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I. PREFACE

The Report summarizes research activities at the
RIKEN Accelerator Research Facility in the year of
1995. The research program at the Facility has been
pursued under the framework of the project entitled
Multi-disciplinary Researches on Heavy Ion Science.
The program extends over a variety of fields; nuclear
physics, atomic physics, nuclear chemistry, radiation
biology, condensed matter physics in terms of acceler-
ator or radiation, basic studies on energy production
and accelerator cancer therapy, material characteriza-
tion, application to space science, accelerator engineer-
ing, laser technology and computational technology.

The central facility is a heavy-ion accelerator com-
plex consisting of the RIKEN Ring Cyclotron (RRC)
and its subordinate accelerators, the energy-variable
heavy ion linear accelerator (RILAC), and the K = 70
MeV AVF cyclotron. They have altogether delivered
a beam time (on the target) of more than 8000 hours.
Twelve laboratories at RIKEN and more than 400 re-
searchers including outside users have participated in
the program.

The Facility has marked a great milestone this
year by starting two new projects; 1) R & D of the
so called RIKEN Radioactive Beam Factory and 2)
RIKEN-BNL collaboration program on spin structure
functions. Having achieved approval of the two new
projects, the Facility is moving towards a new stage of
major development.

The project of the RIKEN Radioactive Beam
Factory involves construction of a superconducting
separate-sector cyclotron with K-number around 2400
MeV which serves as the energy booster upon the exist-
ing RRC. The beam energy of heavier elements is to be-
come sufficiently high to produce projectile-fragment
(PF) beams of a broadened range of unstable nuclei.
The cyclotrons are to be accompanied with dual rings
of synchrotron to enhance experimental perspectives.
We anticipate that the Factory would make a central
contribution to the development of next-generation ra-
diocactive beam (RIB) science. Most optimistically the
Factory would be completed around 2002 or 2003.

Design works on the Factory are in progress to pro-
ceed to construction of a proto-type superconducting
sector. Meanwhile a major development has been ac-
complished at the upstream end of the RILAC. A set of
18 GHz ECR ion source and a frequency-variable RFQ
has been completed to significantly improve the beam
output. The apparatus with the upgraded intensity is
an important ingredient of the Factory project.

The Facility carries on an international research
program on muon science in collaboration with the
Rutherford-Appleton Laboratory. The muon beam fa-

cility at the proton synchrotron ISIS has started opera-
tion to accommodate versatile research programs using
powerful pulsed muon beams.

The new project on relativistic-energy spin physics
has been formulated as the 2nd international research
program following the first on muon science. It is to
be carried out in collaboration with Brookhaven Na-
tional Laboratory. The program aims at investigation
of spin related properties of nucleons in terms of the
QCD framework. Spin-polarized proton beams will be
developed and facilitated at RHIC, bringing a new op-
portunity of physics in the RHIC program. The con-
struction of a muon arm has started as well as R & D
work on Siberian snakes.

The base-line research program using the heavy-ion
accelerator complex has maintained a steady develop-
ment. Nuclear physics researches have been heavily
associated with radioactive beam experiments. Stud-
ies on nuclear synthesis towards the drip lines and very
heavy elements have continued, resulting in identifica-
tion of new isotopes such as 3'Ne, 3"Mg, ®’Rn, and
200Fy,  Spectroscopy on extremely neutron rich nu-
clei has made a further progress: Inelastic scattering,
charge exchange reactions and Coulomb dissociations
have been extensively applied to study different exci-
tation modes of halo (or skin) nuclei. The S-y-neutron
spectroscopy has been developed significantly. Reac-
tions induced by unstable nuclei offered other unique
opportunities. Sub-barrier fusion reactions with neu-
tron rich nuclei have been measured to investigate
plausible anomaly in cross sections. Measurements of
reaction rates of astrophysical interest have continued.
Among others the measurement of Coulomb dissocia-
tion cross section of 8B has been elaborated in relation
to the solar neutrino problem.

Development of the radioactive beams is crucial for
the studies on unstable nuclei at the Facility. Uniquely
the Facility provides three different types of radioac-
tive beams: Firstly intermediate-energy RIB by means
of projectile fragmentation has been most frequently
used, amounting to about 40 % of the whole RRC
The second type of RIB is the spin-
polarized beam which is also produced via PF process.
The beam has been used to determine nuclear moments
(g-factor and Q) of a dozen of unstable nuclei including
exotic nuclei such as !"B. The third type of RIB is the
high-spin isomer beam which is produced via reverse-
kinematics fusion reactions. Beams of heavy isomers
with spins close to 30 & are obtained with considerable
intensity. A study on secondary fusion reactions was
initiated.

Spin-isospin response is another popular subject at

beam time.



the Facility, where reactions (d,?He) and (d,d(07))
as well as heavy-ion exchange reactions are primarily
used. A simple direct-reaction mechanism character-
istic of high-energy heavy-ion exchange reactions was
proved to provide a useful means of the spectroscopy.

Atomic physics has been pursued, enjoying an ex-
tremely wide energy range of heavy ions covered by
the set of the ECR ion source, RILAC and RRC. A
method of recoil-ion momentum analysis in ion-atom
collisions has been developed using a cold supersonic
gas jet target. It allows determination of the final
clectronic state and resolves the small scattering an-
gle in the range of 107° radian. The fragmentation of
Cgp molecules in collisions with heavy ions has been
studied at the RILAC. A study on collisions between
negative hydrogen ions and highly charged energetic
ions has started. An international collaboration pro-
gram on beam-foil spectroscopy of highly charged ions
was further enhanced in collaboration with Lund Uni-
versity. A series of systematic lifetime measurements
of Mg-like heavy ions has been extended to heavier
elements up to Rh. Basic information for laser and
plasma applications is gained.

In the domain of nuclear chemistry nuclear hyperfine
studies have moved in a new phase of development for
in-beam spectroscopy: The following three different
approaches of in-beam Mossbauer spectroscopy were
pursued. Firstly site occupation and atomic jump pro-
cess of °"Fe in solid rare gases were investigated us-
ing Coulomb-excited recoils. An alternative reaction
of 56Fe(d,p)®"Fe was used to study the dynamic behav-
ior of interstitial 5"Fe atoms in a single crystal of Fe.
An attempt to produce high-energy PF beam of the

short-lived ®"Mn isotope has been initiated to open a
new domain of Moessbauer spectroscopy.

The multi-tracer technique originally developed at
the Facility continuously cultivated new areas of appli-
cation. Diabetic mice, LEC rats and atmosphere-plant
systems were newly treated and influx rates of alkali
metals into erythrocyte and labeling of antibodies with
a multi-tracer were studied.

Heavy ion beams have offered a variety of means
for material characterization including those facilitat-
ing PIXE, Rutherford scattering and channeling effect.
Recently a project on slow positron spectroscopy using
short lived isotopes was started at the AVF cyclotron.

Trradiation effects with heavy-ion beams are studied
in several aspects. In the domain of radiation biology a
striking effect was observed in irradiation of heavy ions
on tobacco plants. A nitrogen beam elicited mutagen-
esis in the embryo of the plant when administered dur-
ing the fertilization cycle and its effect was manifested
in an extremely short period. Recently an intriguing
application of radioactive beam was tested in relation
to the cancer therapy. Use of a radioactive beam may
offer a possibility to spot in real time the location of
the stopped isotopes by means of positron tomography.
A simulation experiment using a radioactive beam of
11 was performed, demonstrating an encouraging per-
spective. Heavy-ion beams are also useful to modify
the property of material in a controlled way. In this
respect a study on the pinning effect of magnetic flux
through high-Tc superconducting materials under the
irradiation of high-energy heavy ions is in progress.

For the first time this issue presents a list of seminars
held at the Facility.

Masayasu Ishihara
Director
RIKEN Accelerator Research Fucility
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RRC and AVF Cyclotron Operation

M. Kase, N. Inabe. A. Goto, T. Kageyama, I. Yokoyama, M. Nagase, S. Kohara, T. Nakagawa,
K. Ikegami, O. Kamigaito, J. Fujita, H. Isshiki,* H. Akagi,* R. Ichikawa,* N. Tsukiori,*
R. Abe,” K. Takahashi,* T. Maie,* T. Homma,* and Y. Yano

All beams, which were accelerated with the RIKEN
Ring Cyclotron (RRC) in the one-year duration from
Nov. 1994 to Oct. 1995, are listed in Table 1, together
with fundamental acceleration parameters and a total
time spent for experiments. In this period, a total of 35
kinds of beams, ranging widely in the energy and mass
space, was used for experiments. Among of these, 13
kinds of beams, such as 80 MeV /n °°Ti and 7 MeV /n

130Te, were newly added to the list. A proton beam
with the highest energy of 210 MeV, which had been
accelerated only for a machine test in 1991, was firstly
used for experiment.

The total beam time, which was used for experi-
ments, amounts to 202 days. Most of it (86.7%) was
devoted to nuclear physics experiments and the rest
(13.3%) to experiments in many other fields, such as

Table 1. RRC beams accelerated during Nov. 1994-Oct. 1995.

Particle Charge RFF h Injector  Energy  Beam time
(MHz) in RRC (MeV /u) (days)

H, 1 26.2 5 AVF 801 1.8
1 27.6 5 AVF 90 1.3
1 29.0 5 AVF 100 1.3
1 30.1 5 AVF 110 2.2
1 30.5 5 AVF 113 2.5
1 32.6 5 AVF 135 4.5
H> —p 1 34.2 5 AVF 150f 2.0
p 1 38.7 5 AVF 210 1.7
pol-d 2 32.6 5 AVF 135 18.9
20 6 32.6 5 AVF 135 17.6
B 6 29.0 5 AVF 100 13.2
1N 6 32.7 9 RILAC 35 0.4
7 32.6 5 AVF 135 3.3
160 8 32.6 5 AVF 135 6.7
180 7 35.2 9 RILAC 421 4.8
8 29.0 5 AVF 100 24.9
20Ne 10 32.6 5 AVF 135 7.8
22Ne 10 24.6 5 AVF 70 4.3
10 29.0 5 AVF 100 4.4
10 30.1 5 AVF 110 5.9
36Ar 6 18.8 11 RILAC 7.6 8.2
0Ar 14 33.0 9 RILAC 37t 0.5
17 27.6 5 AVF 90" 8.8
17 28.1 5 AVF 95 2.6
48y 7 18.8 11 RILAC 7.6 6.8
50y 20 26.2 5 AVF 807 11.8
¥ Co 24 26.2 5 AVF 807 1.9
58Ni 25 28.1 5 AVF 951 5.9
84Ky 21 28.1 10 RILAC 211 0.4
23 28.0 9 RILAC 26 0.5
25 32.7 9 RILAC 36 0.5
129% 6 22 18.8 11 RILAC 7.67 2.8
136X e 31 28.0 9 RILAC 26 2.7
130T 22 18.0 11 RILAC 7t 16.2
140Ce 24 18.0 11 RILAC 7t 3.6
Total 202.7

T New beams

*

Sumijyu Accelerator Service, Ltd.



biology, medical science, radio-chemistry, health
physics, and material science. The AVF-RRC opera-
tion was performed for 157 days (79%) and the RILAC-
RRC operation for 42 days (21%).

It takes one day to prepare a beam on the aver-
age. However a beam tuning time longer than 1.5 days
is sometimes necessary to meet user’s special require-
ments on a strict single-turn extraction, a small beam
spot on target, a well-separated single-bunched beam,
and so on.

Stand-alone uses of the two injector have routinely
been made during a time when the other injector is
coupled with RRC. In Table 2 are listed the beams
which were provided against users of the AVF cy-
clotron. A total of 44 days was spent additionally
for various experiments on slow-positron beam produc-
tion, in-beam Mossbaour spectroscopy, and RI produc-
tion as well as nuclear physics.

In this one year, a total of 14 days of the scheduled
machine time had to be canceled. Main reasons for

Table 2. AVF beams which were used for experiments
from Nov. 1994 to Oct. 1995.

Particle RF F h Ion source Energy Beam time

(MHz) in AVF MeV/u (days)

p 23.0 2 ECR 14.0 0.9
d 12.3 2 PIS 8.0 2.9
13.2 2 PIS 9.1 17.8

19.0 2 PIS 9.5 6.0

23.0 2 PIS 14.0 1.9

a 15.5 2 ECR 25.0 9.3
18.2 2 ECR 35.0 1.9

17.2 2 ECR 32.0 0.3

2TA1 169 2 ECR 7.5 1.5
OAr 120 2 ECR 3.8 1.9
Total 44.4

these unexpected shut-downs were relating to deflec-
tors of both the AVF cyclotron and the RRC. They
sometimes did not work sufficiently due to their un-
endurable leak currents. A periodic maintenance with
opening a vacuum chamber is necessary in both the
cases. Most of beam time which was canceled due
to these troubles could be compensated by shortening
maintenance time or holidays.

Recently a beam of 80 MeV/n °°Ti was accelerated
and used for an experiment. To get an enough in-
tensity, we had to use an enriched-material, which is
extremely expensive. To save the quantity of it, when
it was charged to the 10 GHz ECR source, a thin alu-
mina (Aly.O3) pipe, a hole of which was filled with a
small amount of powder of enriched (50%) TiO, was
used in stead of a normal ceramic rod. It could supply
an 80 MeV /n °°Ti beam with an intensity of 8 pnA on
a target for a week at least.

A single-bunched beam is sometimes required by
users as a time trigger for the measurement of time
spectrum. A very compact single-bunch selector,
which consists of a fast beam chopper and a sub-
harmonic buncher, has been successfully developed.
Both the devices are installed in a low-energy injection
line of the AVF cyclotron. As long as a single-turn ex-
traction is strictly achieved in each cyclotron, a pure
single bunched beam with a repetition rate as high as
1 MHz is available.

In the spring of 1995, a beam line, E7e, was newly
built in the E7 room for a stand-alone use of the AVF
cyclotron in place of an old beam line E7b. As the re-
sult, the beam course E7b, which had been used for a
muon spectrometer of Large €2, was removed together
with the experimental device. The new beam line was
designed for the experiment using a polarized-deuteron
beam. A new experiment on polarized-neutron scatter-
ing has just started using it.
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Tandem Operation

E. Yagi, K. Ogiwara, T. Urai, and M. Iwaki

A 1.7 MV tandem accelerator has been newly in-
stalled and becomes available for experiment since
April, 1995. A large portion of beam time is allot-
ted to machine inspection and beam test. Additional
beam lines are still under construction.

The experimental studies on the following subjects
are being made.

(1) Rutherford Backscattering Spectroscopy (RBS)

(a) Behaviour of Kr atoms implanted into alu-
minium by a channelling method (Muon Science Lab.).

(b) Behaviour of Xe atoms implanted into iron
(Muon Science Lab.).

(c¢) RBS analysis of Th-implanted sapphire crystals
(Surface Characterization Centre).

(d) Characterization of oxide films grown on SrTiOg
(Surface Chemstry Lab.).

(2) Nuclear Reaction Analysis (NRA)

(a) Lattice location of hydrogen in niobium alloys
by a channelling method (Muon Science Lab.).

(3) Particle Induced X-ray Emission (PIXE)

(a) Application of PIXE to biomedical and mate-
rial sciences: Trace element analysis using energy-
dispersive X-ray spectrometry, and chemical state
analysis using wave-dispersive X-ray spectrometry (In-
organic Chemical Physics Lab.).

(b) Development of an X-ray detector (Cyclotron
Lab.).
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RILAC Operation

E. Ikezawa, M. Hemmi, T. Chiba. S. Kohara, T. Aihara,* T. Ohki,* H. Hasebe,*
H. Yamauchi.* and Y. Miyazawa

RILAC has been in steady operation, and has sup-
plied various kinds of ion beams for the experiments.
Table 1 gives the statistics of operation from Jan.
through Dec. 1995. One day of the scheduled beam
time was cancelled owing to the damage of copper
sheets for electric contact of the resonator No. 6: the
thin copper sheets (10 ¢cm wide, 7 ¢m long, and 0.3
mm thick) were melted with too high rf currents. This
damage was extended in the region of about one meter
in length. Table 2 summarizes the time sharing allot-
ted for individual research groups. The percentage of
the beam time for RRC was about 45% of the total:
ions of 14N, 1807 SGAI‘./ 4OAI‘, 48Ti, 84K1,7 129Xe, 130Te,
136X e, 140Ce, and *2Ce were injected to RRC. Table
3 gives the statistics of ions used in this year. Among
them, a 32Y!* beam at the acceleration frequency of
32 MHz is new. The percentage of the beam time for
metallic ions amounted to about 36% of the total.

Table 1. Statistics of the operation from Jan. 1 through
Dec. 31, 1995.

Days Y
Beam time 174 47.7
Frequency change 15 4.1
Overhaul and improvement 52 14.2
Periodic inspection and repair 14 3.8
Machine trouble 1 0.3
Scheduled shut down 109 29.9

Total 365 100

Table 2. Beam time for individual research groups.

Days %
Atomic physics 60 345
Solid-state physics 6 34
Nuclear physics 6 3.4
Nuclear chemistry 2 1.1
Radiation chemistry 16 9.2
Accelerator research 6 34
Beam transportation to RRC 78 44.8

Total 174 100

*  Sumijyu Accelerator Service, Ltd.

Table 3. List of ions used in this year.

Ion Mass  Charge state Days
He 4 1 5
B 11 2,3 8
C 12 2 6
N 14 3 2
0) 16 2,3,5 5
0) 18 4 7
Ne 20 3.4 10
Si 28 5 1
Ar 36 6 6
Ar 40 5,6, 8 39
Ti 48 7 9
Ni 58 6 2
Kr 84 10, 11, 13 13
Y 89 14 3
Zr 90 12 2
Zr 91 12 2
Nb 93 12 7
Xe 129 9 S
Te 130 9 13
Xe 136 9,15 13
Ce 140 11 14
Ce 142 11 1
Pb 208 11 1

We carried out the following machine improvements:
(1) In the rf system of six resonators, the servo nio-
tor controllers driving the capacitive trimmer were re-
placed with compact ones designed newly because they
were worn out after many years operation. To get
easy maintenance and stable operation. both auto-
matic tuning and amplitude controllers were also re-
placed with newly designed ones;") (2) The power sup-
plies for the quadrupole magnets of the beam transport
line were remodeled by replacing the obsolete power
transistors with modern ones; and (3) The stainless-
steel plates (159 sheets in total) mounted in three heat
exchangers for RILAC cooling water were replaced
with new ones because of deterioration after the fifteen-
years use.

In the 8 GHz ECR ion source, we have tested to pro-
duce metallic ions by use of materials such as GdsOg3
and CaFy; as a result, we obtained the beam intensity
of 2 epA for Gd'?* and 6 epA for Ca®t. The yield
of Ca ions with a CaF, rod was lower than that with
a CaO rod. So far, the ions of 10 kinds of gaseous
elements and those of 42 kinds of solid elements have
been produced by the 8 GHz ECR ion source.

References
1) S. Kohara et al.: This report. p. 217.
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Stochastic Variational Method with Realistic Potentials

Y. Ohbayasi,* Y. Suzuki, and K. Varga

[few-body systems, stochastic variational method, realistic potential.]

We have investigated the application of the stochas-
tic variational methods (SVM)" to the few-body prob-
lems what are treated as either multi-cluster or few-
nucleon systems.?) The results arc obtained with ‘ef-
fective’ potentials.

Now we applied the SVM method to the system in-
teracting via ‘realistic’ potentials, especially to the tri-
ton ground state (Fgy, = —8.4 MeV). Since solving
the nuclear many-body Schrédinger equation is diffi-
cult because of the complexity of the interaction and
of the variety of nuclear motion, it is interesting to
confirm whether our method is effective in such case.

Up to now, we selected Reid V8% and Eikemeier and
Hackenbroich potential (EH)" as the ‘realistic’ poten-
tial. The former has the Yukawa function and the
latter has the Gaussians. Both of them include the
central, spin-orbit and tensor potentials. Because the
potential has non-central parts, the needed channel be-
comes larger than that of the case with effective po-
tential which has only central part. The orbital angu-
lar momentum channels included in the calculation are
(¢y,43)L = (0,0)0, (1,1)0, (2,2)0, (1,1)1, (2,2)1, (1,1)2,
(0,2)2, (2,0)2 and (2,2)2, and the total spin channels
are [(s1,82) s12, s3)S = [(1/2,1/2) 0, 1/2]1/2. [(1/2,1/2)
1,1/2]1/2 and [(1/2,1/2) 1, 1/2]3/2. We solved the tri-
ton ground state (J™ = 1/2%) by selecting important
basis functions on correlated Gaussians.

The application of the few-body problem to the tri-
ton system with the ‘realistic’ potential has already
been investigated by GFMC, ATMS, and Feddeev
groups.”) In the case of Reid V8 potential. we get the
energy of —7.6 McV within 200 basis. Comparative
results are: —7.08(05) MeV [VMC], —7.54(10) MeV
[GFMC], —7.59 MeV [Faddeev]. We have confirmed
that our method yields better results than the other
with lower dimension of the basis functions. Figure 1
displays the energy convergence of triton for the dif-
ferent potentials.

*

Graduate School of Science and Technology, Niigata
University
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Fig. 1. The triton energy convergence of Reid V8 (Solid
line) and Eikemeier and Hackenbroich (dashed line).

In summary, we applied the SVM to solve the tri-
ton ground state with the ‘realistic’ potentials. Our
results give larger binding energy than the other meth-
ods. Thus we confirmed that our method is also useful
for ‘realistic’ potential problems. For further applica-
tion, we will extend to the system with more than three
nucleons.
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Structure of the A = 9 System with Microscopic Cluster Model

K. Arai,* Y. Ogawa, Y. Suzuki, and K. Varga

[the mirror nuclei of °Be and B, the microscopic cluster model.]

Be isotopes, from ¥Be to the neutron drip-line '*Be,
have very interesting properties because of the vari-
ety of binding mechanism and structure. ®*Be is well-
known to have a 2« structure, and ''Be and '*Be have
a neutron halo structure. Our purpose is to investi-
gate the structure of Be-isotopes by a microscopic 2«
+ valence neutrons model.

As the start of this investigation, we study “Be and
its mirror nucleus B with a 2a + N three-body mi-
croscopic cluser model using the stochastic variational
method.V

The two-nucleon interaction used in this calcula-
tion is Minnesota Pot. including the L-S force and
the Coulomb Pot. The exchange-mixture parame-
ter u in Minnesota Pot. is taken as 0.94 to repro-
duce the ground state binding energy of “Be from the
three-body threshold. The calculated proton radius
rp = 2.39[fm] is in good agreement with the experimen-
tal value derived from (e,e) data r, = 2.37[fm]. Our
result of the magnetic moment and electric quadrupole
moment is also in very nice agreement with the exper-
imental values. See Table 1. The probability of total
angular momentum L in the ground state of the °Be
(total spin and isospin are § = £, T' = 3) is about
85% for L = 1 and 15% for L = 2. This L = 2 compo-
nent is important to reproduce the magnetic moment
and Q-moment. The electron elastic longitudinal and
transverse form factors were also calculated and found
to reproduce experimental data very well. The calcu-
lated total reaction cross section for a carbon target at

Table 1. The matter, proton, neutron radius 7m,rp,» and
the magnetic moment: u and the quadrupole moment:
Q in the ground state of “Be.

cal. exp.s)
7m ( fm ) 2.50 —
rp (fm) 2.39 2.37
7 (fm) 2.58 =
v (an) 11689 | —1.1778+0.0009
Q (efm 2) 5.13 5.340.3

*

Graduate School of Science and Technology, Niigata
University

800 MeV /neucleon is 850[mb]. which is in fair agree-
ment with the experimental value 806 = 9[mb)].

Except for the ground state of 9Be, all the states of
9Be and ?B are above the three-body threshold. The
complex scaling method was used to calculate these
resonance states, and the interaction used here is the
same as the ground state of °Be. The calculated energy
level and width of %_, %1— %‘ are in good agreement
with the experimental ones. The investigation for the
%Jr state is in progress.

Recently K. Varga et al. studied the structure of “Li
and °C with o+ (3N)+ N + N four-body microscopic
cluster model.?) Because the ground state and the 2.43
MeV g_ state of 9Be are described well by the present
model, the 3 decay of the °Li ground state to these
states is expected to further test the accuracy of their
wave functions or an available wave function of °Li.
The experimental value of logft for the 3 decay to
the °Be ground state is about 5.3,% indicating that
the S-decay matrix element is fairly suppressed despite
the allowed transition. In fact the Gamow-Teller (GT)
matrix element, to any state of °Be which is described
by the o + o + n three-cluster model always vanishes
regardless of the wave function of °Li. This is most
easily understood by acting the Hermitian conjugate
of the GT operator on the ?Be wave function and by
noting that the spin-isospin part of the a-particle wave
function is fully occupied. The break-up effect of the
a particle is needed and we must extended the model
space to reproduce experimental ft value. To see this
effect, we extended the model space a little as a first
test. One of the a particles is broken to triton and
one proton, then the calculated logft is about 6.1 and
gets weak transition. A further investigation is being
made.
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Magnetic Moments of the Mirror Nuclei °C and °Li

N. Fukunishi and I. Tanihata

[NUCLEAR STRUCTURE, Magnetic moment, Shell model.]

The magnetic moment of a nucleus is one of the basic
probes for the microscopic aspect of the nuclear struc-
ture, especially the spin structure of nuclei. Recently,
K. Matsuta and his co-workers reported the magnetic
moment of °C,!) in which the proton number and the
neutron number are highly asymmetric. With the pre-
viously determined value of the magnetic moment of
9Li, which is a mirror partner of °C, they pointed out
the anomalous behavior of unstable nuclei.

Under the assumption of the isospin symmetry and
the use of free nucleon g-factors, the isoscalar magnetic
moment (uys) relates to the expected value of the to-
tal spin as prs = J/2 + 0.38(Sz), where we choose the
z-axis to be the quantized axis of the total angular
momentum (J). Figure 1 shows (Sz) for several mirror
pairs whose mass number is odd. Roughly speaking,
even numbers of like nucleons are usually coupled to
give J =0 due to the strong pairing correlation and
the last unpaired nucleon mainly contributes to {Sz).
Thus, (Sz) is usually less than 1/2. The mirror pair
9C and °Li exceed exceptionally this value.
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Fig. 1. (Sz) for several mirror pairs.

We analyzed this exotic phenomenon based on the
conventional shell model. Our starting point is the p-
shell model. Several effective interactions reproduce
successfully properties of nuclei in this mass region.?
We found in Fig. 2 that all of them failed to reproduce
the present anomaly. The important point is that it
does not mean that all effective interactions previously
proposed have some shortcomings. We demonstrated
that any effective interaction, even if it is unphysical,
cannot reproduce simultaneously the isoscalar and the
isovector magnetic moments (uryv) in this case. The
reason is as follows. The nucleus °C has one active
neutron and four active protons in the p-shell. Thus,
possible combinations of the neutron and the proton
spin are only two. The one is (S, =1/2, S, =0),
where S, (S,) is the neutron (proton) spin. The other
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Fig. 2. The isoscalar and the isovector magnetic moments
for the mirror pair °C and °Li. The diamonds show the
results of shell model calculation using several effective
interactions. The solid line with black boxes shows the
theoretical upper limit.

is (Sp =1/2, S, = 1). In this case, the broken pair of
protons contribute {(Sz). To reproduce uis, the latter
component must contribute largely. It results in the
strong reduction of upy because the g-factors of the
proton and the neutron have different sign. Thus, a
maximum value of ypy exists for a given value of us
as illustrated in Fig. 2. We found that the present
experimental result exceeds this upper limit.

The previous discussions are based on three assump-
tions, that is to say, the isospin symmetry, the use
of free nucleon g-factors, and the choice of the model
space. We must investigate several effects that are be-
lieved to be small for light stable nuclei. We extended
our calculation to include (1) two-particle type excita-
tion from the p-shell to the sd-shell,®) (2) effects of ex-
change currents and the tensor force with the use of ef-
fective g-factors,® (3) effects due to the coulomb force,
the isospin-symmetry-breaking force and the charge-
symmetry-breaking force. The last one explains qual-
itatively the discrepancy between theory and exper-
iment, but these isospin-breaking effects can explain
only 25% of the discrepancy quantitatively. We must
mention that the present calculations do not include
possible effects from loosely bound nucleons or cluster-
ing. In this sense, our analysis is incomplete. However,
the present analysis revealed how exotic the magnetic
moments of the mirror pair °C and Li are.
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Magnetic Moment of 'Be

T. Suzuki, T. Otsuka, and A. Muta

[Neutron halo, Magnetic moment.]

Magnetic moments of a neutron-halo nucleus, !Be,
are investigated.!) The neutron halo is found to reduce
the meson exchange current (MEC) contributions to
the magnetic moment of 'Be (1/2/, ). The calculated
magnetic moment is found to be sensitive to the ad-
mixture of | °Be (2*) x ds/5: 1/2% > configuration in
1Be, s.. The measurement of the magnetic moment is
highly recommended for the determination of the rate
of the admixture of ['® Be (2¥) x ds/2: 1/2% > config-
uration in ' Beg g .

As for the MEC, the pair, pionic and Ags-isobar
currents due to one-pion exchanges are taken into ac-
coint. We use a halo wave function for v1s; ;-orbit
obtained in a deformed Woods-Saxon (WS) potential
(B2 = 0.7) since the ground state is considered to be
well deformed.? Calculated values of the MEC contri-
butions to the magnetic moment for the pure v1s; -
state are u = —0.076 (—0.117), 0.059 (0.098) and
0.019 (0.052) pn for the pair, pionic and Ags-isobar
current, respectively, for the halo (harmonic oscillator
(h.0.)) wave function. Reduction of the MEC contri-
bution is found to be due to smaller overlap of a single-
particle wave function of the halo orbit with those of
core orbits. The net MEC contributions to the mag-
netic moment, which are small even without the halo
effects, are reduced to 6% of the h.o. value for the de-
formed WS potential.

Now, we examine how the calculated magnetic mo-
ment depends on the rate of the admixture of the
| 19Be (2%) x ds/9: 1/2% > configuration. The ground
state of !Be is assumed to have the following form:®

| 1'Be (1/28.) > = o "Be (07) x vlsyjp: 1/27 >
+ B Be (27) x vdsjp 1 1/27 > (1)

Calculated results of the magnetic moment with and
without the MEC are shown in Fig. 1. As the configu-
ration is free from the halo, the more the configuration
is admixed, the less become the effects of the halo on
the MEC contributions. We also carried out a calcula-
tion that takes into account the quenching effects from
higher-order configuration mixing: g% = 0.85 g% (see
Fig. 2). Calculated values of the magnetic moment
depend almost linearly on P(1s,/5) = a®. If the mag-
netic moment were measured, the probability of the
admixture of the | '°Be (27) x ds/5: 1/2% > configu-
ration in ''Beg s could be determined. It would also
become apparent whether the quenching effects due
to higher-order configuration mixing are important or
not. P(1sy/3) would be determined with an accuracy

of ~10%. The variational shell model (VSM),* for ex-
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Fig. 1. Dependence of the calculated magnetic moment of
11Be (1/2;&) on P(1s;/2). Dashed line denotes the im-
pulse values while dash-dotted and solid lines include
the MEC contributions obtained with h.o. and halo
wave functions for the 1s;,, orbit, respectively.
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Fig. 2. The same as in Fig. 1 except that the effective
isovector spin g-factor, g = 0.85 g, is used.

ample, gives P(1s/2) ~ 0.55. A stripping reaction on
10Bed) yields a spectroscopic factor of 0.77. The mea-
surement of the magnetic moment is now under plan®
though it is a hard experiment.
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Direct Radiative Capture Process in the 2C(n,v)!3C Reaction

A. Mengoni,* T. Otsuka, and M. Ishihara

[Neutron capture, neutron-rich nuclei, neutron halo.]

The neutron capture cross sections for the 2C(n, ¥)
reaction leading to the four bound state of '3C have
been calculated? in the framework of the direct ra-
diative capture (DRC) model. The incident neutron
energy region covered is 0.0253 eV < F,, < 500 keV. A
comparison with experimental results is made possible
by the recent measurements performed at the Tokyo
Institute of Technology.?) A detailed description of the
methodology for calculation is given elsewhere.!) The
main results of the investigation can be summarized
as:

1) The DRC model provides a reliable description of
the capture process. In fact, in the energy region under
consideration no compound nuclear state is observed
(the first resonance is at E,, = 2.1 MeV).

2) The role of incident p-wave neutrons is essential
in the representation of the experimental results for
the transitions leading to the 2s,,, and to the 1ds/,
bound orbits in 13C.

3) The calculated cross section due to incident s
wave neutrons i3 sensitive to the neutron-nucleus in-
teraction.

4) The calculated cross section due to incident p-
wave neutrons is essentially insensitive to the neutron-
nucleus interaction.

Point 4), even though expected from a naive picture

*  Permanent address: Applied Physics Section, ENEA| Italy

of the neutron-nucleus collision process (in which the p-
wave neutrons only interact peripherally with the tar-
get), is of particular relevance. In fact, on the one hand
it sustains the reliability of the calculation and on the
other hand it opens the possibility of using the (n,~)
reaction channel to derive information on the bound
state wave functions. In fact, in the case of p — s
transition the capture cross section depends essentially
only on the matrix elements

Q) = < Wy TP W, >

which, in turn, are sensitive only to the final state wave
function. This result is being investigated in order to
verify the possibility of directly extracting the radial
component of the bound state wave function from the
experimental (n,~) cross section. In particular, using
this technique it would be possible to directly verify
the existance of exotic {e.g. halo) components in the
wave function of excited nuclear states in stable and /or
unstable neutron-rich nuclei.
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Neutron Capture of Nuclei Far from Stability

A. Mengoni,* T. Otsuka, and M. Ishihara

[Neutron capture, neutron-rich nuclei, neutron halo, nucleosynthesis of heavy elements.|

It has been recently proposed!?) to use the neutron
capture reaction channel (or its inverse, the coulomb
dissociation) to study some peculiar structure prop-
erties of stable or near-stable nuclei. There are cer-
tain conditions which must be satisfied in order to ap-
ply this method. In particular, the condition that the
density of levels has to be low enough to exclude the
presence of nuclear compound states in the incident
neutron energy region must be satisfied. The capture
process which takes place under such conditions has
been called the direct radiative capture (DRC) pro-
cess. The DRC process of incident p-wave neutrons
captured into bound s and d orbits is particularly suit-
able as an application of the method because for this
particular case the matrix elements

QL) = < U TH W, >

for the E1 ~-ray emitting transition i — f do not
depend sensibly on the neutron-nucleus interaction.
Therefore, the initial state wave function ¥; can be
pronmiptly calculated using simple potential models.
Woods-Saxon or even square-well potential can be used
to derive the radial component of the initial scattering
state.?) On the other hand, the final capturing state
wave function, Wy, directly enters in the matrix ele-
ments: hence. the role of the ¥; components on and
outside the nuclear surface can be detected in a capture
cross section measurement which provides

16m
9h
Here, € is the effective charge for neutrons and k-, the

emitted y-ray wave number. Once that the calcula-
tion technique has been established and quantitatively

Tryi = f) = &2k 1QU 1%,

tested for nuclei close to the stability line.?*) one can
proceed further and apply the same method to unsta-
ble neutron-rich nuclei. In fact. as the neutron drip-
line is approached, the neutron binding energy is dras-
tically reduced making the level density low enough to
strongly hinder the compound nucleus component of
the capture process and making the DRC mechanism
more likely to take place.

We have calculated the neutron capture reaction

*  Permanent address: Applied Physics Section, ENEA, Italy
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Fig. 1. Astrophysical E-factor for n + AC(n.~) and kT =
30 keV.

rates for a chain of unstable neutron-rich carbon iso-
topes, in particular for applications in nuclear astro-
physics, where we still must rely on model calculations
for many of the required nuclear reaction rates needed
for example in stellar and /or primordial nucleosynthe-
sis calculations. In all of the cases considered the dom-
inant reaction chanucl is an E1, DRC process with
p — s and/or p — d as dominant transitions. The
results are shown in the figure where the astrophysical
Y-factor
2 1
Sr(E) = <
is shown for the n + 121416:18C(n 4) reactions. The
Maxwellian-averaged capture rates (equal to the inte-
gral of ¥J), arc also given in the figure.

E o, (FE) e 4
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Interaction Radii of Na-isotopes

H. Sato

[Nuclear interaction radii.]

The determination of nuclear size and density dis-
tribution is one of the most important problems in nu-
clear physics, because these quantities give us quanti-
tative idea of what is the nucleus and also give us a
strong criterion for various nuclear structure calcula-
tions. In previous works, we studied the systematics
of interaction radii in terms of the interaction cross
section by performing the center of mass corrected
Glauber model calculation including terms up to the
second order of nucleon-nucleon profile function eval-
uated with the nuclear density distributions given by
the density dependent Hartree-Fock type variational
calculation, and found that the experimental inter-
action cross sections are nicely reproduced except for
1111.2) We have pointed out that the interaction cross
sections nicely satisfy the additivity relationship given

by
o(p, t) = W(Rp + Rt)zv

where R, and R, are the interaction radii of the pro-
jectile and target nuclei, which are defined respectively
by the interaction cross sections of identical nuclei, as

R, = +/o(p,p)/4m and R, = \/o(t,t)/4r.

We also pointed out that the interaction radii R de-
fined above can be understood as an energy inde-
pendent characteristic nuclear radius in the nucleus-
nucleus scattering like the charge radius in the elec-
tron scattering. In this work, we extend the study to
the interaction cross sections of Na isotopes on a C
target by employing Skyrme II (SKII) interacion in
the calculation of the nuclear radial distribution. The
interaction cross sections and the interaction radii ob-
tained are summarized in Table 1, and compared with
experimental data.®) Here we note that, though the

1f7/9 neutron state of 32Na obtained is unbound by
0.087 MeV in this calculation, its radial wave function
may not so differ from the real one because of a large
centrifugal barrier in the potential. We find that the
experimental values are nicely reproduced (expect for
32Na), and that the idea of the interaction radius de-
fined through the cross section does also work nicely.

Table 1. The interaction cross sections and interaction
radii of Na-isotopes (here the interaction radius of C is
2.595 fm).

A Oeap(mb) Ocar(mb) Ra(fm)
20 1,086 (11) 1,075 3.250
21 1,100 ( 9) 1,090 3.295
22 1,092 (16) 1,110 3.345
23 1,147 (12) 1,130 3.395
24 1,150 3.450
25 1,185 ( 9) 1,170 3.510
26 1,211 (16) 1,205 3.600
27 1,229 (18) 1,235 3.690
28 1,265 (10) 1,275 3.780
29 1,281 (22) 1,300 3.845
30 1,318 (15) 1,325 3.905
31 1,358 (41) 1,350 3.970
32 1,395 (61) (1,355) (3.990)
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Mechanism of the Inversion between 1d and 2s

Single Particle Levels

Y. Sugahara, K. Sumiyoshi, H. Toki, A. Ozawa, and 1. Tanihata

[relativistic mean field theory, unstable nuclei.]

The physics of unstable nuclei attracts much atten-
tion. In nuclei far from the stability line, we have al-
ready found very interesting phenomena such as the
formation of neutron halo and neutron skin. Near the
drip lines, an interesting phenomenon was found re-
cently. The experimental data indicate that 2s,,5 and
1ds5/2 single particle levels could be inverted in some
light nuclei. We study this phenomenon in the mean
field picture.

First of all, in order to clarify the reason for the in-
version of 2s and 1d levels, we consider a simple prob-
lem. Let us solve the radial Schrédinger equation with
the Woods-Saxon potential, V(r) = —Vy /(1 +exp[(r —
R)/a.]). By changing the diffuseness parameter a.., we
examine the relation between the shape of the poten-
tial and the inversion of the two levels. If we take a
typical value, 0.6 fm for a., the potential has the nor-
mal shape as shown in Fig. 1(a). In this case, 2s and 1d
levels appear in the normal order. When we increase
a. to 1.2 fm, the shape of the potential changes to the
one in Fig. 1(b). The flat part near the center vanishes
and the tail becomes larger. In this case, the inversion
can happen as shown in Fig. 1(c).

a,=0.6fm

V [MeV]

SPE [MeV]

-18

Fig. 1. Pictorial representation of the relation between the
shape of the potential and the order of 2s and 1d levels.
Here, the parameters for the Woods-Saxon potential
are taken as Vo = —50 MeV and R = 4.3 fm. The
potential shown in (a) is for the case with the diffuseness
ac =0.6 fm, while the one in (b) with a, = 1.2 fm . The
corresponding single particle energies of 2s and 1d levels
are shown in (c¢); the left result corresponds to a. = 0.6
fm and the right one to a. = 1.2 fm.
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What provides then such an enlarged tail and makes
the flat part vanish? We find that the isovector poten-
tial plays an essential role. In the meson theory, the
difference between the proton and the neutron den-
sities creates the isovector potential. Therefore, the
isovector potential has a peak near the surface if the
proton and the neutron radii are different, where the
difference between the proton and the neutron densi-
ties is the largest. On the other hand, the isoscalar po-
tential has a similar shape to the total density. Hence,
the addition of the isovector potential makes its flat
part near the center vanish and the tail part enlarge
as the case of the use of a. = 1.2 fm.

In order to demonstrate the above discussion, we
calculate the single particle energies for 2s; /; and 1d5 2
levels of 14C by the RMF theory with TM2 parameter
set. In the RMF theory, p meson provides the isovector
potential. Hence we change only the strength of the p-
N coupling g,, fixing other parameters. The calculated
results are shown in Fig. 2. As g, increases, 2s and 1d
levels come close each other and the inversion occurs
at g, ~ 5. So far, we have discussed the effect of the
isovector potential for the inversion only in the case of
neutrons. The isovector potential acts also on protons.
However, its influence is completely opposite to the
case of neutrons. In fact as shown in Fig. 2, when g,
becomes large, the difference between 2s and 1d levels
increases for protons.

~ ]
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Fig. 2. The single particle energies for *C with the RMF
theory as a function of g,. The results for the neutron
2sy /2 and 1ds/; levels are denoted by the solid and dot-
ted curves, and those for the proton 2s,,; and 1ds/;
levels are denoted by dashed and dash-dotted curves,
respectively. As references, we show the corresponding
symmetry energy for each value of g, in the parentheses
in unit of MeV.
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A Systematic Study of Even-Even Mass Nuclei Up to the Drip
Lines in Terms of the Relativistic Mean Field Theory

K. Sumiyoshi, D. Hirata, I. Tanihata, Y. Sugahara, and H. Toki

[nuclear structure, deformation, relativistic mean field theory.]

The recent advance at the radioactive nuclear beam
facilities provides us with an explosive number of infor-
mation on unstable nuclei. We are having the experi-
mental data such as masses, radii and deformations of
unstable nuclei in a wider region of the nuclear chart
than before. The studies of exotic nuclei with such
data have revealed the novel phenomena such as neu-
tron halos') and neutron skins® and bring new findings
in nuclear physics.®) Under this situation, we are eager
to exploit the general feature of the nuclear properties
using a reliable many body theory in the whole region
of the nuclear chart.

We study the ground state properties of even-even
mass nuclei up to the drip lines in the relativistic mean
field (RMF') theory with axial deformation. The RMF
theory, whicli is a phenomenological model based on
the recent success of the relativistic Brueckner Hartree
Fock theory, has been successfully applied to the de-
scription of the properties of stable®) and unstable
nuclei.®) Motivated by the recent RMF study on the
shape coexistence and transitions of isotopes,” we ex-
tend further the study to the whole region of the nu-
clear chart in order to explore the systematics of nu-
clear properties.

We perform the constrained RMF calculations on
the quadrupole moment and obtain all the possible
ground state configurations from the energy curves us-
ing the supercomputer VPP500 at RIKEN. We adopt
the TMA parameter set® and find that the total bind-
ing energies agree with the experimental data within
3 MeV when we select the deformation of the absolute
minimum for each nuclide.

We show in Fig. 1 the calculated 3 deformation of
even-even mass nuclei ranging from Z = 8 to Z = 50
up to the drip lines. We see the strong deformations
around Z = 38 ~ 42 with N = 38 and 60, which
are suggested to be deformed magic numbers by the
experiments.?) It is interesting to remark the disap-
pearance of the magic numbers N = 20, 28, and 50 in

the neutron rich region. The thick neutron and proton
skins are generally seen for nuclei far from the stability
and its thickness can be large as 1 fm for very neutron
rich nuclei.

04 05 O
o o O

0.1 02 03
. °
-N 00 0! .02 03 -04 -

Fig. 1. The 8 deformation in the N-Z plane. The pro-
late and oblate shapes are denoted by closed and open
circles, respectively, in the scale shown in the legend.

We are extending the analysis to the region beyond
Z = 50 up to the super heavy region in order to explore
the general trend in the nuclear chart.?) Possible triax-
ial deformations are also being studied in the triaxial
RMF code in the cases of the coexistence of prolate and
oblate deformations observed in the present study.
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Systematics of Interaction Radii of Unstable Sd-Shell Nuclei

H. Sato

[Nuclear interaction radii.]

Recent study of the size of unstable nuclei with the
use of the secondary unstable nuclear beams suggests
that some extremely neutron rich nuclei, like 1Li, can
have a halo type neutron distribution. Here we re-
port another possible type of peculiar behavior of the
size of unstable nuclei: Thus far the nuclear size of a
mass number A nucleus is believed to be proportional
to A'/3. However, the nuclear interaction radius of
extremely neutron rich nuclei, which is defined by the
interaction cross section of the identical nuclei of mass
number A such as

Rao=+/0o(A, A)/4m,

can show possible degeneracy or reversion in its mass
number dependence. In a previous work,) we show
that experimental interaction cross sections of Na-

isotopes on a C target? are nicely reproduced with
the center of mass corrected Glauber model calcula-
tion including the terms up to the second order of a
nucleon-nucleon profile function evaluated with the nu-
clear density distributions given by the density depen-
dent Hartree-Fock type variational calculation.®) We
also pointed out that the interaction cross sections
nicely satisfy the additivity relationship given by

o(Na,C) = m(Rya + Rc)*

We extend the study to the interaction cross sections
of nuclei from O to Ca isotopes filling the neutron sd
shell. Figure 1 shows the neutron number dependence
of the interaction cross sections on a C target cal-
culated with SKIII interaction. As shown in Fig. 1,
we can expect possible reversion of the mass number

2 1450
g 1350
§ 125
S
g 1150
% 1050 }
o 1
9w L A L L A 1 L 1 A A A ]
g 9 10 11 12 13 14 15 16 17 18 19 20
neutron #
—_—C —%—F —A—Ne —=—Ng —— Mg —a— Al ——Si
—o—P —s —o—Cl —X— Ar —aA—K —¢Ca @ Naexp

Fig. 1. The neutron number dependence of the interaction cross sections
on a C target calculated with SKIII interaction.

dependence of nuclear interaction radii especially at
around a neutron closed shell of N = 20. The size of
280 is larger than that of 33Al with SKII. This kind
of reversion is also found with many other types of
interactions except SKV (SKV shows degeneracy of
Ro = Rg =Rne). This kind of reversion is due to a
small binding energy of the neutron 1djz;, state and
also to rather large binding energy dependence of the

16

size of the neutron 2s,,, state having no centrifugal
barrier.
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Nuclear Shell Energies and Deformations in Mass Formulas
(1) Theory

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

[shell-energy, deformation. ]

A new method is devised, based on three assump-
tions, for estimating shell energies of deformed nuclei
from spherical shell energies. The first assumption is
on the relation between the shell energy and the oc-
cupation probabilities of spherical single-particle levels
in the deformed nucleus. More specifically, we assume
that the intrinsic shell energy comes only from the
differences between the spherical single-particle levels
and their structureless positions which are defined as
a more uniform distribution of single-particle levels.
Thus, we describe it as

Ein(ZN) =1y wpu(Z.N) (epy = To0)

v
1Y wnn(ZN) (as = Ew), (1)
where ¢, (v =V1,2,3..., and j = n or p) is a single-
J J g

particle level in the spherical potential, &, its struc-
tureless position, and wj, (Z, N) the occupation prob-
ability of the v-th spherical single-particle state in the
deformed nucleus (Z, N). The constant g (0 < p < 1)
is to take into account a possible reduction of the shell
energies from the values of the extreme single-particle
model.

The second is a possibility of expressing the occupa-
tion probabilities in the deformed nucleus as superpo-
sitions of those in appropriate spherical nuclei. From
these assumptions we can derive the expression for the
intrinsic shell energy of the deformed nucleus as

Ein(Z, N) = Z Wp(Z'5 2, N)Eop(Z'. N)

z!

+ Z Wa(N'; Z, N)Eon(Z, N'). (2)

7
Here, Eop(Z',N) and Egy,(Z,N') are the proton and
neutron shell energies of spherical nuclei, respectively,
which are expected to be obtained by an appropri-
ate method.!) Then, in order to determine the mixing
weights Wi,(Z'; Z, N) and W, (N’; Z, N), we make the
third assumption on the relation between the occupa-
tion probabilities and the radial nucleon distributions
averaged over all directions. From this we can derive
the expressions,

pp(riZ,N) = Y Wo(2'5 2, N) pop(ri 2/, N), (3a)

z/!

pu(riZ,N) = Y~ Wa(N's 2, N) pon(r: 2, N'), (3b)

N7
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where p;(r; Z,N) and po;(r;Z,N) (j = p,n) are av-
eraged distributions in deformed and spherical nuclei,
respectively. These equations imply the possibility of
determining the mixing weights by comparing averaged
distributions in deformed and spherical nuclei. Accord-
ing to this inspection, we practically determine them
by considering nuclear shapes as

Wa (N 2,N) = —%w. (4)
™

Here, Qocc(r(N')) is the occupied solid angle (see
Fig. 1). Equations (2) and (4) are sufficient to deter-
mine the intrinsic shell energy. Furthermore, an appro-
priate average deformation energy is prepared includ-
ing, in addition to usual surface and Coulomb energies,
two somewhat phenomenological energies: one related
to the proton-neutron displacement, and the other to
the favorableness for prolate shapes which may be un-
derstood as due to the part-time formation of clusters.
The ground-state shell energy of the deformed nucleus
and its equilibrium shape can be obtained by minimiz-
ing, with respect to changes of deformation parame-
ters, the sum of the intrinsic shell energy and the av-
erage deformation energy. In our method we can also
obtain the potential-energy surface plotted against de-
formation parameters. A more detailed explanation
has been reported in Ref. 2.

deformsd nucleus

/

Fig. 1. Illustration of occupied solid angle Qocc(r(N')) in
the case of prolate deformation.
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Nuclear Shell Energies and Deformations in Mass Formulas
(2) Results

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

[shell-energy, deformation.]

According to the prescription explained in our pre-
ceding paper in this report, we numerically calculate
ground-state shell energies of deformed nuclei and their
equilibrium deformations. Here, we use the shell en-
ergies of spherical nuclei which have been obtained
through a certain method with including up to pairing
effects.)) They are roughly shown in Fig. 1 for neutron
shell energies Ey,, and in Fig. 2 for total spherical shell
energies Eo, +Fo,. We assume nuclear shapes as could
be expressed within Yy and Y4 deformations. In Fig.
3 is shown the energy lowering A FEg.s caused by defor-
mation, that is, the difference between the shell energy
of a deformed nucleus Egpof and its spherical shell en-
ergy Eop + Epq. In Fig. 4 the deformation parameter
s is roughly shown.

Neutron spherical

shell energies
150} gies Eo,
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® 4552 30
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Fig. 1. Neutron shell energies for spherical nuclei Eon.

proton number Z

100} Spherical shell energies
E=EoptEon
80
60

50> 62 25
25>62 00
00>E 2> 25
- 25>E2 50
N -50>F2 75
+ - 75> 2-10.0
X 100> g

40

R N |

20

Ez 50MeV

1 1 | 1 1 |

L
20 40 60 80 100 120 140
neutron number N

Fig. 2. Total spherical shell energies Eop + Fon.

* ok

18

Department of Physics and Applied Physics, Waseda

University

Advanced Research Center for Science and Engineering,

Waseda University

100} Energy lowering
AE = BB

80

60—

AE,q, =0 MeV
& 00> AE, 2-1.0
" -1.0> AE, 2-2.0
.+ 20> AE, 2-3.0
N\ 30> AE, 2-4.0
~ -4.0> AE, 250
X -5.0> AE,

40

proton number Z

20

| I I | I I 1
20 40 60 80 100 120 140

neutron number N

Fig. 3. Energy lowering caused by deformation AFEger.
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Fig. 4. Deformation parameter as.

It is noted that in Figs. 3 and 4 are shown the numer-
ical results only for the existing nuclei without predic-
tions, which is solely because of the problem of com-
putational time. It is, except for the same problem,
comparably easy in principle to extend our calculation
to include higher-multipole deformations, Yg etc. We
are now striving to get overall results which are avail-
able for prediction as well.
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Quantum Monte Carlo Diagonalization Method for
Nuclear Shell Model

T. Otsuka, T. Mizusaki, and M. Honma.

[Nuclear Structure, Nuclear Shell Model, Quantum Monte Carlo Approach.]

Recently we advocated the quantum Monte Carlo
diagonalization method,! which is introduced as an
approach having both the advantage of the quantum
Monte Carlo method and that of the direct diagonal-
ization of the Hamiltonian matrix. The present ap-
proach reduces drastically the basis-dimension prob-
lem of the direct diagonalization, and overcomes the in-
trinsic problems of the quantum Monte Carlo method,

-86
(A)
-88 .
> 4
o +
@ -90 3,4
< +
- 2
-92 -2°
_94 | | |O
0 200 400 600

QMCD basis number

Fig. 1.

1.e., sign problem etc. Up to now, we showed its va-
lidity by applying it to the Interacting Boson Model
(IBM) and nuclear shell model. The formulation of
the present theory is shown in Refs. 1 and 2. In the
following Fig. 1, we show the typical results in the case
of the nuclear shell model. This is the case of ?*Mg
with the MSDI force. The dimension of entire Hilbert
space is over 30,000, while in the QMCD calculation
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(A) Energies and (B) expectation values of the angular momentum of low-lying states as

functions of the QMCD basis dimension. The M = 0 space is considered. The exact values are shown

by horizontal bars.

we can get well convergent eigenvalues within the 600
QMCD dimensions. Moreover, readers find that our
method gives the excited states in contrast with the
shell model Monte Carlo method.?) These results show
the promising future of the present method.

Now we are pursuing to investigate the huge shell
model calculation with the realistic shell model inter-
action.
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Extensive Hartree-Fock + BCS Calculation
with Skyrme SIII Force

N. Tajima, S. Takahara,* and N. Onishi

NUCLEAR STRUCTURE., 2 € Z < 114, Skyrme-Hartree-Fock method,
SIN force, quadrupole moment, nucleon skin.

We have done an extensive Hartree-Fock + BCS cal-
culation with the Skyrme SII force for 1029 even-even
nuclei with 2 < Z <114 and N ranging from outside the
proton drip line to beyond the experimental neutron-
rich frontier (by a few neutrons).

The feature of our calculation is a three-dimensional
Cartesian-mesh representation of single-particle wave-
functions, while most of the other methods for de-
formed nuclei express the single-particle wavefunctions
by the expansion in a harmonic oscillator basis. An ad-
vantage of the mesh representation is the capability to
treat nucleon skins and halos. On the other hand, they
cannot be described efficiently in the oscillator-basis
expansion because the asymptotic form of wavefunc-
tions for large r is determined by the basis. Another
advantage is that one can treat various shapes without
preparing a basis specific to each shape. In contrast,
with the oscillator expansion method, one has to ad-
just the oscillator frequencies wy, wy,, and w, such that
they are optimized for the shape and radius of the re-
sulting solution.

We have utilized an HF + BCS code EV8 developed
by Bonche et al.)) In order to apply it to an exten-
sive calculation, we have modified the code in several
aspects, e.g., we have developed (1) a method to deter-
mine the pairing force strengths based on the continu-
ous spectrum approximation, (2) a method to acceler-
ate the convergence to the HF + BCS solution using
an external quadrupole potential, and (3) a novel-form
correction formula for the total energy due to the finite
mesh size.

Comparing the resulting nuclear ground-state
masses with experimental data and predictions by
other mass models, we have found that the smooth
behavior of the Skyrme SII force is very good.

The electric axial quadrupole moments of our solu-
tions agree well with the intrinsic moments deduced
from experimental B(E2)7, except nuclei with small
quadruple moments. We have defined the deforma-
tion parameters a;n for the HF + BCS solutions as
those of the uniform-density sharp-surface liquid drop
having the same monopole, quadrupole, and hexadeca-
pole moments as our solution has. The magnitudes
of thus-defined non-axial deformation parameters are
very small (|azz|, |asa] < 1074, |ags| ~ 1073) for all the
ground and the first excited solutions. The difference
of shapes (asp and aq0) between protons and neutrons
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is small, too. We have also calculated the energy dif-
ference between the oblate and the prolate solutions
and found a clear difference between below and above
the N = 50 shell magic.

We define the nucleon skin as in Ref. 2. We have
found for our 1029 ground-state solutions that the
skin grows monotonously and regularly as nucleons are
added to the nucleus. On the other hand, the halo
thickness grows very slowly except near the drip lines,
where it changes the behavior completely and expands
very rapidly. We have also observed that the neutron
skin tends to make the density distribution more spher-
ical.

All the results of the HF + BCS calculations re-
ported in this paper are available electronically
as an anonymous ftp service on the internet:
ntl.c.u-tokyo.ac.jp. See a file read.me in the home
directory for instructions. The available quantities
are the binding energies, the Fermi levels, the pair-
ing gaps, proton and neutron moments (r2, %Y.
r2Ys0, Y40, r4Y432, 74Y4.4). the skin thicknesses,
the halo radii, the proton/neutron/mass deforma-
tion parameters (asg, @22, a0, d42, Gaa, Ro, po) of
1029 ground states and 758 first-excited local min-
ima. Single-particle spectra and density distributions
of protons and neutrons are also obtainable for each
solution. Postscript figures displaying the results and
sonmie FORTRAN source codes to analyze the results
are also provided.

The authors thank Dr. P. Bonche, Dr. H. Flocard,
and Dr. P.-H. Heenen for providing the HF 4+ BCS code
EVS8. They are also grateful to Dr. T. Tachibana for
the TUYY mass formula code, to Dr. S. Raman for the
computer file of the B(E2)T table, and to Dr. P. Moller
for discussions on the results of the FRDM calcula-
tions. About 20% of the calculations for this paper
were performed with a computer VPP500 at RIKEN,
while the remainder were done at the Computer Cen-
ter of the University of Tokyo with a financial sup-
port from RCNP, Osaka University, as RCNP Com-
putational Nuclear Physics Project (No. 94-B-01). A
detailed version of this paper has been submitted to
Nuclear Physics A for publication.
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Do Soft Dipole States Exist in Light Nuclei?

H. Kurasawa* and T. Suzuki

[NUCLEAR STRUCTURE soft dipole states.]

Recent experiments make it possible to study not
only the ground states, but also the excited states of
unstable nuclei. New modes peculiar to unstable nu-
clei are expected to be observed, and to provide new
information on nuclear properties. One of them is a
soft dipole mode,?) which is defined to be a harmonic
vibration of the core nucleus against the excess neu-
trons. The dipole mode, unlike the giant dipole states
of stable nuclei, may be excited without increasing the
symmetry energy, so that the excitation energy would
be very low, compared with that of GDR.

Recently, low lying dipole states have been observed
in light unstable nuclei. For example, in HTi the ex-
citation energy is about 1 MeV.? Those may be can-
didates of the soft mode, since their strength for elec-
tromagnetic excitation almost exhausts the molecular
sum-rule value® as to the degrees of freedom between
the core and the excess neutrons; in !'Li the core is
considered to be °Li. This fact, however, is not suffi-
cient to draw a conclusion. Indeed, the post acceler-
ation of the fragment observed in the Coulomb disso-
ciation indicates that the lifetime of the excited states
is too short for the dipole oscillation,® and that the
reaction may be a direct breakup.*®

We have shown from the sum rule point of view that
the soft dipole states with low excitation energy do not
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exist in light nuclei.”

First, we write the classical nuclear four-current ac-
cording to the definition of the soft dipole mode. It is
necessary for defining the amplitude of the dipole oscil-
lation. Next, the microscopic nuclear four-current for
the soft mode is derived from the model-independent
sum rules. Comparing it with the classical current, we
can obtain a constraint on the product of the ampli-
tude and the excitation energy, which depends on the
number of the excess neutrons and those of protons
and neutrons in the core. If we use the experimental
value of the excitation energy for !!Li, the sum rule re-
sult yields the amplitude of the soft dipole state which
is comparable with the nuclear size. This means that
the observed state is not the soft dipole states. Such
states are expected to appear only in heavy nuclei.
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Giant Resonance States in Neutron-Rich Nuclei

H. Kurasawa* and T. Suzuki

[NUCLEAR STRUCTURE neutron-rich nuclei, giant resonance states.]

Stable nuclei have a dipole state which is an oscilla-
tion of protons against neutrons, and is called a giant
dipole resonance state (GDR). In neutron-rich nuclei,
the dipole state is expected to be decoupled into two
modes.!) The one is called a skin dipole mode which is
an oscillation of the excess neutrons against the core
nucleons. In halo nuclei, this is called a soft dipole
mode. The other is the core dipole state where neu-
trons of the core oscillate against the protons of the
core. The excess neutrons do not participate in this
oscillation.

The giant quadrupole states (GQR) of stable nuclei
would be also decoupled into two modes in neutron-
rich nuclei.?) In the giant quadrupole states, all nucle-
ons participate in the quadrupole oscillation. The one
of the decoupled states is a neutron mode or skin mode
which is a vibration of excess neutrons only. The core-
nucleon density does not change the shape. The other
is a vibration of the core nucleons only. The excess
neutrons do not participate in the vibration.

We have studied whether or not the new modes pro-
vide us with more information on the nuclear effec-
tive force than GDR and GQR did.?) For this purpose
we have used a macroscopic model which shows the
above classical pictures. The theoretical basis of the
model is provided by the model-independent sum rules.
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The macroscopic model makes it more transparent how
each mode depends on the nuclear effective force, than
microscopic models do.

We have shown that when using Skyrme force, the
model gives analytic expressions of the excitation en-
ergies for the various modes. It is seen that each mode
depends on the force parameters in a different way.
For example, the excitation energies of the skin dipole
modes are almost independent of the symmetry po-
tential. This is because the energy-loss due to the os-
cillation of the protons against the excess neutrons is
cancelled by the energy-gain due to the oscillation of
the core-neutrons. It is also true in the skin quadrupole
case, and those excitation energies are dominated by
the isoscalar potential. The core modes are also stud-
ied and their dependence on the nuclear force is shown
to be different from that of the giant resonance states
in stable nuclei.
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Double Giant Dipole Resonance States

H. Kurasawa™ and T. Suzuki

[NUCLEAR STRUCTURE double giant dipole states.]

In the last decade, pion double-charge exchange and
relativistic heavy-ion reactions provided us with signa-
tures on the existence of new giant resonance states in a
wide range of nuclei.""?) Those are called the “double”
giant dipole resonance states (DGDR), because the re-
actions are due to a multistep process and the observed
excitation energy is close to twice (1.91 + 0.02) that of
the well-known giant dipole resonance states (GDR)."
The GDR is then called a “single” giant dipole reso-
nance states. Resonance states are characterized, in
addition to the excitation energy, by the width and
the excitation strength. The width of DGDR is com-
pared with that of GDR and observed to be by 1.60 &
0.03 times wider than that of GDR.?) The strength is
estimated with various models, but most of the calcu-
lations underestimate the experimental values.")

The folding model has been used extensively to
analyze experimental data.!) Assuming independent
phonon excitations of GDR, the model explains well
the excitation energy and width of DGDR. The exci-
tation energy is twice that of GDR, and the width,
which is given by the square root of the variance of
the strength function, is v/2 times that of GDR. The

“excitation strength, however, is not explained in this
model. Both pion and heavy ion reactions have ob-
served the strength which is about twice that of the
folding model.")

We have investigated the excitation energy, strength
and width of DGDR as model-independently as we
can.?)

We have shown that the strength of DGDR is de-
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termined by model-independent sum rules. The sum
rules give a relationship between the strengths of GDR
and DGDR. If the mean excitation energy of DGDR
is twice that of GDR, the DGDR strength is given by
252, where S denotes the GDR strength. Since the
folding model, assuming DGDR to be independent ex-
citations of GDR, satisfies the sum rules, the discrep-
ancy between the folding model and experiments is not
due to the model of the nuclear structure, but may be
owing to assumptions for the reaction mechanism.

The mean excitation energy and width of DGDR are
studied according to Tomonaga theory.*> We can de-
rive a rather model-independent relationship between
the mean energies of DGDR and GDR, and also a re-
lationship between the variances of their strengths. It
is shown that the mean energy of DGDR is twice that
of GDR, while the width of DGDR larger than v/2
times that of GDR. These results are consistent with
experiments, and obtained without assuming indepen-
dent phonon excitations, in contrast with those of the
folding model.
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Correlated Ground State and E2 Giant Resonance Built on It

M. Tohyama

[Density matrix theory, correlated ground state, E2 giant resonance. |

Using the Lipkin model as a model hamiltonian,
we have recently demonstrated!) that a stationary so-
lution of a time-dependent density-matrix formalism
(TDDM) can be obtained with an adiabatic method:
starting with the Hartree-Fock (HF') ground state, we
gradually turned on the residual interaction in time.
The obtained stationary solution was a good approx-
imation for the exact solution of the model. In this
report we discuss the applicability of the adiabatic
method to realistic nuclei taking 1°0 as an example.
We also study the effects of a consistent treatment of
the initial ground state on the energy spectrum of the
FE2 giant resonance in ‘0.

TDDM determines the time evolution of a one-body
density matrix p and a two-body density matrix pa,
and consists of the following three coupled equations
for a single-particle wave function ¥,. an occupation
matrix nao and a correlation matrix Cpga’g:

i 20 (1,1) = h(1L (1.0, (1)

thiger = Z[<amv|’75>cﬂ'6a"ﬁ
By6
- Ca,/3v5<76‘v‘a/ﬂ>]7 (2)

ihCoparg = Bapars' + Papary + Hopar g (3)

where h(1,t) is the mean-field hamiltonian and v
the residual interaction. The explicit expressions for
Bopo'p's Pagarg and Hupar g have been presented in
Ref. 2. To obtain a correlated ground state, we use the
adiabatic method: we start with the HF ground state
in which 1s and 1p single-particle states are fully occu-
pied and make the residual interaction time dependent
as

v=up(l—e )83 (r — 1), (4)

where we choose vg=—2330 MeV fm?. The correlation,
HF and total energies thus calculated are shown in Fig.
1 as a function of time for two different values of 7:
7 =5x 10723 (dotted line) and 7 = 50 x 10~?3s (solid
line). As shown in Fig. 1, the oscillations in the cor-
relation and HF energies are drastically reduced when
7 is increased from 5 x 10723s to 50 x 10~23s, and the
total energy is almost saturated as a function of 7.
The E2 giant resonance built on the correlated
ground state is excited by boosting the single-particle
wave functions 1a (1) at t = 57 where 7 is 50 x 10~ s,
The E2 strength distributions are shown in Fig. 2.
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Fig. 1. Time evolution of the total energy, correlation
energy and HF energy in TDDM.
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Fig. 2. E2 strength distributions in TDDM with the
HF ground state (dotted line) and with the correlated
ground state (solid line).

Solid line denotes the E2 resonance built on the cor-
related ground state and dotted line that on the HF
ground state. Both distributions have a bump around
20 MeV but only the latter has a structure in the low
energy region (below 10 MeV). We interpret this struc-
ture as an admixture of the E2 modes built on ex-
cited configurations. It is found that the mixing of
spurious components in the £2 mode built on the HF
ground state is eliminated with the use of the corre-
lated ground state.®)
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Damping of Hot Giant Dipole Resonance
as a Linear Irreversible Process

N. D. Dang* and F. Sakata**

[HOT NUCLEI Giant Dipole Resonance, Nonequilibrium Statistical Mechanics.]

It is now well-established that the observed giant
dipole resonance in hot nuclei (the hot GDR) has the
apparent width, which increases strongly as the excita-
tion energy goes up, and saturates at around 130 MeV
in the case of Sn isotopes. Most theoretical studies in
the last decade can reproduce the centroid energy of
the hot GDR, but still give different, sometime contro-
versial explanations regarding its width.

Recently we have developed a new approach,?) which
treats explicitly the irreversible coupling between the
collective degrees of freedom to the non-collective ones.
In the case of the hot GDR, the collective degrees of
freedom are the ph phonon states, while the pp and hh
configurations consist only of non-collective degrees of
freedom within the finite-temperature RPA. This irre-
versible coupling leads to the thermal damping of the
collective ph phonon states, associated with the hot
GDR, when these phonons are propagating through
the heat bath. We show in this report the relation be-
tween this microscopic description and a macroscopic
interpretation of the hot GDR. We consider the hot
GDR as a statistical state, which is slightly deviated
from the thermal equilibrium state under the influence
of a temperature-dependent external perturbation. If
one restricts the consideration to the evolution of a
single collective phonon, responsible for the hot GDR
excitation, the equation for the phonon propagation
through the heat bath can be written as

_ 1
T oorn’

N —w, — P, (n)]Gy (n) (1)

The polarization operator P,(n) arises at non-zero
temperature in Eqn. (1) due to the irreversible cou-
pling between the hot GDR and the heat bath via the
noncollective pp and hh configurations. The imagi-
nary part of its analytic continuation into the complex
energy plane defines the thermal damping of the ph
phonon as a function of energy 1. The complex admit-
tance can be expressed in terms of the Green function
G,(,_)(n). The normalized relazation function V(t), as-
sociated with the energy dissipation of the GDR to the
heat bath, is derived from the Fourier transform of the
complex admittance. If ¥(¢) has good exponential de-
caying behavior U(¢) ~ exp(—t/7.), the GDR thermal
damping width can be extracted as the reverse of the
relaxation time 7.

*  On leave from the Institute of Nuclear Science and

Technique, Vietnam Atomic Energy Commission, Hanoi,
Vietnam
Theory Division, INS, University of Tokyo

* K

As an application we consider a simplest realization
for the hot GDR in a system with mass A = 112, which
is provided by a schematic model. It consists of four
degenerate equidistant shells, which are symmetrically
located at both sides of the Fermi level and interact via
the separable dipole-dipole force. With increasing the
temperature up to 7' == 2.5-3 MeV the relaxation time
decreases drastically. However starting from 7 > 2.5-3
MeV it remains almost the same (Fig. 1). The analysis
also shows that motional narrowing in hot GDR may
occur if the thermal damping is small and, moreover,
only at rather high temperature (T > 4.6 MeV, i.e.
much higher than what has been predicted in Ref. 2),
where the hot GDR is expected to disappear.®)
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Fig. 1. Normalized relaxation function at finite temper-
ature: T = 0.5 MeV (thick solid), T = 1 MeV (thin
solid), T = 1.5 MeV (thick dashed), T = 2 MeV (thin
dashed), T = 2.5 MeV (thick dash-dotted), T' = 3 MeV
(thin dash-dotted), T' = 4 MeV (dash-double dotted),
T = 6 MeV (dotted). The horizontal line is 1/e.
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C, Symmetry in Superdeformation by Berry’s Phase Analysis

K. Sugawara-Tanabe and K. Tanabe*

[C4 symmetry, superdeformation, Berry’s phase.]

Recently, C; symmetry has been observed for the
superdeformed bands over the mass region of A ~ 130,
150 and 190. The energy levels show a bifurcation of
AT = 4 given by E(I) = Eo(I) + (=)*/2Cy, where
I = aymod 4. Here we propose a new idea to produce
Al = 4 staggering without introducing the hexade-
capole interaction.

At superdeformation both positive and negative par-
ity levels are contained in a shell, which is a trigger to
produce small v softness. Then this very small asym-
metry influences the stable rotation, although the ax-
ial symmetry is still preserved. Now the rotational
frequency has the time-dependent component A(t)
produced by this small asymmetry in addition to the
original rotational frequency wg along the rotational
axis. We use the idea of a Berry’s phase, i.e. the
rapid variable (wg) is influenced by the slow variable
wp, which is the average frequency of Ad(t). Then
the eigenfunction in the body-fixed frame (b.-ff.) is

*  Department of Physics, Saitama University
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given by |® >= exp(—1i fot AG(t) - Tdt') exp(iva (t)]|a >,
where |a > is the solution of the stationary rotation
with frequency wp in b.-f.f., and the Berry’s phase v, (t)
can be derived by 4o =< a|Ad(t) - Ila >. Here we
must remark that v, (n7,) = 0 where 7, = 27/w, with
integer n. We use the rigid triaxial rotor Hamilto-
nian, and then the small asymmetry term is given by
212 + 1*)(1/J2 — 1/Jh). Classical mechanics gives
the following relation between w, and wo for a triaxial
rotor: (wp/wo)? = (J1 — Jo2)(J1 — J3)/(J1J2) for the
case of 71 > Jo > Js. Now we consider the case of
commensurable number 7 in wy/w, = n+ 7 (n inte-
ger) and adopt 1 = i (n= % gives the same results).
The first order perturbation gives an energy shift AE
in addition to Eg, which has the order and the factor
of (=)Z+/1. This agrees with the experimental obser-
vation. We can apply the same technique to the case
of n = 5.
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Tilting Mechanism in %20s

T. Horibata and N. Onishi

[tilted rotation, three-dimensional cranking, y-deformation.]

Recently we demonstrated the existence of new
states in ¥20s in which the nucleus is in stationary
rotation about an axis tilted from the principal axes of
the mass-quadrupole moment.!) Since the energies of
the states are lower than those of the one-dimensional
cranking states, our results suggest an interpretation
for the backbending phenomena somewhat different
from the standard model.?) Therefore, it will be of
great importance to make clear what mechanism is re-
sponsible for stabilizing the tilted axis rotation in this
nucleus. This problem is elucidated by analyzing the
respective roles of terms in the hamiltonian. In the
case of J = 14h the energy takes minimum at 1 = 27°
with its value £ = —208 keV along the prime merid-
ian, and hence the analysis is made intensively in the
region of interval from 1 = 0° to 50°.

We plot the respective energies contributed from
the one-body part (kinetic energy), the quadrupole-
quadrupole interaction (Q-Q force), the pairing force
and the total binding energy as a function of north-
latitude in Fig. 1. Each energy is normalized to zero
at ¢ = 0°, and only its variation is illustrated. While
the total energy describes a rather gentle curve whose
variation is small within less than ~1 MeV, the par-
tial energies vary substantially by a typical value of ~3
MeV. The energy contribution from the Q-Q force is
separately given by the p = 4+2 and p = 0 terms.

Energy (MeV)

o 5 10 s 20 25 % 35 40 5 %

North-latitude

Fig. 1. The kinetic energy, the pairing energy, the energy
contribution from the Q-Q force and the resultant total
binding energy as a function of north-latitudinal angle
at J = 14h.

We divide the region into three intervals following
their characteristics. In the first region from ¢ = 0°
to 20°, the rotation alignment of protons strongly sup-
presses their own pairing correlations and makes the
moment of inertia large. Therefore the rotation of the
protons carries a significant amount of angular mo-
mentum, and reduces the angular momentum of the
neutrons. This results in the recovery of the pairing
correlation of neutron. In this region the decrease of
the kinetic energy acts as the counter force against the
combined effect of the increase of the total pairing en-
ergy (reduce the pairing correlations) and the energy
from the Qo.Qo part of the interaction.

It is found from the calculation that the Q2 compo-
nents have a large fraction of partial contribution from
the particles in the natural parity orbitals of either pro-
ton or neutron. The contribution from the particles in
the natural parity orbital is particularly large in the
first region, and the effect also appears in the behav-
ior of “Q2.Q2 part” indicated in the figure in the same
region. Especially, at the equilibrium point, the con-
tribution of particles from the natural parity orbitals
acts strongly as a driving force to make the tilted angle
large.

In the second region in the interval from ¢ = 20°
to 40°, the pairing force and the Q-Q force play a role
as the driving force to tilt the rotating axis while the
rather rapid increase of the kinetic energy, which is
the result of large y-deformation due to increase of the
Q2.Q- part, pushes back the tilted angle as if it acts as
a restoring force. In the third region, the triaxiality is
reduced, and the nuclear shape rapidly changes toward
the axially symmetric rotor.

The essential mechanism of the tilted axis rotation in
our calculation is explained by the competition process
between the kinetic energy and the energy of the Q-Q
force, especifically the force leading to the triaxiality.
In the present calculation, the proton positive-parity
states and the neutron negative-parity states, that is
natural parity orbitals, turn out to be responsible for
the occurrence of the TAR. Detailed discussions are
given in the paper.®)
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Estimation of Signature Splitting of TAR with GCM

T. Horibata, M. Oi, and N. Onishi

[tilted rotation, generator coordinate method, signature splitting.|

A self-consistent three-dimensional cranking calcu-
lation?) based on HFB for '¥20s has brought about an
interesting result,? in which tilted axis rotating (TAR)
states are more stable than the states rotating about
the principal axis of mass-quadrupole moment (PAR).
This fact implies that the intrinsic states become more
stable through mixing of the odd angular momentum
members in the wave functions. Namely the tilted axis
rotation breaks the symmetry of signature® in the in-
trinsic states, which are composed of even and odd
angular momentum states. This feature is quite favor-
able to a possible interpretation for the experimental
fact that the energies of odd angular momentum mem-
bers are very low; these states are considered to be the
same members of the yrast band. The odd angular
momentum members split upward from the even an-
gular momentum members because of the signature
splitting.

We estimate the signature splitting caused by the
quantum tunneling between two wells located symmet-
rically with respect to the plane including two princi-
pal axes of the mass-quadrupole tensor, which will be
called the equatorial plane. The tunneling is described
in terms of the generator coordinate method (GCM),?
in which the north-latitude ¢ along the prime meridian
is employed as a generator coordinate.

The generator wave function f, (1) is determined by
the variational equation of Hill-Wheeler.?) The integral
equation,

/ [H(,¢") — Eo N(1p,¢")] fa(")dy' =0, (1)

is solved to calculate the splitting energy, which is a
difference of energy of the lowest anti-symmetric state
from one of the lowest symmetric state.

The norm kernel is first diagonalized. We took 31
points of grid with 4° step from —60° to 60° for the
numerical integration. All the eigenvalues should be
positive and decrease rapidly as the node number n
is increased. The discretized hamiltonian matrices are
diagonalized again to obtain energy eigenvalues.

The energy eigenvalues of the five lowest states for
J = 14h are depicted in Fig. 1 as a function of the
number of states employed. We may choose a number
by looking at the energy spectra which form a plateau
vs. the increase of number of states. We found a very
stable plateau for the lowest symmetric state (even an-
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Fig. 1. The energy spectra for J = 14h in g-band as
a function of the number of states employed in diag-
onalization. The energy is measured from the one for
the PAR state for each J-value, and the arrows with
“TAR” indicate the energy position of the local min-
ima, i.e., TAR states.

gular momentum) and the first excited state of odd
angular momentum. The signature splitting in g-band
is expected to be in the range from 200 keV to 800
keV. On the other hand any significant energy sepa-
ration could not be obtained in s-band in our calcula-
tion, though we could not judge where the truncation
of states should be made. We can see two doublets
whose energy differences are within 200 keV. In order
to reproduce the experimental spectra, the depth of the
double wells seems too deep in s-band.®) The present
calculation of GCM does not seem stable enough to
draw a reliable value for the signature splitting, be-
cause the path of tunneling is restricted to the prime
meridian.
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3D Angular Momentum Projection of Tilted Axis
Rotating States

M. Oi, N. Onishi, and T. Horibata

NUCLEAR STRUCTURE Angular momentum projection, Tilted Axis Rotating States (TAR),
generator coordinate method (GCM), overlap kernel.

We have found the tilted axis rotating (TAR) solu-
tion in 3D Cranking Calculation based on HFB.!) We
then solved the Hill-Wheeler equation;?

/[H(’/’)’/") ~ EaN' (¢, 4")|fa (b )dy" = 0, (1)
the energy and norm kernels are defined as;
( iyl ) =< «wn( f )|<b(w’) >, &)

and, the many-body wave function is written as,

[ > = /dwfaw)mw >, @)

where |® (1)) > represents the TAR solution labeled by
a tilting angle 1 being a generator coordinate.

A weight function f(1), is expanded® by the or-
thonormalized set that diagonalizes N

W= Y T, @

k,ng 70

where ug (%) and ny are determined by
/ d' N (9, ¥ )ur (9') = nrur (). (5)

Practically, we truncate the expansion in finite
terms. When the weight function f(+) is truncated
at the (a + 1)-th order, it is written as “f,(¢)”.

Energy eigenvalues, {E,}, depend on the number of
the terms, but it is expected that the eigenvalues con-
verge as the number increases. In our results, the con-
vergence of the eigenvalues depends on the constrained
angular momentum. While we obtained a wide plateau
in the energy-vs.-number curve for a certain angular
momentum, we had a gentle down-slope for another.
The latter causes a fatal deficiency for the calculation,
because it is a sensitive problem to determine where
we should truncate the expansion.

The angular momentum projection is one way to get
rid of this shortcoming. Since our solution of TAR was
obtained by the HFB equation that violates the rota-
tional symmetry, the angular momentum is not a good
quantum number. Only its expectation value is what
we know. When the width of the angular momentum
distribution is large, the constraint on the angular mo-
mentum seems insufficient.

First, we calculate the norm and energy overlap ker-
nels; A and ‘H. The kernels are multi-valued func-
tions because they involve square root. To determine
the branch of A/, we use helpful formulae;*) the loga-

€(9) = In < B()|REQ)B() > ®)

- %Tr[ln(UTRT(Q)U +vIiRT(@)v)), )

rithmic overlap is evaluated as; where U and V' are the
so-called uv-matrices in HFB theory, and 2 = (8, ¢, x).
(8, ¢) represents the direction of the rotation axis, and
x is the rotation angle.

Then, we consider the derivative of e, i(—%e(Q). On
one hand, it is calculated approximately, that is,

€(0, ¢, x + Ax) — (8, 6, x)
Ax

el8,6,%) = +o(ax), ()
X

which still contains the ambiguity of the branch. But,
the derivative is expressed without ambuguity;?

i 2 e(62) = Trlj(6, 9)p(9) )
X

where j(€, ¢) is a one-body angular momentum matrix
about the rotation axis, and p(2) is a density matrix.

After these formulae are compared with each other,
it is feasible to set the proper branch in €(2).

Next, the projection matrix is calculated®

Py (¥) = 2;4;1 /dQDf»;K ()

s

< &()|R(Q)|2(¥) >, (10)
where D1, ,.(Q) is the Wigner’s d-function and R(£2)
is the rotation operator.

It is, then, feasible to evaluate the probability of the
states with a certain angular momentum in the crank-
ing solutions, which contain the TAR and PAR (pric-
ipal axis rotating) states. The trace of the projection
matrix gives the probability.®) It is expected that in
the PAR states even numbers of angular momentum
have major fraction compared with odd ones, while
more odd states are included in the TAR states.

Finally, we are planning to solve again the Hill-
Wheeler equation with the help of the projected TAR
states, which are obtained® as;

93 (8) >= Y grc Py (0)|@() > . (1)
K
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Statistical Property of Molecular Dynamics with Wave Packets

A. Ono and H. Horiuchi

[antisymmetrized molecular dynamics, statistical property, nucleon-emission, wave packet.]

Recently, there is a controversy!?) on the statis-
tical property of molecular dynamics models with
wave packets such as the antisymmetrized molecular
dynamics®) (AMD) which are developed in nuclear
physics. We first clarify that there coexist mutually
opposite two statistics in the AMD framework: One is
the classical statistics of wave packet centroids and the
other is the quantum statistics of the motion of wave
packets which is described by the AMD wave function.

We examine the statistical property of wave packet
centroids by using the framework of microcanonical
ensemble of the nuclear system with realistic effec-
tive two-nucleon interaction. The calculated relation
between the excitation energy F and the tempera-
ture T, has turned out to be just the linear relation
E/A = 3T, which means that the statistical property
of the wave packet centroids is completely classical.
This is a rather natural result because the dynamics
of the wave packet centroids is governed only by the
equation of motion of AMD which has a classical form.

It should be reminded that we are treating the
AMD wave functions and the calculation of observ-
ables is made for these wave functions. For exam-
ple, we can consider the occupation probability of the
single-particle level for the harmonic oscillator mean
field case. Assuming that the wave packet centroids
obey the classical canonical statistics with the temper-
ature T, the occupation probability P, (T,) for the nth
level is calculated numerically (or analytically for the
case of distinguishable particles) by taking account of
the spread of wave packets. On the other hand, the
usual quantum relation of the occupation probability
is denoted by P,(T) as a function of the temperature
T. By the calculation it is proved that P, (T.) = P,(T)
is satisfied for any n if we relate T, and T by a cer-
tain relation. This result just means that the statisti-
cal property of wave packets is quantum and there is
nothing to be complained about the AMD description
of the statistical property of the internal motion of nu-
clei. It is emphasized that the temperature T, of the
classical statistics of wave packet centroids is different
from the temperature 1" of the quantum statistics of
wave packets.

However, the statistical property of AMD for the
nucleon-emission process is classical because it is de-
scribed only by the motion of wave packet centroid.
This defect of AMD is clearly proved by the calculation
of the liquid-gas phase equilibrium realized for a many-
nucleon system confined in a large potential wall. In
Fig. 1, we show the completely classical relation be-
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tween the excitation energy of the liquid nucleus and
the temperature of the system which is calculated from
the kinetic energy of the gas nucleons.
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Fig. 1. The statistical property of the excited nucleus cal-
culated with the usual AMD and the AMD-MF. Lines
of (E/A)iq = 3T +const. and T?/(12MeV) +const. are

drawn for the comparison.

The reason of the above result is that the nucleon
cannot go out of the nucleus unless the centroid can,
while the high momentum component should be al-
lowed to go out in the exact quantum description.
In order to solve this problem, we propose to intro-
duce a new stochastic process into AMD by giving
the momentum fluctuation to the wave packet accord-
ing to its momentum distribution. This extension en-
ables the wave packet to split stochastically into sev-
eral parts and therefore the high momentum part can
go out of the nucleus. This extended AMD is called
AMD-MF (AMD with momentum fluctuation). The
calculated statistical property of AMD-MF for the
nucleon-emission process is also shown in Fig. 1, which
proves that the quantum statistical property for the
nucleon-emission process has been recovered by the
new stochastic process.
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Antisymmetrized Molecular Dynamics with
Stochastic Incorporation of Vlasov Equation

A. Ono and H. Horiuchi

antisymmetrized molecular dynamics, wave packet, Vlasov equation,
heavy-ion reaction, fragmentation, *°Ca + “°Ca at 35 MeV /nucleon.

An important fact which we learned in the study
of the statistical property of AMD is that the origin
of the problem is the simple single-particle motion,
and we have improved the nucleon-emission process
by taking account of the splitting of the wave packet
according to its momentum width in AMD-MF (AMD
with momentum fluctuation). This extension of AMD
should be generalized for the application to nuclear re-
actions because the spreading and/or the splitting of
wave packets is important in various processes as well
as the nucleon-emission process.

The general method, called AMD-V (AMD with
Vlasov equation), is formulated as follows. At each
time tg, the time evolution of each Gaussian wave
packet with the physical coordinate being its centroid
is calculated with the Vlasov equation which is a semi-
classical approximation of time-dependent Hartree-
Fock (TDHF) equation and therefore does not have
any restriction on the wave packet shape. The wave
packet at tg + 8t which has diffused to some directions
in phase space is represented by a sum of Gaussian
wave packets with the same width as that of the Gaus-
sian wave packet at ¢ty and then one of these Gaussian
wave packets is chosen stochastically according to its
weight. In other words, a stochastic displacement is
given to the wave packet centroid so that the ensemble-
averaged time evolution of the one-body distribution
function is equivalent to the solution of Vlasov equa-
tion for the diffusing directions.

As explained above, AMD-V has introduced the
stochastic branching process. It should be emphasized
that the future time evolution of each branch is inde-
pendent of other branches. This situation corresponds
to the linear combination of wave functions of channels
in truely quantum description. On this point, AMD-V
is different from TDHF (or Vlasov) equation though
they are equivalent for the instantaneous time evo-
lution of one-body distribution function. Especially,
the fluctuation of the mean field among branches (or
channels) is described in AMD-V, which enables the
description of the fragmentation.

In order to see the important effects of the incorpora-
tion of Vlasov equation in heavy-ion collisions, we have
calculated *°Ca + *°Ca reaction at 35 MeV /nucleon
with AMD and AMD-V using Fujitsu VPP500 of
RIKEN. In the calculation of AMD, most events have
turned out to be binary with very excited (E*/A ~ 5
MeV) projectile-like and target-like fragments whose
decay is very slow. The yield of light intermediate

mass fragments (IMFSs) is very small. Few a particles
(0.2 ~ 0.3 per event) are produced in the dynamical
stage, while the yield of protons is overestimated. On
the other hand, in AMD-V many IMFs are produced in
the dynamical stage of reaction (¢t < 200 fm/c). Their
excitation energies are already small (E*/A ~ 2 MeV)
and therefore the effect of the statistical decay is not
important. The multiplicity of dynamical « particles is
about 2-3 and the overestimation of proton yield is not
so large. As shown in Fig. 1, we have obtained very
good reproduction of the data of charge distribution
as well as other features of the fragmentation. These
data have never been reproduced so well by any other
microscopic models and statistical models.
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Fig. 1. Charge distribution of fragments produced in

49Ca + *9Ca collisions at 35 MeV/nucleon calculated
with AMD (upper) and AMD-V (lower). Experimental
filter has been applied.
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Collisional Damping and the Temperature Dependence
of Nuclear Dissipation

H. Hofmann,* F. A. Ivanyuk,**and S. Yamaji

[large scale collective motion, linear response theory.]

To date the nature of nuclear dissipation is still an
unresolved problem. For isoscalar modes at finite exci-
tations the best information available at present comes
from fission experiments, when comparing the decay
rate of fission with the ones for emission of light par-
ticles or gamma rays. Nowadays it seems not only
possible to deduce numbers for the effective damp-
ing rate n at the barrier,)) but to gain information
about its temperature dependence.?) In our notation
n=+v/(2y/M | C |), with v, M, C being the coefficients
for friction, inertia and stiffness. The authors of Ref.2
find an n which increases markedly with T, at small to
moderately large values of the temperature.

Such behavior is hard to understand, neither on the
basis of two body viscosity nor on the wall formula.?) In
the first case friction should decrease with 7' like 772,
in the second it would practically stay constant. In
principle, the other two transport coeflicients appear-
ing in 1, namely M and C, must be expected to change
with temperature, too. But such dependence will be
weak, as long as they are evaluated within the macro-
scopic models.?) Therefore, the observed increase of n
with T shows us strong evidence for the necessity for
a microscopic theory.

In this report we want to concentrate on tempera-
tures where the influence of self-consistency on friction
is small.*) Then we may apply the zero frequency limit,
which gives

dh) on(Q
CERNE-2"2

ik

2
ok (£2)0; (), (1)

Py

denoting by Fj; the matrix elements of F in the mean
field. Here, n{x) is the Fermi function determining the
occupation of the single particle levels. The gy (w) rep-
resents the distribution of the single particle strength
over more complicated states and can be written as

ox(w) = T, T) —
(hw — ex — '(w, T))? + (H%—T—))

For I'(w, T') the following form has been used

(2)

Fw.T) 1 (hw — p)? + =272
w, = —
T 1 _ 2 22

0 1+07[(hm ) +1rT}

(3)

with ;2 being the chemical potential. The factor 1/T'g
represents the strength of the “collisions”. The cut-
off parameter ¢ allows one to account for the fact that
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the imaginary part of the self-energy does not increase
indefinitely when the excitations get away from the
Fermi surface.

In Fig. 1 we show the temperature dependence of
friction. They have been obtained for a system of 138
particles by using an infinitely deep square well for the
single particle potential. At low temperatures, we see
a marked increase. At higher temperatures, we see
~(0) to reach some maximal value of the same order of
magnitude as the one of the wall formula, shown here
by the horizontal line.

300

200 -

¥(0)/ h

100

300

200

¥(0)/ h

100

T[MeV]

Fig. 1. The friction coefficient v(0) as a function of 7'.

Comparing the upper and lower figures, we observe a
pronounced sensitivity of the T-dependence of friction
on the cut-off parameter c. Within the mere “relax-
ation time approximation”, i.e. for ¢ — oo, friction
drops like T~2, as expected for hydrodynamic modes.
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Dissipative Dynamics of Fission Studied with Three-Dimensional

Langevin Equation

T. Wada, S. Yamaji, and Y. Abe

[Fission, Langevin equation, mass asymretry, prescission neutron, fragment kinetic energy.]

Fission phenomenon induced by heavy ions provides
a good field to study nuclear dissipative dynamics in
high excitation. The collective fissioning mode inter-
acts frequently with the thermalized nucleons. We can
consider it as a Brownian particle interacting with a
heat bath of nucleons. Langevin equation is expected
to be useful for a phenomenological description.

As is well known, fission is a multi-dimensional phe-
nomenon: a number of macroscopic collective degrees
of freedom have to be taken into account, e.g., a dis-
tance between future fragments, fragment deforma-
tion, necking, mass asymmetry, etc. In particular,
the mass-asymmetric degree of freedom is very impor-
tant because the fragment mass distribution can be
measured directly. To consider the mass-asymmetric
degree of freedom, we have to treat at least three-
dimensional collective space, which requires a lot of
computations. Recent rapid increase of the computer
power has enabled us to extend the Langevin approach
to the three-dimensional case.")

In a previous study, two-dimensional Langevin equa-
tion was applied to the symmetric fission of 2°°Pb.?)
Including the particle evaporation in the continuous
limit, we calculated the prescission multiplicities of
neutrons as well as the kinetic energy distribution of
fission fragments at the same time. The calculated
prescission neutron multiplicity (vpr.) and the mean
value of the fragment kinetic energy (TKFE) coincide
with the experimental ones.?) The calculated variance
of the kinetic energy (orkE), however, is too small
to reproduce the experiment. The small orgg may
indicate that the two-dimensional description of the
nuclear shape is not sufficient to describe all possible
scission configurations.

In view of the importance of the mass-asymmetric
degree of freedom, three-dimensional calculation has
been performed for the same system including the
mass-asymmetric degree of freedom. For this case,
we adopt the shape parametrization by Maruhn and
Greiner.Y The neck parameter ¢ is fixed to 0.4 in the
present calculation. We have treated zo (distance be-
tween the two potential centers), a (mass asymme-
try parameter), and § (fragment deformation parame-
ter) as 3 collective parameters to be described by the

Langevin equation.

The results of two- and three-dimensional calcu-
lations with one-body (wall-and-window) friction is
given in Table 1 for E* = 195.8 MeV and for sev-
eral values of the spin of the compound nucleus (£).
The mean values of the fragment kinetic energy in
the three-dimensional case are slightly smaller than
the corresponding two-dimensional ones. Three-di-
mensional orgg’s are larger than the corresponding
two-dimensional ones by about 20%, which turns out
to be compatible with the experiment.?) One should
notice that the prescission neutron multiplicity differs
very little between two- and three-dimensional calcu-
lations, which means that the time scale of fission does
not change in the two cases. The effect of inclusion
of the mass asymmetric degree of freedom is that it
acts to reduce the mean value of the fragment kinetic
energy compared with that in symmetric fission and
acts to increase the variance by allowing more flexible
scission configurations.

The computer work has been performed on FU-
JITSU VPP500, RIKEN.

Table 1. Comparison between the results of two- and
three-dimensional Langevin calculations.

3DIM 2DIM
14 OTKE TKE Vpre | OTKE TKE  Vpre
(R) | (MeV) (MeV) (MeV) (MeV)
30 13.2 142.6 8.06 10.7 1472 7.96
50 14.1 142.8 6.97 11.6 148.5 6.74
70 15.4 143.2 5.74 12.5 150.0 5.45
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Quenching of the Coulomb Sum Value

H. Kurasawa* and T. Suzuki

[NUCLEAR STRUCTURE electron scattering, Coulomb sum.]

Sum rules are one of the most important touchstones
of nuclear models. If experiments show the sum rules
not to be satisfied, it means a breakdown of the model,
and new models or new degrees of freedom are re-
quired. For example, the sum of the Gamow-Teller
strength should be given by ~ (N — Z), when nucle-
onic degrees of freedom only are taken into account.
In a (p,n) reaction, however, the quenching of the sum
value has been observed. This fact implies a contribu-
tion from other degrees of freedom like A’s. For the
sum of the photo-absorption strength, on the other
hand, the nuclear current provides the sum rule value
~ NZ/A. Experiments have shown, however, enhance-
ment of the strength, which indicates the existence of
the meson exchange current in nuclei.

In electron scattering, the sum rule on the longitu-
dinal response function is known, which is called the
Coulomb sum rule. This is derived for a nonrelativis-
tic nucleon system. Experiments on the sum rule have
been performed at Saclay,!? Bates,® and SLAC,%
and shown that the sum rule value is quenched by
20-50% in medium heavy and heavy nuclei.

We have studied what kind of new degrees of free-
dom is required in the electron scattering.®) The
Coulomb sum value has been calculated in nonrela-
tivistic and relativistic models. It has been shown that
particle-hole correlations within the Fermi sea explain
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a part of the quenching observed in medium heavy
and heavy nuclei, but they are not enough to explain
the data both in relativistic and nonrelativistic mod-
els. If we include antinucleon degrees of freedom in the
particle-hole correlations, the relativistic model can re-
produce the available data. The relationship among
the antinucleon’s effects, modification of the nucleon
size and the effective mass of mesons is also discussed.
New experimental data on the Coulomb sum are re-
quired at the momentum transfer between 0.6 and 1
GeV, in order to confirm the prediction of the present
relativistic model.
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[relativistic field theory, equation of state, neutron stars, unstable nuclei, neutron skins.]

The structure of neutron-star crusts is one of the
most important part of neutron stars because all we
can observe from the earth are limited to phenom-
ena which occur at neutron-star surfaces (crusts). The
crustal matter itself is also interesting because of its ex-
treme neutron richness which can never be produced in
laboratories. Furthermore, one of the present authors
(K.O.) showed that the stable nuclear shape in the in-
ner crust matter is not necessarily spherical, and that
it should change from sphere, to cylinder, slab, cylin-
drical hole and spherical hole with increase of density
before the nuclei finally dissolve into uniform matter.?)
These exotic nuclear shapes are now being investigated
from the viewpoints of their implications in the struc-
ture and evolution of neutron stars.?"®

Recently, Sumiyoshi, Oyamatsu and Toki” per-
formed the Thomas-Fermi calculation of the crustal
matter with an equation of state (EOS) in the relativis-
tic Brueckner Hartree-Fock (RBHF) theory and found
that the layer of the non-spherical nuclei is much thin-
ner than those calculated with non-relativistic EOS’s.
In Fig. 1, we compare the RBHF results with a non-
relativistic result with model IV in Ref. 1 (hereafter
referred to as oyad). In these two models, the ener-
gies due to the gradients of local nucleon densities are
nearly the same. Therefore, this discrepancy is ex-
pected to stem from the bulk properties of the EOS.
We note here that the shell effects are too small at the
densities of interest to change results of the semiclas-
sical calculations.®
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Fig. 1. The density region of the non-spherical nuclei
calculated with various models.

In the present study, we focus on the effects due to
the symmetry energy and perform the Thomas-Fermi
calculation of the inner crust matter with two energy
density functionals, oya5 and oya6, which are the same
as oyad except for the density dependence of the sym-
metry energy. The symmetry energy of oyab, having
the same value as oyad at nuclear density, is a nearly
linear function of density as those of most of relativistic
EOS’s are. On the other hand, oya6 has similar den-
sity dependence to oya4 but its value is much smaller
(by 13%). As shown in Fig. 1, the density region of
the non-spherical nuclei is quite sensitive to the den-
sity dependence of the symmetry energy (oya5), rather
than to the value of the symmetry energy at satura-
tion density (oya6). This implies that properties of
the matter in the inner crust with extreme neutron-
richness should be investigated with due consideration
of the symmetry energy at subnuclear densities. We
also note that the density dependence at subnuclear
densities affects its high density-part of the EOS which
is crucially important to determine bulk properties of
neutron stars, such as mass and size. We may extract
some information from careful investigations on prop-
erties of unstable nuclei, especially from neutron skins,
and this line of study is now being carried out.
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Braking Index Changes from Neutron Star Glitches

Y. S. Mochizuki

[Neutron stars.]

Pulsars are rotating neutron stars with very strong
magnetic fields. We know their rotational states
through observing pulsating radio signals from them.
Pulsars usually undergo a slowdown according to a
simple power law, Q. = —k Q7, where . is the an-
gular velocity of the observed crust of a pulsar, k is a
constant, and n is called the braking index. In prin-
ciple, the braking index is defined as n = 2.{2./ Q2.
For magnetic dipole braking, n = 3. Measured index
values so far include n = 2.51 for the Crab pulsar,
n = 2.84 for PSR B1509-58, and n = 2.01 for PSR
B0540-69. It has been reported recently, however, that
some pulsars have abnormal braking indices; the index
of PSR B1757-24 has decreased from ~ 41 to ~ 22 in
less than 1 year. A possible explanation on the anoma-
lous braking indices is based on glitches.

Glitches are unpredictable sudden spinups of pul-
sars. The size of a glitch is defined as AQ./S)., where
AQ. is a change in Q. brought about by a glitch. In
the Vela pulsar, for example, the glitch size is of the
order of 108, After a glitch, the increased angular ve-
locity decays towards almost the extrapolation of the
preglitch values with a larger deceleration rate than be-
fore. Therefore, in the postglitch relaxation phase, the
braking index can become large and change in the time
scales of the relaxation. Although glitches have not
been observed in PSR B1757-24, it possibly glitched
before the beginning of observation, and may be in its
recovery state from the glitche.

The physical origin of glitches is a long standing
open problem since a glitch was first observed in Vela
in 1969, whereas the postglitch relaxation has been
explained by means of the vortex creep model.!) The
vortex creep model describes coupling states between
the observed neutron star crust and neutron super-
fluid, which is rotating at €25 in the star interior. In
this model, the two components are assumed to be
decoupled at the time of a glitch, and the postglitch
relaxation is regarded as a recoupling process between
the two. Here, the braking index changes from glitches
were simulated under a reasonable range of neutron
star models, glitch sizes, and the vortex creep model
parameters. The results were applied to the case ob-
served in PSR B1757-24.

Figure 1 shows the braking index changes corre-
sponding to various glitch sizes for the neutron star
model constructed by stiff (PS) equation of state and
the vortex creep model parameter w., = Q3 — Q; =
0.1rads™!. We see that a larger glitch produces a
larger maximum of the braking index.

Now we are going to discuss about the case of PSR
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Fig. 1. Evolution curves of braking index after a glitch.

B1757-24. The observation of this pulsar has started in
January 1990. Figure 2 shows the observed change of
the braking index? and its fitting by the above model
of the glitch size 1076, Since PSR B1757-24 and the
Vela pulsar are of almost the same age, the size 1076
is also preferable for PSR B1757-24. From Fig. 2 we
see that the observed index decrease can be explained
as the interglitch behavior, and a glitch of ~ 107 size
would have taken place about 2 years before the be-
ginning of the observation.
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Fig. 2. Best fitting for observed braking indices of PSR
B1757-24.

In the vortex creep model, we can roughly estimate
the glitch interval as 7, = 1072/|Q2.| = 6.2 years for
PSR B1757-24 under the assumption that it experi-
ences Vela-like glitches. If PSR B1757-24 is really a
glitching pulsar, this means that it will glitch again
around 1994. Based on the above estimation by the au-
thor, the timing behavior of PSR B1757-24 was further
analyzed, and it was recently confirmed that the pul-
sar actually had glitched in February 1994.%) Namely,
the abnormal braking indices are significant as an in-
dicator of glitching pulsars.
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Exotic Nuclear Deformation in the Neutron Star Crusts
and the Origin of Glitches

Y. S. Mochizuki, K. Oyamatsu, and T. Izuyama

[Neutron stars, Coulomb lattice potential, Nuclear fusion.]

The inner crust of a neutron star consists of the lat-
tice of neutron rich nuclei and the superfluid neutrons.
These are imbedded in the degenerate Dirac electron
gas. Since the neutron superfluid is rotating, there
exist many quantized vortices. The vortex lines are
expected to be nearly parallel to the axis of rotation.
Each superfluid vortex line possesses a normal fluid
core over a distance (, the coherence length of the su-
perfluid. In the vortex core the pairing energy of the
neutron Cooper pair is lost. To simplify, we assume
that the Cooper pair formation is prohibited in nuclei.
Then clearly the most energetic position of a vortex
core is achieved by maximum overlap of a vortex and
nuclei. Hence the vortex line is expected to be pinned
along a line of nuclei.

In the major part of the inner crust the nuclei are
expected to be spherical. In the vicinity of the stel-
lar core, however, the nuclear materials in the crust
may take exotic forms. These are the lattice of nu-
clear rods and the multi-layer of plate-like nuclear
matter.}?) This was derived from energetic considera-
tions; the stable nuclear shape is determined by mini-
mizing Wg + W, where Wy is the surface energy and
W¢ the Coulomb energy. This argument holds for the
vortex free region.

The nuclear shapes inside and in the vicinity of
the vortex core lines are accomplished by minimizing
(Ws + W) + [the pairing energy in the neutron su-
perfluid]. In the inner crust there exists a region where
the pairing energy plays an important role in this min-
imization and hence the nuclear materials pinning the
vortex core line may not be a series of spherical nu-
clei. A novel nuclear material may be constructed by
absorbing some nuclei into the vortex core. In this
way the pairing energy will be gained at the expense
of the Coulomb energy. From the energetic point of
view, we have confirmed® that a vortex core line can
induce a nuclear rod along itself (Fig. 1). Significantly,
this pinning-induced nuclear rod will strongly trap the
vortex line. This self-trapping may be a crucial mech-
anism for the pulsar glitches, i.e., sudden spin-ups of
neutron stars.>) The nuclear rod formation requires a
nuclear fusion.

How high is the Coulomb energy barrier? Here, we
investigated the Coulomb barrier for the initiation of
the fusion, in which one of the nuclei is absorbed from
the neighborhood into the vortex core. We considered
cubic boxes made up of many (up to ~ 10®) nuclei with
periodic boundary conditions. The electrostatic inter-
action is considered by Fourier analysis. We found that
the barrier is definitely less than 3.1 MeV. Note that
the Coulomb energy of the nearest neighbor nuclear
pair is 80 MeV if we adopt 30 fm for the nuclear sepa-
ration and 40 for the proton number of a nucleus, the
suggested value in previous papers. There are two rea-
sons for the dramatic reduction of the barrier. The first
reason is the electron screening. The second is a small
value, 22, of the proton number in a nucleus adopted
here, which is a recent result from the equation of state
based on relativistic Brueckner-Hartree-Fock theory.?)

When the considered nucleus is absorbed into the
vortex core, the other nuclei were assumed to be fixed
at their lattice sites. Actually the nuclear positions
must be relaxed. We therefore expect a substantially
lower Coulomb barrier than 3.1 MeV.

Vortex core line Nuclear rod
0.,9%,° °. [ ]
e_©0_0 ™ e
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Fig. 1. A naive sketch of deformation from spherical to
rod-like nuclear matter, induced by a vortex line.
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A Study of Collision Frequency and Particle Density in
Ultrarelativistic Nuclear Collisions by
an Event Generator URASIiMA

S. Daté, K. Kumagai,* O. Miyamura, H. Sumiyoshi, and X-Z. Zhang**

[high energy reaction, quark-gluon plasma, event generator.]|

It is a basic problem for creating QGP in laborato-
ries to what extent nuclear matter is compressed and
whether or not the thermalization is accomplished in
ultrarelativistic nucleus-nucleus (A-A) collisions. To
answer the problem, we have studied local collision fre-
quencies of hadrons produced in ultrarelativistic A-A
collisions by employing an event generator URASIMA.
It turns out that a thermalized high density local sys-
tem is achievable in the CERN-SPS energy region al-
though its size is not always large.

The event generator URASIMA describes A-A col-
lisions in a conventional hadronic level employing the
multi-chain model (MCM)V for generation of multi-
particle final states. The generator traces trajectories
of particles which are treated as straight lines between
interaction points in full 1 4+ 3 dimensioal space-time.
Interactions between two particles are treated as point-
like so that the problem of ambiguous time ordering is
avoided.

The produced particles suffer secondary cascade col-
lisions after the formation time in their hadronic en-
vironment. URASiIMA takes into consideration full
generations of cascade collisions although interaction
channels are limitted, at the moment, to inelastic and
elastic nucleon-nucleon (N-N), 7-N interactions, and
elastic -7 interaction via p meson. The inelastic m-N
interaction is included as a channel TN — 7A — 77N,

The validity of the model has been checked by com-
paring the output of URASIMA with several experi-
mental data on the global quantities and, newly for
this time, with the experimental data on Sulphur +
Nucleus collisions at 200 GeV /nucleon.?

As the process of a collision evolves, decelerated nu-
cleons and produced hadrons form a collision complex.
We may estimate the nucleon and pion density in a
sphere of volume V located in the center of the com-
plex from the local collision frequency as

dN-rrN 2
( df ) <Vo'7r7r>

N‘H"fr 2
(d C) 2(voan)2V

PN =

dt

*

Department of Physics, Hiroshima University
** China Institute of Atomic Energy
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Note that we are counting only the number of these
particles which are involved in collisions and contribute
to thermalization of the system.

Figure shows the dependence of the particle number
density on the stopping power of nuclei and on the
nuclear mass numbers. Refer to Ref. 3 for details.
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Fig. 1. Target mass number dependence of the highest (a)
nucleon- and (b) pion-density inside the central sphere
for @ = 1 (solid curve) and & = 3 (dashed curve).
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Gluon Distribution Function using Bag Model and
QCD Sum Rule

H. Kitagawa

[polarized gluon, bag model, QCD sum rule.]

Deep inelastic scattering experiments using high en-
ergy leptons have disclosed the structure of hadrons,
which are composed of “quarks” and “gluons”. Most of
the theoretical models of hadrons assume that hadrons
are composed only of quarks. Experimental data, how-
ever, have shown that the quarks do not carry all of
the momentum of hadron, then gluons are pointed out
to play an important role. One of the main purposes of
the RHIC-SPIN project (polarized proton-proton col-
lider) is to investigate the polarization of gluons in the
proton, and to give an answer to the “proton spin prob-
lem”.

Bag model is one of the effective tools to study the
properties of nucleons. Nucleon is made of three quarks
inside the bag, which is considered to represent the
gluon condensation. MIT bag model is the simplest
one, and is employed here. Results of calculations are
shown in Fig. 1. In this model, perturbative gluons are
obtained by the Maxwell equation with the source term
of quarks. Non-perturbative part, “bag”, contributes
to them indirectly through quarks. Bag model, hence,
is not suitable for the discussion of absolute values
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Fig. 1. Polarized gluon fraction calculated using the MIT
bag model.

of observables, though it is useful to study the global
structure, i.e. z-distribution.

QCD sum rule is a useful method to evaluate ab-
solute values. This is complementary to the result of
bag models, and is applied to the gluon “spin” contri-
bution, i.e. the expectation value of gluon distribution,
or the second moment of distribution:

(Sa) —/0 z AG(z)dz. (1)

Belyaev and Blok applied this method to the spin-
unpolarized gluon in Ref. 1, which is followed here.
Second moments of quark and gluon appear in the re-
sponse of constant external fields, which are introduced
by the following lagrangian terms,

AL, = —i$pD,~, pSH (2)
ALg = -G, Gy, S (3)

where ¢ and G represent the quark and gluon respec-
tively, and S and S! are the tensor external fields.
Their forms are determined by the operator product
expansion (OPE). In the spin-polarized case, following
lagrangian terms are derived by OPE.

ALY = —ip Dy 7, 6Shy (4)
ALE" = —(1/2)€, G oo Gru SHY . (5)

Second moments of the distributions of the polarized
quark and polarized gluon are obtained using the above
lagrangian terms. Calculations are now in progress.
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Lattice-QCD Calculations Using VPP500

S. Kim and S. Ohta

[lattice quantum chromodynamics, parallel computer.]

We are calculating the mass of light hadrons in
quenched lattice quantum chromodynamics (QCD)
with staggered quarks.") The new vector-parallel su-
percomputer of RIKEN,?) VPP500, allows us to do
such a calculation on the largest-ever lattice size of
483 x 64 at the finest-ever lattice spacing of a™! ~
4GeV (or equivalently the inverse-squared lattice cou-
pling of 3 = 6/g? = 6.5). The physical lattice vol-
ume of about (2.4 fm)? is large enough for extrapo-
lation to remove the errors from finite volume. The
lattice spacing is fine enough for extrapolation to re-
move such a discretization artifact like the flavor sym-
metry breaking. We are also able to use such light
quark mass like m, = 0.00125a7! ~ 5 MeV, ie. we
no longer have to make extrapolation from very heavy
values like mg ~ 100 MeV. Being free from these sys-
tematic errors simultaneously for the first time, we are
ready to study another type of systematic error aris-
ing from the quenched approximation itself. There are
suggestions®) and possible evidence®) that the chiral
(mg — 0) limit of quenched QCD differs from that of
full QCD in regard of the divergent “quenched chiral
log” term, In mg. In the latter works.%) however, the
former three types of systematic error were studied sep-
arately. In contrast the present work simultaneously
addresses all of them. Also in the current study the
chiral limit should be approached more reliably than
before since the flavor symmetry violation is smaller.

Our preliminary results using 50 gauge configura-
tions are summarized in the Edinburgh plot in Fig.
1. In contrast to earlier studies, all the points, ex-
cept for the left-most point for the lightest quark
mass, lie below the guiding lines. This means that
the ground-state nucleon is less squeezed on the cur-
rent lattice than before. At the lightest quark mass
of my = 0.00125, we now see the ratio ms/m, as low
as ~ 0.3. This suggests that our lattice is big enough
even down to such light quark mass. Thus pushing the
quark mass even smaller and reaching the region where
my/mpy >~ 0.2 and m, ~ 0.04 are now viable. Extrap-
olation to small m, will soon be unnecessary. Also
the current result shows approximate flavor symmetry
restoration: the mass of Nambu-mode pion and that
of non-Nambu-mode pions agree with each other. All
these attractive features of the current results suggest
that the chiral limit of our data will be more interest-
ing. However, we think that the investigation on the
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Fig. 1. Edinburgh plot at 3 = 6.5 on 48" x 64 lattice for
quark mass mq = 0.01, 0.005, 0.0025 and 0.00125. The
two circles are the experimental point (left) and naive
quark model prediction (right).

quenched chiral log in the pion mass and chiral con-
densate requires a still higher statistics of at least 100
gauge configurations and perhaps more. We already
gathered 100 configurations and their full analysis is
under way.

Using the same supercomputer, SO is also involved
in the development of the “Self-Test Monte Carlo”
method for a reliable frame work of numerical Monte
Carlo calculations in general, and SK is involved in
projects on the over-improved cooling method and 3D
Thirring model respectively concerning some features

of lattice QCD.
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Effective Potential Formalism for Dynamical Chiral-Symmetry
Breaking in the Dual Ginzburg-Landau Theory

S. Umisedo,* H. Suganuma,*™ and H. Toki

[QCD, color confinement, chiral symmetry, effective potential, monopole condensation.]

Recent progress in the lattice gauge theory!) clari-
fies the central role of QCD-monopole condensation?™®)
in color confinement, which was firstly conjectured
by Nambu.?) The important correlation between
QCD-monopole condensation and dynamical chiral-
symmetry breaking (DxSB) was firstly pointed out by
Suganuma-Sasaki-Toki?) solving the Schwinger-Dyson
(SD) equation in the Dual Ginzburg-Landau (DGL)
theory, and was discovered by Miyamura also in the
lattice QCD.5)

We study DxSB in the DGL theory using the ef-
fective potential formalism instead of the SD equation
to extract the contribution of confinement to DxSB di-
rectly. Within the ladder approximation, the SD equa-
tion is generated from the effective potential I'cg[S] up
to the two-loop diagram by imposing the extreme con-
dition on the quark propagator S(p).” Using the non-
perturbative gluon propagator DE(( (p) in the DGL
theory,3®) the effective potential can be expressed as

Teg[S] = —iTrIn(SG™*) — iTr(SG™1)+
d“p d4q Q’262
(2m)4 (2m)4 2

tr (v,S5(p)7.S(0) Dpir(p — 9))

where G(p) is the bare quark propagator, and S(p)
the interacting quark propagator including the gauge
interaction effect, G~!(p) = /p +ie, S7'(p) =
/p — M(p) + i€ in the chiral limit. For the energet-
ical argument for DxSB, it is useful to examine the
effective potential Vog(M (p?)) = —Tes(S), which cor-
responds to the vacuum energy density as a function
of the dynamical quark mass M (p?).

Figure 1 shows V.g(M (p?)) as a function of the in-
frared quark mass M (0) using the quark-mass ansatz,

N2 -1

M@p*) =

M(O)Pg { lnpg }1 2N. T11N.-2Ng
(p? +p2) |In(p? + p?) ,

which is suggested by the renormalization group
analysis.” One finds the clear double-well structure
in Veg(M(p?)), which has a nontrivial minimum at
M(0) = 0.4GeV.

The nonperturbative gluon propagator is separated
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K

into two parts responsible to the linear potential and
the Yukawa potential, respectively,® D&Y (p)

DY (p) + DYV wa(p). Hence, by examining these
two parts separately, the importance of the confine-
ment effect to DySB can be studied quantitatively. We
find that the main driving force for DxSB is brought

from the confinement part, Df;" . (p).
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Fig. 1. The effective potential Veg as a function of the
infrared quark mass M (0) in the dual Ginzburg-Landau
theory.
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New a-Decaying Neutron-Deficient Isotopes “Rn and 2°°Fr

K. Morita, Y. Pu, T. Nomra, Y. Tagaya, T. Uchibori, K. Lee, K. Uchiyama, M. Kurokawa,
T. Motobayashi, H. Ogawa, M. Hies, J. Feng, A. Yoshida, S. Jeong, S. Kubono, M. Wada, K. Sueki,
T. Ishizuka, Y. Fujita, H. Miyatake, T. Shimoda, T. Shinozuka, H. Kudo, Y. Nagai, and S. Shin

[new isotope, 6°Er(36Ar,5n)!9"Rn, 19Tm (3¢ Ar,5n)2Fr, Ej.p, = 186, 200 MeV.]

New neutron-deficient isotopes, **"Rn, "™Rn, and
209Fr, have been produced and identified on the basis
of genetic correlations in the %°Er (*®Ar,5n) ’Rn
(Ejap = 186, 200 MeV) and %°Tm (*¢Ar,5n) 2%Fr
(Elap = 186 MeV) reactions. The results have already
been published in Z. Physik A.1) See Ref. 1 for the de-
tails of data analysis and discussions. Here we present
only a brief description of the experiment together with
summarization of the results.

The 273.6 MeV 3¢Ar pulsed beam (10 ms on / 10
ms off) supplied from the RIKEN Ring Cyclotron and
degraded to 186 MeV or 200 MeV with aluminum
foils was used to bombard a 1.4 mg/cm? 1°Er target
(enriched to 96.3%) electrodeposited onto a thin alu-
minum foil or a self-supporting 2 mg/cm? $9Tm tar-
get. Reaction products recoiling out of the target were
separated from the beam by using a gas-filled recoil

separator (GARIS).?) A two-dimensionally position-
sensitive silicon detector (PSD: 64 mm x 64 mm)
was set at the focal plane of the GARIS. A large-area
micro-channel plate assembly (MCP) was set about
60 cm upstream from the PSD to measure time of
flights of the reaction residues between the MCP and
the PSD. The implantation signal as well as the sub-
sequent a-decay signals were then recorded event by
event with a CAMAC based on-line data taking sys-
tem. A search of time and position correlation of the
events enables us to identify decay chains like: evap-
oration residues — first a-decay — second a-decay.
Consequently, new a-decaying isotopes can be identi-
fied if the corresponding daughter nuclei are known
to be a-emitters. A summary of the measured o-
decay energies and half-lives are shown in Table 1.

Table 1. The alpha energies E, and half-lives T/, measured in the present work.

Isotope Ea (keV) Ty/2 (ms)  Reaction Channel Eo (keV) T,z (ms) Ref. T, /2(ms)
(present work) (literature) (systematics)
7Rn 7261 + 30 51733 16Er(®® Ar, 5n) — — 45
193p, 6946 + 30  182713° Daughter of **"Rn 6940 + 20 360 + 50 (3] 110
197m Ry 7370 +30 1873 166 Fr (3¢ Ar,5n) — — 19
193mpg 6991 +30  1547;° Daughter of *"™Rn 7000 + 20 260 + 20 3] 68
(1% Rn)»  (7428) (5)° 166Er (35 Ar,6n) — — 12
(12po)®  (7211) (32) Daughter of '**Rn 7170 £20 34+ 3 3] 17
200Fy 7500 + 30 5701350 169Tm(*¢ Ar,5n) - — 16
196 At 7053 + 30  320132° Daughter of 2°°Fr 7055 + 7 300 4+ 100 [4] 100

a): Calculated by the systematics for even-even nuclei reported in Ref. 5. The Qq values used are those determined in this
work for the mother nuclei and those reported in the literature for the daughter nuclei.
b): Only one decay chain was observed. c): Time difference between ER - al. d): Time difference between al - a2.
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New a-Decaying Neutron-Deficient Isotopes Rn and 19°At

Y. Pu, K. Morita, T. Nomura, Y. Tagaya, T. Uchibori, T. Minemura, K. Lee,
T. Motobayashi, M. Hies, T. Ariga, A. Yoshida, K. Sueki, and S. Shin

[a-decay, new isotopes, *®®Er (*®Ar,6n) "°Rn, Ejp, = 208 MeV, %4Er (3¢ Ar,p4n) °°At, Ej., = 183, 199 MeV ]

As a continuation of our previous experiment!) of
synthesizing new neutron-deficient isotopes such as
197Rn and 29CFr, experiments have been performed to
synthesize more neutron-deficient radon and astatine
isotopes. Compared with the previous set-up, the de-
tection efficiency for a-decays has been improved from
about 50 to 80% of 47 solid angle by installing 4 solid
state detectors (SSD: 64 mm x 64 mm) around the large
position sensitive detector (PSD: 64 mm x 64 mm).?)
The experiment was carried out at E1 cave of the ring
cyclotron lab of RIKEN. A 273.6 MeV 36Ar pulsed-
beam (5ms on—5ms off ) from the ring cyclotron was de-
graded in energy by using aluminum foils to 208 MeV
to bombard a 1.4 mg/cm? %°Er (enriched to 96.3%)
target and to energies of 183 and 199 MeV to bombard
a 1.2 mg/cm? '®4Er (enriched to 62%) target respec-
tively. The beam intensity was about 1.3 x 10! pps.
Evaporation residues (ER) were separated from the
beam by using the gas-filled recoil separator GARIS®
and were subsequently implanted onto the PSD lo-
cated at the focal plane after traversing a large micro-
channel-plate (MCP) set. The energy calibration for
both the PSD and SSDs is based on a-decays from
the implanted known 2°°Rn isotope and its daughter
196ps. For the beam-on period, an a-decay signal is

distinguished from an implantation signal by the ab-
sence of an MCP signal. A true a-decay chain of the
type of ER-al (first a-decay)-a2 (second a-decay) is
identified with those events whose positions coincide
with each other and the time differences between them
are within reasonably short time intervals. (1) !°°Rn:
In an analysis of the data obtained in the bombard-
ment of *¢Er with 36 Ar-ion at Ej., = 208 MeV, three
a-decay chains of the type ER-al-a2 have been ob-
served. The number of accidental events has been es-
timated to be about 1 x 1073, Because the measured
a2-decay energy and its half-life agree well with the
known a-decay of 92Po as shown in Table 1, the three
al decays of the observed decay chains are assigned to
that of new isotope ' Rn. See Table 1 for the mea-
sured a-decay energy and half-life. The systemtics of
half-lives listed in the last colum of Table 1 are ob-
tained according to the formula in Ref. 6 by using the
measured Ea values. (2) 195™€At : In a similar analy-
sis of the data obtained in the bombardment of *4Er
with 3%Ar ions at Ej,, = 199 MeV, three kinds o-
decay chains have been observed. From the observed
a2 energies, half-lives and their excitation functions
they can be assigned to those of the poorly-known iso-
topes 19°™MAt (4 events) and '°°At5) (40 events) re-

Table 1. The measured a-decay energies and half-lives of identified isotopes
in the present work in comparison with previous findings.

Isotope Eq (keV) T172 (ms) Reaction Channel Eq (keV) T1/2 (ms) Ref. Tj /2(ms)6)
(present work) (literature) (systematics)
196y, 7492 + 30 3*7, 166E4(36Ar,6n) 7428+30 3% 2
192po 7196 + 30 3400 Daugherof 196Rn  7170£20 343 [4] 17
195mp, 7179 £ 30 322 164E36 Ar,pdn) .. . 37
191mp; 6882 + 30 98" , Daughterof 195MAL 6876420  150%15  [4] 7
195gA; 7072 + 30 55+25 164Er(36Ar,pdn) - . 89
191gR; 6318 + 30 9+4(s) Daughter of 1958A¢ 6310+ 20 131 (s) [4] 12 (s)
950" 7152+ 30 47428 164E(36Ar,pdn) 7190 + 30 140 £50 (5] 49
@91Bi*? 63171 30 4+2(s) Daughter of (195A1)®? 6290 + 30 131 (s) [5] 12 (s)
1954 %) 7135+ 30 135430 164Er(36 A1 pdn) 7125430 150430  [5] 53

a) Only one decay chain was observed in our previous work.! )b) Only tentatively assigned and partially based on the
excitation function behavior and reaction Q-value arguments. ¢) o~ correlation was not observed.

spectively using similar genetic correlation arguments
described above. See Table 1 for the observed a-decay
energies and half-lives.
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Study of a Decays from Evaporation Residues Produced by the
WAy 4 232Th Reaction

M. Kurokawa, T. Nomura, T. Motobayashi, H. Murakami, Y. Iwata, T. Uchibori,
T. Kikuchi, S. Jeong, Y. Tagaya, M. Wada, N. Ikeda, S. Kubono, I. Katayama,
K. Morita, Y. Pu, A. Yoshida, Y. Nagai, H. Kudo, K. Sueki, H. Nakahara,

T. Shinozuka, M. Fujioka, H. Miyatake, Y. Fujita, T. Shimoda, and M. Tanikawa

NUCLEAR REACTION, 232Th(*°Ar, a3n)?%°106, E = 5.08 A MeV; measured reaction

products, o decays, time and position correlations; gas-filled separator.

To examine possible enhancement of (HI, azn) re-
action in producing superheavy elements,!) evapora-
tion residues (EVRs) produced by the “°Ar + 232Th
reaction were measured by the delayed coincidence
method.

An “°Ar beam was accelerated to 7.6 A MeV by
RIKEN Ring Cyclotron and was degraded to about
5.08 A MeV at the center of a ThO, target in order
to bombard the target with an optimum energy for
232Th(1°Ar, a3n)?6°106 channel. The irradiated dose
was calculated from the counts of elastically scattered
40Ar particles, which were detected by a silicon de-
tector set at 45°. The produced EVRs were roughly
separated from other light reaction products by a gas-
filled recoil ion separator (GARIS) with a large angular
acceptance. The selected EVRs were implanted into
a position sensitive silicon detector (PSD) with good
position resolution? placed at the focal point of the
GARIS. The PSD detected the EVRs themselves, the
o decays from the EVRs and the decays from their de-
scendant nuclei. For the EVRs and their a decays, the
data were recorded independently. Decay chains, con-
sisting of EVR — a; — ay events, were constructed by
relating the positions and the times of the events. Be-
sides the PSD, four silicon detectors surrounding the
PSD were used to detect o particles escaped from the
PSD. Also a time pickup detector using a micro chan-
nel plate was mounted about 60 cm upstream of the
PSD for rough measurement of the EVR’s mass from
the time-of-flight information.

The number of the extracted decay chains was six.
Figure 1 shows the a-decay energies for the chains and
they are all assigned to the decay chains from 26°106.
For the hatched area of the figure, the expected num-
ber for the accidental chain, which is formed by the ac-
cidentally correlated events, was evaluated to be 0.24
under the same position and time conditions employed
to extract the six chains. The cross section of the
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22TH(40Ar, a3n)?7106 reaction is 6107520 pb, where
the errors are statistic omes. The systematic uncer-
tainty is estimated to be a factor of three. The value
is larger than the cross section 2 pb for the 23U (*S,
5n)?57108 reaction, which forms the same compound
nucleus. The results suggest larger survival probabil-
ity of the (HI, axn) reaction. Some improvements and
developments, construction of a rotating target system
and a modification of the PSD design for example, are
now in progress to reduce the accidental correlation.

9.0

Eq, (MeV)

8.8'

Eq, (MeV)

Fig. 1. The three-fold coincident events, found for the
EVR-a;-a2 combination. The horizontal axis repre-
sents the energy of a7 and the vertical one is for as.
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Nuclear Moments and Charge Radii of "Hf Determined
by Laser Spectroscopy

W. G. Jin, M. Wakasugi, M. Hies, T. T. Inamura, T. Murayama, T. Ariga,
T. Wakui, H. Katsuragawa, T. Ishizuka, J. Z. Ruan, and L. Sugai

[INUCLEAR REACTION '75Lu (d, 2n) '"5Hf, nuclear moments x and Q, charge radii 6(r?).]

To study the isotope shift and hyperfine structure
(hfs) of refractory elements, we developed a laser
spectroscopic method with an Ar-sputtering atomic
beam source.!) Using this powerful technique, we have
started a systematic study for Hf and Ta as well as
other refractory elements.?) This paper reports a new
result on the long-lived (T;/, = 70 d) unstable isotope
175Hf_

175Hf isotope with a nuclear spin 5/2 is very inter-
esting from the nuclear-structure viewpoint because it
is in a well deformed region. However, even the sign
of the nuclear magnetic dipole moment is not known
and no information has been reported on the nuclear
deformation of "5Hf.

We produced the radioactive isotope "5Hf by the
175,u(d,2n) reaction using a 19 MeV d beam from the
RIKEN AVF Cyclotron. About 10'® atoms of "SHf
were obtained in an area of 6 mm in diameter. The ra-
dioactive isotope "°Hf was set into our off-line cham-
ber. The atomic beam of "> Hf was produced using
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Fig. 1. Measured hyperfine spectrum of the 555-nm tran-
sition for " Hf. The peaks labeled with a-e are the
hyperfine peaks of }"*Hf. Hyperfine splittings and tran-
sition scheme for *"®Hf are shown in the upper part.

the Ar-sputtering method. Fluorescence induced by
a cw ring dye laser pumped with an Ar-ion laser was
measured with a cooled photomultiplier.

Figure 1 shows a measured hyperfine spectrum of
the 555-nm transition for '"Hf. A peak from "*Hf
isotope produced simultaneously by the 75Lu(d,3n)
reaction was also observed. From the hyperfine spec-
trum of !5 Hf, the hfs constants for the atomic ground
state 3F, were determined: A = 121(4) MHz and B
= 495(15) MHz. The magnetic dipole and electric
quadrupole moments were derived as y = —0.604(18)
un and Qs = 2.66(8) b. Accuracy of these values is
improved by a factor of 5 compared with the previ-
ous values.®%) It is shown for the first time that the
magnetic dipole moment has a negative value.

The isotope shift between " Hf and "Hf was also
obtained as 124 MHz. Changes in mean square nuclear
charge radii 6(r?) were then derived for 1"°Hf and are
plotted in Fig. 2 together with other data of Hf. A
systematic trend can be found from Fig. 2.
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Fig. 2. Systematics of changes in mean square nuclear
charge radii §(r?) for Hf isotopes.
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Production of Neutron Deficient a-Decaying Hafnium Isotopes
161-157Hf Using RIKEN GARIS/IGISOL

M. Hies, T. Ariga, T. T. Inamura, W. G. Jin, H. Kunz} K. Morita, T. Murayama, Y. Pu,
and M. Wakasugi

nuclear reaction "**Sn-+*8Ti; 5.5 AMeV; production of a-decaying Hf isotopes;

gas filled recoil separator.

To investigate unstable nuclei in the refractory el-
ement region by means of laser spectroscopy!) the
production of neutron deficient a-decaying hafnium
isotopes has been performed using the gas filled re-
coil separator GARIS.?) The recoils are produced via
the "2¢Sn(*®Ti xn) nuclear reaction using a 7.6 AMeV
48Ti-beam with the intensity of 10 pnA. The target
consists of natural tin (0.9 mg/cm?) evaporated on 15
pm aluminum backing. The titan beam was energy de-
graded through the GARIS entrance window (10 pum
aluminum) and the target backing down to 5.5 AMeV.
Due to the large variety of stable tin isotopes, the
calculated cross sections results in a broad excitation
function (see Fig. 1) giving access to all a-decaying Hf
isotopes without changing the beam energy. The total
production rate of a-decaying Hf recoils, using these
calculated cross sections and the a-decay branching
ratios is calculated at 265 MeV incident primary beam
energy to 64 Hf-a-counts per sec and per pnA primary
beam current. The recoils are separated with GARIS
from the primary beam and are implanted in an open
PIN-photo diode detector (Hamamatsu S3590, 1 cm?,
300 pum Wafer), where the a-decay energy and the re-
coil energy are measured.

A typical measured a-spectrum is shown in Fig.

2. All reaction channels could be assigned using the
xn,pxn,axn-channels and the nuclear decay daughters.
A total Hf a-count rate of 4.0 counts per sec and per
pnA was determined at the position of the IGISOL
chamber with a recoil beam diameter of about 4 cm.
The recoil energy in the middle of the IGISOL cham-
ber was degraded to 4 MeV using a 5 pum aluminum
ion guide entrance foil. The helium gas pressure in-
side the cell was 220 mbar. The production rate can
be explained by the calculated cross sections assuming
a GARIS efficiency in the order of 10%. Further ex-
periments are planned to increase the production rate
by improving the focusing and collection efficiency of
GARIS or using different enriched target-beam com-
binations like 144Sm(?°Ne,xn)-reactions or axn- reac-
tions. How-ever, even with such a low production rate
a laser spectroscopic experiment can be performed, if
using the radioactive decay measurement is used to
detect the resonance ionization in a buffer gas.?)
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Fig. 1. Calculation of cross section for the nuclear reac-
tion "**Sn(*®Ti,xn)Hf as a function of the incident titan
beam energy.
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Measurement of Neutron Spallation Cross Sections

T. Nakamura , E. Kim, A. Konno, M. Imamura, N. Nakao,
T. Shibata, Y. Uwamino, N. Nakanishi, S. Fujita, and J. Nakajima

[neutron spallation reaction, 2°9Bi (n,xn) reactions.]

Neutron reaction data in the energy range above 20
MeV are very poor and no evaluated data file exists at
present. In this study, we measured the neutron spal-
lation cross sections of C, Al, Co, Cu and Bi using a
quasi-monoenergetic p-Li neutron field at the E4 ex-
perimental room of the separate sector ring cyclotron.
The proton beams having energies of 80, 90, 100, 110,
120, 135, 150, and 210 MeV were injected on a 10
mm thick Li target through a beam swinger. Pro-
tons passed through the target were cleared out by
a magnet and absorbed in a spectrograph. Neutrons
produced at 0 deg were transported through an iron-
concrete collimator of 20 cm by 20 cm aperture and
120 cm long. The neutron spectra were measured with
the TOF method using a BC501A organic liquid scin-
tillator and the absolute neutron fluence was measured
with the Li activation method using the "Be activity
from the "Li (p,n) “Be reaction.

The gamma-ray activities of the irradiated samples
were counted by using a Ge detector and the reac-
tion rates of identified radioisotopes were obtained af-
ter correction of the sum-coincidence effect and self
absorption.

We could identify the produced radionuclei down to
196Bi from the 209Bi(n,14n) reaction for 150 and 210
MeV p-Li neutron. The spallation cross section data
were obtained from the neutron spectra and the reac-
tion rates.
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Fig. 1. ?Bi(n,6n) reaction cross section.

We are now analyzing the measured results. As ex-
amples, Fig. 1 to 3 give the cross section data of 209Bj
(n,6n), (n,8n) and (n,10n) reactions, respectively, com-
pared with ENDF/B-VI high energy file data calcu-
lated by the ALICE code.)) Our experimental results
show good agreement with them.
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Fig. 2. 2°°Bi(n,8n) reaction cross section.
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Fig. 3. ?°*Bi(n,10n) reaction cross section.
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High-Spin States in **Tb’

E. Ideguchi, Y. Gono, S. Mitarai, T. Morikawa, A. Odahara, M. Kidera,
M. Shibata, H. Tsuchida, K. Miyazaki, M. Oshima, Y. Hatsukawa, S. Hamada,*
H. limura,* M. Shibata,* T. Ishii,* T. Murakami, H. Kusakari, M. Sugawara,
T. Kishida, K. Morita, H. Kumagai, and M. Ishihara

[Nuclear reactions, **'Pr(**C,6n)'*8Tb, 2" Al(***Te,9n) **Th]

The high-spin isomers found systematically in N=83
isotones'™®) show similar features. The excitation en-
ergies and half-lives are almost the same, i.e. ~8 MeV
and ~1 ps, respectively, except for those of *¢Eu and
149Dy,  Among these isotones the level structure of
147Gd was most extensively studied experimentally®
and theoretically.”) The configuration and the exci-
tation energy of the high-spin isomer were repro-
duced well by the deformed independent particle model
(DIPM) calculation.” Recently it was reported® that
the level structure of 14°Sm could be understood within
the framework of DIPM. It is interesting to study
whether this model could be applied to interpret the
level structure of the odd-odd nucleus *#Tb to the
same extent as those of the odd mass nuclei *"Gd and
145G

The decay scheme of the high-spin isomer in
1487}, was studied by the recoil-catcher method us-
ing 27A1(**Te,9n)**Tb reaction at RIKEN. The
excitation energy of the high-spin isomer reported
previously®) was revised to be 8.620 MeV. The half-
life of the isomer was determined to be 1.310 & 0.007
us.

The level structure above the high-spin isomer
was extended up to the spin (31) state at 11.8
MeV by in-beam ~-ray spectroscopic techniques using
141pyp(13C 6n)148Th reaction at the JAERI tandem ac-
celerator facility.

The excited states below the (247 ) state were under-
stood as resulted from the weak couplings of mwhy;
and vi;/, to those states of '7Gd and 47Th 9) re-
spectively. The same coupling argument did not
work for the states above the (247) state of *Tb.
They were, however, reproduced well by the DIPM
calculation.”) The configuration of the isomer was
given to be [ﬂ'hfl/ng/lz,l/f7/2h9/2113/2]27+ which cor-
responds to that of '4Gd after filling one proton in
the w(ds-/zz)o orbits.

The deformation parameters 3 were also calculated
by DIPM for the yrast states of 4¥Th. The results
exhibited the abrupt increase of the deformation at
the high-spin isomer from spherical to oblate in the
same way as reported®) for odd-A isotones, 7Gd and
l458m.

The average of N=83

moments of inertia

t Condensed from the articles in Z. Phys., A352, 363 (1995).
*  Japan Atomic Energy Research Institute
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isotones®®19) were estimated by plotting the excita-
tion energies of yrast states as a function of I(I+1) in
Fig. 1. They seem to have values between 77 and 96
MeV ! up to the highest spin state known experimen-
tally. Those values are smaller than the rigid body
values, i.e. ~110 MeV~!, for these nuclei. The detail
structure of convex shapes in Fig. 1 may be attributed
to the residual interactions'?) among the valence par-
ticles.
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Fig. 1. Comparison of the experimental yrast states of

1487 with those of ¥*Pm,'® 5Sm®, and "7Gd.%
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Life Time of High Charged States Isomer

H.-Y. Wu, T. Kishida, M. Ishihara, and E. Ideguchi

[Isomer State, Half Life, Internal Conversion, Charged States, Energy level Shift.]

Changes of atomic environment can affect the nu-
clear reaction and decay processes. Even a nuclear
process with no electron participation, is affected by
the change of screening for ejected particle. The pro-
cess that involves an electron is directly affected by
the electronic cloud near nuclear surface, such as elec-
tron capture (EC) and internal conversion (IC). The
variation of transition rate is essentially proportional
to the change of electron density available at the nu-
cleus. Another effect is due to the atomic energy level
shift. For example, the binding energy of a K-shell
electron is shifted to an excitation energy higher than
the threshold of the IC for the isomer state of 125Te,
which strongly affects the life time of the isomer (Table
1).

Table 1. Comparison of the observed and calculated life
time of isomer state of '*°Te, with 35.49 keV of the
transition energy.

charge Ty 75 (ns) ER (kev)
state  config. | Exp. calc®)  calc?)  cale®) |Refd)  Ref®)  this work
0 (noutral) | 1.49 1.40 1.49 149 | 31.81  31.81 31.81
40 (352) 2.1 1.50 34.17
44 (2s22p%) 1.5 2.8 1.53 35.27 35.09
45 (2s22p3)| > 2 80 3.3 1.54 | 35.61  35.58 35.33
46 (2s22p2) > 2 8.3 3.9 1.58 | 35.91  35.91 35.56
47 (2s22pl)| 611 8.5 15.1 10.0 | 36.26  36.26 35.81
a8 (252) [11£2 103 40.3 10.2 | 36.60  36.60 36.04
49 (2s1) 55.8 13.9 36.28
50 (1s2) 90.3 21.9 36.53
a),d),e) From Ref. 3 and its reference. b) This work, M1 and E2 mixture type

transition Ref. NNDC. ¢) This work, M1 type transition.

The IC coefficient o is given by non-trivial order
of perturbation theory. The electron wave function is
given by a set of coupled Dirac differential equations
for a central potential V' (r), that includes the screening
and exchange effects. The electron wave function was
calculated using the WKB screening approximation®)
for different charge states. The «, for nuclei with nu-
clear charge Z and electron number @, can be deduced

as
PWY (N
aa’ (PWI)O_ thz) ’

W@ =3

where W and P are energy and momentum of IC elec-
tron for sub-shell o, the prime denotes the quantity

with screening correction, and Néz) and Nt(TQ) are num-
bers of o shell electrons for neutral and charged states,
respectively. The screening effect for W’ and P’ is cal-
culated by using Thomas-Fermi model.?

(b)

log AT,
log AT .

"
45 50 55 o 85 70

Fig. 1. Relationship between the half life change and
charged states of **°Dy for different transition type (En-
ergy=50 keV) (a) and for different energy (E2) (b).

Figure 1 shows the results of calculations. The « is
a function of transition energy, the type of transition,
and charged states. For the ionization process, the
change of life time is larger when the transition energy
is smaller. The change becomes also larger for a tran-
sition with higher multipolarity. Magnetic transitions
are more affected than the electric transitions. The
life time of excited states in highly charged atoms is
increased extremely because it is determined only by
the ~ transition without internal conversion. All the
figures show the structure of shell and sub-shell. The
changes of life time are mainly contributed by 1s and
2s orbits.

In an isomer beam with energy greater than 10 MeV
/nucleon, where the atoms are nearly bare, some iso-
mer states for a special transition type may have a long
life time.?) At a beam energy lower than 10 MeV /nu-
cleon or a transition with higher energy than 400 KeV,
the change of life time is relatively small. Although
the changes of the isomer life time are at most 1% in
the case of the present high spin isomer beam line of
RIKEN,® this effect will become very important for
RIKEN RI Beam Factory, where isomer beams with
higher energies may be involved.
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Target Dependence of Production Rates
of Projectile-like Fragments

M. Notani, H. Sakurai, N. Aoi, M. Hirai, H. Kobinata, Y. Watanabe,
T. Nakamura, A. Yoshida, Y. Watanabe, T. Kubo, T. Nakagawa,
N. Inabe, H. Kumagai, A. Goto, and M. Ishihara

NUCLEAR REACTIONS °Be, 81 Ta(%0Ti,X), E(°°Ti) = 80A MeV;
Target Dependence of Fragment Production Rate.

Radioactive ion beams produced by the projectile
fragmentation reactions are a very useful tool in nu-
clear physics. The production mechanism of projectile-
like fragments at intermediate energies (10~100 A
MeV) has been investigated to understand the mecha-
nism itself, then to make precise prediction of the sec-
ondary beam intensity for designing experiments. It
was reported that the production yields of the neutron-
rich isotopes with 44A MeV #8Ca beam are strongly
dependent on the N/Z ratio of the target.!) Here we
present our results on the target dependence with a
higher energy beam, 80A MeV °°Ti.

We used two energy-loss-equivalent targets, °Be and
1817y with thickness of 289 and 435 mg/cm?, re-
spectively. Details of the experiment are described
elsewhere.?) We accumulated data with Bp=3.45Tm
setting of the RIPS spectrometer. Figure 1 shows pro-
duction yields of projectile-like fragments for 17~22N,
19-24)  21-2Tp  24-30Ne  27-33N,  30-36Mg  and
33-38A]. We found that ®1Ta can earn several times
larger yields of the neutron-rich nuclei with A/Z~3
than °Be.

Figure 2 shows the experimental cross sections and
predicted ones by the INTENSITY code.® This code is
based on the participant spectator models, taking into
account only the fragmentation mechanism, and has
been widely used in designing experiments. The exper-
imental cross sections were obtained from comparisons
between the experimental yields and predicted ones.
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Fig. 1. Production yields for the isotopes of N, O, F,
Ne, Na, Mg, and Al obtained with targets of °Be and
81Ty in the reactions with 3°Ti beam at 80A MeV. The
thickness of two targets was energy-loss-equivalent for
the incident beam.
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Fig. 2. Production cross sections of projectile-like frag-
ments for °Be and *®'Ta targets, compared with the
cross sections calculated by the INTENSITY code and
by the modified one. The cross sections for **'Ta tar-
gets are divided by a factor of 2.1; thus one prediction
curve for each isotope presents the cross sections for two
targets at once.

To minimize ambiguities of the INTENSITY parame-
ter set for the cross section evaluation, we chose the iso-
topes with their momentum acceptance of more than
0.1%. As seen in Fig. 2, the INTENSITY cannot
predict well the experimental cross sections for very
neutron-rich nuclei.

An attempt to improve the INTENSITY prediction
by tuning parameters was made for projectile-like frag-
ments from 93.6A MeV %0Ar4+°Be reactions.*) This
modified INTENSITY by use of the new parameters
describes fairly well the production cross sections for
50Tj + 9Be reactions, but underestimates the cross sec-
tions of neutron-rich nuclei for a 18! Ta target (see Fig.
2). This discrepancy cannot be explained in terms of
only the fragmentation reaction and suggests that the
transfer reaction plays a significant role even at this
beam energy.
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Production and Identification of New Neutron Rich Nuclei 3'Ne
and 3"Mg with 80 A MeV °Ti Beam

H. Sakurai, T. Nakamura, M. Notani, T. Kubo, A. Yoshida, H. Kumagai, Y. Watanabe,
T. Nakagawa, A. Goto, N. Inabe, N. Aoi, M. Hirai, Y. Watanabe, H. Kobinata, and M. Ishihara

NUCLEAR REACTIONS 8 Ta(50Ti X), E(®°Ti) = 80 A MeV; deduced fragment
production rate vs mass and Z; evidence for ' Ne, 3" Mg.

An attempt to synthesize new neutron rich nuclei in
10 £ Z < 13 region can be made by means of the Riken
Projectile Fragment Separator (RIPS).!) The total ef-
fective acceptance of such nuclei at RIKEN is about
two orders of magnitude higher than at the GANIL-
LISE.? Here, we report the first production and iden-
tification of new neutron rich nuclei *Ne and 3"Mg
with 80 A MeV 5°Ti beam.

50T ions provided by the ECR were accelerated in
the AVF and RING Cyclotron to an energy of 80 A
MeV. At the ECR, 60% enriched *°Ti-oxide powder
was used as the ion source material. The oxide powder
was contained into a ceramic rod which was moved
toward the plasma by about 100 um step every hour,
and the average beam intensity was ~2 pnA. From the
study on target dependence of fragment yields,® we
used a 435 mg/cm? thick '8! Ta target.

Reaction products were analyzed with the RIPS
spectrometer operated in the achromatic mode.!) The
particle identification of our experiment was performed
event-by-event in a more redundant way than that
of the GANIL experiment,* by means of measure-
ments of magnetic rigidity, time-of-flight, energy de-
posit (AE) and kinetic energy (E). At the momentum
dispersive focal plane F1, a Parallel Plate Avalanche
Chamber (PPAC) was mounted for Bp measurements.
At the final focal point F3, all other detectors were lo-
cated; a 0.5 mm thick plastic scintillation counter (PL),
two 0.3 mm surface barrier type silicon detectors, and
two 3 mm thick lithium drift silicon detectors. The
time-of-flight of fragments was obtained from the PL
timing and RF signal of the cyclotron. The AE mea-
sured by use of the first three silicon detectors leads to
three independent determinations of Z with accuracy
of 0.1% (r.m.s.) for Z ~ 10 nuclei. The mass to charge
state ratio, A/Q, of fragments was determined from
the magnetic rigidity and time-of-flight, and the mass
A from the E and time-of-flight, hence finally Q — Z
was reduced for the fragments which stopped at the
final silicon detector. The accuracy of A/Q and Q was
about 0.2% in r.m.s. This method can resolve uncer-
tainty of charge states as backgrounds against neutron
rich nuclei, and provide a very clean particle identifi-
cation. Taking into account energy loss in the target
for both the beam and fragments with A/Z~3.1, the
magnet rigidity of the RIPS spectrometer was set to
be 3.6 Tm. We accumulated data for 4 days to search
for new neutron rich isotopes.

After piling-up rejections and requiring a fully
stripped condition for fragments, we obtained the two
dimensional plot, A/Z versus Z, as seen Fig. 1. We
have observed new isotopes ®!Ne (23 events) and 3"Mg
(3 events). The previous GANIL experiment?®) re-
ported that no events associated with 3! Ne were found,
and concluded that 3'Ne was unbound. This discrep-
ancy could be caused by less statistics and/or less fea-
sible separation of fragments at the GANIL, where Bp
measurements were not involved in particle identifi-
cation. We observed nine events of 32Ne, while the
GANIL people had four events. In addition, for the
particle stable nucleus ®**Na, we had fifteen events, but
they had no events.

For the first time, this experiment produced and
identified the new neutron rich nuclei *'Ne and 3"Mg,
and showed that those nuclei are particle-stable nuclei.

Nk % 'ig, . - ¥Na

IINe 3Ne

. oF

Fig. 1. Two-dimensional A/Z versus Z plot obtained in
the fragmentation reaction of the *°Ti beam at 80 A
MeV on a 435 mg/cm? tantalum target during a 4-day
run with magnetic rigidity Bp=3.6 Tm of the RIPS
spectrometer. The *'Ne isotope (23 counts) and *"Mg
(3 counts) are clearly visible.
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Giant Dipole Resonance in Hot Rotating Nuclei

Y. Aoki, R. Sasaki, T. Ohtsuki, J. Kasagi, K. Yuasa-Nakagawa,
K. Furutaka, Y. Futami, K. Yoshida, T. Nakagawa, and T. Suomijarvi*

NUCLEAR REACTIONS: 4°Ar + 92Mo, 116Sn, '24Sn and »*'Ni at E = 7/MeV /nucleon,

Heavy ion fusion reaction, Giant dipole resonance, y-ray multiplicity.

In order to understand the mechanism of broadning
of the GDR width in hot nuclei, it is very impor-
tant to separate the effect of angular momentum from
that of the temperature. We measured high energy
~-rays emitted from hot compound nuclei formed in
the 49Ar + 9°Mo, '16Sn, ?4Sn and *2*Ni reactions to-
gether with the «y-ray multiplicity which is a measure
of the angular momentum.The experiments were per-
formed at RIKEN Ring Cyclotron Facility. Self sup-
porting metallic foils were bombarded with 4°Ar beams
at £ = 7 MeV/nucleon. High energy «-rays from the
compound nucleus were detected with 2 sets of high
energy vy-ray detectors placed at 90° and 130° with re-
spect to the beam direction. Each detector consisted
of 7 BaF, scintillators; only the centor one was irra-
diated to improve the detector response. ~-ray multi-
plicities were measured with a y-ray multiplicity filter
composed of 62 BaF, scintillators covering 1/3 of 4 .
The TOF method and the pulse shape analysis were
used to reject the events due to neutrons or charged
particles.

Compound nuclei formed in the heavy ion reactions
have high angular momenta. The estimated critical
angular momenta for complete fusion are about 75 &
for 9°Ar + 92Mo, '6Sn and '?4Sn reactions, and 70
B for °Ar + "2'Ni reaction. We analyzed the events
with M, = 5 for a Ni target (M, is the number of
ther fired detectors) which corresponds to 60 % of the
averaged angular momentum, for with M, 2 8 which
corresponds to 70 % for other reactions. By selecting
these high angular momentum events, vy-rays from the
nuclei excited by deep-inelastic collisions which bring
the angular momentum up to 30 % are discriminated
from the fusion events.

Figure 1(a) is the v-ray energy spectra obtained in
the 49Ar + 124Sn reaction for M., > 8; solid circles are
~-rays detected at 90° and open circles are at 130°.
The data at 130° are corrected for the Doppler shifts.
Broad bumps due to the decay of GDR are clearly
seen for E, > 10 MeV and the spectral shapes are
very similar for both angles. In order to see the dif-
ference between these two spectra more clearly, the
ratio of the spectra, W(130°) / W(90°), is plotted in
Fig. 1(b), which shows more or less isotropic except
for 8 < E, < 12 MeV. The spectra measured in the
49Ar + P2'Nj reaction for M, > 5 are shown in Fig. 2

*  Institute de Physique Nucreaire, IN2P3-CNRS
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together with the ratio of their spectra. In contrast to
the case of the “9Ar + !24Sn reaction, the spectrum
observed at 130° shows an enhancement to the one
at 90° at around E., = 20 MeV; this is clearly seen
in Fig. 2(b). These observations can be interpreted as
the effect of deformation and rotation of the compound
nucleus since anisotropy of the GDR decay vy-rays from
deformed rotating nuclei depends strongly on the vy-ray
energy.)) More quantitative analysis is now in progress.
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Fig. 1 (a) v-ray energy spectra obtained in “°Ar + '**Sn
reaction at £ = 7 MeV/nucleon for M, 2 8. Open
circles show the spectrum obtained at 130° and closed
circles the spectrum obtained at 90°. (b) Ratio of the
2 spectra in (a).
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Fig. 2 (a) v-ray energy spectra obtained in 40Ar 4+ PN}
reaction at F = 7 MeV/nucleon for M, = 5. The no-
tations are the same as those in Fig. 1(a). (b) Ratio of
the 2 spectra in (a).
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Entrance Channel Effect on the Pre-scission Time of Binary Decay
for Medium Mass Nuclei (Mass ~ 110)f

K. Yuasa-Nakagawa, T. Nakagawa, K. Furutaka, K. Matsuda,* Y. Futami,
K. Yoshida, J. Kasagi, S. M. Lee, T. Suomijarvi,** W. Q. Shen, and T. Matsuse

multiplicities, Pre-scission time, Entrance channel effect, Average angular momentum.

NUCLEAR REACTIONS: Binary decay fragments, Pre- and post-scission charged particle ]

In the heavy ion reactions at low to intermediate
energies, the dynamics of a binary decay process is
considered to be one of the most interesting topics.
It provides an excellent ground to test nuclear many-
body theories. In such reactions the angular momen-
tum brought into the system has proven to play a vital
role in the characterization of various decay processes
and it also contributes to the interaction time of the
reactions.

We have studied the dependence of interaction time
on the entrance channel mass asymmetries and angular
momenta for a medium mass system using pre-scission
charged particle multiplicities.

The experiment was performed using the large scat-
tering chamber (ASCHRA). The multiplicities of pro-
tons and « particles have been measured in coinci-
dence with a binary decay fragment in the reactions
of 3%Kr + 27Al and *®Ni + °°Fe at the incident ener-
gies of 10.6 and 10.0 MeV /nucleon, respectively. These
two systems lead to similar composite systems with
almost the same excitation energy. Heavy fragments
were detected at 10 degrees by a time-of-flight counter
telescope consisting two channel plate detectors and a
large solid state detector. Light charged particles were
detected with the 37 multi-detector system which is
composed of 120 phoswich detectors that cover the an-
gular range between 10 to 160 deg. in the laboratory
angle. A phoswich detector consists of a thin plastic
scintillator and a thick BaF; crystal. It can identify
not only light charged particles but also neutrons and
y-rays.

The obtained energy spectra of protons and « par-
ticles were fitted by three source analysis and the pre-
and post-scission charged particle multiplicities were
extracted.

To evaluate a pre-scission time of the composite sys-
tem, we made a statistical calculation using two statis-
tical models. In the GEMINI,Y) the pre-scission time
was calculated by introducing the fission delay time. In
the extended Hauser-Feshbach Method (EHFM),? we
have introduced the cut-off of the excitation energy of
two fission fragments. The results obtained by two cal-
culations match one another within 20% discrepancy.

In Fig. 1(a) the obtained pre-scission time is plotted
by closed circles as a function of entrance channel mass

t Condensed from the article in Phys. Lett., B351, 77 (1995)
Mitsubishi Electric, Co.
Institut de Physique Nucléaire, Orsay, France
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asymmetries. The result of 10 + Ag is taken from
Ref. 3. In Fig. 1(b) the pre-scission time is plotted as
a function of the average angular momentum of binary
decay.

As shown in the figures, it is clear that the differ-
ence of the entrance channel makes a great contribu-
tion to the pre-scission time. Dynamics of the entrance
channel should be considered in the calculation of pre-
scission time. We have applied the method proposed
in Ref. 4, i.e., the combination of the code HICOL?
and a statistical calculation. The calculated results
with entrance channel dynamics are shown by open cir-
cles in the figures. The slope in the Fig. 1(b) became
gentler than that of the statistical calculation, how-
ever, the tendency is not changed, i.e., the pre-scission
time increases as the average angular momentum de-
creases. This is comprehensible because the larger an-
gular momentum which leads to the larger centrifugal
force helps the system to make a binary decay.
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Fig. 1. (a) The extracted statistical pre-scission time and
the result of the calculation with entrance channel dy-
namics are plotted as a function of the entrance channel
mass asymmetry. (b) The extracted pre-scission times
are plotted as a function of average angular momentum
for binary decay of the systems. For both figures, the
closed circles show the pre-scission time deduced by the
statistical calculations and the open circles are the re-
sults of the calculation with entrance channel dynamics.
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Temperature and Excitation Energy of Hot Nuclei Produced in
4OAr 4 116Sn Reaction at E/A=30 and 37 MeV /nucleon

K. Furutaka, K. Yoshida, A. Yajima,* Y. Akeboshi,** K. Matsuda,** T. Murakami, J. Kasagi,
T. Nakagawa, K. Yuasa-Nakagawa, Y. Futami, A. Galonsky, and G. Bizard

NUCLEAR REACTIONS: °Ar + 116Sn at E/A = 30, 36.4 MeV /u; measured neutron, proton
and o particle energy spectra and angular distributions; moving source analysis.

Properties of hot nuclei produced in intermediate
energy (10 < E/A < 100 MeV) heavy ion reaction
have attracted much interests in recent years. Among
them, the relation between temperature and excita-
tion energy, i.e. the level density parameter, of the hot
nuclei has been of a great interest. In light charged
particle measurements, a decrease of the level density
parameter a from A/8 to A/13 (A: mass number) was
observed,!2) while experiments in which neutrons were
detected showed that their spectra were well repro-
duced by the statistical model calculations with a =
A/8.37%) To resolve these contradictory results, a se-
ries of experiments were performed in which neutrons,
protons and alpha particles emitted in “°Ar + !'6Sn
reactions at E/A = 30 and 37 MeV were measured in
coincidence with heavy evaporation residues(ER).

Self-supporting foil of ''6Sn (about 1mg/cm?) was
bomberded with 30 and 36.4 MeV /u *° Ar beams. Neu-
trons were detected with 22 liquid scintillation detec-
tors and their energies were measured through the
Time-of-flight (TOF) method. TOF lengths ranged
from 0.8 m to 2.4 m. Detection angles were between 30
and 155 deg. Overall time resolution was about 1.5ns
(FWHM) for prompt gamma rays. Protons and alpha
particles were measured in the separate run with 80
phoswich detectors composed of a BaF;, crystal and a
thin plastic scintillator. Heavy residues were detected
with 4 stacks of a MCP-MCP-Si detector array placed
at 10 deg. with respect to the beam direction. Mass
Agr and velocity Vggr of the residues were deduced.

Events were devided into 4 groups according to Ver
as a measure of energy and momentum transferred to
the hot composit system, and thermal excitation en-
ergies E;;, were deduced for each group. Firstly, slope
parameters (or apparent temperatures) 7; and multi-
plicities M; of the particles were deduced through the
moving source analysis of the spectra, in which two
isotropic emission sources with the Maxwellian shape
were assumed. One source corresponds to the emission
from a pre-equilibrium-like source with ~1/2 beam ve-
locity, while the other describes the equilibrated hot
nuclei which are assumed to be moving with Vgg.
Surface type Maxwellian emission was assumed for all
sources except for the equilibrium neutron source, for
which volume emission was used. Then average ener-
gies of the particles emitted from the equilibrium com-

*  Present address: Toshiba Electric, Co.
**  Present address: Mitsubishi Electric, Co.
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ponent E; ., were calculated from 7. After that, E;ps
were calculated by using the following relation

FEin = Z [Mi,eq(Ei,eq + Ei‘C + B1)] + E’)‘7 (1)

i=n,p,a

instead of a traditional calculation method using Vgr
based on the massive transfer model. E¢ and B; stand
for Couromb energy and binding energy of a particle
i, respectively. E, is the energy removed through the
~-ray emission process.

In Fig. 1 extracted apparent temperatures of the hot
nuclei (the equilibrium sources) were plotted against
the thermal excitation energies deduced from Eqn. (1).
Dotted lines were the results of statistical model calcu-
lations using the code CASCADE®) with level density
parameters from A/8 to A/13. From the figures it can
be said that the excitation energy dependence of the
temperature parameters of the hot nuclei produced in
these reactions is well described by using the level den-
sity parameter a ~ A/8 to A/10 and the parameters
are almost the same for all particles.
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Fig. 1. Apparent temperatures were plotted against
the thermal excitation energies deduced from Eqn. (1).
Dotted lines are the results of the statistical model cal-
culations with a from A/8 to A/13.
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Measurement of the d-p Elastic Scattering at E; = 270 MeV

N. Sakamoto, H. Okamura, T. Uesaka, S. Ishida, H. Otsu, T. Wakasa, Y. Satou,
T. Niizeki, K. Hatanaka, Y. Koike,* and H. Sakai

NUCLEAR REACTIONS 'H(polarized d, d), E = 270 MeV; measured o(6),
Ay(0), Ayy(0), Azz(8), and A, (0); Faddeev calculations.

In this report we present new data of the differential
cross sections for the d-p elastic scattering at E'#® =
270 MeV and a comparison between predictions of a
Faddeev calculation and the experimental data of the
differential cross sections and all components of the
analyzing powers.!)

The differential cross sections have been measured
in the same angular range of the analyzing power
measurement.!) The deuteron beam which was accel-
erated up to 270 MeV by the RIKEN Ring Cyclotron
bombarded the polyethylene film with a thickness of 40
mg/cm?. The data were taken by a kinematical coin-
cidence method in order to discriminate the d-p elastic
scattering from other scattering processes such as the
elastic scattering by carbon or the deuteron break-up
process. The contribution of the 12C(d, dp)'' B knock-
out reaction whose final products are indistinguishable
from those of the d-p elastic scattering has been mea-

sured at an angle 0., = 86.6° by using a carbon
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Fig. 1. The analyzing powers for the d-p elastic scattering
at Eq = 270 MeV. The error bars are statistical ones
only. Dashed and solid curves are the results of Faddeev
calculations with the Argonne v14 NN interaction for i
< 3 and j < 4, respectively.

Department of Physics, Hosei University

target and found to be less than 1%. The total uncer-
tainties in the final cross sections are statistical error
of + 1% and a systematic error of + 6%.

The analyzing powers and the differential cross sec-
tions are compared with predictions of a Faddeev cal-
culation in Fig. 1 and Fig. 2, respectively. The Faddeev
calculation was made by using a separable expansion
method? employing the Argonne vj4 potential. The
solid and dashed curves are the results of the Faddeev
calculations with the Argonne vi4 NN partial wave
interactions of j < 4 and j < 3, respectively. All com-
ponents of the analyzing powers are well reproduced.
Inclusion of the j = 4 higher partial wave only slightly
improves the fitness of the calculated analyzing pow-
ers. In contrast, the fit to the differential cross sections
is poor. The calculated cross sections are 30% smaller
than the experimental values at angles around 6., =
120° where the cross sections have a minimum. Inclu-
sion of the 7 = 4 partial wave does not improve the
fit. This might imply that a tuning of the Argonne v;4
potential is needed although the analyzing powers are
described well.
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Fig. 2. The differential cross sections for the d-p elastic
scattering at E® = 270 MeV. The systematic errors
are not shown in the figure. Solid and dashed curves
are the same as in Fig. 1.
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Elastic Scattering of Polarized Deuterons at E; = 270 MeV

T. Ohnishi, H. Okamura, S. Ishida, H. Otsu, N. Sakamoto, T. Uesaka, T. Wakasa,
Y. Satou, S. Fujita, T. Nonaka, and H. Sakai

[NUCLEAR REACTION !2C, 40Ca, %Zr, and 2°°Pb(d, d); measured o(),A,(6),Ay,(6),Az-(0)]

We have measured the differential cross sections
and the vector and tensor analyzing powers, A, and
Ay, for the elastic scattering of polarized deuterons
at Ej*® = 270 MeV from 2C, “°Ca, ®Zr and >**Pb
targets. We also measured A;, and A,, for the
40Ca, target, because these quantities are useful for
the study of the tensor interaction.!) To measure
Agr and A.,, it is neccesary to control the angle
of quantization axis with respect to the beam di-
rection. In a previous experiment,? only the ten-
sor analyzing power A%, which is a combination of
Agzz, Ayy and Ag,, was measured. We established
a new method of controlling the direction of quan-
tization axis using a Wien filter at RIKEN.?) The
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Fig. 1. Angular distributions of cross section for the
deuteron elastic scattering from '2C, “°Ca, 907r, and
208ph at EJ2® = 270 MeV.
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present data is the first measurement of the complete
set of the analyzing powers at intermediate energies.

The vector and tensor polarized deuteron beams
were provided by the polarized ion source and acceler-
ated up to 270 MeV by the RIKEN Ring Cyclotron.
The scattered deuterons were analyzed by the spec-
trometer, SMART. The energy resolution was 200 keV
(FWHM).

The angular distributions of the differential cross
sections are plotted in ratio to Rutherford cross sec-
tion in Fig. 1. Figures 2, 3, and 4 show the angular
distributions of the analyzing powers, Ay, Ayy, Az
and A,.. The error bars are statistical only. The op-
tical model analysis is in progress.
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Measurement of the 2C(d, d’) Reaction at E; = 270 MeV

Y. Satou, S. Ishida, H. Okamura, N. Sakamoto, H. Otsu, T. Uesaka, T. Wakasa, S. Fujita,
T. Ohnishi, T. Nonaka, H. Sakai, T. Ichihara, T. Niizeki, N. Nishimori, and K. Hatanaka

[NUCLEAR REACTION, deuteron inelastic scattering, E4 = 270 MeV |

The study of spin excitation in nuclei is one of the
most interesting issues in nuclear physics today. In
recent years AS=1 strength has been located in sev-
eral nuclei by measuring spin-flip probability in the
(p,p’) reaction. For AS=1 transitions induced by pro-
ton, however, the isovector (AT=1) part of the N-N
effective interaction mainly contributes to the excita-
tion of the nucleus. Hence very little is known about
the isoscalar (AT=0) AS=1 strength except for some
cases.)) To study the isoscalar spin strength in nu-
clei by using the (ci: J") reaction, we have newly de-
veloped the Deuteron POLarimeter DPOL which can
determine all the vector and tensor polarization com-
ponents of scattered deuterons simultaneously by uti-
lizing '2C(d, d), 'H(d,?He) and 'H(d, d) reactions.?)

The measurement of the *2C(d, d’) reaction was car-
ried out by using a 270 MeV polarized deuteron beam
from the RIKEN Ring Cyclotron. This was the first
polarization transfer measurement making use of the
DPOL. Details of the polarized deuteron beam are de-
scribed elsewhere.?) Inelastically scattered deuterons
were momentum analyzed by a magnetic spectrograph
SMART and their positions were determined by a mul-
tiwire drift chamber (MWDC) located at the second fo-
cal plane (FP-2). Elastically scattered deuterons were
stopped by a 5 cm-thick lead slit placed at the first
focal plane (FP-1). The energy resolution was about
200 keV (FWHM) with a natural carbon target of 87.2
mg/cm? thick. Two plastic trigger counters, which
were placed downstream of the MWDC and accompa-
nied with a 2.5 cm-thick polyethylene plate, were used
as polarization analyzer targets. Scattered particles
from the analyzer targets were detected by the plastic
counter hodscope system DPOL.?

Measurements were performed for excitation ener-
gies ranging from 2 to 25 MeV and for angles between
2° and 8°. This angular range corresponds to the
angular acceptance of SMART. Figure 1 shows the

excitation energy spectra of '2C at 3° and 5°. The un-
natural parity states at 12.7 (11) and 18.3 (27) MeV
are clearly excited as well as the natural parity states
at 4.44 (2%), 7.65 (0") and 9.64 (37) MeV. The known
broad states at 10.3 (0%) and 15.4 (2*) MeV and sev-
eral unknown structures above 20 MeV are also ob-
served. The 17 T = 1 state at 15.1 MeV which is
prominent in the (p,p’) reaction is absent because of
the isoscalar nature of the (d,d’) reaction.

Further analysis to separate the spin and non-spin
transitions by extracting spin-flip probability is now in
progress.
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Fig. 1. Excitation energy spectra of 12C at 3° and 5°
(lab).
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Precise Experiment on i + d Scattering at 12 MeV

N. Nishimori, K. Sagara, T. Fujita, H. Akiyoshi, F. Wakamatsu, K. Maeda, H. Nakamura, and T. Nakashima*

[NUCLEAR REACTION, D(ii,n)D, Polarized-Neutron Beam, E, = 12 MeV, Charge Symmetry Breaking.]

The analyzing power A, (6) of nucleon-deuteron (N-
d) scattering at a low energy region is very sensitive to
the P-state nucleon-nucleon (NN) interaction. There-
fore the A, (8) difference between n-d and p-d scatter-
ing is a suitable observable to study the charge sym-
metry breaking (CSB) in the P-state NN interaction.

To study the CSB, the following four items are nec-
essary. (1) A rigorous 3N calculation for n-d scatter-
ing. Such calculations based on realistic NN potentials
have been extensively made in the Faddeev formalism.
(2) Precise Ay(#) data of p-d scattering. They have
been already measured at E, = 2-18 MeV within an
accuracy of 1%.12) (3) Precise A, (6) data of the fi-d
scattering. Existing fi-d Ay () data have experimental
errors of about 3%. More accurate data are necessary
to investigate CSB. Hence we planned to make an n-d
experiment with an accuracy compatible with that of a
p-d experiment. (4) A rigorous 3N calculation for p-d
scattering. Coulomb force should be treated exactly.
So far such a calculation has been made only below the
deuteron breakup threshold, E, < 3.3 MeV.%

The present 1 + d experiment at 12 MeV was made
at a new E7 course using d-beam from the AVF cy-
clotron. As described in Ref. 4, 12 MeV n-beam was
produced by D(J, i) reaction at 0° using 9 MeV d-
beam. The d-beam polarization (p)) was measured
throughout the experiment using 3He(&, p) reaction.
The 1 A d-beam of p = 0.7 produced about 1 x
10°® neutrons/sec of p¥ = 0.6 on the target. The fi-d
Ay (8) was measured simultaneously at eight angles us-
ing two targets of deuterated scintillators (NE230 and
NE213d) and four-pair (left and right) neutron coun-
ters (NE213).

The preliminary n-d A,(f) data are shown by
squares in Fig. 1, together with our p-d datal) obtained
at Kyushu University Tandem Accelerator Laboratory
(KUTL). Though the present data agree with those
of Triangle University National Laboratory (TUNL),®
the statistical accuracy is twice improved. The accu-
racy of the absolute scale of the present data is about
1%, due to the fact that the p¥ has been precisely
determined by a separate experiment using “He(i, n)
scattering at KUTL.

The differences of A, maxima between fi-d and
p-d scattering are shown in Fig. 2. Our prelimi-
nary data is twice more accurate than TUNL data
at 12 MeV. The data disagree with the approximate
Coulomb calculation® in which only the long-range
part of Coulomb force is taken into account. When

*
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an exact Coulomb calculation is made at 12 MeV, a
definite conclusion will be obtained about the charge
symmetry breaking in NN force, especially in the P-
wave part.
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Fig. 1. A,(6) of N-d scattering at 12 MeV. The squares
are the present preliminary ni-d data. The crosses are
p-d data obtained at KUTL.
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Fig. 2. Energy dependence of Ay (6) difference between
fi-d and p-d scattering at their peaks. The diamonds
are experimental data. The closed circle is the present
preliminary data. The square shows an exact Coulomb
calculation. The dotted line indicates an approximate
Coulomb calculation.
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Spin-Flip and Non-Spin-Flip Isovector Excitation Observed in the
(**C,*N) and (*3*C,!3N) Reactions at E/A = 100-135 MeV

T. Ichihara, T. Niizeki, S. Ishida, Y. Satou, T. Uesaka, H. Okamura, K. Katoh, Y. Fuchi,
S. Kubono, M. H. Tanaka, H. Ohnuma, and M. Ishihara

[charge exchange reaction (**C,3N), (13C,13N), isovector excitation, giant dipole gesonance.]

The charge-exchange reactions of (*2C,12N) at E/A
= 135 MeV and (**C,!3N) at E/A = 100 MeV have
been studied for “Be, 12:13C, 24.25.26\[g 27A] 28Gj
54,56 e, 56.58Nj 9071, 1208n and 2°°Pb with the spec-
trograph SMART.") Cathode-readout drift chambers
(CRDC)? were used to measure the position of the
analyzed particles.

The (*2C,*2N) reactions have a selectivity of AS = 1
and AT = 1, while the (3C,!*N) reactions have a se-
lectivity of AS = 0,1 and AT = 1. Several DWBA
calculations and recent experimental study? indicated
that these reactions are dominantly one-step processes
in the E/A>100 MeV region. It was reported that
the AS = 0 components dominate over the AS = 1
components in the (**C,'®N) reactions at E/A=50
MeV, while the contribution of the two-step process
affects angular distributions to remove the diffracive
pattern.?) The advantage in measuring the (13C,13N)
reaction at E/A=100 MeV is the dominance of the
one-step process, while the disadvantage is the possible
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decreasing ratio of the AS = 0 to AS = 1 compo-
nents. However, the combination of the (*2C,'2N) and
(*3C,13N) reactions in this higher energy domain would
be exploited to isolate the (AS, AT)=(1, 1) and (0, 1)
excitations.

Following Fig. 1 shows the preliminary sample of
Q-value spectra for 2C and 2Si targets. The broad
peak at Qt=22 MeV (Ex=7.5 MeV) observed in the
12C(*2C,'?N)?B reaction is considered to be mainly
AS = 0 giant dipole resonance (GDR) while that in
the 12C (!3C,13N) 2B reaction is AS = 1 spin dipole
resonance. Strong GDR excitation was observed in
the (**C,13N) reaction in the 12 < A < 28 region for
the measured target nuclei. But in the heavier region
of 54 < A, the GDR is not clearly observed.

In the medium heavy nuclei such as *4-°6Fe, 56.58Nj,
%9%r, 12°Sn and 2°®Pb, we also observed the 2hw reso-
nances in the (*3C,!3N) reaction. The nature of these
2hw resonances is under investigation.
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Fig. 1. Sample Q-value spectra for the (*2C,*?N) and (*3C,**N) reactions for '2C and 28Si targets.
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Electromagnetic Moments of 120

K. Matsuta, M. Tanigaki, M. Fukuda, T. Minamisono, Y. Nojiri, M. Mihara, K. Minamisono, T. Fukao,
K. Sato, Y. Matsumoto, T. Ohtsubo, S. Fukuda, S. Momota, K. Yoshida, A. Ozawa, T. Kobayashi,
I. Tanihata, J. R. Alonso,* G. F. Krebs,* and T. J. M. Symons*

NUCLEAR REACTION 160 + Be, E = 130 MeV /nucleon; measured B-ray asymmetry of '*O, nuclear
magnetic resonance; deduced magnetic moment and quadrupole moment of 130 ground state.

Nuclear magnetic moments of mirror nuclei provide
us with information on nuclear structure and non-
nucleonic degrees of freedom in nucleus. The electric
quadrupole moment is a good probe for the proton halo
in proton rich nuclei because it depends on the radial
wave function of the valence proton. As a step towards
the systematic studies on the nuclear structure of the
mirror nuclei and on the proton halo in proton rich
nuclei, we have measured the magnetic moment and
the electric quadrupole moment of *O(I™ = 3/27,
Ty, = 8.6 ms) for the first time, through the com-
bined technique of polarized radioactive nuclear beam
and the B-NMR detection. The 30 is a mirror partner
of 13B, thus the present experiment completes the mir-
ror moment measurements for the pair in the T = 3/2
quartet of A = 13.

130 npuclei were produced through the 130
MeV /nucleon 80 +° Be collision at RIKEN Ring Cy-
clotron, and were separated by RIPS(RIKEN Projec-
tile Fragment Separator). Polarization was obtained
by selecting their emission angles. Thus polarized nu-
clei were then slowed down by an energy degrader and
were implanted in an MgO single-crystal catcher (or
TiO, for Q-moment measurement). The catcher was
placed in a strong magnetic field of Hy ~ 4 kOe (or
8 kOe for Q moment) for maintaining the polariza-
tion and for NMR. H, was monitored by proton NMR
throughout the measurement and was maintained in a
high stability. Beta rays were detected by two sets of
scintillation counter telescopes placed above and be-
low the catcher relative to the polarization axis. NMR
spectra were detected through the B-ray asymmetry
change in these counters.

An NMR spectrum was obtained as shown in Fig.
1. From the spectrum, the magnetic moment of 130
was obtained as |p(**0)| = (1.3891 + 0.0003) un
with a correction for the chemical shift. The sign
should be negative because the Schmidt value and all
predictions are negative. With the known magnetic
moment of the mirror partner *B, spin expectation
value (o) is obtained to be 0.76, using the scalar mo-
ment relation; u(T7z = +3/2) + u(Tz = -3/2) = J
+0.380(c). The (o) value of 130 is consistent with the
systematics from T = 1/2 pairs, making contrast with
the (o) value of °C, which is unusually large (o) =

*  LBL, Berkeley
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1.44.9

A v spectrum was obtained as shown in Fig. 2.
From the vg spectrum, the quadrupole coupling con-
stant was obtained as |eg@Q(*3O in TiOz)/h| = (1900
+ 100) kHz, with the asymmetry parameter n = 0.868
known for 170 in Ti05.2 Combined with the known
leq@Q (7O in TiOy)/h| and the known Q('70O), the pre-
liminary result for the quadrupole moment of 130 was

obtained as [Q(**0)| = (33 = 4) mb.
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Fig. 1. NMR spectrum of 130 in MgO
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Fig. 2. vg spectrum of O in TiOx.
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Measurement of the Magnetic Moments of 1B and »’B Using
Projectile Fragmentation Spin Polarization!

H. Okuno, K. Asahi, H. Ueno, H. Izumi, H. Sato, M. Adachi, T. Nakamura, T. Kubo, N. Inabe,
A. Yoshida, N. Fukunishi, T. Shimoda, H. Miyatake, N. Takahashi, W.-D. Schmidt-Ott, and M. Ishihara

NUCLEAR STRUCTURE, Magnetic moment of the ground state of !B and '°B,

Analysis using OXBASH code.

By making use of spin polarization in the projectile
fragmentation reaction, the magnetic moments of B
and 1°B have been determined by the 3-NMR mea-
surement. The experimental procedure and the pre-
liminary results have been reported previously.!) The
final results were obtained as p(14B) = (1.18540.005)
pn and p(*5B)= (2.659 + 0.015) pn, where px stands
for the nuclear magnetron.

The results for *B were compared with the PS-
DMK calculation® in Fig. 1(a). The calculation de-
pends on the energy difference ¢ between the s, /, and
ds/; single-particle states. The standard value sq
is obtained by reproducing the negative parity states
of 180.2) When ¢ is taken as € = eqq, the calcu-
lation yields a p value which is significantly smaller
than the experimental result, indicating the overes-
timation of the [mps/2, vds/2]°” component. On the
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Fig. 1. Magnetic moments (a) and low-lying energy lev-
els (b) of B calculated with three different values
of the sy, single particle energy €. esa stands for
the value which is normally adopted for the OXBASH
calculations.?) Experimental values are also shown.

t Condensed from an article in Phys. Lett., B354, 41 (1995).

other hand the agreement with experiment is signifi-
cantly improved when ¢ is lowered by about 1 MeV
from the standard value e5q. At the same time, this
lowered e value better reproduces the low-lying energy
levels of 4B, as shown in Fig. 1(b). These observations
suggest that the neutron s/, state shifts downwards
with respect to the ds/, state in 14,

In Fig. 2, we compare the observed magnetic mo-
ments of odd mass B iostopes with several theoretical
predictions. The A dependence of the A-like behav-
ior in Fig. 2 mainly arises from those configurations
in which two neutrons in the sd-shell couple to form
J™ = 2%, The shell model calculations tend to under-
estimate the quenching effect at A = 15. This is more
apparent with the PSDWBP interaction, indicating a
significant underestimate of the neutron 2% configura-
tions.
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Fig. 2. Comparison of experimental and theoretical mag-
netic moments for the odd-mass B isotopes. A filled
square indicates the p value obtained in this work. The
circles represent theoretical values calculated with a

shell model code OXBASH.?
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Electric Quadrupole Moments of Neutron-Rich Nuclei B and *B

H. Izumi, K. Asahi, H. Ueno, H. Okuno, H. Sato, K. Nagata, Y. Hori, M. Adachi,
N. Aoi, A. Yoshida, G. Liu, N. Fukunishi, and M. Ishihara

NUCLEAR REACTION %Nb (180, 415B), E/A = 70 MeV /nucleon; spin-polarized radioactive beams;
measured 5-NMR frequency; deduced quadrupole moments, *B, °B.

Spin-polarized fragments!) 4B and B produced in
intermediate-energy projectile fragmentation reactions
were implanted in a Mg single crystal, and the electric
quadrupole coupling constants for 4B and 5B were
determined by the 3-NMR spectroscopy.?) In this re-
port, we present the results of final analysis and diss-
cussion. In Fig. 1 the NMR spectra obtained for “B
and '°B are presented. In the figure the observed B-ray
up/down ratio is plotted as a function of eqQ/h.

The coupling constants for 4B and '°B in a Mg
single crystal were determined to be |eqQ('*B)/h| =
106.03 4 1.15 kHz and |egQ(*°B)/h| = 135.04 £ 2.05
kHz. Taking the ratios of the respective values to
the 2B result |eqQ(*?B)/h| = 46.933 £+ 0.578 kHz
and using the reported values |Q(*?B)| = 13.21 £ 0.26
mb?) | Q-moments for 1*B and '°B were determined as
|Q(*B)| = 29.84+0.75 mb and |Q(**B)| = 38.01+£1.08
mb.
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Fig. 1. The up/down ratio of 3-ray intensities is plotted
as a function of eqQ/h, observed for (a) B and (b)
5B implanted in a Mg crystal. The curves represent
results of the least-squares fittings of the line shape to
the data.

t Condensed from the article in Phys. Lett., B, to be
published.
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The experimental Q-moment for B is plotted in
Fig. 2 together with those for the other odd-mass B iso-
topes. Shell-model calculations with 0fiw model space,
using effective charges commonly accepted in this mass
region, predict values about 40% larger than the exper-
imental Q(*°B). The large overestimation of Q(*°B)
by the shell model is removed if the neutron effective
charge is taken to be as small as e, = 0.1. [t may
suggest an interesting notion that the core polariza-
tion induced by excess neutrons in neutron-rich nuclei
is much smaller than in stable nuclei.

The Q(**B) sensitively reflects small admixture of
the ds/ neutron configuration and, when combined
with the previously obtained data for the magnetic
moment,?) determines reliably the ground state wave
function of *B.
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Fig. 2. Comparison of the experimental and theoretical
quadrupole moments for the odd-mass B isotopes. Exp:
Experimental data. MK and WBT: Ohw shell model
calculations the effective interactions of PSDMK and
PSDWRBT, respectively, in Ref. 5
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Branching Ratios of the B Beta Decay

H. Ogawa, N. Aoi, K. Asahi, M. Adachi, M. Ito, H. Izumi, H. Ueno, K. Nagata,* A. Yoshida,
H. Okuno, G. Liu, S. Mitsuoka, and M. Ishihara
[RADIOACTIVITY *B(8~); measured 3 spectrum, 3-delayed v spectrum.]

The neutron-rich nucleus 4B, in which the last neu-
tron resides in the sd shell while the valence protons
are in the p shell, provides a usefull testing ground
for models of the effective interaction connecting the
p and sd shells. In fact, Millner and Kurath?) have
applied their first successful model to the 3 decay of
14B. Experimentally, the total rate of the B 3 decay
is known, but its branching ratios have been measured
only for the allowed transitions to the 1~ and 3~ states
of 14C.?) In this report the observation of the unique
first-forbidden 3-decay branch to the '*C ground state
is presented.

Fragments B (J™ = 27, Tj/; = 13.8 ms, Qg =
20.64 MeV) were produced through the fragmentation
of #2Ne projectiles at E/A = 110 MeV /nucleon on a
832 mg/cm?2-thick Be target. The fragments emitted
from the target were isotopically separated by the pro-
jectile fragment separator RIPS, and the beam of !*B
thus purified was stopped in an active stopper made
of a 7 mm-thick plastic scintillator located at the fi-
nal focus. The [ rays were detected with a plastic
scintillation telescope consisting of a 4 mm-thick AFE
counter and a 130 mm-thick E counter. Furthermore
the 0-delayed v rays were detected by a Nal(Tl) scin-
tillation counter which was placed on the other side of
the stopper.

The energy spectrum of 3 rays detected in coinci-
dence with the [ signals from the active stopper is
shown in Fig. 1. The spectrum is dominated by a ma-
jor component of the allowed shape with an endpoint
energy around 14.6 MeV, which in fact is considered as
the sum of contributions from a few allowed branches
to the excited states, as shown in Fig. 2. In the portion
with Eg > 14.6 MeV, however, contribution of another
component with a much higher endpoint energy is ev-
ident. This component proves to be absent in a spec-
trum taken in coincidence with the y-ray detector. The
spectrum in Fig. 1 was fitted with a theoretical func-
tion assuming that the high-endpoint component stems
from the ground state branch. The result yielded the
relative intensity of the high-energy component. As a
matter of fact, however, the high-energy portion should
be contaminated by the signal summing effect between
the B rays from the excited-state branches and their co-
incident 7 rays. After correcting for this effect based
on the Monte Carlo simulation code EGS4,% we tenta-
tively obtain the branching ratio Ry s = 1.440.8% for
the first-forbidden transition to the #C ground state.
We plan to make a final measurement with a reduced

*
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solid angle for the 8 counter, so that the summing ef-
fect becomes negligible.

We also observed in a y-ray spectrum taken in co-
incidence with the 3 events a clear evidence for a new
branch to the 27 state. More extended analysis of the
y-ray spectrum is now in progress.
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Fig. 1. The B-ray energy spectrum from '*B obtained

with a plastic scintillation counter. The inset shows
the high-energy portion in an expanded ordinate scale.
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Fig. 2. The decay scheme of **B and the energy levels
of the daughter nucleus *C. The known 3 branching
ratios of the transitions to the 1~ and 37 states are
taken from Ref. 2.
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Feasibility Test of Delayed Neutron Spectroscopy for
Spin-Polarized Neutron-Rich Nuclei

H. Miyatake, M. Sasaki, H. Ueno, T. Shimoda, N. Aoi,
T. Shirakura, K. Asahi, H. Izumi, H. Ogawa, G. Liu, and A. Yoshida

[RADIOACTIVITY !B(8™), measured (-delayed neutron and J™ of excited states in 15C)

Nuclei near the neutron drip-line decay into vari-
ous highly excited states in daughter nuclei because of
the large Qp-values. Since most of the final states lo-
cate higher than the neutron separation energy, the un-
bound neutron decays immediately after the (-decay.
It, therefore, is possible to identify the individual 3-
transitions by detecting the delayed neutrons. This
method has been widely used as the “delayed particle
spectroscopy”. It is to be noted that more spectro-
scopic information can be deduced, if the parent nu-
cleus is spin-polarized, as described below.

The angular distribution of the S-rays in an allowed
transition from the polarized nucleus is expressed with
the asymmetry parameter (A) and the polarization (P)
of the parent nucleus. The A is described as a func-
tion of spins and parities of both the initial and final
states. Since the AP values for individual transitions
can be experimentally obtained, the J™ for unknown
transitions can be assigned by comparing the AP val-
ues with those for the known transitions.

In order to study the feasibility of this method, we
measured the 3-rays from polarized '°B in coincidence
with the delayed neutrons. The polarized !B was ob-
tained in the same manner as that used by Ueno et
al.l) Fragments of 1°B emitted at angles from 1.5 to 2.5
degrees with respect to the beam axis were separated
and focused by using RIPS. The S-rays from °B were
detected by a pair of 3-ray counter telescopes placed
perpendicular to the reaction plane, and the asymme-
try in (-decay was observed by the 8-NMR method.
The time-of-flight of delayed neutrons was measured
by seven plastic counters (2 = 1.1 sr.) placed 1.5 m
away from the stopper to identify the final states of
the (-transitions.

Polarization of 1B was determined as P= —10.7 &
1.6% from the most intense transition to the 3.103 MeV
state in °C. This transition is assigned by the 1.77
MeV delayed neutron peak as shown in Fig. 1. The A
values for other allowed transitions were then deduced
as listed in Table 1. Since the ground state of !°B
is known as J7 = 3/27, possible asymmetry param-
eters of allowed transitions are —1.0, —0.4 and +0.6,
and the J™ values of final states are thus assigned as
listed in Table 1. These assignments are consistent

64

180 —
3

160 o

140 2
w ol |0
= 120 x
P Lot
o 100 ;
Q
(&

80
60

40 - .
20 - U\N
0 | Aud JEAL L YT S Y A

0 100 200 300 400

TIME (ns)

Fig. 1. A part of neutron time of flight spectra with start
signals of 3-rays detected by the up-counter telescope
during the 3-NMR off-resonance period.

Table 1. Summary of °B decay. The J™ values assigned
and log ft-values in this experiment are consistent with
those in Ref. 2

El2P(MeV) Ex(15CiMev) AP(%) A%) T 15(%)  logft 17 (Ref. 2)
4.82(6) 6.372(20) —25.2(75) 2.5(8) %—‘ 4.1(6) 5.05(7)
4.33(4) 5.866(8) 93.0(81) —8.7(15) [%_] 2.6(4) 5.33(7) %*
3.20(1) 4.657(9) 5.9(26) —0.5(2) % 23.3(34) 4.56(6) %_
2.82(2) 4.220(3) —4.3(47) 0.4(4) —2—7 7.0(10) 5.15(7) %_
1.77(1) 3.103(4)  10.7(16) — 1 17 63.1(90) 4.34(6) -

with the reported values.?)

In the present work, it was successfully shown that
the delayed neutron spectroscopy combined with po-
larized unstable nuclei can be a unique tool to deter-
mine J™ of the highly excited states in nuclei far from
stability, where spectroscopic information is hardly ac-
cessible otherwise. It should be pointed out that this
method can be applied not only to delayed neutrons
but also to delayed charged particles or y-rays.

As the next step of the present work, we will soon
apply this method to 7B in order to study the decay
scheme of "B, on which only little information has
been obtained.®
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States in '°C Using the Transfer Reaction 1°C(d,p)¢C

G. Raimann, M. J. Balbes, R. N. Boyd, J. Feng, M. Fujimaki, K. Kimura, S. Kubono, T. Kobayashi,
A. Korsheninnikov, E. Yu Nikolskii, A. Ozawa, I. Tanihata, J. Vandegriff, and K. Yoshida

[INUCLEAR REACTIONS, radioactive nuclear beam, CD5, D(!5C,p), E/A = 65 MeV.]

The inhomogeneous models of Big Bang nucleosyn-
thesis suggest various branch points in the mass flow
to heavier elements (mass 20 and greater). We have in-
vestigated two such points recently,’?) using 3-delayed
neutron breakup. The mass 15 branch point results
from the competition between °C B-decay and the
15C(n,7)'6C reaction. The D(}°C,p)'®C reaction was
used to study the neutron capture reaction strength.
This transfer reaction is sensitive to levels in 16C, both
above and below the !>C + n threshold. If high enough
proton energy resolution is achieved, spectroscopic fac-
tors can be calculated from the measured angular dis-
tribution of the protons.

In the experiment, a 65 A MeV '°C beam was pro-
duced from a 100 A MeV primary ??Ne beam. Two
thin plastic scintillators (1 mm) at F2 and F3 of the
beam line and TOF were used to identify °C ions.
Each '*C ion was tracked in x and y-direction by two
MWPCs, after which it entered a scattering cham-
ber. There it hit a CDy-target (3 mg/cm?) and sub-
sequently left the chamber through an exit window.
Four silicon detector telescopes were mounted at back-
ward scattering angles to detect protons (these protons
in inverse kinematics correspond to forward-scattered
protons in the center-of-mass).

Each detector telescope consisted of two thin
position-sensitive silicon strip detectors and one thick
(3 mm) silicon detector to stop the protons. The thick-
nesses of the AE-detectors were 250 pm (1 mm pitch)

and 400 pm (5 mm pitch). The 1 mm-pitch detec-
tors were operated with charge division to reduce the
number of readout signals.

The most critical issue was to achieve high enough
energy resolution to identify states in '6C. The resolu-
tion was mostly determined by the beam TOF, the
thickness of the CDs-target, the position resolution
of the MWPCs and the energy resolution of the E-
detectors. The overall uncertainty was estimated to
be between 300 and 400 keV proton energy. Unfortu-
nately, one of the two MWPCs broke during the first
hours of the experiment, and one of the timing scintil-
lators was instead used to obtain position information
along at least one coordinate direction and with less
precision.

An extremely strong background contribution from
particles elastically back-scattered from the exit foil
was observed in all of the detector telescopes. In fact,
due to the proximity of the exit foil to the target and
to the detector assembly, the “background” has been
found to be so strong in the data analysis done to date
that no evidence for the proton events of interest has
been seen. More restrictive data cuts are presently
being tried to isolate the events of interest.
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Measurement of 3-Decay Branching Ratio of 1"Ne into the Ground
and First Excited States of I"F

A. Ozawa, M. Fujimaki, S. Fukuda, S. Ito, T. Kobayashi, G. Kraus,
S. Momota, G. Miinzenberg, T. Suzuki, I. Tanihata, and K. Yoshida

[RADIOACTIVITY '7Ne(G%); measured 3 and $-delayed v and deduced branching ratios.|

Recently, a large radius of 1”"Ne compared to the
ones of ”F and "N has been observed by measur-
ing interaction cross sections at a relativistic energy.!)
This anomalous radius can be explained by the anoma-
lous structure of " Ne, i.e., reversal of s-d orbitals.?) In
this assumption, the configuration of the !"Ne ground
state is abnormally given by (lpl/g)-v(281/2)2" and
that of the "N ground state is normally given by
(1d5/2)2“(1p1/2)_". In order to prove this anomaly it
is crucial to observe asymmetry of ft values given by
the quantity 6 = (ft)T/(ft)™ - 1. Since 6 will be zero
in complete symmetry, deviation from zero will show
the asymmetry in ground states of initial nuclei and/or
in states of final nuclei. In the present case, "Ne and
17N decay to states in "F and 7O, respectively. Since
17F and 17O are doubly closed shell plus one nucleon
nuclei, their ground and first excited states are simple
and well known, i.e., (1dg/s) and (2s;/2) respectively.
Thus, §’s into the ground and first excited states are
crucial for the proof of anomaly in !"Ne. However,
§ into the ground states has not been obtained until
now due to no observation of $-decay branching ratio
of 17Ne into the ground state in !“F. Furthermore, only
one measurement is known for the 8-decay branching
ratio of 17Ne into the first excited state of 17F.?) Thus,
we propose to measure -decay branching ratio of 1”Ne
into the ground and first excited states of their daugh-
ter nuclei.

17F has only one bound excited state. Thus, if we
measure the number of F produced from '"Ne, we
can obtain the sum of branching ratio into the first
and ground states. Since their half-lives are different
so much, it is possible to obtain the sum of branching
ratio by measuring the §-decay time spectrum. Fur-
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thermore, it is also possible to nieasure the branching
ratio into the first excited state by detecting 495 keV ~y-
ray emitted from the first excited state and the number
of 1"Ne. Thus, subtracting the branching ratio into
first excited state from the sum, we can obtain one
into the ground state.

Experimental setup is shown in Fig. 1. A !"Ne beam
of about 30 A MeV was produced by the projectile
fragmentation of a primary beam 2°Ne accelerated by
Ring Cyclotron and separated by the RIPS facility.
Major contaminant was *O with the ratio of 1 by 1.
The beam was stopped in a thin plastic plate tilted by
45° to the beam axis at the front of a plastic counter
telescope and two Ge detectors. The number of im-
planted nuclei was counted by the scintillators located
on beam line. These counters were also used to iden-
tify the passing nuclei by dE and TOF measurements.
A B-ray emitted from stopped '"Ne was detected by a
plastic counter telescope consisted of dE-dE-E coun-
ters. A delayed ~-spectra emitted from the stopped
17Ne was detected by the two Ge detectors. A typical
energy spectrum of the Ge detectors is shown in Fig. 2.
An energy peak of 495 keV, that corresponds to the ~-
ray emitted from the first excited state of 17F, is clearly
visible in the figure. Analysis is now in progress.
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Beta Decay of the Drip Line Nuclei 4Be

N. Aoi, K. Yoneda, H. Miyatake, H. Ogawa, Y. Yamamoto, E. Ideguchi,
T. Kishida, T. Nakamura, M. Notani, H. Sakurai, T. Teranishi,
S. S. Yamamoto, Y. Watanabe, A. Yoshida, and M. Ishihara

[RADIOACTIVITY '*Be(3~), measured 3-delayed neutron, deduced logft, and deduced Ex in 148,

We reported in the reference® on the measurement
of the (-decay of neutron drip line nucleus *Be. In
the energy spectrum of the delayed neutron, we found
a strong peak at the energy of 283(2) keV with the
branching ratio of 63(15)%. This decay is very fast
for the 8~ -decay, suggesting an unusual nuclear struc-
ture of the drip line nuclei. However, in the last ex-
periment, we had an ambiguity in the decay energy
and in the branching ratio mainly due to the difficul-
ties in determining the neutron detection efficiency for
such low energy neutrons. We have carried out an
alternative experiment focusing on the measurement
of the f-decay to low-lying excited states of 1B. We
measured neutrons by a newly developed detector?
for the neutrons of the energy between 100 keV and 1
MeV. We also detected the G-ray total energy and de-
layed v rays in order to determine the relevant 8-decay
schemes clearly.

A '“Be beam was provided by RIKEN Projectile-
fragment Separator (RIPS) using projectile fragmen-
tation of 100 MeV /nucleon '#0O. The “Be ions were
implanted into a 1 mm thick Si detector located at
the final focal plane (F3) of RIPS. The emitted 3 rays
were detected by thin plastic scintillators placed up-
side and downside of the beam stopper. Behind these
detectors, we set thick plastic scintillators in order to
measure the total energy of 3 rays from “Be (Qg of
11Be is 16.2 MeV). The energy of the neutron was mea-
sured by means of the TOF method. The flight path of
the neutron was set to be 50cm. v rays were detected
by Ge detectors.

The obtained neutron TOF spectrum is shown in
Fig. 1. The sharp peak around Ons corresponds to the
prompt <y rays. The huge peak near 70 ns corresponds
to the transition mentioned above. The mean energy of
this peak and its branching ratio are determined tenta-
tively to be 288(6) keV and 73(15)%, respectively. The
decay curve of the events gated by this neutron peak
showed that this neutron peak was originated from the
delayed neutron of *Be. The decay branch was deter-
mined from the maximum energy of the 3 rays which
coincided with the neutrons. The precise decay en-
ergy was obtained from the neutron energy taking the
recoil energy into account. Then, the relevant decay
was found to be the transition to the unknown excited
state of B (Ex = 1.28 MeV) and that the neutron
was emitted via the following process,

14Be £, 14B(1.28MeV) —13 B(g.s.) + n.

Using the branching ratio and decay energy obtained
by this work and the half life measured by Dufour et
al.,®) the logft value is calculated to be 3.73(9) which
is one of the smallest values for 37-decay. From the
small log ft value, this transition was determined to be
a Gamow-Teller transition and the J7 of the final state
is 1*. It is unusual that an abnormal parity state is
located in such a low energy region (J™ of “B(g.s.)
is 27). This state may be described as the excitation
of the neutron sitting at 1py/2 in the ground state of
14B to 2517 in a different major shell. Thus, this ex-
citation energy after being corrected for the residual
interaction between a valence neutron and a proton
Is considered as the energy difference between 1vp, /2
and 2vs, . Assuming that the residual interaction be-
tween a neutron in v2s),; or vlp,;,; and a proton in
mlps/y is the same for '*B and 2B, the energy differ-
ence is calculated to be around 1.5 MeV. This value
is about one half of that of the nuclei near the stabil-
ity line. It is well-known that the energy of the single
particle neutron orbital of v2p, /, decreases as the pro-
ton number decreases in N = 7 nuclei as in the case
of 1'Be.Y) The present work showed for the first time
that the same phenomenon happens in N = 9 nuclei.
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Fig. 1. TOF spectrum of neutron from '*Be. The sharp
peak around 0 ns corresponds to the prompt 7 ray. The
peak around 70 ns corresponds to the neutron with en-
ergy of 288(6) keV.
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Measurement of the Fusion Cross Section of Neutron-Rich
Nuclei 2931A1 + 97Au

Y. Watanabe, T. Fukuda, A. Yoshida, Y. Watanabe, Y. Mizoi, J. Nakano, M. Hirai,
H. Sakurai, H. Kobinata, Y. Pu, K. Kimura, and M. Ishihara

NUCLEAR REACTIONS ¥7Au(?°Al, F), Ecm = 95-165 Mev;
197 Au(3TALF), Ecm = 95-165 MeV; measured fission cross section.

It is established that the fusion cross section of heavy
ions is strongly enhanced in the energy region near and
below the Coulomb barrier as compared to the calcu-
lations based on the one-dimensional barrier penetra-
tion model.V This phenomenon is expected to become
more remarkable in the fusion reaction with neutron-
rich neuclei, because of a possibility that excess neu-
trons favor penetration. In order to investigate this
possibility, the systematic fusion cross section measure-
ments of 27:29:31 A] + 197 Ay were performed, measuring
fusion-fission reactions. The measurements for a stable
nucleus, 27Al + 97Au, and details of the detector per-
formance have been reported elsewhere.?) In this pa-
per, we report the fusion cross section measurements
for two systems, 2231 Al + 197 Au.

The neutron-rich RI beams, 223! Al, were produced
via a fragmentation process of *°Ar primary beam
which impinged on a Be production target with 2.5
mm thickness. The energy and intensity of the pri-
mary beam were 90 MeV /nucleon and 40 pnA. They
were then separated by the projectile fragment sepa-
rator RIPS. Since the secondary beam energy was still
high (~40 MeV /nucleon), it was reduced with an Al
degrader plate with 0.98 mm and 0.85 mm thickness
for 2931 A] beams, respectively. The intensity of 2°Al
and 3! Al beams after the degrader was 5 x 105 cps and
2 % 10° cps, respectively. The energy of 2°Al and 3! Al
beams after the degrader was 180 MeV (ranging from
160 to 232 MeV) and 170 MeV (ranging from 133 to
199 MeV), respectively. Because the energy distribu-
tions of the secondary beams were wide spread, the
time of flight (TOF) between a plastic scintillator and
an MCP detector was measured in order to determine
the energy of the secondary beams one by one. The pu-
rity of the 2231 Al beam was 99% and 94%, respectively.
The other impurities were rejected in the analysis using
the TOF and the RF timing from the cyclotron.

The Al beams impinged on a stack of ten thin Au
targets (~ 380 pug/cm?) which was surrounded by two
pairs of MWPC walls. The compound nucleus pro-
duced through a fusion reaction results in a fission and
two fission fragments are detected by these MWPC'’s.
The energy and spot size of Al beams at every tar-
get were measured with PSD, separately. The fusion-
fission events were identified from a subset of the events
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that hit one MWPC and had a coincident fragment
in the opposite side MWPC. By selecting the energy
loss through MWPC’s and the opening angles of two
fragments, fusion-fission events were clearly separated
from backgrounds due to the elastic scattering.

Making use of the wide energy distributions of
the secondary beams and the energy loss through
the MWPC gases (helium 40 mbar and isobutane 10
mbar), fusion cross sections for the wide energy range
were obtained all at once. Figure 1 shows measured
fusion excitation function for the systems of 272931 Al
+ 197Ay. The fusion cross sections for three systems
were determined by taking into account the efficiency
of MWPC, which was estimated by a simulation calcu-
lation. The X-error bars indicate the size of binning at
the analysis which is determined so that each bin has
a sufficient yield. The Y-error bars include only statis-
tical errors. We have not yet fully estimated the error
in the absolute values, but the relative value of the fu-
sion cross sections between three systems, 272931 Al +
197 Ay, and among each energy is well established.

As shown in Fig. 1, the fusion cross section for
neutron-rich nuclei, 2931 Al, is enhanced below the bar-
rier as compared to that for the stable nucleus, 27 Al
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Fig. 1. A preliminary result of the fusion cross section.
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Scattering of Radioactive Nuclei °He and *H by Proton

A. A. Korsheninnikov, E. Yu. Nikolskii,* T. Kobayashi, A. Ozawa, S. Fukuda, E. A. Kuzmin,*
S. Momota, B. G. Novatskii,* A. A. Ogloblin,* V. Pribora,* I. Tanihata, and K. Yoshida

NUCLEAR REACTIONS, radioactive nuclear beam, p(®He,p), p(°He,p*He),
E/A = 71 MeV, p(3H,p), E/A — 73.5 MeV.

Structure of such exotic extremely neutron rich nu-
clei at the neutron drip line as ''Li, !Be, ®He was
studied by the cross sections’ measurements, fragmen-
tation experiments and by elastic scattering, while
the related nucleus ®He was experimentally studied
much less. We performed an investigation of scattering
SHe+p together with a study of proton scattering by
the radioactive nucleus *H.

We used beams of ®He (71 A MeV) and H (73.5
A MeV) produced by the RIPS and studied collisions
SHe+p and *H+p (targets CH, or C) by the missing
mass method detecting recoil protons both in an inclu-
sive way and in coincidence with other emitted parti-
cles. Protons were measured by two telescopes of solid
state detectors. Particles from a projectile breakup
were measured by a charge fragment detectors (dipole
magnet-+drift chamber+plastic scintillators) and neu-
tron walls.

The measured spectra of protons show the ground
states of ®He and *H and the known excited state of
®He at E* = 1.8 MeV. The obtained angular distri-
butions for elastic scattering *He+p and 3H+p are
presented in Fig. 1 as a ratio to the Rutherford cross
section. It is seen that the experimental points corre-
spond mainly to the nuclear scattering. Cross sections
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Fig. 1. Angular distributions in a ratio to the Rutherford
cross section for the proton scattering by *H, ®He, ®He,
and “He. Curves show optical model calculations.
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do /ddem are shown in Fig. 2. Both figures also show
data for scattering ®He+p, which we measured previ-
ously, and data for *He+p") at the center-of-mass en-
ergies close to that for *He+p. The measured *He-+p
data is compared with the p+°Li data? at almost the
same energy of 72 MeV on the bottom of Fig. 2. Data
for scattering p+°He at 85 MeV®) is compared with
the H+p data on the top of Fig. 2.
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Fig. 2. Cross sections for the proton scattering by °H,
He, “He, ®He, ®He, and ®Li. Curves present the optical
model calculations.

An analysis of these proton scattering data demon-
strates that (1) results for ®He and ®He are very similar
to each other and differ essentially from that for He re-
flecting that ®He and ®He have close matter radii and
contain the density components extended beyond a-
particle; (2) angular distributions for the proton scat-
tering by ®He and °Li are almost identical showing re-
semblance between gross-characteristics of density dis-
tributions in ®He and ®Li; and (3) results for *H and
3He are in an intimate agreement one with another in
consistency with the belonging of these nuclei to the
same isospin doublet.
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Spectroscopy of Halo Nucleus 1Li
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NUCLEAR REACTIONS, radioactive nuclear beam, p(*'Li,p), p(*'Li,p*»%&7Li),
p(M'Li,pn®®7Li), E/A = 75 MeV, p(®He,p), E/A = 66 MeV.

The neutron rich nucleus 'Li presents one of the
most exciting problems in nuclear physics. However,
reflecting experimental difficulties, number of spectro-
scopic studies of 'Li is restricted by two papers only
Refs. 1 and 2. In Ref. 1, a weak peak corresponding to
the 'Li state at E* = 1.2+0.1 MeV was observed. In
Ref. 2 this state was not observed, but three other ex-
cited states were reported: at E* ~2.47, 4.85 and 6.22
MeV. We performed a new study of 'Li by means of
scattering !'Li+p. The key point of the experiment
was a correlational measurement of emitted particles.

We used the 'Li beam produced by the RIPS and
studied collisions ''Li+p (targets CH; or C) by the
missing mass method detecting recoil protons both in
an inclusive way and in coincidence with particles from
the breakup of !'Li. Protons were measured by two
telescopes of solid state detectors. Particles from the
dissociation of 'Li (®7Li and neutrons) were mea-
sured using a charge fragment detection system (dipole
magnet, drift chamber, and hodoscope of scintillators)
and neutron walls. Note that in this experiment we
studied the ®He+p scattering also.

The inclusive spectrum of protons shows a strong
peak corresponding to the !'Li ground state as well
as two weak peculiarities at E* ~ 4.9 and 6.4 MeV,
consistent with the results of Ref. 2. In addition, the
inclusive spectrum of protons demonstrates a peak at
~1.25 MeV in agreement with Ref. 1. This state of
1T, is clearly seen with obvious statistical significance
in Fig. 1, where the solid histogram presents the proton
spectrum detected in coincidence with °Li. The same
state of 1'Lj is also seen in proton spectra from the
processes p(1'Li,p?®7Li) and p(!'Li,pn®®7Li). The
observed width of the state is close to the experimental
resolution.

In Fig. 1, a group on the right side from the 1.25-
MeV peak attracts attention. If this is one more ex-
cited state of ' Li, it is located at a higher energy ~3.0
MeV than the state at ~2.47 MeV reported in Ref. 2,
and we suppose that two peaks at ~1.25 and ~3.0
MeV were not resolved in Ref. 2. One more tentative
group might be distinguished in Fig. 1 at ~4.9 MeV.
At last, note a structure at ~11.3 MeV in Fig. 1. It is
interesting that the corresponding peak is seen in the
spectrum measured in Ref. 2.
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All obtained data about the ''Li states are summa-
rized in Fig. 2.
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Fig. 1. Proton spectra from the processes indicated on
the figure. Curves show physical backgrounds.
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Effects of Neutron Skin and Halo in ®He, ®He, and ''Li

A. A. Korsheninnikov, C. A. Bertulani,* and I. Tanihata

[Neutron halo, neutron skin, few-body model, eikonal calculation, proton elastic scattering.]

One of the most exciting events in nuclear physics of
recent years is a discovery of extended neutron distri-
butions in exotic neutron rich nuclei. Peculiarities of
density shape sometimes are used for classification of
extended neutron distributions into two groups, skins
and halos. During last years experimental studies in
RIKEN formed a bank of data on the proton elastic
scattering by exotic nuclei 1'Li, 8He, and *He. We per-
formed a comparative analysis of these data. It turns
out that proton feels valence neutrons in He and ®He
and does not feel them in ' Li.

Figure 1 shows the data for scattering SHe+p,
6He+p, and 'Li+p at different energies’?) as well as
data for p+°Li,® which were included in our analysis,
because 6Li can be considered as an a-core plus an
extended n+p distribution. We used the eikonal ap-
proach, which has no fitting parameters and provides
connection with densities.

do/dQ, mb/sr

253545 55 65 25 3545 55 65

6pCM, deg ©pCM, deg

Fig. 1. Proton scattering by ®®He, %' Li.

Calculations with the “realistic” densities, which
correspond to the experimental matter radius, R™%t,
of %He or ®!'Li and contain the skin or the halo, are
shown in Fig. 1 by solid curves and are in a good agree-
ment with all data. Calculations with the “non-halo”
densities, which correspond to R™%?, but neglect a dif-
ference between proton and neutron radii, are shown
by dotted curves. For all cases except for !!Li these
curves are close to the solid curves. The dashed curves,
which correspond to the “core-like” densities where the
skin or the halo is neglected and R™? is replaced by
the radius of the core, differ drastically from the exper-
imental data for ®He, 8He and 8Li. Such regularities
are different for scattering ! Li+p: the solid curves are
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more similar to the dashed curves than to the dotted
ones.

Such a distinction of 'Li from ®He and ®He remains
at high energy proton scattering (Fig. 2). Calculations
for 1'Li+p at 800 A MeV show that the solid curve
(the “realistic” density) is close to the dashed curve
(the “core-like” density) and both of them differ from
the dotted curve. In the scattering by ®He and 8He at
angles < 10° the solid curves are close t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>