(Localized fociy

(Iistributed foci

type A type B

per 200 cells
per 200 cells

Percemage of focus cells
Percentage of focus cells

KRR KR R
R B AN TR

0 2
Time after irradiation (hr)
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Fig. 2. Different patterns of Radbl focus distribution be-
tween X-ray and Fe ion irradiation. At the indicated
post-irradiation time, the cells were stained with the

The Radb1-foci-

formation pattern was determined by fluorescence mi-

Rad51 rabbit polyclonal antibody.

croscopy. The photographs show examples of two dif-
ferent types of focus formation pattern (Type A and
B). Type A is the localized formation pattern and type
B is the uniformly distributed formation pattern. The
histogram is expressed as a percentage of cells forming
Rad51 foci. Each column in the histogram consists of
types A and B focus formation patterns.

9 hour after irradiation
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Fig. 1. (A) Cell-cycle progression in TK6 after irradiation with X-ray, C ions (22keV/um), and Fe ions
(1000 keV/pm). Following the irradiation, cells were fixed with ice-cold methanol at each postirra-
diation time and the nuclear region of the cells was stained with propidium iodide (PI). Cell-cycle
distributions were analyzed by laser scanning cytometry (LSC). The population of cells in the G2/M-
phase is expressed as a relative percentage with respect to that in the G2/M-phase of the unirradi-
ated sample. (B) Cell-cycle progression of prelabeled S-phase cells after irradiation with X-ray, C
ions (22keV/pm), and Fe ions (1000 keV /um). Before irradiation. S-phase cells were prelabeled with
BrdU for 15min. Nine hours after irradiation, the position of the labeled S-phase cells in the cell
cycle was determined by LSC. (C) The proportion of cells that progressed from the S-phase to the
G2/M-phase 9 hours after irradiation was calculated from the results of LSC analysis.

*  Department of Health Science, School of Pharmaceutical

Science, Nagasaki University
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tered DNA damage!? caused by exposure to high-
LET heavy ions. We also examined the in situ distri-
bution of the Rad51 protein, which localizes at sites of
the DNA double-strand breaks and repairs the breaks
by DNA homologous recombination. The localization
of Radb1 was visualized as a focus using the antibody
against Radbl. The majority of Rad51 foci formed
after Fe ions irradiation showed a localized formation
pattern (Fig. 2, Type B), in contrast to those induced
mainly by X-ray irradiation that showed a uniformly
distributed formation pattern (Fig. 2, Type A). Fur-
thermore, the proportion of Rad5l-foci-formed cells
was maintained at the induced level even 18 hours af-

134

ter the exposure. In contrast. such proportion after
X-ray irradiation returned to the unirradiated level.

These results obtained from the cell-staining experi-
ments also support the possibility that the DNA dam-
age induced by Fe ion irradiation is clustered. Such
damage might provide a delay in the cell-cycle pro-
gression due to the difficulty in repairing the clustered
DNA damage as mentioned above.
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Developement of the in-flight separator CRIB

Y. Yanagisawa, T. Teranishi,** S. Kubono,*! S. Michimasa,*! M. Notani,*! Y. Ohshiro,*! S. Shimoura,*!
K. Ue,*! S. Watanabe,*! N. Yamazaki,*! S. Kato,> T. Morikawa,*> Y. Mizoi, T. Kishida, H. Iwasaki,*!
H. Baba,** A. Saito,** Y. Satou,*! M. Kurokawa.*! and M. Kase

We reported the installation of an in-flight low-
energy radioisotope (RI)-beam separator CRIB last
year.!) In this report, the results of test experients
for the production of the RI beam and beam devices
installed for measuring the beams are described.

CRIB consists of seven magnets and two focal planes
with the configuration of F0-Q1-M1-D1-Q2-F1-D2-
M2-Q3, where FO is the production target position.
The principle of RI beam separation is based on mag-
netic rigidity analysis and the energy loss of fragments.
RI beams produced at FO are analyzed with their mo-
menta and transported to the dispersive focus plane
F1. A degrader is placed at F1 to generate the energy
loss. Next, RI beams are reanalyzed and collected at
achromatic focal plane F2. With the in-flight sepa-
ration method, the wedge-shaped degrader has been
widely used at the dispersive focal plane. In the case
of CRIB at low energies of a few MeV /nucleon, a suit-
able thickness for the degrader was a few mg/cm?, in
view of multiple scattering and energy straggling. Such
a wedge degrader is too thin to fabricate. We have
used a homogeneous degrader, an aluminized mylar
foil with a thickness of 1.7 mg/cm?, for RI beam sep-
aration. The effect of the degrader is described by Ue
et al. elsewhere in this report.?

We have installed a beam diagnosis device at each
focal plane. The profile of a primary beam at the
production-target position (F0) is measured with a
single-wire profile monitor and a ZnS beam viewer.
The beam profile of a secondary beam is measured
at F1 and F2 using delay-line parallel plate avalanche
counters (PPAC) with segmented horizontal and verti-
cal cathodes. The PPAC at F1 is used for the momen-
tum measurement, and the one at F2 is for monitor-
ing the isotopic separation and tuning beam profile at

the secondary target position. The particle identifica-
tion for secondary beams realized by a combination of
time-of-flight (TOF) and energy loss (AE or E) mea-
surements. The TOF is measured between RF signals
from the AVF cyclotron and the timing signal of the
PPAC. Silicon detectors are placed at F1 and F2 to
measure energy losses.

The first test experiment was performed for pro-
ducing a >N beam for the experiment of 2N +
p elastic scattering.® A primary beam of °B at
7.8 MeV /nucleon with an intensity of 200 pnA bom-
barded a *He gas target with 0.25mg/cm?. The 12N
beam was produced via the (*He,n) reaction in inverse

Energy loss [arb.units]

TOF [arb. units]

Fig. 1. Particle identification spectrum for the result of
production of '?N. The z-axis represents a TOF be-
tween RF and PPAC signals and the y-axis represents
an energy loss of particles in the silicon detector.

Table 1. Summary of RI beams obtained by CRIB. Here, primary beam intensity was 200 pnA.

RI beam ¢ e 12N 140
Primary beam 1ot g4+ o+ HaNG+
Energy (per nucleon) 7.8 MeV 7.8 MeV 7.8 MeV 8.4 MeV
Reaction (p,n) (*He,pn) (*He,n) (p,n)
Target CHy4 SHe 3He CHy
1.3mg/cm®  0.25mg/cm?  0.25mg/em?®  1.3mg/cm?
Intensity (cps) 1.6 x 10° 1.6 x 10* 2.5 x 10° 8 x 10°
Energy (per nucleon) 6.1 MeV 3.4 MeV 3.9MeV 6.7 MeV

*1
*2
*3
*4

Center for Nuclear Study, University of Tokyo
Yamagata University

Kyushu University

Rikkyo University
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kinematics. The RI beams produced were scparated
and transported to F2. Figure 1 shows a particle iden-
tification spectrumn for the 2N beam. Particles were
identified using the technique of TOF measurement
between RF and the timing signal of the PPAC and

12N beam of 2500 cps was obtained. The purity of N
beams was about 3%. The main contamination of the
beam was a scattered primary beam from the wall of
the first dipole magnet. We have also performed exper-
iments for producing the RI beams *'C, °C and 0.
The RI beams obtained are summarized in Table 1.
The development of a Wien filter installed after F2

136

and a windowless gas target ) for a production target
is now in progress, being essential for the production
of high-intensity RI-beams with high purity.
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Test of low-energy RI beam production with CRIB

K. Ue,*! S. Kubono,*! T. Teranishi,*! S. Shimoura,*! M. Notani,*! Y. Yanagisawa, S. Michimasa,*!
H. Iwasaki,*! M. Kurokawa,*! Y. Satou,*! T. Morikawa,*2 A. Saito,*3 H. Baba,*3
Y. Ohshiro,*! N. Yamazaki,*! S. Watanabe,*! and M. Kase

To establish a technique of producing a low-energy
RI beam by means of the in-flight method, we have
conducted a test experiment to produce an O beam
at low energy (6.6 A MeV) using a homogeneously thin
degrader for isotope separation. We studied the achro-
maticity of the RI beam at the exit of CRIB separa-
tor.!

A wedge-shaped energy degrader with the thickness
of 100-1000 mg/cm? has been widely used for the in-
flight method at intermediate energies. The use of a
wedge-shaped degrader allows one to achieve achro-
maticity easily. However, the suitable thickness is 1-
10mg/cm? for such a low beam energy. Because it
is difficult to constract a wedge-shaped degrader with
such a small thickness, we tested a method using a
homogeneously thin degrader. The use of a homoge-
neous degrader breaks the achromaticity. We treated
the effect of particle energy-loss in the degrader in the
framework of the ion-optical transfer matrix and ad-
justed the optics of CRIB, so that the achromaticity
could be restored.?)

A primary beam of N at 8.4 AMeV bombarded
a gas target of 1.5mg/cm? CHy. The target gas was
confined in a small cell with entrance and exit windows
made of Havar foils (2.4 ym thick). An O beam pro-
duced by the "N (p,n) O reaction in inverse kine-
matics was separated from other particles by CRIB.
We installed an aluminized mylar foil with thickness
1.7mg/cm? as the homogeneous degrader at the dis-
persive focal plane (F1) of CRIB. At the achromatic
focus (F2), particle identification was performed using
timing information from two parallel plate avalanche
counters (PPAC)? and energy information (E) from a
silicon detector. The beam profile and position at F2
were measured using the PPACs.

The beam purity of 140 at F2 was about 60% with-
out the degrader and about 80% with the degrader.
The main background was N scattered from the wall
of the first dipole mnagnet of CRIB, the beam pipe and
the target cell.

To verify the achromaticity, the horizontal centroid
position of the MO beam was measured at F2 as a func-
tion of its momentum. The momentum was selected at
F1 by using an aperture of 2 mm, which corresponds to
the momentun spread of 0.13%. The aperture position
was moved from 0 to 50 mm. Figure 1 shows the cen-
troid position at F2 (x2) as a function of aperture posi-

*1
*2

Center for Nuclear Study, University of Tokyo
Kyushu University
*3  Rikkyo University
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Fig. 1. Vertical and horizontal axies show the horizontal
centroid position of the beam spot at F2 (z2) and of
the aperture at F1 (x;), respectively. The positions
z1 = 0, =10, =20, --30, —40, and —50 mm correspond
to 0, —0.63, —1.3, —1.9, —2.5, and —3.2%, respectively,
in deviation from the central momentum.

Table 1. Propertics of 'O beam produced by using
H(**N,**O)n reaction at 8.4 AMeV. The intensity of
the "N beam was 500 pnA.

Energy 6.6 A MeV
Intensity 2 x 10° pps
Momentum spread 5%

Purity 80%

Spot size (FWHM) ¢ 14 mm

tion at F1 (21). When the degrader was not used, the
shift of zy was measured to be 8mm at z; = —50 mmn.
When the degrader was used and the optics was ad-
justed. the shift was 9mm at #; = —50mm. Both val-
ues of shift were significantly smaller than x5 = 25 mn
at x; = —50 mm with the degrader and without the ad-
justment. Thercfore, the adjustinent of the separator
system is important for the use of the homogeneously
thin degrader. The properties of the '*O beam are
The spot size with the de-
grader was wider by 5mm than that without the de-
grader. This is mainly due to a large energy straggling
in the degrader.

summarized in Table 1.
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The first observation of slow muon beam
at the RIKEN-RAL Muon Facility
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T. Matsuzaki, K. Ishida, I. Watanabe, and K. Nagamine

We have been constructing a slow muon beam line
at the RIKEN Muon Facility at the Rutherford Ap-
pleton Laboratory,!) adopting the resonant ionization
method. The advantage of a slow muon beaimn over con-
ventional muon beam is enormous. The cnergy of slow
muons can be varied from a few eV to a few tens of
keV, while the energy spread when they are generated
is on the order of a few eV. On the other hand, the
currently available muon bea (surface muon beam)
has a fixed momentwn of approximately 27 MeV /¢ (en-
ergy 3.5 MeV) and its momentuin spread is as large as
10%. The nature of the slow muon beam will extend
the application of SR studies to thin films, surfaces
and interfaces which have been impossible to be inves-
tigated with uSR technique. The time resolution will
also be much improved compared to that of the current
beam available at the RIKEN Muon Facility, thanks to
the narrow time width of the laser beam which is used
to generate the slow muon beamni.

The resonant ionization method was developed at
the Meson Science Laboratory of the High Energy Ac-
celerator Research Organization.?) The surface muon
beam is injected into a thin tungsten foil, which is
heated to approximately 2500 K. Muonium atoms with
thermal kinetic energy are evaporated from the surface
after its formation following electron capture at the
surface of the foil. Then the electrons of the muonium
atoms are removed by irradiation with VUV laser to
produce very slow muons. This process is illustrated
in Fig. 1. Generated slow muons are extracted and
accelerated by SOA lenses and transported to a mi-
crochannel plate (MCP) detector, with which they are
detected.

We ionized muonium through a series of two tran-
sitions, 1s—2p and 2p—unbound. A sophisticated
laser system has been developed to generate an intense
Lyman-«v VUV light which matches the energy differ-
ence between the 1s and 2p states, which corresponds
to the wavelength of 122.09 nm in the case of muonium.
Another 355mm of photons from a frequency-tripled
Nd:YAG laser were used to remove electrons through
transition from the 2p state to an unbound state. The
scheme is illustrated in Fig. 2. A detailed explanation
of the laser system is given in the previous report.?)

We carried out the experiment in the summer of
2001 for 5 days in the Port 3 experimental area at the
RIKEN Muon Facility. The first slow muon beam was
successfully observed at the beam line. An observed

Institute for Materials Structure Science, High Energy Ac-
celerator Research Organization (KEK)
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Fig. 1. Schematic diagram of the laser ionization method

for generating slow muons.
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Fig. 2. Schematic diagram of the laser system which has
been developed for the resonant ionization of muonium
atom.

time-of-flight (TOF) spectrum is shown in Fig. 3.

It is noted that the laser system is operating with a
25 Hz repetition rate, whereas the pulsed muon beam
has a 50 Hz repetition rate. We observed a clear peak
only when VUV light was introduced to the production
region. The signal was confirmed to be caused by slow
muou from the measurement of the bending magnet
field in the beam transport line, and by agreement of
the TOF difference between laser irradiation and signal
arrival time according to acceleration voltage. I order
to change the wavelength of the VUV light, the fre-
quency of a tunable OPO laser was scanned. Figure 4
shows that the yield of slow muon peaked at 820.4 nm,
which corresponds to the matching frequency of the
1s—2p transition of muonium atoms.

It was observed that the yield almost linearly de-
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Fig. 4. Yield of slow muons are plotted against frequency
of tunable OPO laser. The wavelength was calibrated
by He-Ne laser and by observing hydrogen ionization
signal at 844.8 nm.

pends on both VUV laser power and 355nm laser
power, suggesting that laser power was not saturated

in the production region.

The obtained count rate of slow muon was about
0.03 slow muons/sec, which is about 30 times smaller
than expected. We believe that this is largely due
to the smallness of the power of the VUV light and
355 nm light which ionize the muonium atoms. We
monitored the strength of the VUV light by observ-
ing an ionization signal from NO gas which is filled
in a chamber located at the end of the laser path.
The signal during the beam time was less than 10%
of what we obtained during the commissioning period
in Japan. The 355 nm laser was operating at approx-
imately one third of its maximum power because of
a fault in its power supply. The vacuum around the
target was about 5 x 107% mbar, which is also poorer
than that in our design due to the short period of bak-
ing time. although this level of vacuum will not disturb
the slow muon trajectory markedly, it will deteriorate
the cleanness of the surface of the target, which will
affect the efficiency of muonium production.

We are currently working to improve laser perfor-
mance. It has been indicated that a lower intensity
of VUV light was caused by the strong focusing of
laser beams in the Kr chamber, which causes satu-
ration of VUV generation. By slightly defocusing the
laser beams to obtain a larger generation area, we ex-
pect to obtain significantly stronger VUV light. In the
last beam experiment, we split the 212nm laser into
two, and used only one of them to avoid damage on
a BBO crystal in the laser system. We are planning
to use the second 212 nm laser light with a new BBO
crystal to introduce another VUV light to the chamber.
The power supply of the 355 nm laser has been fixed
to yield maximum power. Improvement of the vacuum
system is also under way, including installation of a
cryopump, which was not available last summer.

With these improvements, we expect to obtain at
least 100 times more slow muons, which will be suffi-
cient for SR study of some samples. We are planning
to install a SR spectrometer in 2002.
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Design of a spin polarized positron beam and a spin rotator

F. Saito. N. Suzuki, Y. Itoh, A. Goto, Y. Nagashima.*? T. Kurihara,*? and T. Hyodo*!

A high-intensity spin polarized slow positron beam is
developed in RIKEN for the researches of surface and
of interface magnetism. A high-intensity beam can be
attained by using an electrodeposited 'F (produced
by the AVFE cyclotron) positron source’) and a high-
efficiency tungsten mesh moderator.?)

The specifications of the beam transferring system
was already reported:®) the positron spin is rotated by
using a spin rotator. A polarimeter is used to measure
the positron spin polarization of the beam. The pre-
vious design,® however. requires some improvements.
In this paper, the simulation of beam transfer of a new
designed apparatus as well as a magnctic field and an
electric field of the spin rotator are reported. The elec-
tric and magnetic fields of the spin rotator were opti-
mized by means of OPERA-3d/TOSCA (Vector Field,
Ltd.). The beam transfer efficiency was simulated by
means of Simion (Idaho N. E. Lab.).

A Wien filter is used as a spin rotator which has a
static electric field (F) and a maguetic field (B) per-
pendicular to the beam axis and to each other. When
the beam passes through the magnetic field, the spin
rotates in the magnetic field direction due to the Lar-
nior precession. The transverse motion of the positron
is restrained by the electric field when the Wien con-
dition ¢(E + v x B) = 0 is satisfied. Thus, the ad-
justment of the magnetic field and the electric field
is of vital importance for the beam transfer efficiency.
The dimensions of the designed spin rotator are 50 mim
length along the beam axis, 20mm gap between mag-
netic pole pieces and 16 mm gap between electrodes.
The diameter of the beam passing the rotator is about
10mm. The schema of the spin rotator is shown in
Fig. 1. The deviation of the magnetic field and the
electric field along the transeverse direction (z-axis)
at the center (z = 0) of the spin rotator is shown in
Fig. 2. The electric field produced by the curved sur-
face electrodes corresponds better to the magnetic field

curved surface electrode \\

Fig. 1. Schema of spin rotator. The origin of the cordinates
is the center of the spin rotator.
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Fig. 3. Fringing magnetic field and electric fields, each nor-
malized by the value at the center of the rotator. The
end of the rotator and the field clamp are situated at
2.5 and 4cm from the center, respectively.

than that produced by the plate electrodes at positions
along the z-axis with y =0 and y = 4.

Figure 3 shows the simulation of the magnetic fields
with and without field clamps and the electric field
along the beam axis. The width of the fringe magnetic
field at the entrance and the exit of the rotator can be
reduced and adjusted to that of the electric field by
employing field clamps.

The simulation of the beam transfer efficiency shows
all the positrons emitted from a circlar area (dia.
6mm) with an energy of 1-3eV and an angle of 080
degrees to the bean axis can be transported to the
target sample.

In conclusion, the design of the spin-polarized slow
positron beam apparatus has been completed and the
simulation shows that this apparatus exibits high beam
transfer efficiency.
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On-line collection of ®Li ions from the projectile fragment
separator using an rf-ion guide system

M. Wada, Y. Ishida, T. Nakamura, Y. Nakai, T. M. Kojima, Y. Kanai. N. Ohshima, H. Ohyama, T. Kaibara,
Y. Yamazaki, A. Yoshida, T. Kubo, Y. Matsuo, Y. Fukuyama, K. Okada,** T. Sonoda,*? K. Noda,*?
H. Kawakami,** S. Ohtani,*® and I. Katayama*?

The projectile fragment separator (RIPS) at the
RIKEN accelerator facility (RARF) provides a wide
variety of energetic radioactive beams. However, it is
not adequate for low-energy beam experiments such as
precision spectroscopy of trapped ions. Aiming at effi-
cient deceleration and cooling of the energetic radioac-
tive ions, the development of an rf-ion guide system
comprising a large He gas cell and an rf funnel struc-
ture in the cell is in progress.t ® Energetic ion beams
from the fragment separator are stopped in the gas cell
after passing through an energy degrader. In the con-
ventional ion guide, the transport of ions in the cell is
carried out only by the gas flow which limits the pos-
sible size of the cell. In the rf-ion guide, on the other
hand, the ions in the cell are under the control of the
applied dc and rf fields. which enables us to use a large
cell. The dc field transports the ions toward the exit
aperture, while the rf gradient field at the wall of the
cell repels the ions.

A proof of the principle (pop) machine has been suc-
cessfully tested on-line for the collection of 70 MeV /u
8Li ions. The setup used in the test experiment is

Li-8 70-MeV/u
Plastic

edge
Degrader
A 9
RF Funnel
7Pcm Electrode
N []

Exit Nozzle
== | Electrode
= L ssD

(Detector for

Delayed-o,
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Electri¢ Field in
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e L e o

Fig. 1. Diagram of the rf ion guide on-line test setup.
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shown in Fig. 1. A compact gas cell of 70 cm in length
and 10 cm in diameter with a He gas pressurc of 30 Torr
was placed after a newly developed wedge shaped en-
ergy degrader. The degrader is made of water packed
between thin aluminium windows connected by bel-
lows. This arrangement is capable of varying both the
wedge angle and the thickness. A photograph of the
wedge degrader is shown in Fig. 2.

The ions stopped in the gas were extracted orthogo-
naly to the beam axis by the dc field penetrating from
the rf funnel structure. The ions follow the lines of elec-
tric force toward the surface of the electrode, although
they do not hit the electrode due to the presence of
the rf barrier field. In this way the ions move slightly
above the surface of the funnel structure toward the
exit aperture of 0.5 mm in diameter.

The transported 3Li ions were collected on a silicon
detector and delayed-or decay was observed for their
detection. The overall efficiency of the pop system was
~10~* as depicted in Fig. 3. The radial acceptance of
the cell for the extended beam after the degrader was
measured to be 30% using a collimated beam. The
stopping capability of the 30 Torr gas cell was 0.43%
which was deduced from a range calculation by us-
ing the TRIM code. the measured energy distribution
after the energy degrader, and the radial acceptance.
Thus the overall efficiency can be separated into the
gas stopping efficiency of 0.43% and the ion-guide effi-
ciency of 2.4%. The former is limited by the geometry
of the cell and the pressure of the He gas. The lat-
ter is due to the present rf voltage limitation of 40 V.
Both components have the potential to be increased
up to the 10% range by employing a larger cell, higher
pressure, and higher rf voltage, which would yield an

Fig. 2. Wedge shaped energy degrader of variable angle
and thickness.
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Fig. 4. New rf electrode assembly made of planar PCB.
Part of the electrode is enlarged at the bottom right.
An additional small central electrode will be attached
at the center.

expected overall efficiency of 1%.

With this in mind a new large cell of 40 cmn in di-
ameter and 2 in length has recently been installed.
In this new cell. the rf funnel structure was replaced
by a planar Printed Circuit Board (PCB) disk with
fine ring electrodes (Fig. 4). The spatial period of the
ring clectrodes is 0.5 mm and the disk is 260 mm in
diameter. In the first on-line test of the new sctup.
the overall efficicncy already exceeded 1073, although
there was a vacuum leak in the cell which resulted in
a poor background pressure of 107° Torr. A typical
experimental result is shown in Fig. 5. The overall of-
ficiency is plotted versus the applied de gradient field
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Fig. 5. Overall efficiency of the new setup plotted versus
the applied dc gradient field and the rf amplitude.

and the rf amplitude. Since at the time of the first
test a central part of the electrode assembly was not
installed, we could observe some transported 8Li ions
even when the rf field was turned off. In this case a
fraction of ions stopped in the cell can be transported
by the dc field only. since the central aperture is 14 mm
in diameter. The additional central part of the elec-
trode made of a plane PCB of 0.2 mm thick with a fine
clectrode structure and a small exit aperture of 0.5 mim
in diameter is under fabrication.

Two tyvpes of downstream experimental instruiments
arc also in preparation. One is a linear rf trap for
precision spectroscopy of the hyperfine structure of
1Be ions.®) The other is a multireflection time-of-flight
mass spectrometer.”) They will be connected to the
present rf jon guide system for future on-line experi-
ments with unstable nuclear beams.
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Development of RI atomic beam device
with a Laval-type nozzle

H. Miyoshi,*! H. Ueno, K. Asahi, H. Ogawa,*? J. Murata, K. Sakai,*! D. Kameda,*! Y. Kobayashi, W. Sato,
A. Yoshimi, H. Watanabe, K. Yoneda, N. Imai,*® J. Kaihara,*! K. Shimada,*! and T. Koike*!

A number of nuclear moments have been measured
at the RIKEN Ring Cyclotron during the last decade,
using spin-polarized beams from the fragmentation re-
action combined with nuclear magnetic resonance via
change in the angular distribution of 3 rays (5-NMR
method). This approach, however, requires that sev-
eral conditions be fulfilled.

To avoid the difficulties forecast for certain require-
ments when the measurement is extended to the heav-
ier mass region, we have attempted to develop a
method which involves a low-energy spin-polarized ra-
dioactive isotope (RI) beam, which we call the RI
atomic-beam method (RIAB). The advantage of this
method is that no special host material or #-ray asym-
metry is required, since the magnetic resonance is per-
formed in-flight and the resonance is detected simply
by counting the radiations of the transmitted RI. A
schematic view of the total setup is shown in Ref. 1.

A hexapole magnet is installed to converge the beam
from the nozzle of the cell. In order to choose the field
strength of the magnet, we need to determine the range
of velocities at which the RI atoms emerge from the
nozzle. As the first step toward this goal, we performed
an experiment to measure the total spout efficiency
(i-e., stopping efficiency x spout efficiency).

The experiment was carried out at RIPS. A "N
beam was produced from the fragmentation of *#0O pro-
jectiles on a 1.48 g/cm? thick “Be target at an energy
of /A =100MeV /u.

First, the 1N atoms must be stopped by a noble
gas in a cell. We chose Ar for the stopping gas ma-
terial. The temperature of the gas was kept as low
as 150 K. From our simulation, velocity ranges below
400m/s are favorable for the RIAB technique. The
major factors determining this are the vacuum system
performance and the field strengths realizable with the
hexapole magnet. The RI atoms are ejected from the
cell together with the Ar carrier gas into vacuum. A
nozzle?) was mounted on the exit of the cell so that the
gas spouts out at forward angles. A schematic view of
the setup including this Laval-type nozzle is shown in
Fig. 1.

In this experiment, we measured the counting rate of
8 rays from "N with a plastic counter telescope. The
experiment was performed under two different condi-
tions: the ( particles were counted with and without
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Fig. 1. Schematic view of the setup. The "N beam is inci-
dent at the cell from the direction perpendicular to the
figure, and a fraction of atoms in the beam are stopped
in a gas in the cell. TMP: Turbomolecular pump.

Table 1. Result of the experiment.

status | BaF2 (counts) | Plastic (counts) | R (= Elastic)

Bal'g
Ar Flow | 15923159 19385 1.217 x 1073
No Flow| 13163251 15347 1.166 x 1073

the Ar carrier gas flow. From the difference in the
[-counting rates between the two conditions, we as-
certained the "N atoms to indeed be extracted from
the cell by the carrier gas. The experimental result is
shown in Table 1.

The BaFy counter which counts scattering particles
such as v rays and neutrons was used as a "N beam
monitor. The counter was located far from the RIAB
setup. From Table 1, a definite difference is observed
between the beam-normalized f-counting rates R for
the gas flowing and non-flowing conditions. The dif-
ference, however, is not as large as expected, presum-
ably because of a large background consisting of 5 rays
and neutrons which were emitted from "N activities
stopped in the cell wall. The rate of "N particles in-
cident at the cell was counted with a beam counter (a
plastic scintillator). From the observed difference in
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3 countings, divided by the beam rate (normalized by
the BaFs counts) and corrected for the 3-solid angles,
we obtain a total spout efficiency (= number of ex-
tracted "N atoms / mumber of incident !N atoms) of
about 3.95x 1077, Since the momentumn distribution of
the "N beam was rather sharply cut at the RIPS mo-
mentum slit at the F1 focal plane (£3% at momentum
peak), we could estimate the fraction of the incident
17N particles that are stopped by a gas in the cell. The
net spout efficiency, defined as the ratio of the number
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of extracted "N atoms to that of stopped "N in the
gas, is estimated to be 0.4%. Modification of the sys-
tem (the shape of the cell, temperature, etc.) is under
way in order to improve efficiency.
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Development of a detector system for transient magnetic field
experiments

H. Ueno, W. Sato, H. Ogawa,*! Y. Kobayashi, D. Kameda,*?> H. Miyoshi,*? J. Kaihara,*? N. Imai,*3
H. Watanabe, A. Yoshimi, K. Yoneda, and K. Asahi

For the g-factor measurement of short-lived (7 ~
ps) excited states of unstable nuclei, we are preparing
transient field experiments!) using radioactive nuclear
beams. In this report, the annealing of thick ferromag-
netic targets and development of a detector system for
the transient field?) using a 22Ne beam are described.

For the preparation of ferromagnetic material, an-
nealing of self-supported Gd foils with thicknesses of
t = 25 and 100 pum were employed. After being
placed in the quartz-tube furnace, the foils were heated
at 1100K for 10 minutes at a pressure of 1 x 1076
Torr. The heating power was then reduced slowly
and the foils were cooled to room temperature. Al-
though hexagonal Gd shows magnetic anisotropy be-
tween the easy direction of magnetization and the crys-
tallographic c-axis depending oun the temperature, it
has been reported that well-annealed polycrystalline
foils show almost the same magnetization as the single
crystal.?) Magnetization of the Gd foils was measured
with a SQUID magnetometer as a function of the po-
larizing field By, at T' = 77 K. The measured magne-
tization as a function of temperature is shown in Fig. 1.
The obtained magnetizations of 4.5 and 4.1 in units of
pB/atom for the sammples with ¢ = 25 and 100 um at
Bexy ~ 0.037T, at which the magnetization should be
saturated if the sample is well-annealed, were found
to be inadequate compared with the reported value of
6.2 up/atom for t = 2-4mg/cm? thin foils.*) This is
due to difficulties in the annealing of thick samples.
Thick foils, however, are needed for RI-beam experi-
ments, so that development of another method of an-
nealing is in progress.

The performance of the detector system, whose de-
sign is described in the previous report,?) was tested
using a 22Ne beam, in order to detect the particle-y co-
incidence. The J™ = 27 first excited state of 2?Ne at
Ex =1.275MeV, whose magnetic moment and lifetime
are known to be p = 4+0.65(2)un and 7 = 3.63(5)ps,
respectively, was populated by the scattering from a
50mg/cm? thick Pb target. The average energy of the
22Ne beam was F = 12.9 MeV/nucleon, which corre-
sponds to a beam velocity of v = 22.9vuq, where vy is
the Bohr velocity. Although the velocity might be ex-
cessive for the transient field experiment, the detector
system was tested in this situation, taking into account
the fact that RI beams produced by the projectile frag-
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Fig. 2. A ~-ray spectrum obtained for the de-excitation
from the 27 first excited state of 22Ne after the Coulomb
excitation.

mentation reaction have very high velocities compared
to the Bohr velocity. In the experiment de-excitation ~
rays from the 2% first excited state after the Coulomb
excitation were identified as a peak in the obtained ~
spectrum as shown in Fig. 2.

The observed large background, however, interferes
seriously with the determination of the photo-peak
area in the experiment with Rl beams. To reduce the
background, we are improving the detector system.
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Gas cell RI beam stopper with electric transportation system
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As part of the plan for building a radioactive atomic
beamn apparatus (RIAB) with the goal of producing
highly polarized radioactive nuclei,’) we performed
R&D of an ion-stopping gas cell, for the purpose
of stopping thie RI beam produced by the projectile
fragmentation reaction and separated by the RIPS
(RIKEN Projectile-Fragment Separator) at RIKEN.
In order to use the RI beam as an ion beam incident
to the RIAB, the beam momentum must be degraded,
and also electrically neutralized. In the year 2000, we
confirmed by a simulation study that the RIAB has
extensive potential for studies using polarized RI and
will be able to obtain nearly 100% polarization, which
gives us precise measurenients of nuclear moments in
a wide range of the nuclear chart. application to sur-
face materials science, and also a test of fundamental
symmetries such as time-reversal invariance.

The most challenging technical part of the RIAB is
the ion stopper. A low-pressure gas cell ion stopper
(LPGS) is located immediately in front of the RIAB
magnets. providing supersonic cold ion flows with a
Laval-type nozzle.?) Because of its very low pressure
of around 1 Torr. we cannot expect sufficient stopping
power and resultant transportation efficiency. The goal
of the present study is to build another high-pressure
gas cell stopper (HPGS) located immediately in front
of the low-pressure gas cell in order to increase the of-
ficiency. The incident ions are stopped inside the gas
volume (He gas. 730 Torr), and then transported out-
side the gas cell through a small hole by an electric
field. We applied a unique electric field, which can
lead the charged ions through a very localized output
hole with small loss. By utilizing clectric transporta-
tion. we can solve the problem of severe contamination
of the carrier gas downstream. Also, the sufficiently
fast transportation time allows us to use short-lived
radioactive nuclel.

We built the first prototype chamber apparatus of
the HPGS after a simulation study, and it is shown
in Fig. 1. The ficld pattern was optimized to achieve
maximuin transportation efficiency. In order to obain
a strong focusing foree at the eud point, a one-order-
higher field was applied there. A test using a radioac-
tive source must be carried out as a first step. however,
because of the difficulties in achieving an ion-emitting
source and detecting the low-energy ions, we performed
a test experiment, using an ion bean at RIKEN in Oc-
tober 2001. We used "N ions produced by projectile
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Fig. 1. Schematic view of the setup. (The copper plates
are the shield for 3)

fragmentation reaction of a 100 MeV/u O beam on
a 1.48 mg/cm? YBe target, separated by RIPS at the
E6 beam line of RIKEN Ring Cyclotron. The incident
beam cnergy at the HPGS is about 500keV/u after
degrading.

The transported ions are counted by two plastic
scintillation counters. which detect 3 particles emitted
from B-unstable ions. By observing the field strength
dependence on the 3 counting rate, we can cstimate
the transportation rate. Unfortunately, no clear evi-
dence of the transportation was obtained in the first
test experitent. 17N was not clearly observed. Pos-
sible reasons for this are ton neutralization due to gas
impurity, a low beam-stopping rate, a nonoptimal elec-
tric field. and charge-up of the glass cell.

Considering our cxperience with the test experi-
nent. we are now attempting to change the design
drastically. For example, we will place clectrodes in-
side a large gas volume instead of surrounding the glass
cell with electrodes. As a result, the apparatus can
achieve a high vacuum level. therefore, the gas impu-
rity problem should be significantly reduced.  As re-
gards the test procedure. a test without using an ion
beam should be performed for simplicity. Production
and detection of the helinin ions using a imass separator
can advance our R&D.

Our efforts to modify the current HPGS system must
sueceed within one year. The R&D of the LPGS and
the design for the magnets are successfully under way,
therefore, we can expect to sce the first polarized ra-
dioactive atomic beam in the near futurc.
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RF deflector system for proton-rich RI beams (II)

K. Yamada,* T. Tanihata, and T. Motobayashi*

The construction of the RF deflector system re-
ported previously!) is continuing to make progress.
The system is expected to be installed in the RTPS?
beam line to obtain high-purity proton-rich RI beams.
The secondary beam in the second stage of RIPS
passes through a vertically arranged parallel-electrode,
to which a high voltage with half the frequency of the
cyclotron RF signal is applied. The particles in the
beam are deflected depending on their arrival time at
the position of the electrodes, and are filtered by a
two-dimensional slit placed at the focal point.

The deflector system is shown in Fig. 1. It consists
of an electrode part, a two-dimensional slit system (2D
slit), a main amplifier, a DC power supply, and a low-
level control system. The parallel-electrodes are set in
a main vacuum chamber, and are connected electroni-
cally to a cavity resonator.

The high voltage is in the sinusoidal form with a
frequency of 12-18 MHz. The maximum peak-to-peak
voltage is slightly higher than 100kV, depending on
the frequency. To generate the voltage, a coaxial cav-
ity resonator with cylindrical shape is adopted. The
structure with a fixed-length cavity and two tuners at-
tached on the sides to change the resonance frequency
enables a shorter cavity length compared with a com-
monly adopted design with a variable-length cavity.
The cavity is 2250 mm long and 700 mm in diameter,
and the inner shaft with 120 mm in diameter is wa-
ter cooled and is directly connected to the upper elec-
trode. Each deflector electrode is made of copper, and

fop view

is 120 nim wide and 700 mm long. The electrode gap is
fixed to be 40 mm. The deflector body can be moved
aside from the beam line with the help of a rail stage
when it is not being used. The main amplifier with
20kW output power is placed beside the cavity and
directly coupled to the feeder. The total power input
of about 70kVA and water flow of 55lit/min are re-
quired. The two-dimensional slit system is made of
25-mm-thick copper plates and the slit aperture is re-
mote controlled to within 100 mm. The deflector will
be installed between the Q9 lens and the F2 focal plane
of RIPS by replacing the switching magnet. The slit
chamber will be placed upstream of the Q10 lens. The
distance between the center of the electrode and the
slit is about 1.8 m.

The performance of the deflector is evaluated ac-
cording to first-order beam optics. It is assumed that
the beam is focused on the F2 slit in the horizontal
direction and on the new slit in the vertical direction.
In the case of the 3*Ni secondary beam produced from
58Ni with the energy of 57AMeV, its purity in the total
secondary beam was about 1074, With the use of the
present RF deflector, the purity is expected to increase
by approximately 100 times.
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Liquid hydrogen target for SMART experiments

T. Uesaka,*! K. Suda.*! M. Hatano,*? K. Sekiguchi,*> A. Tamii,*? N. Sakamoto, T. Olmishi, K. Yako,*?
S. Sakoda,*? T. Saito,"? N. Uchigashima,*® H. Okamura,*! and H. Sakai*?

Polarization transfer observables are sensitive to spe-
cific spin-dependent transition amplitudes and can be
a powerful tool for probing the fundamental interac-
tions relevant to the reaction. This is also the case in
the investigation of three-nucleon (3N) force effects in
the d 4+ p scattering. A theoretical calculation predicts
that the effects of the 3N force, which are by nature
spin dependent, manifest themselves most clearly in
polarization transfer coefficients K, , K, and K¢, at
backward angles.!) We have developed a liquid hydro-
gen target for the polarization transfer measurement?
of the d + p elastic scattering at SMART.

An overview of the target system is shown in Fig. 1.
The target volume is 20 mme¢ x 2 mm? and is sealed by
6-pum-thick Havar foils on both sides. The target cell is
attached to the second stage (~4K) of a commercial
refrigerator and is surrounded by a radiation shield.
The radiation shield is mounted on the first stage of
the refrigerator whose temperature is approximately
50K. A thin heater inserted between the refrigerator
and the target cell is used to maintain the target tem-
perature at approximately 17 K. A silicon diode sensor
on the target cell continuously monitors the tempera-
ture of the target. We employ no feedback system for
controlling the target temperature since the tempera-
ture is found to be stable within the range of £0.1K
when extra heat load is absent. The temperature in-
creases by only 0.3 K when a 270 MeV deuteron beam
of 50nA is incident on the target, where the heat load
is ~100 mW.

Hydrogen gas is fed to the target cell through a reser-
voir of a 351 volume as shown in Fig. 2. In the course
of a measurement, all the valves A-F are closed and
the inner pressure of the target, being about 1atm
throughout the measurement, is continuously moni-
tored by a Baratron gauge. To prevent the inner pres-
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Fig. 1. View of liquid hydrogen target.
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Fig. 3. Proton energy spectra of the d+ p elastic scattering
from polyethylene (broken line) and from liquid hydro-
gen target (solid line). Spectrum for a carbon target
(dotted line) under the same experimental conditions is
also shown.

sure of the target fromm becoming too high, an electric
valve C opens in the case that the readout pressure of
the Baratron gauge exceeds 2 atm.

Figure 3 shows a proton energy spectrum for the d+p
elastic scattering at Ey = 270MeV and 0., = 90°.
The solid line represents the spectrum obtained with
the liquid hydrogen target. A shoulder at the lower en-
ergies is due to deuteron breakup from a hydrogen tar-
get. For comparison, spectra obtained with a polyethy-
lenc target (broken line) and a carbon target (dot-
ted line) under the same experimental conditions are
shown in the figure. With the known cross-section®
of the d + p elastic scattering, we obtained the effec-
tive thickness of the target to be 2.8 mm (20 mg/cm?).
This indicates that the Havar foil on each side swells
by 0.4 mm.
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Development of polarized proton target for RI beam experiment

T. Wakui, M. Hatano,*! H. Sakai,*! T. Uesaka,*? and A. Tamii*!

A polarized solid proton target is being developed
for experiments with Rl beams. The target will be
used for the structural study of unstable nuclei through
experimments involving inverse kinematics. In such ex-
periments, low-energy recoiled protons (typically less
than 10 MeV) must be detected. A conventional po-
larized proton target system is not suitable for such
experiments because it requires a high magnetic field
(> 2.5T) and a very low temperature (< 1K). These
conditions will create difficulties in the detection of
recoiled protons. Therefore, a polarized proton tar-
get that can be operated in a lower magnetic field (<
0.3T) at a higher temperature (> 77K) is desirable
for RI beam experiments. The goal of this study is to
attain a polarization of more than 60% in a target with
a diameter of 20 mm and a thickness of 2 mm.

Protons in a crystal of aromatic molecules such as
naphthalene or p-terphenyl doped with pentacene are
polarized by means of a microwave-induced optical nu-
clear polarization technique combined with the inte-
grated solid effect (ISE) method.?) In this method,
pentacene molecules are excited to the lowest triplet
state by laser irradiation. A population difference ap-
pears in the Zeeman sublevels of the triplet state due
to the angular momentum selection rule; the clectron

alignment occurs spontaneously. The obtained popu-
lation difference, 73%, is independent of the magnetic
field strength and the temperature. Then, the pop-
ulation difference is efficiently transferred to proton
polarization even in a magnetic field of 0.3 T by the
ISE miethod. The polarization procedure is described
in Ref. 2.

The crystals are produced by the Bridgman tech-
nique after purification of materials by the zone-
melting method. A purification system and a crystal-
lization system were constructed last year.®) A proton
polarizing system was also assembled and test experi-
ments to polarize protons have been started.®

Figure 1 shows a schematic of the proton polariz-
ing system. A target crystal, whose typical size is
4x5x3mm?, is placed in a microwave cavity mounted
in the center of a C-type magnet. The laser used in this
study is a continuous wave Art laser having a maxi-
mum power of 5 W. In order to obtain a large popu-
lation difference in the triplet state, the laser beam is
pulsed by an optical chopper and the resulting power
is 40 mW. The pulsed microwave irradiates the target
crystal before pentacene molecules in the triplet state
decay to the ground state. The frequency and power
of the microwave are 9.1 GHz and 2.5 W, respectively.

3
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Fig. 1. Schematic of the proton polarizing system. The system consists of a magnet, a laser system for
optical pumping, a microwave system and a magnetic field sweep system for polarization transfer,
and a pulsed NMR system for polarization measurement.
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During the microwave irradiation, the magnetic field
is swept by applying a triangular wave current of 53 A
(peak-to-peak) to a sct of coils placed in the microwave
cavity. This current produces tlie maximum magnetic
ficld of £35 Gauss. Tle proton polarization is mea-
sured with a pulsed NMR system, whose frequency is
12.7 MHz.

Figure 2 shows a result obtained with a crystal of p-
terphenyl doped with pentacene in 0.3 T at room tem-
perature. The measured buildup time was 8.2 £ 0.5
minutes, and the extrapolated maximum proton po-
larization was 0.38 + 0.02%. The polarization was en-
hanced by a factor of 4000 compared to that at thermal
equilibrium under the same conditions. The relaxation
time was 17.5 & 1.3 minutes.

Recently, we have succeeded in polarizing protons up
to 18.44+3.9% in 0.3 T at 100 K. Figures 3 and 4 show
the proton polarization as a function of time in the
buildup and relaxation processes, respcctively. The
erystal was naphthalenc doped with 0.011mo1% pen-
tacene. The measured buildup time was 1.7£0.2 hours
and the relaxation time was 21 £ 3 hours.

The proton polarization can be improved by using
a higher power laser for the optical pumping. This is
because a single laser pulse can excite only 0.1% of
pentacene to the lowest triplet state. Therefore, we
will upgrade the laser to one with a maximum power
of 26 W with which proton polarization higher than
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Fig. 2. Proton polarization as a function of time in the
buildup process in 0.3 T at room temperature. The tar-
get crystal is p-terphenyl doped with pentacene. The
buildup time is about 8.2 £0.5 minutes and the extrap-
olated maximum proton polarization is 0.38 £ 0.02%.
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Fig. 3. Proton polarization as a function of time in the
buildup process in 0.3 T at 100 K. The target crystal is
naphthalene doped with pentacene. The proton polar-
ization is 18.4 + 3.9%.
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Fig. 4. Proton polarization in the relaxation process in
0.3T at 100 K. The relaxation time is 21 &+ 3 hours.

40% is expected.

We are also planning further improvement of the sys-
tem: an increase of the repetition rate of the laser pulse
and an enlargement of the crystal size.
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Continuous spin precession of noble gas nuclei
with active feedback system

A. Yoshimi, K. Asahi, and T. Koike*

We report on the study of continuous spin precession
of noble gas nuclei®»? where the spin-polarized nuclei
continue to precess beyond their intrinsic transverse
relaxation time with the help of a feedback system.
The aim of this study is to realize a high-precision
measurement of spin precession frequency for funda-
mental physics experiments. We have constructed the
optical detection system for nuclear spin precession of
129Xe instead of using a pick-up coil.2®) This method
can realize the observation of continuous nuclear spin
precession at a very low spin density (< 1torr) and
low frequencies (< 100Hz), and thus can be applied
to a heavier noble gas Rn and a neutrons, which are
important for fundamental symmetry studies.

The experimental apparatus is shown in Fig. 1.
A sample cell which contains '?°Xe gas and a small
amount of Rb vapor is located in a magnetic shield.
129Xe nuclear spins, which are polarized through spin
exchange interaction with optically pumped Rb atoms,
precess around a static field By = 28.3mG (1, =
33.5Hz) produced by a solenoid coil. The nuclear pre-
cession at such a low frequency produces a small si-
nusoidal variation in the transverse polarization of Rb
atoms via the spin exchange. A probe laser beam from
a narrow-frequency-bandwidth (< 1nm) diode laser,
which has a wavelength of the Rb D1-absorption line
(794.7 nm) and is modulated in circular polarization by
a photoelastic modulator (PEM), passes through the
cell in the precession plane. Thus the nuclear preces-
sion of 1?9Xe is detected by observing the change in the
intensity of the transmitted probe laser beam. In order
to preserve the nuclear precession, a feedback field Bpg
is applied to the cell by applying a current into a pair
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Fig. 1. Experimental apparatus.
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Fig. 2. (a) Observed continuous precession signal. (b) Ob-
served frequency shift to phase error ¢ of feedback sig-
nal.

of coils around the cell. The phase and amplitude of
the feedback current are tuned such that the Bpg field
is kept perpendicular to the transverse component of
the spin polarization vector. The current fulfilling such
conditions is synthesized from the phase-sensitively de-
tected signal V4(¢) (~0.3 Hz) and the reference signals
for lock-in detection V;, (¢) and Vio(t) (~33.2 Hz). This
method of producing the Bpp(t) can considerably de-
crease (~107?) the noise component in the raw signal
Viw(t) (~33.5Hz).%

A continuous precession signal was observed after
turning on the feedback system as shown in Fig. 2 (a).
The observed signal Vi,o,(t) was phase-sensitively de-
tected by the reference signal of 33.2Hz and thus had
the frequency of 0.3 Hz. We investigated the response
of the precession frequency to a phase detuning § of
Brp using a phase shifter, because the sensitivity of
the oscillation frequency to 4, if it is high, might be a
serious source of error in a high-precision experiment.
As shown in Fig. 2 (b), the frequency shift due to § is
smaller for longer transverse relaxation time 7%.

We are currently attempting to use a smaller density
129X e in this experiment. Thus far we have confirmed
that the 12Xe spins of a 10 torr gas pressure can real-
ize the continuous precession. An improvement in the
frequency stability is also being prepared.
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Rotating target system for the Big-RIPS separator

A. Yoshida. T. Kubo, Y. Takahashi, and 1. Tanihata

A rotating target system for the projectile fraginent
separator (Big-RIPS) iu the RI Beam Factory (RIBTF)
has been developed. It was reported?) that a test ex-
periment was performed using an 10Ar?* heam at 24 A
MeV and 1.9 ppA. Simulation studies werc carried out
to explain the data and to estimate the beam spot tem-
perature under future Big-RIPS operating conditions.

A thermal dynamics calculation code, ANSYS
(Copyright.c, ANSYS, Inc.), was used for the simu-
lation. A carbon target disk, 2mm in thickness and
260 mm in diameter and sandwiched by aluminum
cooling plates, which was used in the experimental
setup, was modeled. A schematic view of the disk was
shown in our previous report.!’ Precise meshing was
required around the beam spot because the heat de-
posited by the beam is very much localized to a circular
area of approximately 3 mm in diameter. A Gaussian
shape beam intensity distribution was assumed at the
beam spot and an energy loss function of *°Ar beam in
carbon material was applied. The boundary temper-
ature for the cooling water inside the aluminum plate
was fixed at 25°C. A surface emission option was con-
sidered for the thermal radiation effect and a measured
emissivity value of 0.84 was used. Nonlinear analysis
was carried out using the temperature-dependent heat
conductivity and specific heat of the materials used.?)
This code can control the rotation of a disk by means
of a mass transport option and a transitional analy-
sis. Because the model size is large and complex, it
takes a few hours of CPU time for one rotation, al-
though we checked that the beam spot temperature
becomes constant after several times of rotation. On
the other hand, if there is 1o water cooling, the beam
spot temperature does not change considerably but the
temperatures of the other parts increase very slowly to
reach a few hundreds °C. This indicates that the water
cooling does 1ot affect significantly the beam spot but
affects other parts of the target system and helps the
system works safely.

The results of the simulation are indicated in Fig. 1.
Because there was an ambiguity for measuring the ac-
tual beam spot size in the experiment. a series of cal-
culations were carried out for various spot sizes. The
measured beam spot size was approximately 3 mm in
diameter using a ZnS foil. The siimulations also sup-
ported the same beam spot size. In the low-rotation-
speed region, the measured temperature is lower than
the simulated one. This may be because of the posi-
tion resolution of an infrared radiation thermoviewer
used for this measurement. lts specific resolution,
0.6 mm/pixcl and 0.1°C in digital image, was good
enough. but there was a slight vibration observed dur-
ing the rotation. It was =1 nnn in the radial direction
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Fig. 1. Maximum temperature of the beam spot at various
rotation speeds of the carbon target disk. Experimental
data (thick straight line) and simulation results for var-
jous beam spot sizes (dotted lines) are shown for the
49A; beam test experiment. The estimation for ***U
beam (thick dotted line) is also indicated.

of the target disk, wherecas the temperature gradient
at 10 rpm near the beam spot was too steep, approxi-
mately 25°C/mm. This may cause the broadening of
the beam spot temperature distribution.

The estimated beam spot temperature under the
severest operating conditions of the future Big-RIPS,
namely, a 233U primary beam at 400 A MeV with
1 piA intensity onto the carbon target of 5.3 mm thick-
ness, is also indicated in Fig. 1. The assumed beam
spot size of ¢ 1 mm in FWHM and a total heat loss of
22 kW give an energy density of 5.1 kW /mm?. A typi-
cal simulation result for the rotation speed of 100 rpmn
is shown in Fig. 2. The temperature at the beam
spot exceeds 1300°C, whereas that near the aluminum
plates is approximately 150°C. because the cooling wa-
ter diffuses the heat effectively.

Based on the simulation result shown in Fig. 1. if
the rotation speed is higher than 200rpn. the beam
spot temperature is maintained sufficiently low com-
pared to the melting point temperature of 3500°C of
carbon. A rotation faster than 1krpm is mechanically
possible; thus, we can make the disk size more compact
while maintaining the velocity of the beam spot in the
tangential direction. This is important in the design
of the target remote handling system. More simula-
tion studies and R&D experiments are under way to
optimize the disk size and to check the possibilities of
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Fig. 2. Cross-sectional view of the temperature distribution in the target disk near the ***U beam spot.
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Performance of a new gas-filled recoil separator GARIS at RILAC
facility measured using 2°®Pb and 2°?Bi recoils

K. Morita, K. Morimoto, D. Kaji,* A. Yoneda, Y.-L.. Zhao, T. Suda, A. Yoshida, K. Katori, and I. Tanihata

Last year, we transferred a gas-filled recoil separa-
tor (GARIS)Y from the El-experimental hall of the
RIKEN Ring Cyclotron facility to the experimental
hall of the RILAC facility.?) The separator was de-
signed for fast (in-flight) and effective collection of nu-
clear reaction products, separating them from an in-
tense primary beam. The GARIS will be used in the
search for new isotopes of the heaviest elements whose
production cross sections are extremely small.

Along with this relocation, we have made some im-
provements to the GARIS, as described in Ref. 2.
The original GARIS consisted of three magnets in a
D1-Q1-Q2 configuration, where D denotes the dipole
magnet and Q denotes the quadrupole magnet, as de-
scribed in Ref. 1. The distance between Q1 and Q2
was 330mm. This distance has now been increased
to 520 mm. When we designed the Q-magnet, the ef-
fect of the large bore radius (150 mim) was not suitably
taken into account. As a consequence, the focusing
power of 32 was lacking at the highest Bp value of the
D-niagnet. By changing only the distance between Q1
and Q2. the focusing power is expected to be recovered
without changing the power supply to the Q-magnet.

Another improvement was carried out by installing
a 1ew D-magnet (D2) between Q2 and the focal plane.
In the cxperiment, incident becams are stopped by a
graphite wall in the D1-magnet where a large number
of light-charged particles are emitted. Although the
Bp values of thesc light-charged particles differ greatly
from the values of the reaction products of interest,
because their source points are not the same as those
of the reaction products, they reach the focal plane by
passing through the Q-magnets. These light-charged
particles enter the focal plane detectors and create a
main background signal in our detection system. The
additional D-magnet sweeps such light-charged parti-
cles from the focal point. Thus, we expect to realize a
low background condition at the highest beam inten-
sity.

This year. we performed testing cexperiments for
measuring the characteristics of thie new GARIS sys-
tem.  The ion-optical acceptance (solid angle) of
the GARIS and transimnissions for low-energy sta-
ble ions (2°%%Pb (0.26 MeV /nucleon), ?“Bi (0.11 MeV/
nucleon)) were measured. Equilibrimn charge states of
these ions in heliuin gas were deduced. One important
characteristic that we wanted to study is background
reduction, in order to determine the effect of the newly
installed D2-magnet. However, the experiment could
not be carried out this year due to a radiation safety

*  Niigata University
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problem that must be resolved as soon as possible.

The ion-optical acceptance of the GARIS was mea-
sured using an 2** Am a-source. The source was set at
the target position of the separator. The a-particles
were detected in the focal plane using a position sen-
sitive silicon detector (PSD) whose effective area was
60 mm x 60mm. The intensity of the source was cali-
brated separately. A helium buffer gas was not used to
fill the chamber in this measurement. The measured
value of the acceptanve was 12.2 msr. The value corre-
sponds to an average angular acceptance of £62 mrad
(£3.6 deg.). The effect of a change in distance between
Q1 and Q2 magnets mentioned above on ion optics was
confirmed by this measurement. The system obtained
a double focusing condition in the focal plane at the
highest Bp value of the D1 magnet.

Transmissions of the GARIS for low-encrgy ions of
208Ph and 299Bi were measured. Target recoils, which
correspond to near 180 deg. elastic scattering of the
40 Ay incident beam froni the RILAC, were used as low-
energy ions. The target recoils were detected in the
focal plane of the GARIS with the above-mentioned
detector. At the same time. %’ Ar ions elastically scat-
tered by the target were measured by a silicon PIN
photodiode (SSD) set at 45 deg. with respect to the
beam direction in the target chamber. Under the
present experimental conditions, the interaction ener-
gies were well below the Coulomb barriers of the reac-
tions. Therefore, cross sections of both reactions are
described purely by Rutherford scatterings for all scat-
tering angles. The change in the Rutherford cross scc-
tion with a scatter angle near 180 deg. is very small.
For example, the difference between those for 180 deg.
and 170 deg. in the center of mass frame, corresponding
to target recoils for 0 deg. and 5 deg. in the laboratory
frame, is only 1.5%. Thus. we can consider an angular
distribution of the recoil is uniform in our acceptance
angle. From these experimental conditions, the ratio
of the number of recoils going into acceptable solid an-
gles of the GARIS to the number of scattered incident
particles detected by the SSD, in the same run is deter-
mined only by a geonetrical factor. This means that
the ratio does not depend on beam intensity, target
thickness, or beam energy. Then., we can determine
the absolute transmissions of the GARIS by compar-
ing the number of detected recoils in the focal plane to
the number of scattered °Ar in the target chamber in
the same run.

The beam energy from the accelerator was 114 MeV.
A 208PL metal target material was evaporated on
100 ug/cm? carbon foil.  The thickness of the tar-



get was 640 pg/cm?. The target was irradiated from
the carbon side by the incident beam. The inci-
dent beam energy at the half-depth of the target was
109 MeV. In the Bismuth case the metal target ma-
terial was evaporated on a 3.9mg/cm? aluminum foil
that was used as an energy degrader for an incident
beam as well as a mechanical support. The thickness
of 299Bi target was 300 ug/cm?. The incident beam
energy at the half-depth of the target was 52MeV.
The central values of the kinetic energies of the 2°*Pb
ion and the 2°Bi ion just downstream of the targets
were estimated to be 54.5MeV (0.26 MeV /nucleon)
and 22.5MeV (0.11 MeV/nucleon), respectively. Typ-
ical energy spectra measured by the PSD are shown in
Fig. 1. The central values of energy in the figure are
lower than those mentioned above. The difference is
explained by taking into account the following factors;
the energy loss of the ions in helium gas, that of the
1 pum Mylar foil set in front of the detector, and the
detector response for heavy ions. The foil was used for
separating the vacuum region where the detector was
set from the gas region.

The obtained transmissions were 0.85 for 2°®Pb
(0.26 MeV /nucleon) and 0.33 for 2°°Bi (0.11MeV/
nucleon). Positional distributions of ions detected by
the PSD in the horizontal axis are depicted in Fig. 2

Energy spectra

208Ph recoils

-

0 10 20 30 10 50
Enegy (MeV)

209Bj recoils

—— IS

our © th OUr

Counts

Counts
—— O
o G ou
|

Q 10 20 30 40 50
Enegy (MeV)

Fig. 1. Typical energy spectra of ions measured by a PSD
set at the focal plane of GARIS.
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Fig. 2. Positional distribution of ions in the horizontal axis
at the focal plane of the GARIS. Experimental ones are
shown in symbols: triangle 2°*Pb (0.26 MeV /nucleon),
square 2°9Bi (0.11 MeV /nucleon). Curves are those pro-
duced by simulation.

by symbols (triangle: 2°*Pb, square: 2°9Bi) together
with the result of a simulation, shown by curves. The
PSD is divided into 16 strips in the horizontal axis.
The experimental distribution was obtained by count-
ing the number of ions detected in each strip. Relative
intensities are normalized using the transmissions ob-
tained experimentally as the ratio of the total num-
ber of 29°Pb detected by the PSD to that of 208Bi
to become 0.85/0.33. The simulation was carried out
assuming that the ions change direction only due to
Rutherford scattering with helium nuclei of the buffer
gas. The simulation reproduces the relative intensities
as well as the shape of the positional distribution well.

The equilibrium charge states of the ions in helium
gas were deduced from the estimated velocities of the
ions at the center of the D1 magnet and magnetic
flux densities of the D1 magnet which gave the max-
imum yields at the detector. The deduced values are
8.3 for 20%Pb of 0.26 MeV /nucleon and 5.4 for 2%Bi of
0.11 MeV /nucleon. The values agree with those caleu-
lated using an empirical formula given by Ghiorso et
al.®) with 10% accuracy. Knowledge of this quantity
is important for setting the apprppriate magnetic field
strength of the magnets, particularly for experiments
involving a search for unknown elements. We will con-
tinue measureciments of the equilibrium charge states in
helium gas for heavier ions using known fusion evapo-
ration reactions next year in order to make a precise
extrapolation of them possible for the heaviest system.

We can estimate a possible event rate for an exper-
iment scarching for a new element, for example nu-
cleus 278[113] of the 113th element which is expected
to be produced via 2"?Bi("°Zn,n) reaction, using the
numbers obtained in the present results. 3 x 10737
(0.3 pbarn) as an expected production cross section,
3 x 10%3/s (5 particle — pA) as a beam intensity,
6 x 1017 /em? (200 pg/cm?) as a target thickness, and
0.37 as an overall efficiency estimated by the simula-
tion. Using these numbers we obtain an event rate of
2.0 x 107%/s = 1.2/week. This event rate shows that
the experiment is feasible.

In the next experimental period (from January to
March 2002), experiments to measure the equilibrinm
charge states in helium gas for the 100th (Fm) and
102nd (No) clements are scheduled.

We will continue measurements of the quantities for
greater atomic munbers up to 112 in 2002. We foresee
starting the experiments regarding the search for a new
element at the end of 2002.
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Installation of a high-resolution magnetic spectrograph PA

N. Yamazaki,” I'. Teranishi,* S. Michimasa,* Y. Mizoi, M. Notani.* Y. Ohshiro,* S. Shimoura,*
K. Ue,* S. Watanabe,* Y. Yanagisawa, and S. Kubono*

A high-resolution magnetic spectrograph, called PA,
has been installed as one of the CNS major facili-
ties in the E2 experimental hall at the RIKEN Ac-
celerator Research Facility. It was originally designed
and constructed at the Institute for Nuclear Study at
the Tanashi Campus of the University of Tokyo.!) It
was frequently used for high-precision spectroscopic
measurements of nuclear structures and nuclear astro-
physics studies, and it will now be used primarily for
high resolution spectroscopy at low energics.

Figure 1 shows a plane view of the PA spectrograph.
The spectrograph has the following features. It has a
QDD configuration, and has double focusing at the fo-
cal plane. Although it has a high resolving power, it is
very convenient to use; the DC current is provided in a
series for D1 and D2, and the Q-magnet current is set
automatically following the current for the Dipole mag-
nets. A spectrum at the focal plane can be obtained
simply by moving the focal plane detector, since the fo-
cal plane position depends on the reaction kinematics.
The specifications of the spectrograph are summarized
in Table 1.

When the spectrograph was transferred from
Tanashi to RIKEN, several modifications were applied
to the system as follows:

(1) The platform at the focal plane area was rebuilt
to extend the area with a high rigidity for future de-
velopment of the detector system.

(2) The gate valve at the entrance of the spectro-
graph was renewed.

(3) The entire controls system has been renewed us-
ing a sequencer and touch panels, which controls the
target and the turn-table in the scattering chamber,

Fig. 1. Plane view of the high-resolution magnetic spectro-
graph PA.

*®
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Table 1. Specifications of PA.

Dispersion 2.79
Magnification:

Horizontal —-0.37

Vertical 4.44
Orbit radius 130-150 cm
Maximum energy 150 Q?/A MeV
Angular range —20 — +136 deg.
Momentum resolution 1/10000
Energy range 30%
Maximum solid angle: 6.4 msr
Focal plane:

Length 100 cm

Tilted angle 55 deg.

Radius of curvature 600 cm
Maximum field strength:

Dipole magnet 11.9kG

Quadrupole magnet 0.896 kG /cm
Total weight 55t

the spectrograph angle, and the focal plane position-
ing. It also controls the vacuum system, including
the section of the beam line just before the scatter-
ing chamber.

(4) All of the control systems of the DC power sup-
plies were renewed as they were too old and had some
instability. The oil condenser was also changed to a
dry condenser for safety reasons.

(5) The maximum angle available for measurements
is now limited to about 136 degrees, by the new triplet
Q magnets on the beam line.

The setting precision was measured before moving
the spectrograph from the Tanashi Campus. Some pa-
rameters, particularly around the taget chamber, were
misaligned by nearly 2mm. This problem was con-
sidered to come partly from a structural weakness at
the central target region, because the scattering cham-
ber was sitting on a structure to avoid the water pipes
for the magnets. This problem has been rectified by
changing the water pipe system. All of the alignments
have been made with precision of 0.2 mm.

The spectrograph will be ready for experiments in
the spring of 2002. The focal plane detectors available
are explained in Refs. 2 and 3.
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Development of a multiple-reflection TOF mass spectrometer

Y. Ishida, M. Wada, Y. Matsuo, 1. Tanihata, A. Casares,* and H. Wollnik*

The masses of stable and long-lived nuclei are known
with good accuracy, while information is scarce in the
regions far from (-stability. However, particularly the
masses of nuclei in such regions are interesting because
they play an important role in astrophysical processes,
and because the predictions of various mass models
differ from each other greatly.

We plan to measure the masses of very short-lived
nuclei far from stability using a multiple-reflection
time-of-flight mass spectrometer (MR-TOF). Via pro-
jectile fragmentation, a large variety of exotic nuclei
can be produced and separated in flight by the RIKEN
projectile fragment separator (RIPS) or Big RIPS in
the RIKEN RI-Beam Factory project. Subsequently,
energetic ions are injected into an RF ion-guide sys-
tem,") and thermalized in it. The ions are extracted
from this system and guided to the MR-TOF for mass
spectrometry.

If the width of the flight-time distribution cannot
be reduced, one must increase the overall flight time in
order to increase the mass-resolving power of a time-of-
flight mass spectrometer. To achieve such an increased
flight time, ions are repeatedly reflected between two
pulsed grid-free ion mirrors. In such a system the mass
resolving power m/Am is expected to increase linearly
with the number of reflections.

The MR-TOF has been built as a coaxial system
with two pulsed grid-free ion mirrors. The main body
of the MR-TOF is shown in Fig. 1. The total length is
about 40 cm. There are 15 gold-coated aluminum ring-
electrodes inside a plastic tube. These electrodes act
as two ion mirrors and two einzel lenses. We coaxially
placed an electron impact ion source on one side and
microchannel plates on another side for an off-line test.
The ions produced in the ion source are accelerated to
an energy of 1.5 keV, and extracted into the MR-TOF
at 1kHz repetition frequency. With switching the elec-
tric voltages of the ion mirrors on and off, the ions can
move back and forth between the ion mirrors repeat-
edly. The more energetic ions penetrate deeper into the
repeller fields of the ion mirrors, thus the system can
become energy-isochronous, that is, the flight times of
ions do not depend on the ion energies although they
vary with the ion masses.?) The system can operate in
a low-resolution linear mode, i.e., without reflections.
In this case, a complete mass spectrum is recorded. To
achieve a higher mass-resolving power, the MR-TOF
can be operated in the multiple-reflection mode. Even
in this mode, the measuring time is less than 1ms.
This means that the MR-TOF can be applied to very
short-lived nuclei.

*  Oak Ridge National Laboratory, USA

Fig. 1. Main body of the MR-TOF. Inside a plastic tube
there are 15 gold-coated aluminum ring-electrodes as
ion mirrors and lenses.
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Fig. 2. Measured mass spectra of the krypton isotopes with
natural abundance (a) in the linear mode and (b) af-
ter 15 reflections. Peaks of the isotopes are labeled
with isotopic symbols. The mass-resolving powers of
m/Am =~ 555 and 4956 are achieved for the linear and
15-reflection modes, respectively.

In the linear mode, without reflections, the mass
spectrum for the krypton isotopes with natural abun-
dance is shown in Fig. 2 (a). The flight-time difference
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Fig. 3. Mass-resolving power as a function of the number
of reflections.

between 83Kr and 8*Kr and the FWHM of the peak
are 86ns and 13ns. respectively. We have achieved
a base resolving power of m/Am = 555. Using the
multi-reflection mode after 15 reflections, the flight-
time difference increases to 649ns, while the FWHM
is as narrow as in the linear mode. As scen in Fig. 2 (b),
the mass-resolving power of m/Am & 4956 has been
achieved.

Figure 3 indicates that the mass-resolving power in-
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creases almost linearly with the number of reflections.
In other words, the MR-TOF satisfies the energy-
isochronous conditions for any number of reflections
chosen, thus the increase of the mass-resolving power
depends only on the overall flight time of the ions.

The results are consistent with those obtained at
the Max-Planck Institute for space applications.®) It
is possible to make the mass resolving power increase
up to 2 x 10* with more than 100 reflections. In order
to reach a higher resolution, it is necessary to elongate
the MR-TOF because the resolving power of the MR-
TOF is mainly limited by the stability of the power
supply for the electrodes.?) For on-line measurements
using RIPS or Big RIPS, an ion-bunching device to
operate between an RF ion-guide system and the MR-
TOF must be developed.
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Improving neutron detection efficiency by using passive converters

T. Baumann,*! H. Tkeda, M. Kurokawa,*? M. Miura,*? T. Nakamura,*? Y. Nishi, S. Nishimura, A. Ozawa,

T. Sugimoto,*? 1. Tanihata, and M. Thoennessen

Rare isotope beam facilities that use projectile frag-
mentation and in-flight separation to produce neutron-
rich nuclei require neutron detection systems with a
high detection efficiency at energies of approximately
50 to 400 MeV for the measurement of neutrons from
breakup reactions. Although liquid or plastic scintil-
lators are usually well suited for large-area detectors,
the interaction length of neutrons in these materials re-
quires a large detector volume in order to achieve high
detection efficiencies. A possible means to boost neu-
tron detection efficiency, particularly for higher neu-
tron energies, is to use passive converter materials that
have a much shorter interaction length for neutrons.

Here we report on measurements of relative detec-
tion efficiencies for a combination of iron converter and
plastic scintillator compared to those for a pure plas-
tic scintillator detector for neutrons of 20-140MeV.
The experiment was performed at the RIKEN Accel-
erator Research Facility. Elements of the NEUT neu-
tron detector array (see, e.g., Ref. 1) were used for this
measurement. Neutrons of a broad energy range were
produced using a 100 MeV /nucleon beam of *C from
the RIKEN Ring Cyclotron impinging on a 2-cm-thick
aluminum target. The primary beam was stopped in
the target, so that only lighter fragments and neutrons
could reach the detector setup. A thin plastic start
detector was placed 10c¢m in front of the production
target, while the neutron detectors were mounted at a
distance of about 5 m behind the target.

The neutron detector setup consisted of two sets
which were placed symmetrically with respect to the
beam axis. This assured the same neutron flux through
both detector sets. Each set contained 3 blocks of
6 x 6 x 108cm® BC-408 plastic scintillators stacked
vertically. The front of each set was covered by plastic
veto detectors of 5 mm thickness in order to discrimi-
nate charged reaction products. Iron converters of 2 cm
and 3 cm thickness were added to one of the two detec-
tor sets, enabling a direct comparison of the number
of detected neutrons in each of the two detector sets.
The iron converter was placed between the veto detec-
tors and the neutron detectors. In order to account for
the asymmetries of the setup, a measurement without
an iron converter was also performed. Separation of
beam-related gamma rays and neutrons was achieved
by time-of-flight measurement.

The results of these measurements are presented as
detection efficiency ratios dependent on neutron en-
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Fig. 1. Measured efficiency ratios. Open symbols corre-
spoud to the 2 cm, solid symbols to the 3 cin converter.
Results for a 2 MeVee (a) and a 5 MeVee (electron equiv-
alent) cutoff threshold (b) are plotted.

ergy. The efficiency ratios were calculated by dividing
the number of neutrons per energy bin that were de-
tected with the converter-equipped detector set by the
number of neutrons that the pure plastic scintillator
detected. Accordingly, an efficiency ratio above one
would indicate an enhancement of the detection effi-
ciency by the passive converter. Figure 1 shows the
results for two different cutoff thresholds that were ap-
plied to data from the same measurement.

This measurement corroborates our results from
simulations showing that passive iron converters can
be effectively used to enhance the neutron detection
efficiency at energies below 200 MeV. We found exper-
imental evidence for a 10-20% increase in detection ef-
ficiency at neutron energies between 100 and 140 MeV
for the combination of a 2c¢m or 3cm iron converter
and a 6 cm plastic scintillator. A more detailed discus-
sion can be found in Ref. 2.

This work was supported by the U. S. National Sci-
ence Foundation under grant PHY 95-28844.
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High-efficiency positron moderator
using electropolished tungsten meshes

F. Saito. Y. Nagashima,*! L. Wei,*? Y. Itoh,*3 A. Goto, and T. Hyodo*'

A high moderation efficiency and long-term stability
of positron moderators have been important factors
in the developent of variable energy positron beams.
The moderation efficiency is defined as the ratio of the
number of extracted slow positrons to the number of
positrons emitted in the radioactive source per unit
time.

Recently. we reported that a six-overlapping tung-
sten mesh moderator has a high moderation effi-
ciency.'?) Since the meshes have a large surface area
for the volume. high efficiency is expected when they
overlap. By reducing the diameter of the wires in the
meshes. it is thought that even greater moderation ef-
ficiencies may be obtained for an optimal combination
of meshes.

In the present paper, we report high-efficiency
positron moderators with stacks of electropolished
tungsten meshes.

The meshes. as received, originally exhibited 85%
transmission with 20 pin wires. They were held in an
acrylic frame, 20 mm x 20 mm in size, and electropol-
ished in NaOH solution of 0.5 N at room temperature.
First, a current of 500 mA was passed for 60s, then,
100 mA for 15s, and 50 mA for 5s. Through this pro-
cess, the wires of the meshes were thinned to a diam-
eter of about 10 pm.

The meshes were cut into rectangles, 7mm x 18 mm
in size, and then annealed in vacuum (~6 x 1077
torr) by passing an electric current through tungsten
foils enclosing them. The temperature was raised and
maintained at 2000°C for 2min. After annealing, the
meshes were quickly transported in air and installed in
the moderator assembly of the beam apparatus.

The moderator was placed 1 mm away from the win-
dow of a 22Na positron source of activity 1.38 x 108Bq
(3.73mCi). The moderator was held at an electrostatic
potential of +350V with respect to the chamber walls
and 9V below the source potential.

The experimental system used to measure the cof-
ficiency of the moderator was a magnetically guided
positron beam system with a trochoidal £ x B filter.
The beam intensity was measured by counting 511 keV
~-rays using a high-purity Ge detector.

The beam iutensities for 6 to 24 overlapping mesh
moderators are shown in Fig. 1. The moderation effi-
ciencies determined from the beam intensities are also
shown in Fig. 1.

Although the efficiency is expected to increase with

*L University of Tokyo
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Fig. 1. Slow positron beam intensity plotted versus number
of overlapping tungsten meshes of the moderators. The
activity of the *?Na source is 1.38 x 10*Bq (3.73mCi).
The scale on the right side indicates the moderation
efficiency.

the number of overlapping meshes, the value is sat-
urated when the number of the meshes exceeds 12.
This is probably due to the increase in the fraction of
the slow positrons trapped by the wire surfaces of the
meshes.

The highest value of moderation efficiency is 7.5 X
104 for 12 overlapping meshes. This value is higher
than that of the tungsten mesh moderator with 20 um
wires reported previously.!*?) This value is also higher
than that obtained using a transmission moderator
with a tungsten single-crystal foil.®) Although the
value is lower than that of solid rare-gas modera-
tors, % the tungsten mesh moderator has the follow-
ing advantages: the treatment is easier, the cost is
lower, and the long-term stability is higher.

We thank the members of the Division of Research
Instruments Development at RIKEN, in particular, S.
Nioka for expert technical assistance.
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Development of a time-of-flight detector with streak camera II

K. Morimoto, T. Ohnishi, F. Tokanai,* and I. Tanihata

The high-resolution time-of-flight (ToF) detector us-
ing a streak camera is under development for the high-
resolution particle identification system.>?) It is ex-
pected to be useful for experiments using high-energy
radio isotope (RI) beams at the RI Beam Factory.

The configuration of this ToF detector is shown in
Fig. 1. This detector consists of two identical sets of
streak cameras. These systems are tilted at 45 de-
grees with respect to the beam path. A thin target foil
is mounted at the center of each system to emit sec-
ondary electrons. A 300-A-thick Au layer evaporated
on both sides of a 1.5-pum-thick mylar foil is used for
the target. Acceleration meshes are mounted on both
sides of the foil at a distance of 2.7 mm. At the streak-
image detector part, the secondary electrons from the
meshes are accelerated by the electric field and focused
by an electric lens. These electrons are swept by ap-
plying a 100 MHz sine wave voltage to the vertical and
horizontal diffraction plates. These swept electrons
impinge on a position-sensitive detector. In constant,
at the center-image detector part, the secondary elec-
trons are also accelerated, focused by an clectric lens,
and directly impinge on the position-seusitive detec-
tor. In a previous system, a phosphor screen (P-43)
and an image intensifier (IT) with CCD were used for
the position-sensitive detectors. In order to improve
the event acquisition rate, the IT with CCD as replaced
with a MCP with a Wedge-and-Strip anode detector
that has a capability of 20kHz event rate and 50 pm

Streak Image
Detector

Streak Camera
system 1

RI

FWHM of position resolution.

The performance test of the system was carried out
using 2°Ne beams of 135 A MeV energy at the RIKEN
Ring Cyclotron E1 beam course. In this experiment,
the basic operation of the system was investigated; for
example phase-lock of sweeping electric fields between
systems 1 and 2, in particular detection efficiency was
measured. The test revealed that the detection effi-
ciency was about 50% at cach MCP with the Wedge-
and-Strip assembly compared with the trigger signal
made by a plastic scintillator installed immediately af-
ter the streak ToF detcctor. This low detection effi-
ciency was due to low secondary electron emission from
the thin foil with evaporated Au. Although the detec-
tion efficiency was measured with a target foil evapo-
rated with Al, the detection efficiency was almost the
same as that of an Au target. In order to improve the
detection efficiency, we are preparing a target that is
evaporated with Csl. It is expected to increase the

number of second electron emissions.?)
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Study of scintillator radiation hardness

S. Nishimura, M. Kurata-Nishimura, K.

The RI beam factory (RIBF),") which is under the
construction at RIKEN, has the capability to explore
new isotopes for the astrophysics r-process as well as
detailed studies of nuclear structures, a skin and a halo.
Its maximum accelerator performance can be achieved
by using a high-resolution time-of-flight (TOF) detec-
tor with a timing resolution of below 30ps to sepa-
rate the produced secondary nuclei, particularly for
the heavy-mass region above 130 a.u. We have re-
ported an ultrahigh-resolution TOF scintillation detec-
tor with a timing resolution below 10 ps by optimizing
the detectors.?) Our studies suggest the importance of
a larger number of photoelectrons for high-resolution
TOF scintillation detectors. It is known that a reduc-
tion of scintillation light is expected after irradiation of
charged particles.®>* Reduction of the number of pho-
toelectron caused by such radiation damage is a critical
issue in relation to timing resolution. In this report,
we focuse on the timing resolution of an ultrafast scin-
tillation detector as a function of the total radiation
dose in order to evaluate the radiation resistance of
the heavy-ion beam.

The test experinient was performed in the E1b beam
line at the RIKEN Ring Cyclotron (RRC), where the
primary beam of *°Ar was extracted at an energy of
95 MeV per nucleon. Figure 1 shows a schematic of
our experimental setup. Two identical scintillation de-
tectors (SO and S1) were installed in the beam line.
Each scintillation detector consists of a piece of plastic
scintillator (Bicron BC422Q) and two identical PMTs
(Hamamatsu R2083). The scintillators were wrapped
with aluminum foil, so that the light was transmit-
ted mainly by total internal reflection. For the oper-
ation of the scintillation detector with high beam in-

Morimoto, Y. Nishi, and I. Tanihata

tensity, we have added booster HVs to the last three
dynodes of the PMTs to supply sufficient current in
the tubes. The current of the last dynode of PMT in-
creased up to 2.5mA at the beam intensity of 3 x 10°.
The integrated number of counts on detector SO was
recorded by a scaler. The ratio of double-beam events
to one-beam events in one RF cycle is estimated to be
below 10% under the high-beam-intensity condition.
The size of the beam spot on the scintillator was es-
timated to be less than 4 x 2mm?. Strong reduction
of pulse heights for both scintillation detectors was ob-
served as the total dose increased. After a total hits
of 1.03 x 10*!, the pulse height was reduced by a fac-
tor of 1/5. Figure 2 (a) shows the time-of-flight (TOF)
spectrum under the primary condition. Because de-
tectors SO and S1 are identical, the intrinsic timing

Ti window

h
T)

Vacuum

F1

SO S1

Fig. 1. Experimental setup for study of radiation hardness
of scintillation detector.
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resolution was extracted by assuming equivalent tim-
ing resolutions. As previously reported,? the intrinsic
timing resolution for the nonirradiated detector was
estimated to be 13ps. Figure 2 (b) shows the TOF
spectrum after the radiation damage. The broaden-
ing of the TOF spectrum is observed with radiation
damage, where the intrinsic timing resolution was ap-
proximately 38 ps. An additional improvement in tim-
ing resolution is expected with the pulse height cor-

3000

® Nonirradiated
+ after irradiation

=)
8

Transmission (arbitrary units)

350 400 450 500 550 600
Wavelength (nm)

Fig. 3. Emission spectra for nonirradiated and irradiated
scintillators.

rection, together with the position correction using an
additional position sensitive detector near the scintil-
lation detector. In order to investigate the character-
istics of the scintillator itself, the wavelength of scin-
tillation light was measured using a monochromatic
illuminator. The results of the emission spectra for
nonirradiated and irradiated scintillators are presented
in Fig. 3. The results show a greater decrease of emis-
sion intensity in the black region relative to the longer
wavelength as was observed.?®

We have observed the reduction of pulse height as
well as a wider TOF spectrum after the irradiation
with the heavy-ion beam. The poorer timing resolu-
tion after radiation damage can be explained by the
reduction of pulse height based on the statistical ex-
planation of the number of photoelectrons.?)
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Development of fast timing beam line scintillator
for RIPS with PMTs operated in vacuum

R. Kanungo, I. Tanihata, M. Chiba, and T. Suda

The present day focus of nuclear physics experiments
is concentrated primarily on studies involving unstable
nuclei. These nuclei are produced as secondary beams.
The technique for such production at RIKEN is projec-
tile fragmentation which introduces a large momentum
spread in the secondary beams. It is therefore, essen-
tial to be able to mecasure the momentum of these sec-
ondary beams with high precision in order to perform
further experiments with them.

The plastic scintillator detector is one of the sim-
plest devices which can be used for momentum mea-
surement using the time-of-flight (TOF) between two
such detectors. The RIKEN Projectile fragment sep-
arator (RIPS) beam line scintillator detectors have a
time resolution ~100-200 ps. This requires upgrading
for high-precision experiments. During the last two
years we have constructed ultra-fast timing scintilla-
tor detectors, with the time resolution of 30 ps (with
40Ar beam), to meet this requirement, and they have
been used for several experiments at RIPS.

The scintillators are large in size (70mm x 701mm
and 150 mm x 100 mm) to meet secondary beam re-
quirements and are coupled to Hamamatsu 1 inch pho-
tonmultiplier tube (PMT) with the help of a light guide.
The scintillator was in vacuum while the PMT had to
be operated in air. The light guide was thus used to
break the vacuum. This makes the installation of such
detectors quite cumbersome.

It was thus important to develop a compact detector
with the PMT being operated in vacuum. In addition
to solving the problem of the installation of such de-
tectors, it is neccessary to have such an arrangement
in order to directly couple the scintillator to the PMT
without any light guide. Such coupling is found to
yield a better time resolution.

The primary problem associated with operating the
hybrid PMT assembly, designed by Hamamatsu, in
vacuum was the outgassing from the PMT. To avoid
this, we used the Hamamatsu R4998 PMT and de-
signed and prepared the booster circuit and its cou-
pling to the PMT in such a way as to make it suitable
for use in vacuun. The booster circuit designed is also
expected to have a high rate stability, ~107 ¢ps, how-
cver, at present we have only made a preliminary test
upto 104 ¢ps.

We used a 70 mm x 70 mm scintillator coupled to
the prepared PMTs at both ends with a light guide,
and the entire assembly was put in vacuum. In order
to compare its timing performance with our previously
used hybrid PMT assembly, we coupled same PMTs,
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but booster designed by Hamamatsu, with the same
size scintillator and operated it in air.

The test was performed at the Elc beam line of RRC
using a 70 A MeV '¥O beam. The detector could be
successfully operated in vacuum ~ 1079 torr for a pe-
riod of 24 hours. No change of the vacuum condition
or fluctuation of the pulse height of the detector was
The results of a comparison between the
intrinsic time resolution of the newly fabricated detee-
tor operated in vacumm and the one operated in air
are shown in Fig. 1. The time resolution of the newly
fabricated detector appears to be marginally improved
compared to the usual onc.

Since the succesful test of this detector, we have fab-
ricated similar scintillator detectors for use at RIBLL,
Lanzhou, China for RIKEN-China collaboration ex-
periments. This detector is cxpected to be very usetul
for the future RI Beamn factory where we may expect to
achieve much better time resolution using scintillators
directly coupled to PMT.

observed.



RIKEN Accel. Prog. Rep. 35 (2002)

Development of plastic scintillators as possible energy detectors
for proton scattering at RIBF

R. Kanungo, H. Sakaguchi,* I. Tanihata, T. Onishi, T. Suda, H. Takeda.*
T. Murakami,* S. Ota,* and S. Terashima*

Proton scattering at intermediate energies at the RI
Beam Factory, RIKEN requires the development of
high-energy-resolution detectors. Nal(T1) satisfies this
required criteria. However, it has some inconveniences,
some of the primary ones are as follows:

(1) Due to its extremely hygroscopic nature it be-
comes difficult to store the crystal, particularly
very large crystals, for a long period of time and
retaining its original performance.

(2) The temperature of the crystal must be main-
tained at a constant level during very long ex-
periments.

(3) The reaction of protons in Nal(TI) decreases de-
tection efficiency and introduces complexities in
analysis.

(4) Extremely large crystals are quite expensive.

To overcome or minimize some of these difficulties
we considered an alternative method of energy mea-
surement of the recoil protons. This method is based
on the time of flight between two plastic scintillators.
To test its feasibility, we performed a very preliminary
test experiment using a 12 MeV primary beam of pro-
tons available from the tandem accelerator, at Kyoto
University. After scattering on a Au target the beam
was incident on the scintillator detectors.

The first test had two primary objectives:

1. To determine the best time resolution we can obtain
with low-energy protons.

2. To observe the effect of using a light guide on time
resolution with large scintillators.

To achieve objective 1, we used small scintillators
20mm wide and 70 mm long which were directly cou-
pled to the photomultiplier tubes (PMT), with a pho-
tocathode 20mm in diameter. Two PMTs were cou-
pled on two sides of the scintillator. Two types of scin-
tillator materials with thicknesses of, 2 mm (small sc-1)
and 3mm (small sc-2) were used. The protons were
stopped in these detectors. The intrinsic time resolu-
tion of such a detector can be estimated from a Gaus-
sian fit to the time difference between the left and the
right PMTs after correction for position dependence,
i.e., intrinsic time resolution = o (T1-Tr) /sqrt(2).

In a simple estimate, if we have two identical de-
tectors and assume that each PMT used has the same
time resolution, then it can be easily shown that the
time-of-flight (TOF) resolution between such detectors
is equal to the intrinsic time resolution of each detec-
tor. Since the time difference between the two ends of
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Fig. 1. Intrinsic time resolution of PMT directly coupled
to small scintillator.

a scintillator is strongly dependent on the position of
the incident particle, we need to correct for the posi-
tion dependence in order to obtain the true time res-
olution. In the absence of position-sensitive detectors
for the present test, we collimated the incident protons
using a 6-mm-diameter circular collimator and also a
2-mm-diameter one. The latter was found to improve
the time resolution more than the former. The es-
timated position resolution from the present data is
about 1.24mm in sigma. There is a small difference
in time resolution between the two different types of
scintillator materials tested and the small sc-2 type ap-
pears to be better (Fig. 1). The results show that an
intrinsic time resolution of 18 ps can be achieved with
the use of this scintillator. With a flight path of 1.6 m
the energy resolution of full-width at half maximum
(FWHM) is 62keV for 20 MeV protons and 1.06 MeV
for 120 MeV protons.

We also used large scintillators (70 x 70 mm) coupled
to the PMT by twisted a light guide for achieveing
objective 2 of our test. Figure 2 shows the intrinsic
time resolution obtained with such scintillators which
is clearly worse than the ones without a light guide.

In conclusion. the results of the time resolution of
plastic scintillator detectors with 12 MeV proton beam
shows extremely good timing response for small-width
scintillators coupled directly to the PMT, down to
18 ps in sigma. ‘Iranslating this to proton energy res-
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Development of segmented Ge array

M. Kurokawa,*! S. Shimoura,*! H. Iwasaki,*! H. Murakami,*? and H. Sakai*!

An array of Ge detectors is being developed at CNS
for the detection of v rays emitted from fast recoiling
nuclei (8 = 0.3-0.5). To perform accurate correc-
tion of the energy for such Doppler-shifted « rays, the
emitted polar angle must be measured as accurately as
possible using position sensitivity of the detector.

In the array, a ninefold-segmented Ge detector as
shown in Fig. 1 will be employed for this purpose.
The detector manufactured by Eurisys Mesures has a
planar-type structure and is cylindrical with a diam-
eter of 3.5cm for the crystal itself and 3.0cm for the
effective area, in which a parallel electric field along
the depth of the detector is expected. The thickness
of the detector is 2.0cm. The size of a segment is
determined by the absorption length of 1 MeV ~ rays
to avoid multihit in a segment, which will deteriorate
the timing signal from the segment and the position
resolution of the detector. This segmented surface is
grounded and the opposite surface has a high voltage
of 2000 V.

For a small dead space when the array is aligned, two
crystals are encapsulated in one cryostat so that their
high-voltage surfaces face each other. At present, 18
clusters of such a pair of crystals are considered to be
used for the array. To subtend the solid angle as large
as possible, the detectors should be aligned at a polar
angle of 90 degrees and as close as possible to the target
position. As one example fulfilling such requirements,
three units of six clusters are placed at 70, 90, and 110
degrees, and the distance between the target and the
center of the detectors is approximately 10cm. The
side surface of the detector faces the target in order
to extract an emitted angle of v rays based on the
position sensitivity along the depth direction. When
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Fig. 1. Illustration of a segmented Ge detector manufac-
tured by Eurisys Mesures. Its coordinate system is also

presented.
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Fig. 2. Calculated results for the output signals from the
preamplifier, when the interaction occurs at the posi-
tion of p = 0.9cm and ¢ = 0.0° in a cylindrical co-
ordinate system of the detector shown in Fig. 1. The
interaction depth z is varied from 0.0 to 2.0cm in a
0.1cm step. The corresponding interaction depth for
each line is explained in the text. (a) Output signals
which are connected to the segment including the in-
teraction points. (b) Total output signals from the de-
tector, which is equivalent to the summation of signals
from nine preamplifiers.

the recoiling velocity /3 is 0.3, the detection efficiency
for 1.0MeV ~ rays is estimated to be more than 5%
using the Monte-Carlo simulation code GEANT-4 1
for the above aligninent.

A position sensitivity of better than the segment size
will be provided by pulse shape analysis of output sig-
nals from preamplifiers. Examples of simulated out-
put signals are shown in Fig. 2, where the interaction
depth z is varied from 0.0 to 2.0cm in a 0.1 cm step,
and the radius and the azimuthal angle are fixed to
be 0.9 cm and 0°, respectively, in a cylindrical coordi-
nate system. The calculation method for the signals
was described in Ref. 2. For events with z smaller than
0.9 cmn, dashed lines are used to represent the response.
Their rise times, which are determined by the drifting
time for both electrons and holes to reach their rele-
vant electrodes. distribute between 150 ns and 300 ns.
Among them, the line with the longest rise time is re-
lated to the event with z of 0.0 cin, and that with the
shortest rise time is seen when the interaction occurs
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at z of 0.9 cm or almost at half the depth of the detec-
tor. Because both electrons and holes drift at almost
constant velocities under the present condition of elec-
tric field, a similar explanation can be applied to the
events with z from 1.0 to 2.0 cm, which are indicated by
solid lines, and to the symmetric characteristics of rise
times particularly seen in the total output (Fig. 2 (b)).
The deviation between Fig. 2(a) for the segment and
Fig. 2 (b) is due to the partial charge induced by elec-
trons, or holes can be collected in one segment depend-
ing on the charge carrier position. Hence, to obtain the
interaction position, pulse shaping has to be performed
to distinguish two signals with the same rise time but
different shapes.

As one of the methods of pulse shaping, zero cross
timings are investigated for signals obtained by differ-
entiating twice and integrating four times with a time
constant of 50 us (CR?-RC* shaping). The results are
shown in Fig. 3. The interaction points are shown
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Fig. 3. Zero cross timings for CR?*-RC*-shaped signals,
where a signal is generated from the preamplifier in-
cluding the interaction points and the other originates
from the summation of output signals produced by nine
preamplifiers. Interaction points are shown in the cylin-
drical coordinate system for their radius p and their az-
imuthal angle ¢. The interaction depth z distributes
from 0 cm to 2.0cm in a 0.1 ¢ step, and corresponding
points are located counterclockwise.
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Fig. 4. Doppler-corrected energy spectrum for ~ rays emit-
ted from recoiling nuclei with 3 of 0.3.

in the figure for their radius p and azimuthal angle
¢. The interaction depth z distributes from Ocm to
2.0cm in a 0.1 cm step, and corresponding points are
located counterclockwise. For events with the same p
and ¢, the shortest distance between the points cor-
responds to about 3ns. The information on p and ¢
will be obtained from the transient signals generated
in neighboring segments. For example, deviation from
the center position of a segment in a horizontal direc-
tion is expected to be evaluated from the amplitude
ratio between signals from the left and right neighbor-
ing segments. Therefore, a position resolution of 1 mm
will be achieved along the z direction.

Under the assumption that the position resolution
is 1mm along the z direction, the effect of Doppler
correction is simulated for previously described alingn-
ment of detectors using the code GEANT-4. Figure 4
shows the obtained Doppler-corrected energy spectrum
for « rays emitted from recoiling nuclei with 3 of 0.3.
The simulated energy resolution is about 8.0keV in
FWHM. In the simulation, the effect of multihits is
not completely taken into acount yet. Experimental
confirmation of the simulation including the multihit
effect is now in progress.
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A hybrid array for charged-particle and v detection

H. Hasegawa,*! T. Motobayashi.*! S. Takeuchi,*! H. Kawasaki,*! K. Demichi,*!
H. Murakami,*! A. Saito,*! and S. Shimoura*?

Recent development of radioactive beams has al-
lowed extensive nuclear structure studies of unsta-
ble nuclei. We plan to construct a hybrid array for
charged-particle and v-ray detection to be used in the
RI beam factory (RIBF) which will produce a wider
range of nuclei far from stability, than those produced
by the present facility.

One method of studying structures of unstable nuclei
is to measure y-rays from fast-moving residual nuclei,
with velocities of 30-50% of the speed of light. It allows
one to determine the transition probability excitation
energy, and level scheme of the nuclei. However, due to
the high beam velocities, the v-ray energy is Doppler-
shifted depending on the emission angle with respect
to the direction of the residual nuclei, and experiments
are performed using a very-low-intensity beam to study
very unstable nuclei. In such a case, high angular res-
olution and efficient detection of ~v-rays are strongly
desired.

For particle transfer reactions in reversed kinemat-
ics, the angular distribution of light recoil particles pro-
vides important information on the specific reaction
process.

Thus, a system including y-ray and charged-particle
detectors has been designed to be applied to experi-
ments in RIBF. The «y-detector is a granular array of
160 Nal(T1) scintillators which is capable of high angu-
lar resolution and efficiency. The charged-particle de-
tector is an array of CsI(T1) scintillators which can pro-
vide good particle identification of 1:2*H, 34He, heavy
ions and ~-rays. Figures 1 and 2 show schematics of
the detectors. These systems can be combined accord-
ing to the purpose of the measurement.

The complete setup of the Nal(Tl) array consists
of 160 NaI(Tl) scintillators surrounding the target.
Each scintillator is of a rectangular shape with a size
of 40 x 80 x 160mm?3, coupled to a 38 mm-¢ photo-
multiplier tube. Eighteen layers, each of which con-
sists of 4-12 scintillators, are arranged coaxially with
respect to the beam axis, and are closely packed to
cover the angular range of 14-166°. The distance from
the target is 40 cm for the layer at 90°. The total length
of the system along the beam axis is about 90c¢m. The
angular resolution of y-ray detection is about 6° at 90°,
where the Doppler effect is at a maximum. The effi-
ciency and the v-ray energy resolution were simulated
by means of the GEANT code.!) Figure 3 shows the
energy dependence of the photo peak efficiency and
the energy resolution (FWHM) from residual nuclei

* 1
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Rikkyo University
Center for Nuclear Study, University of Tokyo

Fig. 1. Schematic of half of the Nal(Tl) array which con-
sists of 80 crystals.

Fig. 2. Schematic of the CsI(Tl) array which consists of
312 crystals.

moving with v/c = 0.4. The performance is enhanced
compared with the previous Nal(Tl) array consisting
of 68 Nal(T1) scintillators, whose efficiency and res-
olution are about 20% and 100keV at £, = 1MeV,
respectively.

The criteria for designing for the CsI(T1) ball are
good charged- particle identification capability, high
angular resolution, and compact geometry. The
CsI(T1) scintillator is effective for light-particle iden-
tification,®%) and its light can be collected by a sili-
con photodiode that provides minimal mass compared
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Fig. 3. Calculated efficiency (solid curve) and FWHM
(dashed curve) of the NalI(Tl) array as functions of
the v-ray energy FE- from residual nuclei moving with
v/e = 0.4.

with a photo multiplier. The CsI(Tl) ball consists of
312 crystals, each of which is of a rectangular shape
with a size of 16 x 16 x 50mm?, directly coupled to
a 10 x 10mm? silicon photodiode. Assemblics. each
of which is composed of four individual CsI(T1) crys-
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tals, form a hemisphere with the target at its cen-
ter. The radius of the CsI(TI1) ball is 15cm at the
center of the crystal and 21 em at the outer diameter
including the photodiode. The high angular resolu-
tion of 5° in full width allows for precise determina-
tion of the angular distribution of recoil particle nu-
clei resulting from a reaction. Furthermore, due to
its compactness, one can install the CsI(Tl) ball in
a vacuum chamber. Particle identification is accom-
plished by pulse shape discrimination based on the
ballistic deficit method and/or zero-crossing method.?
The good charged-particle identification capability of
the CsI(T1) ball will enable selection of exit channels
for detailed spectroscopy.

The construction of the hybrid array will be car-
ried out during the year 2002 in collaboration with
ATOMKI (Nuclear Rescarch Institute of Hungarian
Academy of Science).
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We report here on

(1) the responses of several inorganic scintillator