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I. PREFACE

This issue reports the research activities of the
RIKEN Accelerator Research Facility (RARF) during
the calendar year of 1996. The research programs have
been coordinated in the framework of the project en-
titled by Multidisciplinary Researches on Heavy Ion
Science. The project involves a variety of fields such
as; nuclear physics, atomic physics, nuclear chemistry,
radiation biology, condensed matter physics in terms of
accelerator or radiation, basic studies on energy pro-
duction, basic studies on accelerator cancer therapy,
material characterization, application to space science,
accelerator physics and engineering, laser technology,
and computational technology. The whole project in-
volved 12 laboratories in RIKEN and more than 400
researchers including outside users.

Major research activities of RARF are based on
a heavy-ion accelerator complex consisting of the
K = 540 RIKEN Ring Cyclotron (RRC) and its sub-
ordinate accelerators, i.e., the energy-variable heavy
lon linear accelerator (RILAC) and the K =70 Az-
imuthally Variable Field (AVF) cyclotron, which has
altogether delivered a beam time (on the target) of
more than 8000 hours through the year. Besides, the
RARF carries out two international collaboration pro-
grams based on oversea accelerator facilities; one is
the muon science collaboration with the Rutherford-
Appleton Laboratory (RAL) and another is the spin
physics program in collaboration with the Brookhaven
National Laboratory (BNL).

The year of 1996 should be marked as the 10th
anniversary since the completion of RRC. A memo-
rial symposium was performed in November-96 and
a booklet summarizing the 10-years’ achievement was
issued. Taking this opportunity a brief summery is
given below of the characteristic features and impor-
tant achievement in our research programs spanned for
the 10 years followed by the perspectives for the future.

The three accelerators currently available provide
heavy ion beams in a broad range of elements with en-
ergies covering from a few A MeV to 1354 MeV. They
have been used in different configurations. Studies on
nuclear physics primarily utilized the RRC to exploit
the high-energy beams, while studies on other domains
often utilized the RILAC and AVF in their stand-alone
mode of operation. Nuclear physics composes nearly
half of the whole activities, while the other disciplines
combined compose another half.

In the domain of nuclear physics the primary empha-
sis has been placed on the studies of unstable nuclei by
exploiting powerful capabilities of radioactive beams.
Uniquely, three different types of radioactive beams,
namely; projectile-fragment (PF) radioactive beam:;

spin-polarized radioactive beam; and high-spin isomer
beam, have been developed to facilitate broad types
of experiments. Major subjects pursued are: 1) ex-
otic nuclear structure and new dynamics of extremely
neutron-rich nuclei (such as with neutron halo or skin),
2) nuclear astrophysics involving unstable-nucleus re-
actions, 3) synthesis of new unstable isotopes far from
the valley of stability, 4) extensive measurement of nu-
clear moments, and 5) challenge to high spin physics
by means of isomer beams. A variety of experimen-
tal methods have been cultivated, and many new find-
ings have been revealed. These studies constitute an
important portion of the frontier of radioactive-beam
experiments, which is a world-widely emerging field in
the contemporary nuclear physics.

Studies on nuclear physics have been also performed
utilizing the primary beams, where the RRC’s char-
acteristic beam energies around 1004 MeV was most
appreciated to pursue spectroscopy with direct reac-
tions. In particular, a polarized ion source of deutrons
has been developed, and spin-isospin responses of dif-
ferent modes were studied by means of (d,2He) and
(d,d(0%)) reactions. Similarly, heavy-ion exchange re-
actions have been proved to be a useful means for in-
vestigation of spin-isospin response.

The RARF has offered a rich capability for atomic
physics research with beams of an extremely wide
range of highly charged ions as provided by the combi-
nation of the ECR ion source, RILAC, and RRC. Spec-
troscopy of multiply-excited atomic states and study
on collision dynamics of highly charged ions have been
extensively pursued in various aspects. As for recent
developments, a high precision recoil-ion momentum
spectroscopy has been developed to open up a new
possibility of final-substate-resolved differential analy-
sis of high-energy reactions. An extensive program of
beam-foil spectroscopy for highly-charged heavy ions is
in progress. Irradiation effect of energetic heavy ions
on materials is another subject of current interest, and
physics of columnar defects is studied in relation to
pinning phenomena of high-T. superconductors.

The research of nuclear chemistry and condensed-
matter physics has involved two main domains: One
is the microscopic analysis or characterization of con-
densed matter using accelerated beams and radioac-
tive sources, and another is the application of radio
isotopes as a tracer. In the first category, the con-
densed matter study by means of channeling effect has
been a unique program consistently pursued. Studies
of Moessbauer spectroscopy and of perturbed angular
correlations have also been promoted with a current
emphasis on in-beam Moessbauer methods with %7Fe



and ®"Mn sources. In the latter category, a remark-
able development has been accomplished on a novel
methodology of multi-tracer. The method utilizes a
useful feature of high-energy reactions which allows
easy production of mixed sources of different radioac-
tive elements to trace the circulation of a variety of
elements in the same time. Application of the multi-
tracer method is now developing over the broad fields
of bio-inorganic chemistry, dietetics, toxicology, phar-
macology, environmental issues, and medical fields in
general.

Irradiation effects of high-energy heavy-ion beams
are studied in several aspects. The most important has
been the research on radiation biology. Effects of high
LET are studied for biological samples. Basic studies
for the heavy-ion-beam cancer therapy were conducted
in collaboration with National Institute of Radiological
Science to offer basis for practical medical operation.
As a remarkable recent finding, a striking mutagenic
effect has been observed on the embryo of a tabacco
plant shot by heavy ions. This presents a new pos-
sibility in the mutation research featuring an efficient
and well-controlled method in terms of heavy-ion ir-
radiation. Another important research concerns the
space technology. High-energy heavy ions from RRC
served as a good simulator of cosmic rays in space. In
particular, studies of radiation effect on electronic de-
vices are made in collaboration with National Space
Development Agency of Japan.

Naturally, the whole research activities and the qual-
ities of outcomes have strongly depended on capabili-
ties of the accelerator facilities. Continuous efforts of
upgrading the capabilities have been pursued. Most
recently, a set of a 18 GHz ECR ion source and a
frequency-variable RFQ linac has been completed and
replaced the upstream end of RILAC system, which
drastically improved beam intensities of the accelera-
tor. Besides, beam of *®Ca has been initiated and ac-
celeration of other rare isotopes including uranium is in
preparation. Also, emittance of the PI' beam has been
improved significantly by installing a super-conducting
solenoid along the beam line.

The accelerators at the RARF focus on heavy ions
by emphasizing the aspect of intermediate-energy and

intense beams. Beyond this capability the RARF tries
to coordinate international research programs for uti-
lizing oversea facilities. Two such programs are on-
going. The muon science program at RAL is based on
the muon beam facility constructed at the site of the
proton synchrotron (ISIS). The operation has started
since 1995 to carry out versatile research programs us-
ing powerful pulsed muon beams. Problems of the
muon-catalyzed fusion have been studied among oth-
ers. Another international project is on relativistic-
energy spin physics which is to be carried out at BNL
by facilitating spin-polarized proton beams at RHIC.
The program aims at investigation of quark-gluon spin
structure functions and related properties of nucleons.
The project was initiated in 1995 and construction of
apparatuses is in progress.

To conclude shortly, we believe, the RARF has been
successful in promoting productive activities over a va-
riety of research fields, which have contributed consid-
erably to open up and advance new frontiers of heavy-
ion science. In particular we are proud of our con-
tribution to the development of the science to use ra-
dioactive ion beams (RIB). With this belief we have
proposed a new project so called RIKEN Radioactive
Ion Beam Factory. which will promote global develop-
ment of the next generation RIB science. After two
years of R & D research. construction of a supercon-
ducting cyclotron system with K-number around 1600
has been approved this year to start in FY 1997. The
new accelerator system will serve as an energy booster
for the existing RRC to achieve sufficiently high energy
beams of heavier elements, and thereby to produce PF
radioactive beams over an extended range of unsta-
ble nuclei. The RARF has been determined further to
strengthen the international collaboration programs.
In this context, installation of a new RIKEN research
branch called RIKEN BNL Research Center has been
approved to start in FY 1997 to intensively promote
the program on spin physics and RHIC physics. With
the approval of these new projects we can foresee en-
hanced development of our activities and thus an en-
larged contribution to the world enterprise of heavy
ion science in coming years.

M. Ishihara

Director
RIKEN Accelerator Research Facility
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RRC and AVF Cyclotron Operations

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

It has passed 10 years since the first beam of 21
MeV /u °Ar was extracted from the RIKEN Ring Cy-
clotron (RRC) successfully. Figure 1 shows the statis-
tics of the RRC operation during these 10 years. A
total of the operation time is gradually increasing after
the RIKEN Accelerator Research Facility (RARF) was
fully completed in 1990 and recently reaching to 6500
hrs in a year, which is a practical upper limit if holidays

and maintenance times are taken into account.

All the beams accelerated in these ten years are
listed in Table 1, together with their acceleration con-
ditions and beam intensities. There appear more than
90 kinds of combinations of ion and energy. Their
masses as well as their energies cover almost fully the
available regions with the two injectors, AVF cyclotron
and RILAC.

Table 1. RRC Beams (1987-1996).

ION q Energy RF Injector Intensity
(MeV/u) (MHz) (pnA)

p 1 150~210 34-39 AVF 1000
H, 1 70~135 2533 AVF 1000

d 1 70~134 25-33 AVF 300
pol. d 1 134 33 AVF 280

o 2 100/135 29733 AVF 50
) 2 15 24 RILAC 190
5 70 25 AVF 200

X 5 42 35 RILAC 40
6 70~135 25-33 AVF 500

Bc 6 42 35 RILAC 10
6 70~100 25-29 AVF 160

14N 46 21-42 25-35 RILAC 100
7 70~135 25-33 AVF 230

SN ) 11-42 20-35 RILAC 20
7 70-115 25-31 AVF 30

160 8 80~135 26-33 AVF 300
RXoe) 7 42 35 RILAC 70
8 70~100 25-29 AVF 380

20 Ne 9 37 33 RILAC 17
10 135 33 AVF 70

2 Ne 8 21 28 RILAC 5
9/10 70~110 25-30 AVF 150

24 Mg 12 100 29 AVF 50
27 Al 13 100 29 AVF 5
T B 1a 135 3 AVF 6
36 Ar 5 75 19 RILAC 1000
40 Ar 5 75 19 RILAC 500
11-15 940 19~34 RILAC 140~13

16/17 8095 26/28 AVF 1030

40 Ca 14 26 28 RILAC 0.7
4% Ca 18 70 25 AVF 4
48 Ti 7 76 19 RILAC 18
50 T 20 80 26 AVF 8
36 Fe 24 90 28 AVF 2
8 Ni 9 10 20 RILAC 30
95 28 AVF 4

9 Co 24 80 26 AVF 4
4 Zn 20 21 25 RILAC 0.5
55 Cu 8/18 717 1825 RILAC 3/0.5
8 Kr 13~ 15 11~36 20~33 RILAC 6-0.8
130 Te 22 1.5 19 RILAC s
179 Xe 2 75 19 RILAC 5
132 Xe 21 7 18 RILAC 3
136 Xe 21~31 7.5~26 19-28 RILAC 2-10
140 Ce 22 7 18 RILAC 2
166 Er 32 16 2 RILAC 2
170 Er 24 7 18 RILAC 1.5
181 Ta 37 21 25 RILAC 0.1

*  Sumijyu Accelerator Service, Ltd.
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Fig. 1. Statistics of RRC operation from 1987 to 1996.

In 1996, a total of the beam service time was 5000
hrs. Most of the beam time (85%) was devoted to
nuclear physics experiments and the rest (15%) to ex-
periments in the other fields, such as medical science,
radio-chemistry, health physics, material science, bi-
ology, and atomic physics. The number of users for
biologic researches is increasing in recent years.

The AVF-RRC operation was performed for 150
days (80%) and the RILAC-RRC operation for 38.5
days (20%). The stand-alone use of the AVF cyclotron
was limited in this year, partly because the RILAC had
been shutdown since July 1996 due to the installation
of its new pre-injector. A total of the AVF stand alone
amounted 500 hrs, being half of that in 1995.

As shown in Fig. 1, a total of the unscheduled shut-
downs, which occurred frequently for a few years just
after the competition, minimized in 1992, and after
that increased a little bit and in recent years reached
a constant around 300 hrs. There were a variety of
reasons for them until 1992, including serious vacuumn
leaks of cooling water into a vacuum chamber of RRC.
On the other hand, in these four years, most of the
troubles have been concentrating on parts of the AVF
cyclotron (i.e. deflector, magnetic channel, and rf cav-
ity).

In June of this year, a serious vacuum leak oc-
curred inside a plasma chamber of the 10 GHz ECR ion
source. It was found that the coolant inside a cooling
jacket of the sextupole magnet leaked into the cham-
ber through a small hole on the surface of the jacket,
which had been produced probably due to some kind
of spark. In a course of its repair, some sets of the
sextupole magnet bars, which had been composed of
many small magnet-blocks (SmCo), were partly bro-

ken into pieces. After a temporary repair, due to the

imperfection of the sextupole magnet, the obtainable
beam intensity decreased down to half of the full per-
formance in case of heavy ions. The sextupole magnet
was replaced with a new one in December 1996.

In May, a beam of 48Ca was successfully produced
with the 10 GHz ECR ion source. The same method
was used as that for 5°Ti tried in 1995 in order to
save the quantity of enriched material. A beam of 70
MeV/u “8Ca was accelerated with the intensity of 4
pnA for ten days. As a result, new isotopes of 38Mg,
40A1, and 4'Al were found using the RIPS under the
international collaboration with JINR (Dubna).

After the installation of a new pre-injector system
of RILAC (an 18 GHz ECR ion source and a variable
frequency RFQ linac), a beam test, in the RILAC-
RRC operation, began in December 1996. A beam of
7.6 MeV /u ¢ Ar has been already upgraded as for the
intensity on target up to 1 puA, reaching the present
official limit. It is the first-step improvement of the
accelerators in aim of the new project, the RI beam
factory.

In this winter, a new focusing element (a supercon-
ducting solenoid, 6.8 Tm) will be installed in just front
of a production target of RIPS in place of the beam
swinger. With the new device, a beam size on the tar-
get will be expected to be as small as 0.4 mm in a
diameter, being 25% of the present value. In advance
of its installation, in the last summer, a table of the
swinger system, which consists of two sets of dipole
magnets, was replaced with a movable one on three
floor rails. When the new solenoid is used, the swinger
system will move away from the beam line of the RIPS,
and give the space to the solenoid. The switch between
the new solenoid and the beam swinger will be easily
done.
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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 a steady operation, and has sup-
plied various kinds of ion beams for the experiments.
Table 1 gives the statistics of operation from January
through July 5, 1996. Table 2 summarizes the num-
ber of days allotted to individual research groups. The
percentage of the beam time used by RIKEN Ring Cy-
clotron (RRC) was about 34% of the total; the ions of
B2+ LAN3+ 40 5+ 48TiT+ SENiSt S4K11+ anq
136Xe!5* from RILAC were injected to RRC. Table 3
gives the statistics of ions used in this year. Total 19
kinds of ion beams were used for the experiments and
beam acceleration tests. The percentage of the beam
time to use metallic ions amounted to about 38% of
the total. Among them, a 13Rh%* beam at the ac-
celeration frequency of 35 MHz is new.

Table 1. Statistics of the RILAC operation from Jan. 1
through July 5, 1996.

Days %o
Beam time 105 56.1
Frequency change 7 3.7
Overhaul and improvement 7 3.7
Periodic inspection and repair 13 7.0
Machine trouble 0 0.0
Scheduled shut down 55 294

Total 187 100

Table 2. Beam time allocated for individual research
groups.

Days %o
Atomic physics 37 35.2
Nuclear physics 14 13.3
Nuclear chemistry 4 3.8
Radiation chemistry 12 11.4
Accelerator research 2 1.9
Beam transportation to RRC 36 343

Total 105 100

*  Sumijyu Accelerator Service, Ltd.

Table 3. List of ions used in this year.

lon  Mass  Charge state Days
He 4 1,2 10
B 11 1.2,3 22
C 12 4 8
N 14 3 2
Ne 20 3 3
Ar 40 5,6,8 21
Ti 48 7 4
Fe 56 11 6
Ni 58 8 2
Kr 84 11,13 8
Y 89 14 2
Rh 103 16 4
Xe 136 15 13

We had following machine troubles: (1) In the res-
onator No. 6, the thin copper sheets (each had 10 cm
wide, 7 cm long, and 0.3 mm thick) used for electric
contact were melted due to the too-high rf currents
with parasitic oscillation. This trouble rarely occurred
at the acceleration frequency of 32 MHz or above and
at the acceleration voltage of 200 kV or above. (2) A
sliding transformer was worn out in the filament power
supply dedicated for the final vacuum tube (No. 1); re-
placed by a new one. (3) A high voltage power supply
for the final vacuum tubes had troubles; overhauled in
this summer. (4) The computer system controlling RI-
LAC had troubles; the CPU card, memory cards, and
the DC power supplies were replaced by spare parts.

For the 8 GHz ECR ion source we have tested to
produce metallic ions employing so-called MIVOC-
method (metal ions from volatile compounds).!) We
obtained the unstable beam currents of 500 enA for
Ni®* and 350 enA for Ru'®* from volatile compounds
such as Ni(CsHs)2 and Ru(CsHs),. Also, we obtained
7 epA of the Fet beam by use of the Fe(CsHs),
volatile compound.

The RILAC operation was temporarily discontin-
ued by July 5, and an installation work of a new
pre-injector system consisting of a variable frequency
RFQ linac and a 18 GHz ECR ion source for the
RIKEN RI beam factory project started in July 8.
The existing beam transport line between the 450 kV
Cockeroft-Walton injector (equipped with 8 GHz ECR
ion source) and the rf resonator No. 1 was modified,
and the new pre-injector was installed in parallel to
the existing injector. Figure 1 shows the layout of the
new pre-injector system for RILAC together with the
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Fig. 1.
transport line from the existing injector.

beam transport line from the existing injector. The
details of the new pre-injector system are reported in
this issue.?) The beam acceleration tests used the ex-
isting injector which started in the middle of October.
The beam service for user will be reopened in the mid-
dle of January 1997. A beam acceleration test with the
new pre-injector system was started in this November
for the gaseous ions.

Layout of the new pre-injector system for RILAC together with the beam
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The Tandem Operation

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

The tandem accelerator was operated for 96 days ex-
cept for the machine inspection, beam test, and so on
during the period from Nov. 1, 1995 to Oct. 31, 1996.
The construction of beam lines for the PIXE, RBS, and
channeling experiments was completed. Here, PIXE
and RBS stand for Particle-Induced X-ray Emission
and Rutherford Backscattering Spectroscopy, respec-
tively.

Experimental studies on the following subjects are
made in progress.

(1) Rutherford Backscattering Spectroscopy (RBS)

(a) Behavior of Xe atoms implanted into iron (Muon
Science Lab).

(b) RBS analysis of the polystyrene surfaces mod-
ified by ion implantation (Surface Characterization
Center).

(c) Characterization of the oxide films grown on
SrTiO3 (Surface Chemistry Lab).

(d) RBS study of multilayer films, welded steel, and
oxides (Linear Accelerator 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 the biomedical and ma-
terial 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).

(c¢) Development of an in-air high-resolution PIXE
system for chemical state analysis (Inorganic Chemical
Physics Lab).

(d) Channeling analysis of dopants in II-VI com-
pound semiconductors (Muon Science Lab).
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Distribution of the Gamow-Teller Strength in 'Li

T. Suzuki and T. Otsuka

[Neutron halo, GT 3 decay]

The distribution of the Gamow-Teller (GT) strength
in 1L is investigated. We study: 1) where we can find
GT strengths of the transitions ' Li (3/2, .~ ) — ''Be
(1/27,3/27,5/27) and 2) quenching effects due to the
A-h contribution. Connection with GT sum rule and
effects of the halo structure of ' Li on the strength are
discussed. The shell gap between p-shell and sd-shell
is found to modify the structure of the distribution of
strengths.

We, first, give the result of reinvestigation of the
structure of two-neutron halo in 1'Li?) obtained from
the recent two new measurements at RIKEN? and
ISOLDE,® which indicates more retardation of the
transition 'Li — 'Be (1/27, 0.32 MeV) than before:
log ft = 5.67 & 0.04% and 5.73 & 0.03,%) respectively.
We change the probability of vp,; /22 configuration, P
(p1/22), by lowering the single-particle energy of 1s, /o
orbit and study the variation of the calculated log ft
values. We find that P (p1/22) for the two recent mea-
surements is around 50% (45% ~ 55%).

The GT sum rule® suggests S, — Sgr+ =
3(N—-Z)=15, where Sﬁ;t =Y¢| < flots]i > |2
Within the p-shell, Sz- =15 and S+ =0. When
the two p;/7 neutrons are excited into the 1s,/; shell
with probability 1—a, then S;- =15 a +49/3 (1 — «)
and Sp+ =4/3 (1 — a). The sum rule remains valid.
The halo reduces the overlaps: (7p|vp; /) = 0.85 and
< mlsyjg|vlsyjo > = 0.625. When these halo effects
are taken into account, S,- (halo) = 13.705 a+12.677
(1-a) and Sy+ (halo) = 0.963 (1 — a). For a = 50%,
Ss- (halo) = 13.191 and S+ (halo) = 0.482. The sum
rule is not satisfied any more in the p-sd shell model
space. For neutron-rich nuclei, we can expect to ob-
serve in experiment mostly the Sg--

We show in Fig. 1 calculated results of the GT
strength S,- for "'Li (3/245. ) — "'Be (1/27, 3/2",
5/27) obtained in the p-sd shell model configuration
space with Millener-Kurath interaction [PSDMK2%)].
Here, the single-particle energy of 1s, /, orbit is lowered
to increase the probability of the admixture of p®(sd)?
configurations to P (p1/2?) = 55%. The Sz~ summed
up to the IAS state in 'Be is 10.58 (11.41) for the
case with (without) the A3z contributions. Quenching
of the strength by 0.83 due to the coupling to the A-h
configuration is seen. The effect of the halo is to re-
duce the summed strength by 0.81. The strengths from
Op — Op and sd — sd contributions are mixed, result-
ing in the remaining of the strengths at higher energy.
Without the change of single-particle energies of the
sd-shell, the structure of the strength is much simpler
and there is little mixing between the two contribu-
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Fig. 1. (a) Calculated GT strength Sgz- for ''Li
(3/2¢5.7) — ''Be (1/27, 3/27, 5/27) as a functions
of the excitation energy (Ex) of "Be. The sum of
the strength within Ex =N —-0.5~N+0.5 MeV (N
= integer) is plotted. Black (White) histograms are
obtained with (without) the Ass contributions. Here,
the single-particle energy of 1s;/5-shell is lowered to in-
crease the probability of the admixture of p°(sd)? con-
figurations: P (p”) = 55% (b) Effects of the halo on
Sg-. The black histograms obtained with the halo is
same as in Fig. 1a. The white ones are obtained with-
out the halo effects. (c¢) Same as in Fig. 1a for separate
contributions from Op — Op, and 1s — 1s and 0d — 0d
transitions.

tions. There is little contribution from the sd — sd
transitions below E; = Ejas. The narrowing of the
shell-gap between the p- and sd-shells, thus, leads to a
spreading of the GT distribution.

In summary, we conclude that about 2/3 of the sum
rule value can be observed below E, = Ejas. There is
a preliminary report®?3) describing that a substantial
GT strength was found around E, = 18.5 MeV.
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Stochastic Variational Method with Non-Central Potentials

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

[Few-body systems, Stochastic variational method, Realistic potentials]

In a recent paper!) we have shown that the stochas-
tic variational method (SVM) with correlated Gaus-
sian basis provides an accurate solution for various few-
body systems. Applications of the SVM were, how-
ever, limited to central interactions so far. The real
challenge in nuclear few-body problems is the solution
with a realistic nucleon-nucleon interaction including
spin-orbit, tensor, etc. The application of SVM for re-
alistic interactions is, therefore, a stringent test of the
usefulness of the method.

We applied SVM calculations to the *H and “He
nuclei with the interactions V6 (1, ¢ -0, 7-7,0-07-T,
S,St-7)and V8 (1, 0-0,7-7,0-07-7, S, ST T,
L-S, L-St-7). For the triton, we used all partial wave
channels with (I,02)L, (I} +13 <4),and L =0,1,2.
For the alpha particle, all partial waves ((I1,12)l12,13)L
satisfying ll + 12 + l3 S 4, |l1 — 12| Z 112 S ll + 12,
and L = 0, 1,2 have been tried. There are 3 spin and 2
isospin channels for the triton, and 6 spin and 2 isospin
channels for the alpha particle.

Basis setup for the SVM can be briefly described as
follows: Let us assume that the dimension of the basis
is K — 1.

(1) Generate N random candidates to find the Kth
basis function.

(1a) Pick up a spin, isospin, and partial wave channel
randomly.

(1b) Select the nonlinear parameters randomly from
a “physically” important interval.

(2) Calculate the ground state energy on the K basis
states.

(3) Select the basis state which gave the lowest en-
ergy among the randomly generated trial functions,
and add it to the basis.

(4) Increase the dimension to K + 1.

Table 1 shows the results for triton and alpha with
the Reid V8 potential.?) We obtain the energy of tri-
ton(alpha) within 100(400) basis. Results given by
Green Function Monte Carlo (GFMC) and that by
Faddeev Method (FY) are compared. The low dimen-

*

Graduate School of Science and Technology, Niigata
University
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Table 1. Energies (in MeV) and radii (in fm) of the triton
and alpha by different methods with Reid V8 potential.
The probability Py, is given in %.

SVM GFMC® FY?®

(T) 52.2 54.0(0.20)  52.2
RVS triton (V)  —59.8  —62.0(0.20) —59.8
(Vis) 1.0
(r2)z 1.75 1.68(0.07)  1.76
Ps 90.3
Pp 0.1
Pp 9.7
E —~7.59  —7.54(0.10) —7.59
(T)  111.7  109.2(0.20)
RVS® alpha (V) —138.3 —137.5(0.20)
(VL3> 2.1 2.45(0.23)
(Veour) 0.71(0.02)
(r?)3 1.51 1.53(0.02)
Ps 84.1
Pp 0.4
Po 15.5 15.5(0.20)
E  —24.49 —24.55(0.13)

sion of the bases required to solve the A = 3-4 prob-
lems confirms that it is possible to treat heavier nuclei
with realistic forces by the SVM.

In summary, we have presented a stochastic varia-
tional solution for the triton and alpha particles with
realistic nuclear forces. The fact that the results are
in good agreement with those of the best calculations
in the literature encourages the applications of the
method to the other cases. such as A =6 and 7 nu-
clei.
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Occupation Probability of Harmonic-Oscillator Quanta for
Microscopic Cluster-Model Wave Functions

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

[Microscopic cluster model]

The microscopic cluster model (MCM) is a many-
nucleon theory which provides a unified picture
of bound-state properties of nuclei and nuclear
reactions.!) Though the MCM is capable of describ-
ing a variety of structures, its application has been
limited mostly to two- or three-cluster systems. The
stochastic variational method,? on the other hand, en-
abled one to treat systems containing more than three
clusters, thereby giving a detailed description of light
nuclei including halo nuclei.?)

The utility, understanding, and appreciation of
MCM would considerably increase, if its wave function
and model space are easily related to the other nuclear
models and calculations. The MCM has a relationship
with the widely used nuclear shell model. However,
it is hard to analyse a general MCM wave function in
terms of shell-model configurations. We show that it is
easy to calculate the fraction of various HO excitations
contained in the MCM wave function. The present pa-
per introduces a useful and efficient way to compare
MCM wave functions with shell model wave functions,
and opens a possibility of comparing different MCM
wave functions as well.

The occupation probability P; of a definite num-
ber of total HO quanta @ for the A-nucleon system
is obtained by calculating the expectation value of the
operator O given by

1 27

0=
27'(0

A .
40 exp(# (3 P [Hioli) - 5] - Q).
i=1
Here, Huo (%) is the 3-dimensional HO Hamiltonian di-
vided by Aiw = gr-rf;'y and P; projects out either protons
or neutrons. It is set by the unit operator when one cal-
culates the number of total quanta occupied by both
protons and neutrons. Calculational method of the
expectation value of the operator O can be found in
Ref. 4.

Table 1 lists the Pg values in percentage for nu-
cleon. The wave functions used were obtained in our
recent MCM calculations using the Minnesota poten-
tial. +, one input-parameter of HO, is set to be 0.17
fm~? (hw = 14.4 MeV); which is a standard value used
in a shell-model calculation for p-shell nuclei. The Pg
values are given as a function of Qeyxe = Q — Qumin,
where Qpnin is the minimum number of HO quanta for

*

Graduate School of Science and Technology, Niigata
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the lowest Pauli-allowed configuration. The lowest Ohw
component is around 50-60% for most cases. Admix-
tures of the higher components than Qex. = 4 are sig-
nificant in the ground states of 6Li and °Be, and also in
the ground state of ®*He corresponding to its extended
halo structure. The probability distribution spreads
out to a very large number of HO quanta in 8Be and
the 0F state of '2C, well-known cluster states. It is
noted that no component is dominant in the 07 state
of 12C. Of course, it would be possible to maximize
the probability with lower @ by choosing an appropri-
ate value of v. However, the probability distribution
would then spread to higher HO quanta in the ground
state of 12C.

Table 1. Occupation probability of the number of
harmonic-oscillator quanta for microscopic multiclus-
ter-model wave functions. The probabilities are given
in %. Asterisk indicates the probability of less than 1%.

. Qexc
Nuclei 5 5 7l 5 8 10 < Qexc >
SHe(0T) 60 14 12 5 3 2 2.2
SLi(1™) 62 16 10 5 3 2 1.9
"Li(3/27) 63 20 9 4 2 9« 1.4
8Li(2%) 61 18 11 4 2 1 1.7
8Be(07) 36 18 12 7 5 4 7.6
°Li(3/27) 66 17 11 4 2« 1.3
“Be(3/27) 54 21 12 5 3 2 2.1
2¢(0f) 54 30 11 3 % 1.4
2¢(07) x 11 12 12 10 8 16.1

We have presented a new and simple method of cal-
culating the occupation probability of the number of
harmonic-oscillator quanta. The analysis is found to be
useful for comparing various wave functions by quanti-
fying the amount of excitations across the major shell.
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Reaction Cross Sections and Radii
of A=17 and A = 20 Isobars

H. Kitagawa, N. Tajima, and H. Sagawa

[Glauber model, Hartree-Fock]

Measurements of the reaction cross sections of A =
17 isobars (}"Ne, !"F, 17N, 17B) at LBL (incident en-
ergy at around 700 MeV /nucleon) revealed an anomaly
in '"Ne and "B;Y the measured cross sections of the
two nuclei on carbon targets are substantially larger
than those of the other isobars. As far as the separa-
tion energies are concerned, !"Ne is similar to ''Li. It
might be interesting to study whether !”Ne has charac-
teristic features of “proton halo” in the reaction cross
sections since the small separation energy is responsi-
ble to induce the halo phenomena together with the
low centrifugal barrier. Recently, the reaction cross
sections of A = 20 isobars are reported showing a large
enhancement of the reaction cross sections of Mg and
20Ne.?) These data provide the information of deforma-
tion and “skin” in A = 20 isobars. It is interesting how
the deformation and skin are predicted by Hartree-
Fock (HF) calculations and how it compares with the
empirical information.

Data of mirror nuclei provide an opportunity to dis-
cuss the isospin symmetry which plays an important
role in nuclear physics. It is interesting to see whether
the isospin symmetry is preserved or violated in the
reaction cross sections of mirror nuclei, because of the
small separation energies and Coulomb interaction.

We use the Glauber model taking into account the
effects of Coulomb interaction and Pauli blocking. We
study the reactions of 1"Ne, !"F, 170, and "N nuclei
with three targets “Be, '2C, and 27Al. For A = 20
isobars, the reaction cross sections of 9 isobars which
are stable for HF calculations are calculated on carbon
target. '

We calculate the densities of A = 17 and 20 isobars
using spherical and deformed HF approximation with
Skyrme interactions. In the spherical calculations for
17B, 17C, 17N, and "Ne, we take into account the ef-
fect of small separation energies on radii by adjusting
the central part of the potential in order to reproduce
the empirical separation energies. The deformed HF
calculations are performed on a Cartesian mesh which
can describe low-density tails correctly.

Although the calculated cross sections are somewhat
overshooting the experimental ones of A = 17 nuclei,
the isospin dependence is obtained in a reasonable way
by the calculations with 1ds/, valence configuration in
the cases of Be and Al targets. On the other hand,
the experimental data show a substantial increase of
the cross sections of 1’Ne on C targets in comparison
with those of !”F and “N. This tendency is consistent
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with the calculated results which include the proton
halo effect of 2s,/, configuration. These comparisons
suggest that the evidence of proton halo in 1”Ne is still
not conclusive.

We performed the deformed HF calculations of A =
17 nuclei and found large prolate deformations in ”C,
17B, and "Na around § = 0.3, while the deformation
of ’N and !"Ne are somewhat smaller than the former
ones. The effect of deformation on the reaction cross
sections is only a few percent at most and much smaller
than the halo effect.

The densities of A = 20 isobars were also calcu-
lated by the spherical and deformed HF models and
compared with experimental data. The calculated de-
formations of A = 20 isobars are larger than those of
A = 17 isobars. We found that the calculated results
in Fig. 1 show a similar irregular pattern of the empir-
ical mass radii as a function of the z-component of the
isospin, T, while the missing correlations in the HF
approximation might further enhance this irregularity.

Fig. 1. The rms mass radii of A = 20 isobars. The
dashed and solid lines are by the spherical and de-
formed HF calculations with SGII force, respectively;
while the dotted lines correspond to the deformed HF
results with SIII interaction. The experimental values
are taken from Ref. 2.
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New SU(3) Symmetry in Superdeformation, Hyperdeformation,
and Highly-Deformed Shape

K. Sugawara-Tanabe and A. Arima

[SU(3) symmetry, Superdeformation, Hyperdeformation]

We have previously shown that the L — S coupling
scheme is restored around the superdeformation, in-
stead of the j — j coupling scheme, because of the large
quadrupole field.!) Thus, we can extend our discussion
using an axi-symmetrically deformed harmonic oscil-
lator Hamiltonian without the residual Is and 12 in-
teractions. For the case of superdeformation (sd), we

construct new boson operators d and dl asa biproduct

T

of the harmonic oscillator bosons, ¢; and ¢;. Because
of the degeneracy of the vacuum of d. we have two
kinds of bosons:

1 1
d= ——— s, d=—oc.c,. (1)

\V2+ QCICZ Va+ 2c1-cz

We obtain the new set of group operators. C:? and /. In
contrast to Elliott’s case?) where £2hw, excitations are
excluded, our group operators exclude 4-2kw,q excita-
tions. Now we extend our formalism to the many-body
problem. Let us put n4.44; particles into the superde-
formed oscillator shell from 0 to Nsg(= 2n, +n,), and
we assume that n particles out of ny,.4; are in the final
Nq shell. The eigenstate of the n;.;q; particle system
is denoted by |¥ >>. The particles which occupy the
shells up to Nsq — 1 do not contribute to the expecta-
tion value of << ¥|Qo|¥ >> nor of << W|L,|¥ >>.
Thus. only the n particles in the outer-most shell, Nyq.
contribute to these expectation values. In the represen-
tation of (A, u) developed by Elliott. the expectation
value of the many-body Casimir operator becomes

<< UICIU >>=2N + Au+ 2 +3N+ ). (2)

Similar to the case of sd, we can construct new boson
operators which form SU(3) group at hyperdeforma-
tion (hd). where parity is not mixed in the N, as
Nsp = 3ny +n,. In this case we obtain three kinds
of solutions which satisfy the boson commutation re-
lation, [g,gT] = 1. Here, the SU(3) is not doublet but
triplet. We can obtain 8 generators for hd in the same
way as obtained for sd, i.e., we replace df and d by gT
and g, respectively. The Casimir operator is similarly
obtained by replacing g by 7, = ng. For the case of
superdeformation at A ~ 130 or for highly-deformed
shape, where w, / w, is given by 3/2, different parity
levels are mixed in the N (= 3n, +2n,), correspond-
ing to odd n,. We introduce two kinds of bosons, i.e.,
d bosons for 1-axis and g boson for z-axis. Bosons for
r —y plane, d and dl are defined in the same equation

as in (1), but with CL and cy. The other bosons for

z-axis are defined by g and gT. Now, the SU(3) here is
double in ny and triple in ngy. The sixfold degeneracy
is for Ngp = 6m, 6m + 2, 6m+ 3, 6m + 4. 6m + 5, and
6m + 7. The 8 generators for 3/2 deformation is given

by the same equation as given for sd. but d and d are

T

replaced by g]L and g. and ¢y and c4 are replaced by
dl and d+.
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Origin of AI =2 Staggering in Superdeformed States

K. Tanabe and K. Sugawara-Tanabe

[Cn/m symmetry, AI=2 staggering, Superdeformation]

Recent observations of the Al = 2 staggerings in
several superdeformed bands have shed a light on the
internal nuclear structure. We propose a dynamical
mechanism, in which the staggering originates from
the symmetry of the intrinsic wave function which de-
scribes nucleons moving in the field induced by the
precession of the angular frequency vector &(t) around
the 1-axis in the body-fixed frame (B). The vector d(t)
is decomposed into a component with the constant ro-
tational frequency wy pointing in the direction of the
rotation axis 1, and a component A&(t) which corre-
sponds to the precessional motion caused by the small
asymmetry. An important remark is that Ad(t) oscil-
lates with the precessional angular frequency w;, which
is related to wq by

wo Tp

:—:A

qu T0

(mod 1). (1)

Thus, especially when these two periods are commen-
surable so that the ratio is expressed as A = m/n (< 1)
in terms of two irreducible positive integers m and n,
the nuclear system comes back to its original position
and direction after the time-duration nr,.

We start from the generic microscopic Hamiltonian
H defined in the laboratory frame (L). We assume a ro-
tational motion with the rotational frequency of W(t).
Next, we transform the laboratory frame to the body-
fixed frame (B) by employing unitary operators. Then,
the corresponding Schrodinger equation at the frame
(B) becomes,

14

—_

i%hll(t) >p=[Hp — oLy — AT () >5 . (2)

An important remark here is that Eq. (2) has the peri-
odicity of 7, and is invariant under the transformation
of T = ea:p(iyrp%) (v: integer). Manifestly invari-
ant solution describing the doubly periodic system can
be constructed by summing up a finite series of inter-
fering terms with different hysteresies. Now, we iden-
tify the state |¥(0) >, with [[Ma >, and [¥(0) >p
with [IMa >p, where a corresponds to I3 = K for
the case of axially symmetric deformation (uniform ro-
tation). Hence, the stationary wave function of the
Crn/n-type, \IJTA/IZ(Q, ), is constructed from this peri-
odic solution, which reduces to the axially symmetric
solution in the limit AdJ(t) — 0. Expectation value of
the asymmetric part of the rotor Hamiltonian with re-
spect to \If}f\ja(q, Q) reproduces the experimental data
quite well. Similar numerical analysis was performed
also for the Cj/3-type symmetry, and the result pre-
dicts the AI = 6 trifurcation as a new possibility.
From the relationship of Eq. (1), we can show that
there exists a domain of allowance for the stability of
the state of C,,/,-type against the change of the ra-
tio wo/w, in such a way that [6(wo/wpy)| < 1/n®. The
E2 transition rate calculated from the wave function
of Eq. (2) yields the B(E2) value which deviates from
the ordinary result for the axially symmetric rotor only
in the second order of energy shift.
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Role of the x¢ Factor of Skyrme Force in the Interaction
Radius of Extremely Neutron-Rich Nucleus

H. Sato

[Nuclear interaction radii]

We study the isotone dependence of the interaction
cross sections and interaction radii of the p shell nu-
clei at neutron magic numbers N=6 and N =8 scat-
tering off on a carbon target. We have used the
Glauber model including terms up to the second or-
der of nucleon-nucleon profile function which was eval-
uated with the nuclear density distributions given by
the density dependent Hartree Fock type variational
calculation with shell corrections.!) First, we study an
interaction radius dependence on the force parameters
to, t1, ta, t3, X0, and Wy of Skyrme (SK) forces. And
we find that an increase of the xg factor can reproduce
the experimental trend of the isotone dependence on
the interaction radius. Also we find that, if a parabolic
type of isotonic dependence on the interaction radii
(Ri = aZ? + bZ + ¢) is assumed, the coefficients of

the parabolic curve obtained are a smooth linear func-
tion of the xg factor employed in each force param-
eter set. Then, by readjusting the force parameters
so as to reproduce the single neutron energy of the
1py /o state of *'Li (0.15 MeV), we obtained the values
of —1128.75 MeVfm?®, 330 MeVfm®, —120 MeVfm?®,
16400 MeVfm®, 0.618, and 125 MeVfm®, respectively
for the tg, t), to, t3, X9, and Wq of the SKIII force.?)
With this parameter set, we calculate the interaction
cross sections, and summarize them in Table 1 with
those by SKIII force. We find that the second or-
der Glauber model calculation of the interaction cross
section can reproduce the experimental feature of the
isotone dependent interaction cross sections, and can
reproduce about a half of the difference between theo-
retical and experimental values observed in the original

Table 1. The interaction cross sections for scattering of the p shell nuclei of N=6 and 8
on a carbon target at 0.79 GeV /nucleon calculated with the SKIII and modified SKIII

forces.
Nucleus i (SKIII) mb i (Modified SKIII) mb Oexp
2nd order 1st order 2nd order mb
8He 793 914 825 81746
°Li 781 857 790 796 + 6
10Be 796 866 801 825+ 10
Hrj 926 1088 978 1056 + 14
12Be 899 993 916 927 + 18
3B 903 985 914 883 + 14
Glauber model calculation of 11i. We also find that References

the first order Glauber model calculation now gives a
larger interaction cross section of !!Li than the experi-
mental one due to loosely bound neutrons in the 1p; /;
state.

1) H. Sato and Y. Okuhara: Phys. Rev. C 34, 2171 (1986).
2) M. Beiner, H. Flocard, N. Van Giai, and P. Quentin:
Nucl. Phys. A 238, 29 (1975).
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A Modified Second Order Glauber Model Calculation of the
Interaction Cross Sections of Extremely Neutron Rich Nuclei

H. Sato

[Nuclear interaction radii]

Some extremely neutron-rich nuclei, like 'Li, have
a halo type neutron distribution due to the existence
of extremely loosely bound neutrons.?)  To study the
effect of extremely loosely bound neutrons in the inter-
action cross section, we re-investigate the second order
Glauber model calculation.

The optical phase-shift function is given by the eval-
uation of the powers of the nucleon-nucleon (NN) pro-
file function I'.2) While the loosely bound neutrons do
not affect the optical phase-shift function due to the
first order NN profile function, they may cause an over-
estimation in the second order Glauber model calcula-
tion through the second order NN profile function:

A B A B A B
2 Z Z Faar‘@b + Z Z Faarab + Z Z Faar,@a-

B>ab>a a b>a B>a a

Here, 'y, are the NN profile functions between nu-

cleons « and a, respectively, in the projectile and tar-
get. For example, in the second term of the above
expression, the nucleons in the projectile are assumed
to bear double collisions with nucleons in the target.
However, extremely loosely bound nucleons may be
easily kicked out from the projectile by the first colli-
sion against the target nucleons. Therefore, the contri-
bution from the loosely bound nucleon should be taken
out from the sum of the second term in the above ex-
pression. With such a modification of the second order
Glauber model we evaluate the interaction cross sec-
tions for the scattering of °He and ''Li on a carbon
target at 0.79 GeV/nucleon, and compare the results
with ordinary second order Glauber model calculations
in Table 1. Here we have employed the Skyrme (SK) III
and modified SKIII?) forces. We find that the modified
second order Glauber model calculation reproduces the
experimental interaction cross sections of He and ' Li

Table 1. The interaction cross sections for the nucleus-carbon scattering at 0.79 GeV /nucleon
calculated with the second and modified second order Glauber model.

Nucleus Separation oint (SKIII) mb oint (Modified SKIIT) mb Oexp
energy (MeV) 2nd Modified 2nd  2nd Modified 2nd mb
®He 0.97 (2n) 675 731 683 742 722+6
MLi 0.247 (2n) 926 972 978 1046 1056 + 14

very nicely, particularly with the modified SKIII force.
From these analyses, we can conclude that, as far as the
interaction cross sections are concerned, the ground
states of ®He and 'Li can be expressed by a Slater de-
terminant of a simple configuration of the 1s; 2, 1p3/2,
and 1py /; states (no 2s1d shell).
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Electric Dipole Transitions in Neutron Capture and
Coulomb Dissociation Processes

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

[Neutron capture, Coulomb break-up, Neutron-rich nuclei, Neutron halo]

Electric dipole (E1) radiation emitted (or absorbed)
by light neutron-rich nuclei carries important informa-
tion on the structure of the nuclear states involved in
the gamma decay transition. For example, a neutron
capture process in which E1 radiation is emitted in the
transition from a given state W, describing the inci-
dent neutron in the continuum, to a bound state ®, is
essentially determined by the matrix elements

(E1)

b—c

=< \I/C‘TEIIIIII, >

If a reliable description of the two-body continuum is
available.’) the matrix elements Qgi’j{) may be used
to track down the structure of the bound state &.
The matrix elements Q,()]ilc) may be obtained from the
neutron capture, (n,v), as well as Coulomb dissocia-
tion experiments. In the latter case, the E1 strength
distribution following the dissociation of neutron-rich
radioactive nuclei can be measured and the result be
used to derive information on exotic structures such as
halo and skin states of nuclei far from the beta stability
line.

We have recently developed a technique in which the
B(FE1) strength distribution of a Coulomb break-up
experiment can be used to derive the structure of halo
states.?) In fact, the strength distribution is related to
the E1 matrix elements by

dB(E1) k2, 2J.4+1 |Q(E1)‘2
= é .
dE, m2hv 20y +1 "Fh—e

Here E, is the excitation energy (defined as the sum
of the neutron-residual nucleus relative energy plus the
neutron binding energy), k is the wave number of the
neutron relative motion in the continuum (and v its
velocity), é the E1 effective charge, J, the total an-
gular momentum of the bound state, and .J. the spin
of the residual nucleus in the continuum. Under suit-
able assumptions concerning the description of the rel-
ative motion of the neutron in the continuum, it can
be shown that the radial part of the bound state wave
function is related to the radial part of the E1 matrix
elements, Zg; (k), by the Fourier-Bessel integral:

Zor (k) = 2i\/ﬂ/uo(r)r2jl(k7')dr.
0

Here, the subscripts 0 and 1 refer to the [ = 0 and 1
components of the neutron-core relative motion. By a
suitable inversion of the last equation it is possible to
obtain the radial component of loosely bound s-orbits
(halo states).

An example of the reconstruction of the radial part
of a halo-state wave function (for the !'Be ground
state) is shown in the Fig. 1. The B(E1) strength
distribution used to derive ug(r) is what was mea-
sured in RIKEN.?®) Further developments and results
obtainable by the use of this technique can be expected
because new data from planned Coulomb dissociation
experiments will be available in the near future.

""Be ground-—-state radial wave function
2s,, Orbit (S_=0.505 MeV)
0.4

0.2 A

0.0

—-0.4 +

single particle

a—= from Coul_dies kwers!

—0.6 -

-0.8 L
0.0 6.0 10.0 16.0 20.0 256.0 30.0

r [tm]

Fig. 1. Reconstruction of the radial wave function of the
ground-state of **Be. The single particle wave function
calculated from a Woods-Saxon potential is also shown
for comparison.
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Quantum Monte Carlo Diagonalization Method
for Nuclear Many Body Problem

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

[Monte Carlo method, Nuclear structure]

The nuclear shell model has been successful in the
description of various aspects of nuclear structure,
partly because the model is based on a minimum num-
ber of natural assumptions. Although the direct di-
agonalization of the Hamiltonian matrix in the full
valence-nucleon Hilbert space is desired, the dimen-
sion of such a space is too large in many cases, thereby
preventing us from performing the full calculations.

Recently, active developments have been made in the
stochastic approaches to overcome this difficulty. For
an instance, the Shell Model Monte Carlo (SMMC)?)
method has been developed by the Caitech group,
which was successful in clarifying the zero temperature
and thermal properties of the ground state for huge
systems. However, its application also suffers from
the so-called minus-sign problem. Furthermore, the
structure of excited states can be seen only through
the response functions. For spectroscopic investiga-
tions of the nuclear structure physics, it is a crucial
step to remove or relax such restrictions. Thus we pro-
posed a new stochastic approach for solving the nuclear
shell model, whose formulation is shown in Ref. 2. By
this method, we can study the spectroscopic proper-
ties based on the nuclear shell model. The feasibility
of this method was well-tested by comparing the exact
sd or pf shell calculations with realistic forces.?) As this
method is based on the Quantum Monte Carlo method
and Diagonalization method, we refer it as the Quan-
tum Monte Carlo Diagonalization (QMCD) method.?

Here, we report a recent application of this method
on %4Ge, which is considered to show the y-soft nature.
If we take the pfshell as its model space, its shell model
dimension is over two billion. In Fig. 1, calculated
low-lying spectra by the QMCD method are compared
with experiinental data. It is remarkable that the cal-
culated levels show a rather good agreement with ex-
perimental ones without any adjustment. The v-soft
nature is evident also in the calculation. The calcu-
lated ratio of the excitation energies of 2§ to 21+ is 1.9
and that of 4 to 2] is 2.6. Experimentally, these ra-
tios are 1.75 and 2.27, respectively. The relative mag-
nitudes of B(E2) values are shown in Fig. 1. With
ep = 1.33¢ and e, = 0.64e, B(E2;2{ — 0f) =5 x 10

18

2 |
o) 4%
S 2f A
& @4 ot
5 |
[83]
=
- 2*
g i
£ |
»
m
oL 0¥ 0*
Exp. QMCD

Fig. 1. Experimental and calculated energy levels of 61Ge.
The arrows designate E2 transitions with B(E2) values
indicated by their widths.

(e*fm?) is obtained, which corresponds to 3, ~ 0.28.
The B(E2) values of the 4 — 2{ and 2§ — 2f
transitions are about 1.3 times larger than that of
B(E2;27 — 07), suggesting v-softness. We obtain
B(E2:25 — 07)/B(E2:2f — 27) ~ 2x1073, which
is quite small similarly to the experimental value, sug-
gesting v ~ 30° in triaxial deformation models. Cal-
culated quadrupole moments appear to be small (typ-
ically, | Q | < 10 efm?), consistently with y-softness.
Thus, the present QMCD method can radically widen
the scope of the shell model calculation.
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Spreading of Gamow-Teller Resonance in °°Nb and ?°®Bi

N. Dinh Dang, A. Arima, T. Suzuki, and S. Yamaji

[Gamow-Teller resonance, 2p2h configuration mixing]

The giant Gamow-Teller resonance (GTR) was pre-
dicted in 1963V to explain the hindrance of allowed
unfavored 3 decays. It was experimentally observed
first in 1975 in the °°Zr(p, n) reaction.?) A measure of
the total observed transition strength for the GTR is
provided by the model-independent Ikeda sum rule,")
which should be nearly exhausted by the transition
strength summed over all GT states in the daughter
(Z +1,N — 1) nucleus. However, during the last 20
years experimental systematics over a wide range of
the periodic table found only around 60% of this sum
rule value. The A(1232) isobar-hole admixtures in the
nuclear wave function® were first proposed as a mecha-
nism for the GTR quenching. Theoretical studies have
shown that this effect seems to be small.*®) The 2p2h-
configuration mixing must be taken into account. If
this mechanism plays an important role, the missing
GT strength should be spread over the physical back-
ground below and beyond the GTR.%7) Several mod-
els, including Ref. 8, have been proposed to calculate
the spreading of GTR due to a mixing with 2p2h con-
figurations. Even though all of them recover the Ikeda
sum rule in the energy interval below 50 ~ 60 MeV,
the amount of strength in the GTR region as well as
the shape of the strength function varies noticeably
depending on models. Recently, high-resolution mea-
surements of GTR in the 2Pb(3 He, t)2°®Bi reaction®
and in the °°Zr(p, n)°°Nb reaction'®) were carried out
in RCNP (Osaka). In particular, the authors of Ref.
10 were able to extract, for the first time, the L = 0
cross section in the continuum, resulting in a long
tail of GTR extending up to around 60 MeV, which
seems to recover the missing part of the GTR strength.
These new experimental results®!?) have motivated
the present work.

We propose an approach to the damping of GTR,
where the GTR is generated by proton particle - neu-
tron hole phonons (p, — h, phonons) within the renor-
malized random phase approximation (RPA). The
renormalization is due to the ground-state correla-
tions beyond RPA. The second-order configuration
mixing beyond RPA was realized by constructing two-
phonon configurations, in which one of two intermedi-
ate phonon states was a pr — h, phonon. The numer-
ical calculations were performed in the parent nuclei
90Zr and 2°®Pb making use of the nucleon-nucleon ef-
fective M3Y interaction!® and of the single-particle
wave functions obtained in the standard harmonic os-
cillator potential. The single-particle energies around
the Fermi surface were substituted with the empiri-
cal values or those given by a Woods-Saxon potential.

Results obtained have provided a reasonable account
for recent experimental findings of the spreading and
quenching of GTR in these nuclei (Fig. 1). An exten-
sion of the present approach to highly-excited (hot)
nuclei was also performed. We found that the GTR is
stable against increasing temperature up to ~ 6 MeV.
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Fig. 1. Strength function of GTR in °Nb. Energies are
measured with respect to the ground state of *°Zr. The
experimental distribution from Ref. 10 is shown by the
histogram. Impulses show the RPA results. Dotted and
solid curves refer to the results of Ref. 8 and our results,
respectively.
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Two-Dimensional GCM Calculation of TAR States

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

[Tilted rotation, Generator coordinate method, Signature splitting]

We have been carrying out a systematic calculation
based on a self-consistent three-dimensional cranked
HFB method in A ~ 180 region and have found
a solution which represents a Tilted Axis Rotating
(TAR) state using an appropriately chosen set of
force parameters.*?) This fact means that the intrinsic
states become more stable through mixing of the odd
angular momentum members in the wave functions.

Taking notice of this feature we tried to explain the
experimental fact that the energies of odd angular mo-
mentum members are very low; these states were con-
sidered to be the same members of the yrast band. A
three-band mixing analysis with g-band. f-band and
s-band gives, however, a different interpretation for an
observed signature splitting and also for the yrast band
structure. That is, the yrast is mainly composed of the
s-band, and the signature splitting ¢-band (odd and
even) locates just above the yrast.?)

Previously, we tried to describe the signature split-
ting in terms of the Generator Coordinate Method
(GCM), in which the north-latitude along the prime
meridian is employed as a generator coordinate. The
method is quite general and an interesting approach in
describing the excited band as well as the yrast band
where the quantum tunneling between two wells lo-
cated symmetrically with respect to an equator is ex-
pected.

Since the one-dimensional GCM calculation could
not give any stable plateau against the increase of num-
ber of states in the s-band, we extended the calcula-
tion into the two-dimensional(2D) space. We took 837
points of grid in the plane for the numerical integra-
tion. In the one-dimensional(1D) case only 31 points
were considered. The norm kernel is first diagonalized.
In this step we found the existence of negative solutions
whose absolute values are not negligibly small. We will
discuss the characteristic feature of these solutions in a
separate report. The discretized hamiltonian matrices
are diagonalized by utilizing only the positive eigenval-
ues of the norm kernel to obtain energy eigenvalues.

The energy eigenvalues of the five lowest states for
J = 16k (s-band) are depicted in Fig. 1 as a function
of the number of states employed. We found a sta-
ble plateau in the result in contrast with the previous
(1D) case. The employed number of states in the cal-
culation are, however, restricted only to less than 200
solutions for the diagonalization of the norm kernel.
Many solutions which give very small eigen values in
the diagonalization of the norm kernel are left behind
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Fig. 1. The energy spectra for J = 16h in g-band as a
function of the number of states employed in diagonal-
ization. The energy is the absolute value.

in the calculation.

Moreover, we could not obtain the stable plateau
for J = 14h and J = 18h states. The reason may be
attributed to the fact that we lost many informations
about high-frequency part of the wave functions which
are contained in the states with small eigen values of
the norm kernel. These informations can mostly be
taken into account through angular momentum projec-
tion of Hartree-Fock-Bogoliubov states.®) Calculation
along this line is in progress.

In the meanwhile, we are again to make the calcu-
lation for the 1D GCM with more carefully adjusted
force parameters and with much finer mesh points,
since the rate of occurrence for the zero eigen value
solutions in the diagonalization of the norm kernel are
relatively small compared to the 2D case. Angular mo-
mentum projection will play less important roles in 1D

GCM.
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Variation of Transport Coefficients for Average Fission Dynamics
with Temperature and Shape

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

[Thermal fission, Linear response theory]

We study a slow collective motion at finite thermal
excitations on the basis of linear response theory ap-
plied to the locally harmonic approximation.) The re-
sponse functions have been calculated within a realistic
two-center shell model. Effects of collisions have been
accounted for by using self-energies having both real
and imaginary parts. The latter is allowed to depend
not only on temperature but on frequency as well; in
this way memory effects of the collision term can be
simulated. Locally collective motion is treated self-
consistently, in the sense that the structure of the as-
sociated response resembles the one known from the
RPA motion. The corresponding friction +, inertia
M, and the local stiffness C' are computed along a
fission path of 224Th within a quasi-static picture. For
a damped oscillator the quantity n = ~/2 \/M[C'T indi-
cates whether the motion is underdamped (n < 1) or
overdamped (n > 1). Therefore, it is a good measure
for the effective degree of damping. Furthermore, it is
exactly this quantity, if calculated at the saddle point,
which according to Kramers’ famous formula

Ry = (\/ 1+mns— 773) Rpw (1)

determines the deviation of the fission decay rate Ry
from the Rpw of the Bohr-Wheeler formula. The 7
has been calculated as a function of T before,? but
only for the case of quadrupole vibrations around the
spherical minimum of lead. In the light of Eq. (1) it
may suffice first to study it around the barrier. Indeed,
this formula applies if, from the full dynamics across
the barrier, it is only the motion around the stationary
points which matters. The latter situation can be seen
to be given if the height B of the barrier is much larger
than the temperature:® B/T > 1 . Unfortunately,
often Eq. (1) is applied even in cases that this basic
condition on T and B is violated.

To study these questions for our example we have
calculated all relevant quantities by performing aver-
ages both around the potential minimum as well as
around the barrier. The results are put together in the
following Table 1.

Several inferences can be drawn immediately:

a) One of the most striking features is the weak de-
pendence of 7 on the shape parameter. The tempera-
ture dependence of this quantity is similar to the one

*  Institute for Nuclear Research of the Ukrainian Academy of

Sciences, Ukraine
Physik-Department der Technischen Universitat Miinchen,
Germany

*k

Table 1. The quantities hw = h/(|C|/M) and 7 at the
minimum and saddle points and the barrier height B
as a function of 7.

T h wm N B h ws s
MeV MeV MeV MeV

1 0.82 1.1 7.20 0.50 1.2

2 0.94 2.2 5.95 0.59 2.7

3 0.93 2.5 4.31 0.59 3.2

4 0.87 2.7 2.59 0.60 3.3

5 0.79 29 1.18 0.67 3.0

reported previously?) for vibrations of 208Pb: it in-
creases with T', to eventually reach some saturation
around 7" = 4 MeV. This behavior is in agreement
with findings,?) at least qualitatively. Our damping
rate is somewhat smaller, and its variation with the
shape is weaker than that in the analysis® of the ~-
ray multiplicity encountered in fission of 224Th. How-
ever, it must be said that we have not yet striven for
quantitative agreements. For instance, there is a room
for a more appropriate choice of the two parameters of
collisional damping. Furthermore, one should mention
the influence of pairing, which still might be impor-
tant at the smaller T value of 1 MeV. Moreover, the
influence of angular momentum ought to be taken into
account.’)

b) The basic condition on the validity of Eq. (1) is
satisfied for temperatures up to 3 MeV at best. It is
interesting to note that hw, increases with T, albeit
only slightly. A closer inspection shows the quantity
27T /(hws) to be of the order of 7 and thus definitely
larger than unity. This implies that collective quantum
effects do not contribute to fission dynamics for the ex-
amples chosen here. It should be said that in simplified
studies Kramers’ picture is often applied, even in cases
where the barrier is too low to guaranty that the flux
across the barrier can be described by Kramers’ solu-
tion of the Fokker-Planck equation. This problem can
only be cured by performing dynamical studies along
the lines.5"®)
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The Continuity Equation of the Nuclear Four-Current

H. Kurasawa* and T. Suzuki

[Four-current, Continuity equation]

The nuclear four-current should satisfy the continu-
ity equation,
dp
— +V.J=0.
ot +
Here, the density operator is
A
plg) =Y explig-m)(1—73)/2,
i=1
and the current density is given by
[Hyp] =14V - J,

for H standing for the nuclear hamiltonian. Using the
eigenstate of H, the continuity equation is expressed
as

(En — Eo)(n|p|0) = (n}iV - J|0) (H|r) = En|n)). 1)

Usually, however, we can not solve the Schrodinger
equation exactly. As a result, Eq. (1) is not satisfied.
It is shown below that the Hartree-Fock approximation
is one of the examples in which the continuity equation
is violated.

Let us assume the nuclear hamiltonian to be

A A A
2
. 1
H=T+V,T=Y ti=) o, V=23 V(g
i=1 1 ij

i=

where the nuclear interaction generally has a form:
V(i,5) = vo(r) + @70 (7)1 - Tj + Tovo ()05 - 05

+§zaTva.,(r)‘ri cTi0 0, (1= |ry —75])
For this hamiltonian, the isoscalar part of the four-
current satisfies

[H,p%] = [T, "] =iV - J°, ®)

and the single-particle current at ¢ — 0 should be
iV a0 =q 17 (3)

Now, the Hartree-Fock equation®) provides us with

the matrix element for a particle(m)-hole(i) state;

(em — €)(mi™ %) ) = (ml[t. p*]]3)

+) milv(,2)p" (1) = p"(DV(L,2)]i)
= milv(1,2)0°(2) - p*(DV(L,2) 15, @
J

where | ) denotes the Hartree-Fock ground state of
the nucleus, and p®(7) the isoscalar part of the single-
particle density. In a nuclear matter approximation,
we have for p = pr,

Faculty of Science, Chiba University
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; (5)

. . PF
lim (€m — € He®lY=¢q-
quno(m e){mi=|p°| ) =g¢q e

where the effective mass M* is defined by

1 1 -
=37 {1 + sz:rfF /’U*(T)jf(ppr)rzdr},

M*
v*(r) = vo(r) + 3zrvr (1) + 325 v0 () + 3Torver (7).

The right hand side of Eq. (5) is different from that
of Eq. (3) expressed by the free mass. Thus, in the
Hartree-Fock approximation the continuity equation is
violated. The reason of the violation is clear. We have
obtained Eq. (3), since the nuclear interaction satisfies
[V(1,2),p°(1)+p*(2)] = 0 as in Eq. (2). Equation (4),
however, takes into account only a part of the above
commutator.

We can prove that in the random phase approxima-
tion (RPA) based on the Hartree-Fock approximation,
the continuity equation is satisfied approximately. In
RPADY the particle-hole states are described as

OIL = Z(Yr:llla'rn”‘i - Z::riaza‘mL

and the RPA ground state defined by O,|0) = 0. We
can show that the RPA equation of motion for the
forward and backward amplitudes, Y. and Z7;;, gives

lwn) = OF10),

wnlwnlpl0) = Y {(ma M [H, ol )Y 2
+{ |[H, pllmi ™) 27 (6)

wn being the excitation energy of the state |w,). As
for the isoscalar density p°, the relationship of Eq. (2)
gives the one-body current. Therefore, Eq. (6) can be
written as,

wn (wn|p®|0) = (wnliV - J*(0), (7)

which is the same as the continuity equation given by
Eq. (1).

For the isovector current, the Hartree-Fock approx-
imation yields the same equation as Eq. (5) for the
isoscalar current. In RPA, the isovector four-current
satisfies an equation different from Eq. (7). Since we
have [V, p”| # 0 for the isovector density, the isovec-
tor current is given by two-body operators. Hence, we
can not write the continuity equation of the isovector
four-current in the form of Eq. (7).
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Unstable Nuclei and the Equation of State
of Asymmetric Nuclear Matter

K. Oyamatsu

[Unstable nuclei, Equation of state, Atomic masses, Nuclear radii]

We aim to extract the equation of state (EOS) of
asymmetric nuclear matter from the masses and radii
of unstable nuclei, which are closely related to the
saturation energies and densities of asymmetric nu-
clear matter whose proton fraction (Y,) is ¥, < 0.5.
Figure 1 shows the Y}, values of various matters. We
see that the unstable nuclei bridge a gap between stable
nuclei and supernova matter as well as the one between
stable nuclei and nuclei in inner crusts of neutron stars.
As the first step of our study, we neglect surface effects
and atternpt to relate the EOS of asymmetric nuclear
matter with the bulk properties of neutron rich nuclei.

0.5
Stable Nuclel
0.4+
Unstablg Nuclei

0.3+

T o
heavy ion collision

0.2+

proton fraction

neutron star core J

0.0 | T |
0.0 0.2 0.4 0.6 0.8

. -3
local nucleon density (fm”~)

Fig. 1. Proton fractions and nucleon densities of asymmet-
ric nuclear matter and at the centers of nuclei. The ab-
breviations oya4 and RBHF indicate the Thomas Fermi
calculations in Refs. 1 (model IV) and 2, respectively.

For simplicity, we assume the following form for the
energy per nucleon of uniform nuclear matter, whose
nucleon density is n, as

w(n, Yy) = ws(n) + (1 — 2Yp)2 S(n), (1)

where wg(n) and S(n) are the energy per nucleon of
symmetric (Y, = 0.5) nuclear matter and the symme-
try energy, respectively. When the density n is close
to the saturation density of symmetric nuclear matter,
ng, we can write

Ko

gz (n—no)® 2)

ws(n) = wo +

and

Pro
2
g

Kno - Kso

S ~ 5
(n) o+ 18 n%

(n—mno)+ (n—no)®. (3)
Here, wog and Sy are the saturation energy of sym-
metric nuclear matter and the symmetry energy at
n = ng, respectively. Equations (2) and (3) include
density derivatives of w(n, Y,). They are the pressure
of pure neutron matter, p,,, and the compressibility
modulus of symmetric nuclear matter (pure neutron
matter), Ko (Kno)-

In the above approximation, the saturation density,
ny, and the energy per nucleon, w;, of asymmetric
nuclear matter are given, respectively, by

Pno 2 Kno — Ko 2
= -9 1-2Y, 1— ——(1-2Y,
ny Nno KSO( P) Kso ( p)
(4)
and
w) = Wg + So(l - 2Yp)2. (5)

In deriving Eqgs. (4) and (5), we have neglected the
higher order terms than (1 — 2Y,)*. The second term
in the square bracket in Eq. (4) is expected to be quite
small.

From Egs. (4) and (5), we see that the pressure of
pure neutron matter primarily determines the satura-
tion densities of asymmetric matter, while the symme-
try energy at n = ng dominates their energies. We note
further that the compressibility of symmetric matter
also affects the saturation densities. Therefore, what
we can obtain from the radii and masses of neutron
rich nuclei are the energy, pressure, and possibly com-
pressibility of pure neutron matter. However, further
studies, especially on nuclear surfaces, are still neces-
sary to determine the EOS of asymmetric matter quan-
titatively from the nuclear masses and radii.
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Effect of Relativistic Equation of State on Vortex Pinning
to the Nuclei in Neutron Star Crusts

Y. S. Mochizuki

[Neutron stars]

The inner crust of a neutron star consists of a body-
centered cubic (bcc) lattice of neutron rich nuclei, rela-
tivistic degenerate electrons, and a neutron superfluid.
Since the star is rotating, there are a number of quan-
tized vortices in the superfluid. The vortex lines are
expected to be nearly parallel to the axis of rotation.

Each vortex line possesses a normal fluid core over
a distance £, the coherence length of the superfluid.
We take a view that the BCS pairing is prohibited
completely inside the vortex core. The pairing energy
is rather large. In the superfluid, the pairing energy
per neutron is given by ¢, = (3/8) A%/Ep, where A
is the superfluid energy gap and Er the Fermi energy
of superfluid neutrons. For simplicity we assume that
the superfluidity does not exist in the nuclei. Then
the pairing energy can be gained by increasing overlap
of the vortex core line with nuclei. This is simply the
origin of the vortex pinning.

The pinning energy (the energy gain when a vor-
tex line pins to nuclear materials) is given by E, =
epn*t V, where V is the overlap volume of the vor-
tex core and the nuclear materials, and n2* is the
superfluid neutron number density outside the nuclei.
Hence, the pinning energy depends on the A and also
on the size of the nuclei. The pinning energy is a key
physical quantity to explain frequency of neutron star
glitches (sudden spinups in pulsars).

So far, the nuclear size dependence on E, has not
been considered except by Takatsuka ( 1984).Y Usually,
the following parametric form?

E, = 0.87 kpA® (1)

is used to estimate E,. Here, kp = (3m2n%%)!/? is the
Fermi wave number. It should be noted that in Eq. (1)
the radius of nuclei is fixed as Ry = 7 fm.

Recently, Sumiyoshi, Oyamatsu, and Toki (1995)%
calculated a nuclear lattice structure in the inner crust,
adopting the equation of state based on the relativis-
tic Brueckner-Hartree-Fock theory. It has been known,
from the analysis of laboratory nuclei, that calcula-
tions in the relativistic framework produce larger radii
of neutron distributions in the nuclei than conventional
calculations as the neutron richness increases. In fact,
the nuclear size obtained in Ref. 3 is quite large in
the region of average baryon density, p/po 0.2, as
compared with those reported so far. Here pg = 0.17
fm~2 denotes the normal nuclear density.

It is the purpose of present paper to examine this
size effect which stems from the relativistic equation of
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state on the pinning energy, using the results obtained
in Ref. 3. Not only usual spherical nuclear shape,
here we consider also nonspherical (cylindrical) shapes
of nuclei. In particular, we consider the pinning-
induced nuclear rods (PINRs) proposed by Mochizuki
and Izuyama® (For details, see Refs. 4 and 5).

Figure 1(a) shows the result of E, as a function of
p/po- In this figure, A is adopted from Ref. 1. E,
that was reported in Ref. 1, in which only the spheri-
cal nuclear shape was taken into account, is also shown
for comparison. We found a remarkable difference be-
tween the two calculations in the high density region,
p/po=0.25. We note that Eq. (1) gives almost the
same behavior as the E, obtained in Ref. 1. It is thus
concluded that, contrary to the conventional picture,
E, is strong enough in the deep inside of the inner
crust.

T T T
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6 cylinder |

. T84
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.
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Fig. 1. (a) Pinning energy per nearest neighbor distance
in the bec lattice. (b) Pinning energy per unit length (1
cm) of a vortex line.

In Fig. 1(b), we show the result of E, including that
of PINR. Here, A is adopted from Ref. 6. From the
figure we confirm the assertion in Ref. 4 which men-
tioned that PINRs give singularly stronger pinning.
Formation of PINRs will thus be a crucial mechanism
to explain neutron star glitches as discussed in Refs. 4
and 5.
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Baryon Properties Based on
the Chiral Quark Soliton Model'

M. Wakamatsu

[Nucleon spin structure, Effective theory of QCD]

The chiral quark soliton model (CQSM) is one of
the simplest models of baryons, which takes account
of the most important properties of low energy QCD:
i.e., the spontaneous breakdown of chiral symmetry
and the associated appearance of Nambu-Goldstone
bosons.!2) The basic theoretical framework of CQSM
consists of mean field theory and subsequent quanti-
zation of the collective rotational motion based on the
cranking method; which are both familiar techniques
in the theory of deformed nuclei. With this frame-
work, the bound state problem for a baryon can be
solved nonperturbatively under a full inclusion of the
negative-energy Dirac-sea quark degrees of freedom in
addition to the three valence quarks. A unique feature
of this model is that it predicts a quite small fraction
of quark spin to the nucleon spin.?) It means that in
this model a sizable part of the total nucleon spin is
carried by the orbital angular momentum of quarks.
Undoubtedly, this is a natural consequence of the ba-
sic dynamical assumption of the model: i.e., a physical
baryon as a rotating hedgehog object.

By extending the model further to the case of flavor
SU(3), we can study the properties of strange baryons
like the A and ¥, and can also study the strangeness
contents of nonstrange baryons like the nucleon.®4) Ta-
ble 1 shows the prediction of the flavor SU(3) CQSM
as for the flavor decomposition of quark spin fractions
to the nucleon spin.

Table 1. The flavor decomposition of quark spin fractions.

o)  O(Q°+ ")+ Am,  experiment
Au 0.34 0.87 0.83
Ad —-0.26 —0.35 —0.43
As —0.08 —0.03 —-0.10
AY 0 0.49 0.31

t Invited talk at the XIII International Seminar on High En-
ergy Physics Problem, Dubna, 2-7 September, 1996.

Here, the column represented by O(Q°) shows the
mean field predictions, or equivalently, the contribu-
tions of the zeroth order term in the collective angular
velocity, 2. On the other hand, the column repre-
sented by O(Q°+ Q')+ Am, gives the final predictions
of the SU(3) CQSM, which takes account of the first
order rotational correction in € as well as the flaver
SU(3) breaking effects caused by the mass difference
between the strange and nonstrange quarks. One can
see from this table that one of the characteristic predic-
tions of the SU(3) CQSM is the negative polarization
of the strange quark sea with respect to the direction
of the nucleon spin. This feature is also interpreted as
an evidence of the formation of the symmetry break-
ing hedgehog mean field. As the terminology “hedge-
hog mean field” indicates, the model (CQSM) natu-
rally has close connections with the Skyrme model. In
fact, the correspondence between these two models be-
come almost exact in the fictitious limit of N, — oo.
However, we have recently found that this correspon-
dence seriously breaks down at the next leading order
in N..>® This observation resolves the long-standing
ga problem of the Skyrme model, thereby confirming
the superiority of the CQSM to the Skyrme model as
a realistic low energy model of baryons.

References

1) D. I. Diakonov, V. Yu. Petrov, and P. V. Pobylitsa:
Nucl. Phys. B 306, 809 (1988).

2) M. Wakamatsu: Nucl. Phys. A 524, 561 (1991).

3) H. Weigel, R. Alkofer, and H. Reinhardt: Nucl. Phys.
B 378, 638 (1992).

4) A. Blotz, D. 1. Diakonov, K. Goeke, N. W. Park, V. Yu.
Petrov, and P. V. Pobylitsa: Nucl. Phys. A 555, 765
(1993).

5) M. Wakamatsu and T. Watabe: Phys. Lett. B 325, 467
(1994).

6) M. Wakamatsu: Prog. Theor. Phys. 95, 143 (1996).

25



RIKEN Accel. Prog. Rep. 30 (1997)

QCD Corrections to the Structure Function g,

J. Kodaira

[Deeply inelastic scattering, Spin structure]

Recently there has been much interest in the nucleon
spin structure function, go. In the framework of the
operator product expansion, not only the twist-2 but
also the twist-3 (higher-twist) operators contribute to
g2 in the leading order of 1/Q2%. The general features
characteristic to the higher-twist operators are; (1) the
occurrence of the operators which are proportional to
the equation of motion (EOM operators) and several
operators are related through the EOM operators;!)
(2) some gauge non-invariant EOM operators will mix
under the procedure of the renormalization.?) These
facts bring about some complication for the higher-
twist operators through the course of renormalization.

The anomalous dimensions of the composite oper-
ators, which are obtained from the renormalization
constant, control the Q? dependence of the structure
functions. We examine what happens to the renor-
malization if there are several operators which are re-
lated through the EOM operators. We illustrate the
points with the scalar field theory. Assume that we
have two composite operators R; and R which are
related through the equation of motion:

Ry =Ry + E, (1)

where E is an EOM operator. Since we have three
composite operators with a constraint of Eq. (1), we
can choose any two operators among three as an inde-
pendent basis.

First we choose R, and Ry. Then renormalization
takes the following form:

(m)-(2 ) (k) @

Here, the suffix R (B) denotes the renormalized (bare)
operator. Next, we change the operator basis to R,
(t=1or 2) and E. Then, the renormalization matrix
should become triangular,

(6),-(F 22)(%),

since the counterterm to the E operator should vanish
by the equation of motion. From Egs. (2) and (3), we
can derive the following relations among the renormal-
ization constants, Z’s:

Z1E1 =Zn+Zip=2on+ 2y = Z2E27
Zag — Z12 = 211 — L1,

ZEE
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Z\g = —Z12, Zog = Zn1. (4)
Equation (4) is a consistency condition for the renor-
malization of the operators satisfying Eq. (1).

We note that the arbitrariness in the choice of the
operator basis does not enter into the physical quan-
tities. This fact can be explicitly confirmed by noting
that the physical matrix element of the E operator
vanishes:1'3) (p|Elp’) = 0. Taking the physical matrix
element of Eq. (3), we conclude that the renormaliza-
tion constant of Z%Z is only relevant. We reach the
same conclusion also from Eq. (2).

The anomalous dimensions of twist-3 operators in
QCD at the one-loop level have been studied in Ref. 4.
However it is not clear how the EOM operators are
dealt with and their results do not coincide each other.
We have reanalyzed the operator mixing problems by
keeping the EOM operators. We have clarified the role
of the EOM operators and given a correct answer for
the anomalous dimensions by calculating the off-shell
Green'’s functions.?)

Finally let us make a comment on the Burkhardt-
Cottingham sum rule. The operator product expan-
sion naively suggests:

1
/ dz go(z,Q%) =0 .
0
We have shown that this sum rule does not receive any
corrections in QCD.%

We expect that future measurements on g will clar-
ify the effect of twist-3 operators which share some
common feature with more general higher-twist effects

in QCD.
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Next-to-Leading-Order Q% Evolution Program
for Spin-Dependent Structure Functions

M. Hirai,* S. Kumano, and M. Miyama*

[@? evolution, Structure function|

Spin-dependent structure functions are measured in
the polarized lepton-nucleon scattering. They depend
on two kinematical variables, x and Q?. The Q2
dependence is calculated within perturbative QCD,
and it is described by integrodifferential equations
so called DGLAP equations. Next-to-leading-order
(NLO) splitting functions for spin-dependent par-
ton distributions are evaluated recently.!) Therefore,
we can study numerical solution of the NLO spin-
dependent Q? evolution equations.?

Although we used a Laguerre-polynomial method®
for solving the equations of unpolarized case, a brute-
force method can be employed as an alternative one.
This method was already investigated for solving the
spin-independent evolution equations with or with-
out parton-recombination effects.?) The same method
is applied to the spin-dependent case. We divide
variables into small steps (/V, steps in the Bjorken
variable Inx, and N; steps in the variable t =
—(2/60) In[a5(Q?%) /a5 (Q3)]) and calculate the differen-
tiation and integration in the evolution equations after
rewriting them by df (z)/dz = [f(zms1)— f(@m)]/ Az
and [dxf(z) = Zﬁ:zl Az, f(zm). In this way, the
integrodifferential equations are solved step by step if
the initial parton distributions are provided.

We use the Gehrmann-Stirling set-A%) as the input
distributions given at Q? = 4 GeV?. We study evo-
lution of nonsinglet, singlet, and gluon distributions
from Q% = 4 GeV? to Q2 = 200 GeV? with N; = 4
and Ag;z = 231 MeV. Numerical results depend on
the step numbers, N; and N,.. First, NV, is varied from
20 to 1000 steps with a fixed N, = 1000. We find
that the evolved distributions are almost the same. It
means that merely N; = 50 steps are enough for ob-
taining accurate evolution. This conclusion is expected
because the scaling violation is a small logarithmic ef-
fect. Next, N, is varied from 100 to 4000 steps with a
fixed N; = 200. The result is shown in Fig. 1. From
this figure, we find that several hundred of z steps
are necessary for obtaining good accuracy. Namely, if
we choose the parameters N; = 200 and N, = 1000,

*

Department of Physics, Saga University
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Fig. 1. N, dependence in the zAgs evolution.

the evolution results are good enough. We also ana-
lyzed evolution of the nonsinglet and gluon distribu-
tions. The obtained results show the similar accuracy.

Our numerical analysis is still in progress, particu-
larly in comparison with scaling violation data of g,.
However, the results indicate that an accurate solu-
tion can be obtained in the region 107* < = < 0.8 by
taking more than two-hundred ¢ steps and more than
one-thousand z steps.
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Q?*-Evolution of the Chiral-Odd Twist-3 Parton Distributions
h,(xz,Q?) and e(x,Q?) in the Large N, Limit

I. I. Balitsky,* V. M. Braun,** Y. Koike, and K. Tanaka

[Nucleon structure functions, Chiral-odd, Twist-3, Large N. QCD]

The nucleon has three independent twist-3 par-
ton distributions: gz(z,Q?), hr(z,Q?), and e(z, Q?)Y
which are the functions of the Bjorken variable z and
large momentum squared Q? characterizing relevant
hard processes. Here, g, is chiral-even while Ay and
e are chiral-odd. The increasing experimental preci-
sion requires understanding of these higher twist ef-
fects induced by correlations of partons. In particular,
g2 and hy play a distinguished role in spin physics,
since they can be measured as leading effects for cer-
tain asymmetries.?

Q?%-evolution of the twist-3 distribution is gener-
ally quite sophisticated due to mixing with quark-
antiquark-gluon operators, the number of which in-
creases with spin (moment of the distribution). For
the flavor-nonsinglet part of g2, a crucial simplification
has been pointed out in the large N, limit of SU(N.)
color to neglect O(1/N2) corrections:? gz (z, Q?) obeys
a simple Gribov-Lipatov-Altarelli-Parisi (GLAP) evo-
lution equation and the corresponding anomalous di-
mension is known in analytic form.

In this work® we have proved that the same pat-
tern is obeyed by chiral-odd distributions Ay (z,Q?)
and e(z,Q?) and that the simplification at large N,
is of universal nature. We have obtained the renor-
malization group (RG) equation in the leading loga-
rithmic approximation for the twist-3 nonlocal oper-
ators P(uz)oeAgGoe(tz)z, 2,9 (vz) with A = 1 and
i7s; which are relevant respectively for e and hy, and
express quark-gluon correlations. Here, 9 denotes the
quark field, G,¢ the gluon field strength tensor, 2, the
light-like vector (22 = 0). We have found analytic so-
lutions of the RG equation in the limit N, — oo, and
obtained the Q?-evolution for the moments:

Male(@%)] = L7/P My [e(u?)] (1)
Mn[hL(Q2)] = L’Y’T/an[hL(UQ)]v (2)

where the anomalous dimensions equal respectively

1 1 1
+
— 9N, LS, — - — 2414,
Tn { 1 n+1( 2 )} (3)

*  Center for Theoretical Physics, MIT, U.S.A.
** NORDITA, Denmark
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Here, M,[e(Q%)] = [, dzame(z.Q?), b = (11N, —
2Ny)/3 with Ny the number of flavors, S, = 2?21 1/4,
and L = a,(Q?)/a,(1?) with as(Q?) the running cou-
pling constant of QCD. The results (1)—(3) show that
h;, and e both obey simple GLAP evolution equations
with the corresponding anomalous dimensions given in
analytic form and with no complicated operator mix-
ing. Our results are valid to O(1/N2) accuracy.

One can check the above results (1)—(3) directly by
using the anomalous dimension matrix which are ob-
tained in Refs. 4 and 5 by renormalization of the twist-
3 local operators. In particular, by comparing our solu-
tion of (3) with the spectrum of anomalous dimensions
which is obtained by the numerical diagonalization of
the mixing matrix in Refs. 4 and 5, we conclude that
our solutions always correspond to operators with the
lowest anomalous dimension in the spectrum (for more
detail, see Refs. 3 and 5).

Since the 1/N?2 corrections are small, our solutions
solve the problem of the Q?%-evolution of twist-3 non-
singlet parton distributions for all practical purposes,
providing a powerful framework both in confronting
with experimental data and in model-building. From
a general point of view, our solutions are interesting as
providing an example of an interacting three-particle
system in which one can find an exact energy of the
lowest state. For phenomenology, the main lesson is
that inclusive measurements of twist-3 distributions
are complete (to our accuracy) in the sense that knowl-
edge of the distribution at one value of Q3 is enough
to predict it at arbitrary @2, in the spirit of GLAP
evolution equation.

References

1) R. L. Jaffe and X. Ji: Nucl. Phys. B 375, 527 (1992).

2) A. Ali, V. M. Braun, and G. Hiller: Phys. Lett. B 266,
117 (1991).

3) L. . Balitsky, V. M. Braun, Y. Koike, and K. Tanaka:
Phys. Rev. Lett. 77, 3078 (1996).

4) Y. Koike and K. Tanaka: Phys. Rev. D 51, 6125 (1995).

5) Y. Koike and N. Nishiyama: hep-ph/9609207; RIKEN
Accel. Prog. Rep. 30, 29 (1997).



RIKEN Accel. Prog. Rep. 30 (1997)

Q?-Evolution of Chiral-Odd Twist-3 Structure Function and
Fragmentation Function: e(z, Q?) and &(z, Q?)

Y. Koike and N. Nishiyama*

[Structure function, Twist-3, Chiral-odd, Large-N,|

The nucleon has three independent twist-3 quark
distributions; gz(z, @?), hy(z, Q%), and e(x, Q?).") The
Q?-evolution of these twist-3 distributions is gener-
ally very complicated due to the mixing among quark-
antiquark-gluon operators, the number of which in-
creases with spin (the moment of the distributions).
So far, the anomalous dimension matrices for g»(z, Q?)
and hp(z, Q%) have been calculated in the one-loop
level. In our recent work,?) we have completed the cal-
culation of the one-loop anomalous dimension matrix
for e(z,Q?). Our method follows closely the one in®
which discussed the Q? dependence of hy (x, Q?). In
the large- N, limit, we have confirmed that the Q2 evo-
lution is solely governed by the lowest eigenvalues of
the anomalous dimension matrix, as was found in*) by
a different method. Taking the n-th moment of e, the
Q? dependence at N, — oc becomes

Mu[e(Q*)] = L/ Mu[e(n?)]
1 1

:QNC(SH—Z—W>= (1)

where M, [e(Q%)] = [ dzate(z,Q?), L
as(Q*)/ag(4?), b = (11/3)N. — (2/3)N; and S, =
>.i=11/3. This shows that e(z,Q?) evolves slightly

: e
with

*

Graduate School of Science and Technology, Niigata
University

slower than the other two twist-3 distributions.

For phenomenological applications, the twist-3 frag-
mentation function é(z,@?) is more interesting, since
it appears as a leading contribution to the pion pro-
duction cross section in the transversely-polarized deep
inelastic scattering from the nucleon®: é(2,Q%) of
the pion appears with the transversity distribution,
hi(z,Q?), of the nucleon. Our present study is ex-
pected to supply useful information about the Q?
evolution of é(z,Q?%). In particular, if the so-called
Gribov-Lipatov reciprocity relation® holds true even
for the twist-3 distribution and fragmentation func-
tions, the problem of Q? dependence of é(z,Q?) has
virtually been solved.
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Quark Helicity Distributions Using QCD Sum Rule Approach

H. Kitagawa and T. Hatsuda

[Quark helicity, QCD sum rule]

“Spin Crisis”, raised in the 1980’s from the data of
g1(x) for the proton (in the polarized lepton-proton in-
clusive experiment), is a problem that the quarks do
not carry all of the spins of the proton. This prob-
lem has not been solved yet. Experimentally, one of
the main purposes of the RHIC-SPIN project (by the
polarized proton-proton collider) is to investigate the
helicity of quarks and gluons in the proton. Theoret-
ically, the spin contents of quarks are being discussed
qualitatively using “effective” models of QCD. In or-
der to compare the data, however, it is necessary to
evaluate them quantitatively.

QCD sum rule is a useful tool to evaluate physi-
cal quantities. It was applied to the (spin-averaged)
quark distribution functions by Kolesnichenko") and
Belyaev and Blok.?) They evaluated the second mo-
ments of quark distributions:

MQ(Q) = /l‘ q(z) dz.

We have followed the method of Ref. 2 for the quark
helicity distribution.

The second moment of quark appears in the response
of constant external field, which is introduced by the
lagrangian term, AL, = —Z@D,ﬁuy’JS‘“’, where 1 rep-
resents quark and S*" is a tensor external field. This
form is determined by the operator product expansion
(OPE). In the spin-polarized case, by OPE we can de-
rive lagrangian term, AEEO]' = —i@D,p/;,'yulpSSZ]'.

For the spin-averaged quark distributions, the sec-
ond moment MJ can be obtained, by comparing co-
effients of pppAp”’yﬂS”’\ in both theoretical and phe-
nomenological sides. After the Borel transformation,
we obtain (in the leading order):

(d) (d) A s2 3 16 2\ m3, /M3
MY +CYM* = ———— M° E. M N

2 20(2m)4N% 2(s0/M")e

(u) (u) Ag2 - 6 1 2y . m2, /M?
MY +C\VY M= —— M E; M N .

2 20(27r)4)\?V 2(s0/M")e

Here M and my are the Borel mass and the nucleon
mass respectively, and

On|N) = An v

VT =ply, +mpy
3 n mk
E.(z)=1—e IZE
k=0

for 1 being an interpolating field of the nucleon and sg
being the threshold of the continuum.

For the quark helicity distributions, the second mo-
ment AMQ(q) can be obtained, by picking up terms
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which contains spp,\Sgi‘l_ (where s, is the spin of the
nucleon). After the Borel transformation, we obtain
(in the leading order):

3
AM® + ACYIM? = — o M®
2 * 10(2m)4 A%, m%
x Es(so/M%)e™/M* (1)
AM™ 4 AC M2 = 2 M8

~ 5(2m)AEm4
x E3(so/M%)e™ /M (2)
Results of calculations are shown in Fig. 1. The left
hand sides (L.h.s.) of the above Egs. (1) and (2) are
approximated by the straight line at M? = 1.5 GeV?.
Extrapolation of this line into the point M? = 0 gives
AM™ =03 and AMY = —0.24.

QSR O0—th order: pol. 2nd mom.
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Fig. 1. The Borel mass, M, dependence of the left hand
sides of Egs. (1) and (2) denoted by u and d, respec-
tively. The dashed lines are the extrapolation to the
point M2 = 0.

The first moment of quarks corresponds to the value
of the spin of the nucleon, which are calculated by Bal-
itsky and Ji®) using QCD sum rule technique. On the
other hand, these second moments are not measured
by the inclusive reaction. They can be measured by
exclusive reactions, such as RHIC-SPIN.

Further calculation including gluon corrections are
now in progress.
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Quark Helicity in Proton by Semi-Inclusive Asymmetries of Kaons

H. Kitagawa and Y. Sakemi

[Quark helicity, Semi-inclusive]

High-energy inclusive lepton-hadron reactions have
made clear the contents of the hadrons, i.e., much of
knowledge on quark distributions in the proton and
neutron was gained owing to perturbative QCD tech-
niques as well as high precision data. However, as for
the distributions of gluons and sea quarks, which can-
not be observed directly by the inclusive processes, we
have not obtained a unified view. This is the problem
of the moment.

A semi-inclusive reaction, in which the scattered lep-
ton and a produced hadron are detected simultane-
ously, provides many kinds of information on the tar-
get depending on the tagged hadron, and is expected
to solve the above problem. The HERMES collabo-
ration at Deutsches Elektronen-SYnchrotron (DESY)
is measuring the quark and gluon distributions by the
semi-inclusive reaction with polarized positron beam
and polarized gas targets tagging the pion and neutral
kaon. Data with pions are now under analysis, and
data with kaons will appear in 1997. Here we formu-
late relationships between the quark distributions and
the observed spin asymmetries.

We follow the formulation by Giillenstern') and
Frankfurt? who investigated the pion-tagged case. We
use the quark-parton model to assume factorization.
Fragmentation function, D?(z), is assumed to be spin-
independent, isospin-symmetric, and different between
strange quarks and light quarks.

Negatively charged pion, 77, is composed of d and
u quarks. For the proton target, we use a favored frag-
mentation function, D(z), for d and %, and an unfa-
vored fragmentation function, E(z), for u, d, s, and 5
quarks. These fragmentation functions were obtained
by fitting the eT-e~ scattering data. Combining the
data with 7~ and with 7%, we obtain the spin asym-
metry:

- P p As S
UAR SN S Sy (e S A 1
P o\ g Tmer) W
where
1
2 _D(2)dz
K= le'm" = (2)dz 0.34 (2)
fz‘rnrn mD(Z)dZ

with 2;,,, = 0.2. The distributions, s and As, can be
derived from the above equation.

On the other hand, neutral kaon, K, contains s-
quark K2 = (d3 + sd)/v/2. Fragmentation function
of s-quark is assumed to be factorized as D,(z) =
D(z)/X, where A ~ 0.3. Spin asymmetry for this case
is

AKS _ B8Au+ k1 Ad + K2As
L 8u + Kk1d + Kos

; 3)

where k) ~ 3.05 and ko ~ 7.84. Note that we can ex-
tract the distributions, s and As, with less ambiguity,
since their coefficients are large.

Next, we estimate the spin asymmetries which will
be measured by the HERMES collaboration. We use
the existing parametrization for the quark distribu-
tions: CTEQ3L for the unpolarized quark distribution
and Gehrmann-Stirling A(LO) for the polarized quark
distribution. Results of the calculations are shown in
Fig. 1. In the case of kaon tagging, we can see a signif-
icant difference from zero at > 0.1 (z is the Bjorken
scaling variable.) which corresponds to the s-quark
contribution.
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Fig. 1. Estimated spin asymmetries for the cases of pion
tagging (upper figure) and kaon tagging (lower figure).
The existing parametrizations for the quark distribu-
tions are used.

We can obtain much information on the hadrons
from semi-inclusive reactions. This reaction contains
the fragmentation processes, which have not been stud-
ied so much as the quark distributions. It is necessary
to study the fragmentation functions experimentally
and theoretically, in order to remove ambiguity in the
semi-inclusive process.
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Test of Ag in Spin Correlations between Target Protons and
Produced A7 at COMPASS Experiment

T. Yamanishi and T. Morii*

[Gluon, Polarized gluon, Spin structure, Charmed baryon]

Recent measurement of the spin—dependent proton
structure function implies that little (only 15%) of the
proton spin is carried by quarks.?) The result is far
from the prediction by the naive quark/parton model.
On the other hand, a spin sum rule,

1 1 .

5= §AE +Ag+({Lz)g+g (1)
suggests that in addition to quarks, the gluons and
orbital angular momenta of quarks and gluons con-
tribute to the proton spin. In Eq. (1), AY and Ag are
the amount of the proton spin carried by quarks and
gluons, respectively; and (Lz)q44 denotes the orbital
angular momentum of quarks and gluons. In order to
understand the proton spin structure, it is very im-
portant to measure the density and behavior of spin-
dependent gluon distribution in a proton for various
reactions.

Here, we study a semi-inclusive production of polar-
ized AY baryons from a longitudinally polarized pro-
ton, /5 — ¢ AT X, in order to deduce Ag in a proton.
The correlation between the spin of the Al (produced
in the target fragmentation region, z, < 0) and that
of the target proton is expected to be significantly af-
fected by the polarized gluon contents, because the
process can occur only via photon-gluon fusion mech-
anism in the lowest order as shown in Fig. 1. Since
a charm is created by a gluon and has its spin paral-
lel to the gluon spin, the direction of A} spin, which
must preserve the charm quark spin, depends on that
of gluon spin. Therefore, the spin correlation between
the produced A} and target proton gives a good infor-
mation on gluon polarizations in a proton.

In order to estimate the sensitivity of this process for
Ag, we calculate a spin correlation asymmetry, Ajj,

defined as
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Fig. 1. The lowest order QCD diagram for the inelastic At
leptoproduction in unpolarized lepton-polarized proton
scatterings.

doyy —doy_ +do__ —do_y]
App = , (2)
doyy +doy_ +do__ +do_ ]

where do, _, for an instance, denotes that the spin of
the target proton is positive while that of the produced
A} is negative. Calculating the App with various ex-
amples of Ag, we have found that the Ay, strongly
depends on the density and behavior of Ag. It is con-
cluded that the process considered here, 5 — [KfX,
can give a quite useful information on the behavior of
gluon polarizations.
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RHIC Spin Project

H. En’yo, Y. Goto, K. Hatanaka, N. Hayashi, T. Ichihara, K. Imai, M. Ishihara, T. Katayama,
A. Luccio, Y. Mao, A. Masaike, Y. Nakada, M. Okamura, N. Saito, Y. Sakemi, H. Sato,
T. Shibata, Z. Sun, Y. Watanabe, H. Wu, and M. Yosoi

[pp interaction, Structure function, Spin, Asymmetry, Polarized beam]

We are promoting the RHIC spin project.!) The
main physics goals of the project are to elucidate
the spin structure of proton, and to test the stan-
dard model mainly via the parity violating process,
in collaboration with Brookhaven National Laboratory
(BNL). The Relativistic Heavy Ion Collider (RHIC)
and the PHENIX detector at BNL will provide us
an opportunity of experiments taking advantages of
high energy (up to 250 GeV), high luminosity (~10%?
cm~?s71), and high polarization (~70%) of proton
beam. The project includes not only the physics re-
search but also the development and construction of
accelerators and detectors.

The present article summarizes all the progress made
for the project in this year. Detailed description of
each subject is carried out in this issue separately. The
preparation for physics experiments is one of the main
subject of the project. First of all, it should be men-
tioned specifically that construction of the PHENIX
detector was started during this year (Fig. 1). The
photo of Fig. 1 shows the Muon arm section which
RIKEN contributes much effort for its construction.
The remaining Muon Magnet South (MMS) has been
fabricated by Mitsubishi Electric Co. and RIKEN with

Fig. 1. A photo of the PHENIX construction at present,
showing the Central Magnet, an arm of the Muon Mag-
net (Muon Magnet North), and a pair of iron walls for
Muon Identifier (MulD).

technical supports of Lawrence Livermore National
Lab. (LLNL).

The investigation of Limited Streamer Tube (LST)
is proceeded, which forms the MulD with iron walls.
We are testing the LSTs with the high energy (~2
GeV) muon and pion beams at National Lab for High
Energy Phys. (KEK), and also with cosmic ray and
radioactive sources. Fabrication of the LSTs will start
in the next year according to the results of this test
experiment at KEK.

Simulation studies are underway to establish the
analysis methods as well as on-line trigger scheme.
Sensitivity of the measurements of polarized parton
distributions is evaluated using the results of resolu-
tion and acceptance studies. For these studies we have
three coherent activities with collaboration of theo-
rists: (1) summarize both unpolarized and polarized
cross sections for various reactions expected in RHIC;?)
(2) evaluate the yields and statistical uncertainties; (3)
develop polarized parton distributions based on the
currently available experimental data. Details of the
simulation studies and studies of polarized parton dis-
tributions are described in separate papers.

We, responsible for accelerator field, concentrate on
accelerating polarized proton, by using the RHIC ac-
celerator, up to 250 GeV without a depolarization.
The main effort is R&D of the special superconduc-
tive magnet (so called Siberian Snake magnet) to flip
the spin of the proton, which is the main component to
keep the polarization of protons in the RHIC accelera-
tor. The magnetic field calculation in three dimensions
is well established, which is an indispensable technique
to design the Siberian Snake magnet in an optimized
form. The “Spin Tracking” is also well established,
which calculates the behavior of the proton spin in the
RHIC accelerator. Furthermore, a model magnet of
the Siberian Snake was made, whose maximum cur-
rent reached 470 A (planned maximum 420 A) which
corresponds 4 T of magnetic field at the central region.

As we described above, the project is proceeding
very well. We will put further effort in the coming
year toward the first beam scheduled in 1999.
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Spin Physics with PHENIX Detector System at RHIC

H. En'yo, Y. Goto, N. Hayashi, T. Ichihara, K. Imai, Y. Mao, A. Masaike, Y. Nakada,
N. Saito, Y. Sakemi, T. Shibata, Y. Watanabe, M. Yosoi, and M. Ishihara

[ pp interaction, Structure function, Spin, Asymmetry, Polarized beam]

We are studying the spin physics possible with the
PHENIX detector system at Relativistic Heavy Ion
Collider (RHIC) in Brookhaven National Laboratory.!)
Here we report the results of our recent studies on
prospective measurements of the gluon helicity distri-
bution AG and of the anti-quark helicity distribution
Ag. Measurements of these two distributions are cru-
cial for understanding the spin structure of nucleon.

One of the promising methods to determine AG
is to measure the asymmetry for the production of
a prompt photon (v) with the high transverse mo-
mentum pp. In proton-proton (pp) collisions at the
energy of RHIC, about 90% of the photon produc-
tion comes from the quark-gluon Compton scatter-
ing process (g + g — ¢ + v), and the rest originates
from the quark annihilation process (¢ + ¢ — g + 7).
We define a double longitudinal-spin asymmetry as

App = %, where ¢ represents the photon

production cross section and the signs indicate the he-
licity states of two colliding protons. Since the quark-
gluon Compton process dominates in the production of
a high pr photon, the asymmetry is dominantly gov-
erned by that process. The asymmetry for the Comp-
ton process is given by Ay = -Aq—q . %aLL, where ay .
is an asymmetry in partonic level and is calculable; q
and G are the unpolarized quark and gluon distribu-
tion functions, respectively; A9 is fixed by other ex-

periments; and G is determined from an unpolarized
cross section of the photon production. Thus, one can
extract AG by measuring Ay ;. We have estimated the
yield of prompt photons by using a QCD event gener-
ator named PYTHIA? in a wide pr range assuming
the integrated luminosities 320 and 800 pb~! for the
colliding energy /s = 200 and 500 GeV, respectively.
From this study we have confirmed a correlation be-
tween probed Bjorken’s z of gluon and pz of photon,
which allows us to study the z dependence of AG. Ex-
pected errors on A—GG were calculated from the photon
yield and Ay formula, which are indicated by error
bars in Fig. 1 together with the preliminary results of
the J/1 production process. It is shown clearly that a
very precise measurement can be made around x ~ 0.1
where a recent theoretical model depicts a maximum
in the magnitude of A—Gc.

Ag can be determined from the single longitudinal-
a(+)—a(-)
o(+)+a(-)
weak boson, W*. Here o(+) stands for the cross sec-
tion for a W production in collision of the unpolarized
proton and the proton with positive helicity, and o(—)
denotes the same as o(+) but with negative helicity.
Since the W is produced dominantly by ud — W+,
the asymmetry for its production Ap(W™) is sensi-
tive to both Au and Ad. Similarly, Ap(W ™) is sen-
sitive to Ad and A#. As in the case of AG, we have
evaluated the statistical error of our measurements of

spin asymmetry Ap = for production of a
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Fig. 1. Prospective measurements of the % calculated

from prompt photon and J/v {ee, pp) yield.

the 24 and % which were calculated from the boson

yield estimated by PYTHIA. The results are plotted in
Fig. 2. Curves in the figure show theoretical predic-

tions performed separately on % and 24 for different

flavors of two independent groups. The filled and open
circles show the points to be determined from produc-
tions of W and W —, respectively. Obviously, we can
select one of the models from our measurements.
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Fig. 2. Flavor decomposition of the quark and anti-quark
polarizations for a W production.

In summary, we have estimated the yields for pp
reactions, from which we could determine the helicity
distributions of gluon and of anti-quark in the proton.

The statistical error on the measurement of A—GG will

be in between 0.01 to 0.1 at 0.05 < = < 0.20. %q can

be determined with the statistical error of 0.02 to 0.05
at 0.05 < = < 0.10.
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Study of Polarized Parton Distribution
Functions in the Nucleon

Y. Goto, N. Hayashi, M. Hirai, S. Kumano, M. Miyama, T. Morii,
N. Saito, T. Shibata, and T. Yamanishi

[Polarization, Structure functions, Spin structure, Nucleon)]

In 1995, RIKEN started the RHIC-spin project in
collaboration with Brookhaven National Laboratory
(BNL). The main goal of the project is to elucidate the
spin structure of the nucleon. The Relativistic Heavy
Ion Collider (RHIC), which is designed to give a lumi-
nosity of 2x10%? cm™2sec™!, an energy of /s = 50—
500 GeV, and a proton beam polarization of about
70% for polarized pp collisions, is under construction
at BNL. To meet the goal of planned experiments and
to propose crucial measurements to constrain the spin
structure of the nucleon, a working group on the po-
larized parton distribution functions (pol-pdf’s) was
formed.

The spin structure of the nucleon has been studied
in polarized lepton scattering off the polarized nucleon
target (pol-DIS). As revealed in the “proton spin cri-
sis”, our understanding of the spin structure is not
sufficient yet. In particular, the gluon polarization,
sea-quark polarization, and flavor decomposition are
not tightly constrained by the pol-DIS experiments.

On the other hand, the experiments on the spin
structure are entering to new stages:

e further precision measurement in inclusive pol-
DIS,

e semi-inclusive pol-DIS, and

e polarized proton-proton collision.

The goals of these experiments are to determine:
e gluon polarization,

e sea-quark polarization, and

e flavor decomposition.

The working group is composed of three subgroups
with respective subject:

e data analysis group,
to summarize the current experimental and theo-
retical knowledges on the spin structure

e parametrization group,
to develop the best polarized parton distribution
functions (pol-pdf) which fit well to all available
experimental data including new one

e Q?-evolution group,
to develop computer programs on the pol-pdf up
to any Q? with the splitting functions to include
next-to-leading—order a; corrections.

The first stage of the program is in progress.

As the second stage, we would like to suggest cru-
cial measurements for pol-pdf. Based on the results
obtained from these subgroups, we will study the pro-
cesses sensitive to the polarized strange quarks and glu-
ons, and predict the physics for di-muon productions
in the final state, prompt photon productions, heavy
flavor productions, weak boson productions, etc. at the
RHIC energies.

We are opening the home page on WWW for virtual
conference at the address,
http://www.rarf.riken.go.jp/rarf/rhic/theory/ .

We are grateful to Prof. T. Hatsuda, Dr. H.
Kitagawa, Dr. K. Tanaka, Dr. S. Ohta, and Prof. Y.
Koike for useful discussions.

Working Group on Polarized Parton
Distribution Functions (Pol-PDF)

——— 1st stage —

* Parametrization Group
Modeling polarized quarks and
gluon distribution functions

® Data Analysis Group
Fitting - error analysis

. Q2— evolution Group
QZ- evolution

- _/

|

2nd stage

Suggesting crucial
measurements for
Pol-PDF

Fig. 1. Flow chart of the program of our working group.
The first stage is in progress.
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R&D of Iarocci Tube for RHIC Spin Project

Y. Mao, Y. Nakada, H. En’yo, K. Imai, N. Saito, N. Hayashi,
Y. Watanabe, Y. Goto, T. Ichihara, and M. Ishihara

[larocci tube, Working mode, Time spread|

A clean identification of muon is a key issue for
RHIC spin project. The production of weak bosons
W, which is sensitive to the anti-quark contents of the
proton, can be identified by the detection of high trans-
verse momentum muons. The production of heavy
quark system, which is sensitive to the gluon contents
of the proton, can be tagged with the detection of
dimuon in the proper mass range.

To meet the goal of the experiments, the muonID
in PHENIX detector system should have the following
characteristics: (i) time resolution <100 ns, (ii) stabil-
ity in detection efficiency, and (iii) low cost to cover a
wide area. Iarocci tube®) has been selected as a candi-
date for such detector. As a part of PHENIX’ muonID
R&D, we have investigated the Iarocci tube’s plateau
range and time response in different conditions to spec-
ify its operation mode and operation gas. In addition,
we have compared performance of the tubes from Italy
and from China; both of them are candidates for mass
production in future.

Figure 1 shows a cross-sectional view of two Iarocci
tubes which mainly comprise three parts: a 8-cell comb
extrusion with the inner wall painted by graphite, an
outer jacket and a set of silver-plated Cu-Be wires of
100 pm diameter. larocci tubes can be operated in
either streamer mode or proportional mode. It is one
of urgent issues to select one mode out of two. By
using a mixture of Ar:CyH;p = 1:3 (Ar-C4H,g, here-
after) as the working gas, we measured the pulse height
spectra of cosmic ray and %°Sr radioactive source un-
der the HV from 3.9 to 5.0 kV. The transition from
the proportional to streamer modes has been clearly
observed at about 4.5 kV. An comparison of streamer
mode with proportional mode has been made as de-
scribed below. Although the plateau range, detection
efficiency and time spread of the proportional mode are
similar to those of the streamer mode, the pulse height
is quite different in two modes. Since the average pulse
height of streamer mode is over 10 times larger than
that of proportional mode, we may be able to use a
low-gain pre-amplifier to reduce the cost. In addition,
a larger signal output allows a higher discrimination
level. Consequently, a higher noise level is acceptable.

In operation, a streamer occurs when electrons drift
close to the anode wire after the primary ionization.
The drift time depends on the position where the pri-
mary ionization occurred in a cell. Therefore, there
exists a time uncertainty or time spread. We investi-
gated the time spread with cosmic ray and 90Gr source
by a triple coincidence setup which consisted of two

36

comb extrusion

L]

Fig. 1. The cross-section of two Iarocci tubes.
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scintillation detectors one above and another below the
tube. The FWHM of time spread was about 75 ns for
Ar-C4H,p, and was 40 ns for CF4:C4H;o = 1:1.

Using the same method, we also measured the time
spread for two tubes shifted each other by half-cell (as
shown in Fig. 1). The result confirmed that the time
spread decreased to about 40 ns for Ar-C4H o, which is
half of that for a single layer tube. Namely, when two
tubes are layered and shifted by half-cell, one can meet
the requirement (< 100 ns) of PHENIX trigger system.

To compare Chinese tubes with Italian ones, we first
made a quality index (Table 1) to define a better tube.
We started the evaluation work from comparing Italian
tubes and Chinese assembled ones. The result showed
that Chinese tubes are as stable as Italian ones after
we examined all items listed above.?) We are going to
receive 80 of genuine Chinese made tubes for further
comparison.

Table 1. Quality index of larocci tube.

< 1 mbar after 10 min. at

30 mbar over-pressure.

< 1 pA without a source

> 5.0 kV with Ar-C4Hjo

> 400 V beyond about 4.5 kV

Pressure drop

Current leakage
HV tolerance
Plateau range

Based on our R&D work, we suggest that larocci
tubes are to be operated in the streamer mode for
PHENIX muonlD for a better noise tolerance and
there is no need to use CF, since the time spread al-
ready met the requirement when two tubes were lay-
ered and shifted by half-cell. In order to evaluate the
muon identifier system as a whole, especially in muon
detection efficiency and pion rejection rate, we are go-
ing to perform test experiment at KEK.
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Measurement of Neutrons from Muon Catalyzed
dt Fusion Reaction at RIKEN-RAL Muon Facility

N. Kawamura, S. N. Nakamura, K. Nagamine, T. Matsuzaki, K. Ishida, S. Sakamoto, M. Tanase,

M. Kato, K. Kurosawa, K. Kudo,*

N. Takeda,*

and G. H. Eaton**

[Muon catalyzed fusion, Fusion produced neutron)]

In this article, we report on the muon catalyzed fu-
sion (uCF) produced neutron detection system at the
RIKEN-RAL Muon Facility. For each dt-uCF cycle,
one 14.1 MeV neutron is created via the following re-
actions:

dtpy — n4+a+p+17.6 MeV (> 99%), (1)
— n+oau+17.6 MeV. (2)

The muon cycle rate (A.) and the muon loss probabil-
ity per cycle (W), which is mainly caused by the re-
action (2), were deduced from the neutron yield (Y,,)
and the decreasing time constant of neutron yield (\,).
These values are associated each other as follows:

/\n = )\0 + \‘Vcﬁ)\cv (3)

/qb/\c exp(—Apt)dt = G

Y, = \
An

where A9 = 0.455 x 105 s~! is the muon free decay rate,
and ¢ is the DT-target density.

In our setup two neutron counters, that have been
calibrated by the standard neutron source at the ETL~
Tsukuba, were placed 82 cm away from the DT-target
along the p~ beam axis (Fig. 1). The neutron events
via puCF cycle were separated from ~y-ray events and
from pile-up events by signal processing. We determine
An and the total neutron number due to uCF, which
is the product of Y, and the p~ stopping number in
the target, from the neutron spectra.

Preliminary analysis on 28% tritium (T) concen-
trated pure DT-system shows:

A = 1.262(6) x 10° 7!
= 1.414(6) x 10° s7!

. Liquid (20K), (5)
: Solid (15K).  (6)

According to Eq. (3), the above-obtained difference of
An between the liquid and solid targets comes from the

*  Electrotechnical Laboratory

**  Rutherford-Appleton Laboratory, U.K.
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Fig. 1. The cross-sectional view of the neutron detection
system along the beam axis. The p~ beam injected
from the left is focused on the DT-target under 2.4 T
magnetic field. Two neutron counters were placed 82
cm down-stream from the DT-target. In front of the
neutron counters, 5 cm thick lead blocks were placed,

7

so that u-e decay electrons do not enter the neutron
counters.

difference in the target density (dsolid/Pliquia = 1.14),
and A. and W do not depend on the DT-system phases.
However, only in the solid phase target we observed
the increases of A, as a function of the time after the
solidification. This was not possible to observe in the
liquid phase target. We consider that this effect is due
to the accumulation of the *He decayed from tritium,
which can not diffuse nor go out from the solid DT-
system. If once a pu~ transfers from du or tu to this
residual *He, in which binding energy of x~ is about
four times deeper than those of the hydrogen isotopes,
such a ¢~ can not contribute to the uCF cycle, and as
a result A, increases.
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Muon Transfer in Excited States of Muonic Hydrogen Atoms
Observed with X-ray Measurement

S. Sakamoto, K. Nagamine, and K. Ishida

[Exotic atom, Muonic hydrogen X ray, Muon transfer]

The muon transfer between hydrogen isotopes | e.g.,
(pu) + d — (dp) + p| is one of the vital processes in
the muon catalyzed fusion (uCF). Muons may trans-
fer from the excited states of muonic hydrogen atoms.
The population of the muonic hydrogen atoms in the
ground state is, therefore, different from the composi-
tion of the hydrogen isotopes. The parameter q1s, V) de-
fined by the probability of a muonic atom with lighter
nucleus to reach its ground state after its initial forma-
tion, has been introduced to express this muon trans-
fer rate relative to the atomic cascade rate. Although
theoretical studies® predicted low g4, the first indi-
rect measurements® for a d-t mixture have reported
rather high ¢;, values.

The fraction of the non-radiative transition to the
ground state is negligibly small? in gaseous hydrogen.
The number of muonic hydrogen atoms that reach the
ground state can be estimated by observing Lyman
X-rays from muonic hydrogen atoms (1.9 ~ 2.7 keV).
The most crucial point is to detect and resolve X-rays
from different muonic hydrogen isotopes, whose energy
separation is only ~0.1 keV. A lithium-drifted silicon
detector (Si(Li)) adopted for our experiment was man-
aged to achieve the energy resolution of 112 eV at the
energy around 2 keV.

The experiment has been initiated at the Port-3 of
RIKEN'’s Pulsed Muon Facility at the Rutherford Ap-
pleton Laboratory (RAL). A gas target chamber of 1.5
liter capacity was filled with protium gas, deuterium
gas, or their mixture. The gas density ¢ was 0.01 of
liquid hydrogen density (LHD) when the chamber was
cooled down to ~80 K. The first experimental run was
successfully carried out in September, 1996. Figure 1
shows X-ray energy spectra in a prompt time interval.
Peaks of the K, Kz, and K, X-rays originated from
muonic hydrogen atoms are clearly seen in pure pro-
tium and pure deuterium spectra. By referring these
spectra for the exact energies and widths of peaks, the
peaks of X-rays from different muonic hydrogen iso-
topes are easily resolvable in the spectra of the mix-
tures of protium and deuterium.

Our previous result,® along with a similar
experiment® at Paul Scherrer Institute (PSI), has sug-
gested a high ¢;, when the deuteron concentration
C,<0.5. There are some theoretical and experimental
suggestions that muonic hydrogen atoms may have a
rather high kinetic energy (~1 eV) during their atomic
cascade process, which might explain this discrepancy
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Fig. 1. Energy spectra of prompt X-rays (¢ = 0.01 LHD).
The events detected within 100 nsec of each muon beam
pulse were selected.

The analysis
is now in progress and the second run is scheduled in
February, 1997 for more systematic measurements.

between measured and predicted g;5’s.
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Measurement of X-rays from a-Sticking in Muon Catalyzed
dt Fusion Reaction at RIKEN-RAL Muon Facility
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M. Kato, K. Kurosawa, and G. H. Eaton*

[Muon catalyzed fusion, Muonic X-ray]

Direct knowledge of the muon to alpha sticking prob-
ability (w,) in the Muon-Catalyzed Fusion (uCF) is
one of the most important observable in all the uCF
studies, since the w, draws a stringent upper limit on
the energy-production capability from the uCF reac-
tion. The w, can be determined directly by measur-
ing the characteristic muonic X-ray from the recoiling
(ua)t ions. The 8.2 keV K, X-ray with a Doppler
broadening of around 0.5 keV is expected to be ob-
served. A serious difficulty in this X-ray measurement
in a high density and high tritium fraction D-T mix-
ture is a huge radiation background of bremsstrahlung
up to 17 keV from the tritium decay in a D-T mixture.
With a strong pulsed muon beam, the X-ray detection
system needs to be operational only during the pres-
ence of muon pulse, so that the signal to noise ratio
is drastically increased. This type of uCF experiment
was initiated at the Meson Science Laboratory, Uni-
versity of Tokyo, located at the National Laboratory
for High Energy Physics (UTMSL/KEK)."

At the RIKEN-RAL Muon Facility recently
completed,?) an advanced experiment was performed
with the strongest pulsed muon beam and using the
tritium handling system which can remove the He
impurity produced from tritium decay.?) A backward
negative muon with a double pulsed structure (each
70 ns in duration with a 320 ns separation and 50 Hz
repetition frequency) was introduced into the liquid
Do.72To.28 target.

The typical energy spectrum is shown in Fig. 1,
which was measured by a Si(Li) detector placed 12.4
cm away from the target. A clear Doppler broadened
K, peak is seen at 8.2 keV. The disappearance rate
of the K, peak was found to be consistent with that
of neutrons.*) Also, the K5/K, ratio was preliminary
obtained to be 0.076 & 0.027. Further measurements
are planned to determine this ratio more precisely.

Through calibration works of the X-ray detection

*  Rutherford Appleton Laboratory, Chilton, DIDCOT, Oxon,
U.K.
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Fig. 1. Energy Spectrum of the observed delayed part
of the X-ray from muon catalyzed fusion in liquid
Do.72To.28. The time range is from 80 ns to 2080 ns
after the second muon beam pulse.

system, the number of occurrence X-ray emission was
obtained to be around 0.32 £ 0.03 per muon stopped in
the target. A detailed analysis of fusion neutron data
is now under progress to deduce the value of sticking
probability.
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Experimental Study of CSB Force in N-d Scatterings at 12 MeV

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

[INUCLEAR REACTION: D(ii,n)D, Polarized-neutron beam, E, = 12 MeV; Charge symmetry breaking]

Angular distribution of analyzing power A,(6) of
D(7,n) scattering at E, = 12 MeV was measured in
the CM angular range from 59.8° to 146.5° to study
the charge symmetry breaking (CSB) in the P-state
nucleon-nucleon (NN) interaction. The experimental
method and the preliminary result have been described
elsewhere.!) The statistical accuracy of the A,(6) was
about 1.5% around the A, maximum. The systematic
uncertainty of the A, () is the sum of the uncertainty
of the 7i-beam polarization plus the other systematic
uncertainty in the D(7i,n) experiment. To determine
the 7m-beam polarization uncertainty, we made a sep-
arate experiment on the polarization transfer coeffi-
cient Kg,([)c’) of the D(d,7) reaction by which a polar-
ized neutron (1) beam was produced. The systematic
uncertainty of the present A,(#) was estimated to be
1.0%, and the most accurate 7i-d data of A,(6) was
obtained.

We compared our data with Triangle University Na-
tional Laboratory (TUNL) data.?) Though the global
structure of the angular distribution was nearly the
same, a small difference was found around the peak of
Ay. The difference was 1.9+3.6% at the A, peak. The
difference was mainly attributed to the difference of
3.9+1.0% between the adopted values for the Kgl(Oc’)

of the D(d,7) reaction. The Kgl([)c’) value adopted in

the TUNL experiment®) was obtained using one set
of the n-*He phase shifts, whereas the value adopted
in the present experiment was determined absolutely
without using the phase shifts.

In Fig. 1 we compared the present 7i-d data of A, (6)
with the p*d data of A,(f) measured at the same
energy.?) A distinct difference was found in the angu-
lar distribution. The 7-d A,(#) is smaller than the
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Fig. 1. Ay(0) of N-d scattering at 12 MeV. The squares are
the present 7i-d data. The crosses are p-d data obtained
at Kyushu University Tandem Laboratory (KUTL).
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p-d A,(9) in the CM angular range from 60° to 110°,
and is larger in the CM angular range above 110°. If
the incident proton energy in the p-d scattering is as-
sumed to decrease by 0.64 MeV due to the Coulomb
barrier, the angular dependence of AApn4(6) is consid-
erably well explained. At present we can not extract
any quantitative conclusion from the energy shift.

We extracted the difference in the A, maxima be-
tween 7-d and p-d scatterings (AAng) to study CSB of
N-N interaction, because it was considered that the A,
has a large value of about 0.19 at the peak and seems
to be sensitive to a possible small change in N-N forces
such as caused by CSB. We obtained AAn,4 value of
0.0083£0.0028 at 12 MeV, which was slightly smaller
than that derived from the TUNL data as shown in
Fig. 2. This small value of AApy is still higher than
that by the approximate Coulomb calculation.”)

0.03
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Prdsentdata ~e—
0.025 Coulomb  «
Approx1 Coulomb —-
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Fig. 2. Energy dependence of Ay(6) difference between 7i-d
and p-d scatterings at their peaks. The experimental
TUNL data are marked by + symbols. The square is the
present data. The diamond shows an exact Coulomb
calculation.®’ The dotted line indicates an approximate
Coulomb calculation.

It is necessary to evaluate the contribution of
Coulomb force on AApg in order to draw a conclu-
sion on CSB of N-N interaction from the present ex-
periment. If the energy shift by Coulomb force can be
explained by an exact Coulomb calculation at 12 MeV,
some conclusion may be possible to be drawn.
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Cross Sections of axn Channels in the °Ar + 29°Bji Reaction
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T. Motobayashi, M. G. Hies, T. Ariga, A. Yoshida, and K. Sueki

[Nuclear reaction, a-decay, *°?Bi (“°Ar, axn) ?*5*Es, Ej,, = 207 MeV]

In an effort to search for a more effective method for
the synthesis of super heavy elements, an experiment
was performed to measure the cross sections of axn
channels in the reaction of “°Ar + 2°9Bi. Even though
a similar measurement was carried out by Nomura et
al. a few years ago,") the present experiment was done
with an improved focal-plane detector, where a 2D po-
sition sensitive detector (PSD) was used to measure
both the single a-decays as well as the possible corre-
lations of subsequent decays. From this experiment,
a more decisive conclusion is expected regarding the
prospect of using axn channels as an alternative tool
for the production of super-heavy elements through
heavy ion reactions.

A pulsed 4°Ar beam with energy of 7.6 MeV /nucleon
from the RIKEN Ring Cyclotron was passed through
a thin aluminum-foil energy degrader to bombard a
0.8 mg/cm? 2°°Bi target. The bombarding energy at
the center of the target was adjusted to be 207 MeV
to optimize the production of a2n channels. The key
point is to compare the production cross section of axn
channels with that of xn channels. The evaporation
residues were separated from the beam and the other
reaction products by using the gas-filled isotope sep-
arator (GARIS)? at the cyclotron lab. The primary
beam was pulsed typically with a sequence of 1 sec on
and 2 sec off mode in order to achieve a good separation
between the long-lived evaporation residues of interest
and some short-lived transfer products when their a-
decay energies are close. The average beam current on
the target was around 30 pnA during a period of 4.5
days.

The result of the beam-off alpha spectrum obtained
in the present experiment is shown in Fig. 1(a), and the
same beam-off alpha spectrum but measured 0.9 sec af-
ter the beam was switched off is in Fig. 1(b) over the
same alpha decay energy region. In Fig. 1(a), about
21 counts of alpha decays which are assigned to be
transfer product of 212mAt are clearly seen, while in
Fig. 1(b), only a few events located around 7855-7895
keV survived. Due to the short life time of 2}2™ At, only
an average of 0.1 events of 212™ At decay could remain
in the delayed spectrum. Because the energies of these
events are very close to the Ea of 242Es or 243Es, the

4 events in Fig. 1(b) are most likely originated from
the alpha decay of 24?Es or ?43Es isotopes produced
through the 2°°Bi(“°Ar,a2n) or 2°°Bi(*°Ar,a3n) reac-
tions. From a preliminary correlation analysis of the
present data, we obtained a cross section of approx-
imately 200 pb for the xn channels and obtained an
approximate cross section of 10 nb for the axn chan-
nels. The former value is consistent with the 4 n cross
section in the same reaction reported in Ref. 3 and the
later values confirmed the previous result reported by
Nomura et al. in Ref. 1. A more complete analysis of
the data is under way.
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Fig. 1. The «-decay energy spectrum measured in the

reaction *°Ar 4 2%Bi, at Ej., = 207 MeV (a) during
the beam-off period and (b) 0.9 sec after switch-off of
the beam.
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High-Spin States in ¢Eu
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NUCLEAR REACTION: M0Ce(19B 4n) **Eu,E(**B) = 50 MeV;
139L,a(13C,5n) 1 Eu,E(13C) = 98 MeV; v~y coincidence measurement

In the N = 83 isotones high-spin isomers have been
found systematically, i.e., 44Pm,") 1458m,? 46Eyu®
147Gd4% and 8Tb.5) Among them the half-life of the
high-spin isomer in 46 Eu is much shorter than those of
the adjacent isotones, *°Sm and 47Gd, although the
excitation energies of these three isomers are similar,
~8.5 MeV. This large deviation of half-life from the
systematics suggests a different origin in the isomerism
or an abrupt change of the level structure at high-spin
states in 146Eu.

On the other hand, isomers with the spin of 27/2 are
also found in the N = 83 odd isotones systematically.
The excitation energies of the states decrease gradu-
ally with increase of the mass number. The parities of
these states, however, change suddenly from positive to
negative between 4°Sm® and 47Gd.?) This trend also
appears in the spin 10 states of N = 82 doubly-even
isotones between 44Sm? and '46Gd.® Since °Eu is
located in the middle of 5Sm and *7Gd, it is mean-
ingful to study the level structure of *®Eu in order to
understand the reason why the change of parity in 27/2
state happened. The spins and parties of correspond-
ing states in '46Eu are estimated to be 16 or 15% by
coupling 1 proton hole to the 27/27 state in 7Gd or
1 proton to the 27/2% state in °Sm, respectively.

Although the level scheme of “®Eu was reported
previously®) up to the excitation energy of 3.5 MeV,
the 151 state was only tentatively assigned and the
16~ state was not found yet. The existence of 10 ns
isomer at ~ 8.5 MeV was also reported,® but the decay
scheme from the high-spin isomer was not established
well.

In order to clarify the low lying states in *6Eu,
an in-beam ~v-ray measurement was made by using
140Ce(19B,4n)*6Eu reaction at the tandem laboratory
of Kyushu University. The 1°B beam with energy of
50 MeV was bombarded on a natural Ce target with
thickness of 1.6 mg/cm?. The level scheme of excited
states below 5 MeV was made based on this y-v coin-
cidence data.

For the purpose of constructing the level scheme
up to high-spin states, ~8.5 MeV, another -y co-
incidence measurement was carried out by using
1397 4(13C,6n)'46Eu reaction. The '*C beam of 98
MeV was provided by the JAERI tandem accelerator.
In order to obtain the time information of -rays the
pulsed beam was used in the experiment. The dura-

*  Japan Atomic Energy Research Institute
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tion and the repetition of the pulsed beam were 40
ns and 4 MHz, respectively. A self-supporting '*°La
foil target with the thickness of 11 mg/cm? was used.
Gamma-rays were detected by using six HPGe detec-
tors with BGO Anti-Compton shields. These detectors
were placed at four different angles with respect to the
beam axis, so that the information of the angular dis-
tribution could be obtained. Fifty new vy-rays were
identified to originate from *6Eu by setting gates on
the previously reported y-rays.?) Figure 1 shows the
level scheme so far constructed. Spins above 147 state
were tentatively assigned based on the angular distri-
bution of v-rays. The data analysis is still in progress.
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Fig. 1. Proposed level scheme of 146y,
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[NUCLEAR REACTION: 13C + 3°La at E;q, = 98 MeV; v-v coin. measurement; Level scheme]

Extensive -ray spectroscopies of odd-mass nuclei
in the neighborhood of the doubly-magic 14Gd nu-
cleus have resulted in a well -developed understand-
ing of the coupling between a valence nucleon and an
even-even spherical core nucleus.™ The weak cou-
pling model was suggested to interpret the observed
yrast level (the yrast level is the lowest level in energy
at a given angular moment) structures in odd-A eu-
ropium isotopes®) which exhibit a level structure with
the spin sequence and energy spacing very similar to
the yrast level scheme of the adjacent even-even nuclei.
Prior to the present work the level structure in 4"Eu
had been studied mainly via fusion- evaporation re-
actions with rather light projectiles.?®) Therefore, the
previous investigations have only provided information
on states with excitation energies less than 4.2 MeV.
In this paper we present the preliminary results for the
higher-lying states in '*7Eu.

The excited states in *"Eu were populated by the
reaction of 13°La(13C, 5n) at the *C beam energy of
Ejop = 98 MeV provided by the Tandem Accelerator
at JAERI. A ~-v coincidence measurement was per-
formed with six HPGe detectors with anti-Compton
shields. Based on the coincidences with the known ~
rays in 47Eu, sixteen new v rays were identified to
belong to *7Eu. Therefore, the previously reported
level scheme for 4"Eu was extended from 4174 keV to
7064 keV in the excitation energy. The level scheme
for *"Eu proposed from the present work is shown in
Fig. 1, The spin and parity assignments were adopted
from the previous work for low-lying states.?)

In the weak coupling framework, it could be ex-
pected that states in *7Eu arise from the stretched
coupling of dg/lz and g;/12 proton holes to '%8Gd"
and of h;,/, protons to 1465m 8) Previous experiments
identified that the d;/lz and g /12 proton hole states are
located at 0 and 229 keV, respectively, and that the
hi;/2 proton state occurs at 625 keV. With the zero-
order approximation, the energy of a state in *"Eu
is calculated to be the sum of the energy of the cor-
rect particle or hole state and the energy of the corre-
sponding state of the even-even core. The predictions
of the weak coupling calculation are compared with
the experimental results in Fig. 1. The weak coupling
calculation indicates that the low-lying yrast states in
147Ey can be formed by the coupling of hyy/2 proton

* Japan Atomic Energy Research Institute
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Fig. 1. Comparison of experimentally observed levels in
17Eu with the zero-order weak coupling calculations
shown on the left for the hy,/, proton state and on the
right for the d;/12 and g, /12 proton hole states, respec-
tively.

to 146Sm, but the d;/IZ and g;/lz proton holes should
play an important role in the high-lying yrast states.
We are planning an experiment to assign the spin and

parity values to the newly established levels in 47Eu.

References

1) S. M. Aziz et al.: Phys. Rev. C 41, 1268 (1990).

2) T. Glasmacher et al.: Phys. Rev. C 47, 2586 (1993).
3) J. G. Fleissner et al.: Phys. Rev. C 16, 227 (1977).

4) A. Odahara et al.: Z. Phys. A 350, 185 (1994).

5) E. Ideguchi et al.: Z. Phys. A 352, 363 (1995).

6) G. L. Bianco et al.: J. Phys. 7, 219 (1981).

7) S. Lunardi et al.: Phys. Rev. Lett. 53, 1531 (1984).

8) J. Kownachi et al.: Nucl. Phys. A 337, 464 (1980).

43



RIKEN Accel. Prog. Rep. 30 (1997)

High Spin Isomer Beam Line
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NUCLEAR REACTIONS: 12C(}19Ce,5n), 24Mg(*36Xe,a9n),
E, = 7-10 MeV/u; Recoil separator; High-spin isomer beams

The high spin isomer beam line of RIKEN Acceler-
ator Facility is a unique apparatus in the world which
provides a high spin isomer as a secondary beam. In
general, the intensity of a secondary beam is much
smaller than its primary beam. It is, therefore, very
important to study characteristics of high spin isomer
beam and to develop a beam line with a high trans-
port efficiency. In this report, discussions are made
on some general requirements for the construction of a
high spin isomer beam line.

First, Requirement for the Primary Beam. The
mechanism of inverse kinematics should be used, which
means that a heavy ion is the incident and a light atom
is the target. For this case, the reaction products recoil
in the forward direction, maintaining the kinetic ener-
gies high enough to induce the secondary reactions.
In general, the energy range required for the primary
beam is 6-10 MeV /nucleon for the mass region of 140.

Next, Requirement for the Reaction Mode. There
are many reaction modes for the production of high
In general, when the produc-
tion target is heavier, the separation between the pri-
mary beam and the reaction products by their mag-
netic rigidity becomes better, and the angular diver-
gence of the reaction products becomes larger; and vice
versa. To see this more quantitatively, some calcula-
tions were made for !*7Gd produced by the reactions
of 12C(*0Ce,5n) and **Mg(!3%Xe,a9n). From the re-
sults of the angular distributions of 47Gd calculated
for these two cases, it is concluded that the angular
acceptance of &= 40 mr is large enough to transport Gd
efficiently even when the production target is heavy.
Calculations were also made for the charge state dis-
tributions of 147Gd and of the primary beam as a func-
tion of the magnetic rigidity. The yield of 4°Ce is 10*
times as large as that of 147Gd at the magnetic rigidity
with which the charge state distribution of *7Gd be-
comes maximum, while the yield of 147Gd is 10° times
as large as that of 1%6Xe in the latter reaction. And in
our energy region, it is concluded that a high spin iso-
mer beam line must cover the range magnetic rigidity
0.8-1.3 Tm.

There are some other requirements for high spin iso-
mer beams: 1) The optics should be dispersive at the
first focal plane. 2) The optics should have small dis-
persion after the first focal plane. 3) Double stage

spin isomer states.
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spectrometer system is desirable. 4) The path length
of the beam line should be as short as possible.

RIKEN Accelerator Facility has two beam lines
which have been used as a high spin isomer beam line:
E1C and RIPS.

E1C was a gas filled beam line in the first stage. A
gas filled system makes it possible to transport several
different charge states efficiently to the experimental
area. But the problem of this system was its beam
size. The diameter of the beam spot was more than
40 mm. It does not fit for the secondary reactions. By
evacuating the beam line, the diameter of the beam
spot became much less than 10 mm. EI1C has an an-
gular acceptance of £ 7 mr.

In order to improve the transmission efficiency, a
large acceptance beam line, RIPS, was recently used as
a high spin isomer beam line. Though the RIPS is well
known as a high energy RI beam line using a projectile
fragmentation method, it can be used also successfully
as a low energy isomeric beam line by using a fusion-
evaporation method. RIPS has an angular acceptance
of + 40 mr.

By considering all the requirements described above,
it is concluded that RIPS is more suitable for a high
spin isomer beam line than E1C. RIPS has an advan-
tage in every characteristics except the path length be-
tween the production target and the final focal plane.
RIPS has a long path length which corresponds to the
time of flight of about 860 ns, while E1C has that of
about 220 ns.

For a quantitative comparison, some considerations
are made here for the case of ?C(1*°Ce,5n). When the
magnetic rigidity is set at the value corresponding to
the charge state 48+ of '47Gd. the acceptance for each
charge state is calculated as (47+ : 5.1%, 48+ : 29%,
49+ : 5.1%) for E1C, and (46+. 47+, 48+, 49+, 50+
: 100%) for RIPS. Then, by taking into account of the
charge state distribution, the total acceptance of E1C
becomes 9.4%, and that of RIPS 83%, which is almost
10 times larger than E1C. But, due to the flight decay
of the isomer ("7™Gd; t1/o = 0.55 us), the resulting
transmissions are 6.4% and 19% for RIPS and E1C,
respectively. Then the ratio of transmission between
RIPS and E1C is calculated to be 3. The experimental
ratio was 4, which agrees with the calculation.
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Measurement of Deuteron Spin-Flip Probability in the
12C(d,d ') Reaction at E; =270 MeV
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[ NUCLEAR REACTION: 2C(d, d') at E4 = 270 MeV;; Isoscalar spin excitation)]

Inelastic scattering of polarized deuterons is one
of the promising processes to study isoscalar spin-
dependent excitation modes in nuclei, such as coher-
ent particle-hole states and isoscalar spin strength in
the continuum. To perform the ((f, d } reaction, we
have developed a focal plane Deuteron POLarime-
ter (named DPOL)Y which utilizes the '2C(d, d) and
YH(d, pp) reactions to cope with the simultaneous de-
termination of all the vector and tensor polarizations
of the scattered deuterons. Effective analyzing pow-
ers and double scattering efficiencies of these reactions
have been measured by a calibration experiment and
have already been reported.?)

Here we present new data obtained by the measure-
ment of 12C(d_,‘7 d_;) reaction using DPOL. Eight spin
observables in the reaction (A,,A4yy. Py'.,Py/y’,l(gjl7
KI?J/(-’/,K{J/;I, K;/;y) and differential cross sections (o)
were measured over an angular range from 2° to 8°
and an excitation energy range from 2 to 25 MeV.

A 270 MeV polarized deuteron beam from the
RIKEN Ring Cyclotron was used to bombard a 87.2
mg/cm?-thick '2C target. Typical beam intensity was
10 nA. Details of the polarized deuteron beam are de-
scribed elsewhere.?) The scattered deuterons were mo-
mentum analyzed by a magnetic spectrometer SMART
and their positions were determined by a multiwire
drift chamber (MWDC) located at the second focal
plane. Plastic trigger counters accompanied with a
2.5 cm-thick polyethylene plate were used as the sec-
ondary targets. The 2C(d, d) and 'H(d, pp) reactions
took place in the targets were identified by a plastic
counter hodoscope (2 m x 2 m X 6.5 cm) which was
placed 4 m downstream from the secondary targets.
Polarizations of the scattered deuterons were deduced
from the scattering asymmetry of these reactions.

Figure 1(a) shows the excitation energy spectrum of
12C. The unnatural parity 1* (12.7 MeV) and 2~ (18.3
MeV) states are clearly excited as well as the natural
parity 2% (4.44 MeV), 0 (7.65 MeV), and 3~ (9.64
MeV) states. All these are isoscalar states. Figure 1(b)
shows the spin-flip probability S; (AS, = 1) plotted
every 500 keV bins. S; is derived from the tensor spin
observables by using the relationship:

Sy =—-(4— Ay, —PYVV —2KVY). (1)

vy

The result is based on the analysis of 60% of the total
data collected. The errors given are statistical ones
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Fig. 1. Experimental results of the deuteron polarization
transfer measurement on ?C. (a) Measured excitation
energy spectrum. (b) Spin-flip probability S;.

only. It is to be noted that this is the first case in
which S is presented as a spectrum. The spin-flip 1+
state at 12.7 MeV is strongly enhanced compared to
the other natural parity transitions. This shows that
S1 is a good signature of the isoscalar spin transfer
strength.

From the recent analysis of the IZC(CZ d } experiment
performed at SATURNE, Johnson et al. have reported
a previously unknown isoscalar state of a 17 nature
at 20.5 MeV.% They have measured a vector polariza-
tion of the scattered deuterons to extract a signature
Sg.5> It would be of interest to see that our data showr
here seem to suggest as well an existence of some spin-
flip structure at the corresponding excitation energy
region.

Further analysis to estimate the systematic errors
as well as to extract the double spin-flip probability
S> (AS, = 2) is now in progress.
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NUCLEAR REACTIONS *He(d, p)*He, E = 270 MeV; Measured ]

polarization correlation coefficient, Polarized beam, Polarized target

A structure of deuteron is still an important sub-
ject in nuclear physics. In particular, the D-state wave
function in the high p — n relative momentum region
is not well studied.

Recently, we have proposed a new approach to study
the D-state wave function, by measuring the polariza-
tion correlation coefficient, C/,, for the *He(d, p)*He
reaction. Here, C/; is defined as a ratio of the differ-
ential cross section at forward angle when d- and *He-
spins are parallel each other to that when spins are
unpolarized,

Q= : (1)

Assuming that s-wave is dominant in the neutron
capture process by 3He, the C/, is expressed under
plain wave Born approximation by

9 w?(k)

= PR ) 2)

where k, u(k) and w(k) are the p — n relative mo-
mentum, the S-state deuteron wave function, and the
D-state one, respectively. It is important to point out
that C/; is directly proportional to the D-state density
at k.

The present experiment was performed at E3-room
of RIKEN Accelerator Research Facility. This is the
first experiment to use the polarized 3He gas target
developed at RIKEN.!) The polarized *He gas with a
thickness of about 10 mg/cm? was bombarded by a po-
larized deuteron beam of 270 MeV. Protons at 4° were
detected by Nal(Tl) detectors with 2”¢ x 3" in size,
which were placed at a distance of 2.6 m downstream
from the target. Figure 1 shows a measured energy
spectrum. A peak corresponding to the *He(d, p)*He
reaction, which has a large positive Q-value, is iso-
lated from a large bump which is most probably due
to deuteron breakup events.

The coefficient C;; is a linear combination of the
tensor analyzing powers, Ay, and A,,, and the vector
polarization correlation coefficients, Cy x and Cy y:

C// =1+-

At A+ 5(Cax+ Gy ()

Figure 2 shows a preliminary result of the measured
asymmetry. This asyminetry corresponds to

1 3
PYY(AXX + Ayy) + ZPxPyT(Cx,x + Cy.y)v (4)
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where P,y, Py, and PT are the beam tensor. the vec-
tor polarlzatlon and the target vector polarization, re-
spectively. Figure 2(a) is the asymmetry for the beam
with the pure tensor mode (Pyy ~ —0.9, P, ~ 0). It
does not depend on the *He polarization. On the other
hand, Fig. 2(b) shows the asymmetry by the beam with
the pure vector mode (P, ~ —0.45, P, ~ 0), which
changes its sign depending on the ®He polarizations
“Up” or “Down”.
Further analysis to obtain C/, is in progress.
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Spin-Flip Dipole State of °Y Studied by the °°Zr(d,2He)
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Measured o, Ay, Ayy, and Ag,; Multipole decomposition analysis

NUCLEAR REACTION: °°Zr(polarized d, ?He); E4=270 MeV; ]

In spite of the extensive study made by using the
charge exchange reactions at intermediate energies,
the understanding of the spin- and isospin-flip states
other than the Gamow-Teller state (L=0) is still rather
limited. The (d,?He) reaction is considered to be a
promising tool for the study of higher multipolarities,
because (a) it exclusively excites the spin-flip state,
(b) the background Gamow-Teller transition is Pauli-
blocked for heavy nuclei, and (c) the tensor analyzing
powers, Ay, and Az, are useful in identifying J™ of
the final state. The last feature (c), which was the-
oretically pointed out first,!) has experimentally been
established by the previous study of the 2C(d, ?He)'?B
reaction.?)

The aim of the present experiment is a study of the
spin-dipole state (S=1, L=1) of °°Y, making the most
of the feature (b). The angular distributions of the
differential cross section, Ay, Ay, and Ay, for the
907r(d, ?He) reaction at 270 MeV have been obtained
in the range of 6, =0°-15°. The typical spectra of the
differential cross section and A,, are shown in Fig. 1.
It should be noted that a fine structure of low-lying lev-
els observable in Fig. 1(a) was smeared out in the (n, p)
spectra obtained at TRIUMF because of the lack of en-
ergy resolution.?) The (n,p) spectra also suffered from
the large amount of hydrogen contamination caused by
the complicated target system.

Since the simple one-step distorted-wave Born ap-
proximation (DWBA) was proved to be successful in
the analysis of the 12C(d, ?He)'?B reaction,") the mul-
tipole decomposition of the spectra has been performed
based on the DWBA prediction for various L-transfers.
The result is shown in Fig. 1(b). The dipole compo-
nent is dominant up to the excitation energy of about
20 MeV. This allows us to discuss the analyzing pow-
ers with small ambiguities.

Concerning the spin-dipole states, the DWBA pre-
diction is summarized as following: A,, ~ —2 for
07, Agy ~ +1 for 17, and Ay, ~ O for 27. The
observed A,, shows, however, a structure-less distri-
bution with a positive but small value in the whole
region measured. It suggests that there exists no con-
centrated distribution of the 0~ or 1~ state and that
the dipole component mainly consists of the 2~ state.
This is consistent with the recent result of the (p,n)
measurement.*) Further analysis is in progress.
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Fig. 1. (a) Spectrum of the differential cross section at
the mean center-of-mass angle of 1.9°. The contribution
of the hydrogen contamination is shown by the shaded
area. (b) Multipole decomposition of the spectrum at
2°-4°. The contributions of each L-transfer component
are indicated by the shaded regions. The total spectrum
reconstructed is in good agreement with the data shown
by the closed circle. (c) Spectra of the tensor analyzing
power A, at 2°-6° and 6°-10°.
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Production Cross Sections of Projectile-like Fragments
in the ¥Ca + %Ni and 4¥Ca + ®'Ta Reactions at 70A MeV

M. Notani, N. Aoi, D. Beaumel, N. Fukuda, M. Hirai, E. Ideguchi, M. Ishihara, H. Iwasaki, T. Kishida,
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NUCLEAR REACTIONS: 64Ni 81 Ta(48Ca,X), E(*®Ca) = 7T0A MeV;
Production cross sections of projectile-like fragments.

The particle stability of extremely neutron-rich nu-
clei close to the drip-line can be used for testing
various mass predictions. For the efficient produc-
tion of extremely neutron-rich nuclei, we have inves-
tigated the target dependence on production rates of
the projectile-like fragments!) with a 70A MeV “8Ca
beam. In addition, we made an attempt to estimate
cross sections and yields for 33*Ne, 34Ne, and **Na, and
to argue their particle stabilities. We expect the target
dependence to give a clue of elucidating the production
mechanism of projectile-like fragments at intermediate
energies (10 ~ 100 A MeV).?

To investigate the target dependence on production
cross sections, we used two energy-loss-equivalent pro-
duction targets, ®*Ni and 181 Ta, with thickness of 244
and 400 mg/cm?, respectively. The experimental setup
is described in Ref. 3. Table 1 shows the ratio of
the yield for 81 Ta target to that for 54Ni target with
Bp = 3.68 Tm setting of the RIPS spectrometer. We
found that the 3! Ta target provides lager yields than
84Ni for the fragments with A =3Z +2. Thus, we
employed the '8!Ta target for the next new isotope
search experiment. By using the transmission calcu-
lated with the INTENSITY code,*®) we deduced the
production cross sections from the production rates of
projectile-like fragments for 972N, 217240, 23-29F,
24-32Ne, 29-35Na, 34738Mg, and 3574 Al as shown in
Fig. 1.
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Fig. 1. Production cross sections of projectile-like frag-

ments for the ®*Ni and '#'Ta targets, compared with
those calculated by the INTENSITY code.V

the cross sections are described in an exponential form
with consideration of even-odd effects. The estimated
cross sections and total yields are tabulated in Table 2.
At present, due to low statistics or large uncertainties
of the cross sections, we could not conclude their par-
ticle instabilities.

Table 2. Estimated production cross sections and yields
under present experimental conditions with the 181y
target for three nuclei, 33Ne, *'Ne, and 36Na.

Table 1. Ratios of the yields for '® Ta to ®*Ni targets in Nuclei Cross section [pb] Yield [counts]
neutron-rich fragments production in the F-Na region. 3BNe 1 -6 1.5-8.7
3 Ne 0.6-3 0.8 - 4.0
A 321 3Z 3Z+1 3Z +2 3Na 04-1 06-16
F 042 £0.03 0.62 +0.04 (unstable) 1.6+ 0.3
Ne 0.21 £0.07 0.36 £ 0.05 0.84 £0.03 2.0+ 0.5
Na 0.26 £0.16 0.29 +£0.08 0.44 £ 0.22 1.5 £ 0.7
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New Neutron-Rich Isotopes 3¥Mg, 4°Al, and ' Al Produced
by Fragmentation of a 70A MeV “Ca Beam

H. Sakurai, N. Aoi, D. Beaumel, N. Fukuda, M. Hirai, E. Ideguchi, M. Ishihara, H. Iwasaki, T. Kishida,
T. Kubo, H. Kumagai, S. M. Lukyanov, T. Nakamura, M. Notani, Y. Ts. Oganessian, Y. E. Penionzhkevich,
T. Teranishi, Y. Watanabe, Y. Watanabe, K. Yoneda, and A. Yoshida

[INUCLEAR REACTIONS: '8! Ta(*¥Ca,X), E(*8Ca)=T0A MeV; Evidence for 3¥Mg, 40Al, 4! A]]

The results of an experiment by the RIKEN-JINR
collaboration on search for the new Ne, Na, Mg and Al
isotopes close to the neutron drip-line are presented.
We found, for the first time, three new neutron-rich
nuclei: 3¥Mg and 404! Al

These nuclei were produced by the projectile frag-
mentation of a 704 MeV “®Ca beam. The 64% en-
riched *®Ca oxide powder was used to produce the
48Ca ions at the ECR source of the AVF cyclotron.
The *®Ca beam reacted with a 81Ta target of 400
mg/cm? thickness. The reaction fragments were col-
lected and analyzed with the RIPS spectrometer!) op-
erated in the achromatic mode. Taking into account
the energy loss in the target for both the beam and
fragments with A/Z ~ 3.2, the magnetic rigidity of
the RIPS was set to be 3.438 Tm. Particle identifica-
tion was performed event-by-event by measuring the
magnetic rigidity (Bp), time-of-flight (TOF), energy
loss (AE), and total kinetic energy (TKE).?)

The positions of fragments at the momentum-
dispersive focal plane were measured using a parallel
plate avalanche counter (PPAC) in order to determine
the Bp value. The PPAC with the sensitive area of
15 cm(W) x 10 cm(H) was larger than the one used
at a previous experiment:? it covered the full rigidity
acceptance of RIPS (6%). All of the other detectors
were located at the final focal point (F3), involving a
0.5 mm thick plastic scintillation counter (PL), a four-
element silicon-detector telescope, and an 1 mm thick
plastic scintillation veto counter. The TOF of each
fragment over the 27.5 m flight-path between the tar-
get and F3 was determined from the PL timing and
RF signal of the cyclotron. The silicon telescope con-
sisted of two 0.5 mm thick surface-barrier-type silicon
detectors, and 3 mm and 4.2 mm thick lithium-drift
silicon detectors. This configuration provided two or
three independent AE measurements and all the sili-
con detectors combined provided a TKE measurement.
The veto counter was used for rejecting such events as
piled up due to light fragments. The measured values
of Bp, TOF, AE, and TKE were combined to give re-
dundant particle identifications for obtaining the pro-
ton number (Z), charge (Q), and mass number (A) of

the fragment, as described in Ref. 2.

Figure 1 shows a two-dimensional plot of events,
A/Z versus Z. The result was obtained from the data
accumulated for one day with an average beam inten-
sity of ~2 pnA. Significant numbers of events were ob-
served for new isotopes, **Mg (18 events), 4CAl (34
events), and *' Al (4 events). We observed no events as-
sociated with **Ne. We took also the data with differ-
ent Bp settings, e.g., for A/Z ~ 3.3 and 3.4, and with
a higher beam intensity up to 4 pnA, where no 33Ne
events were observed, either. These data were eval-
uated to estimate the expected yields of 33Ne, which
may lead to arguments on particle instability of 33Ne.
The related discussion is found in Ref. 3.

V4

3.3 34

A/Z

Fig. 1. Two-dimensional A/Z versus Z plot. Three **Mg,
49A1, and #*Al isotopes are clearly visible. See text for
further details.
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Isomer Production in Fragmentation Reactions
Induced by a 70A MeV 48Ca Beam

H. Iwasaki, N. Aoi, D. Beaumel, N. Fukuda, M. Hirai, E. Ideguchi, M. Ishihara,
T. Kishida, T. Kubo, H. Kumagai, S. M. Lukyanov, T. Nakamura, M. Notani, Y. Ts. Oganessian,
Y. E. Penionzhkevich, H. Sakurai, T. Teranishi, Ya. Watanabe, Yu. Watanabe,
K. Yoneda, and A. Yoshida

NUCLEAR REACTION: 64Ni,!81Ta(%8Ca,X),E(*®Ca) = 704 MeV; Measured (fragment)gamma-coin;
Reviewed small T/, isomer production for 26mNa and 3?mAl

Recently the projectile-like fragmentation has been
used as a method for production of long-lived isomers?)
as well as radio-active beams. The study on isomeric
states of the reaction fragments is important for un-
derstanding the reaction mechanism of projectile-like
fragmentation. We have made an attempt to search
for new isomers in neutron-rich nuclei in the 7<7Z <18
region, and have deduced isomer ratios of the known
isomers, 26™Na and 3?™Al, with two different targets.

The neutron-rich nuclei were produced by using the
projectile fragmentation of a 704 MeV *®Ca beam. We
used two targets, 81 Ta and 4Ni, with thickness of
400 mg/cm? and 244 mg/cm?, respectively. The reac-
tion fragments were collected and analyzed by RIKEN
projectile-fragment separator (RIPS).2) The magnetic
rigidity of RIPS was set to be 2.78 Tm to optimize
for A/Z ~ 2.6 nuclei, while the momentum acceptance
was restricted to 0.2%. The reaction fragments were
implanted into a 2mm thick Al stopper, which was lo-
cated between the first and second silicon detectors at
the final focal plane (F3), as described in Ref. 3. The
particle identification was performed event by event by
measuring the AE and TOF. The v rays from the im-
planted ions were measured by using a Clover-type Ge
detector? placed 20 cm apart from the stopper. The
Ge detector was calibrated with standard !*?Eu and
133Ba ~-ray sources. The summed photo-peak effi-
ciency of the Ge detector was obtained about 0.2%
at 1 MeV. The detector covered the energy range from
20keV to 3MeV. The timing spectra of v rays were
obtained using a unit called TDC (Lecroy 4208) whose
gate opened for 30 us after the arrival of a fragment at
the stopper.

Implanted fragments were
23-26N 25-28Np 28-31)\[g 31-34A] 34-36gj 37-39p,
39-42g 42-45C] and *67%7Ar. These fragments were
accumulated from 50,000 to 800,000 events with
the 181Ta target. The statistics obtained with the
Ta target was about seven times lager than that
with the ®Ni target. Among them, we could find
no characteristic peaks indicating the new isomers.

17719N 18-—210 20—23F
1 3 3
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On the other hand, we have observed known -y
rays from 26" Na (E,=82.5keV) and **™Al (E,=221.6,
734.1keV).Y The sensitivity of this experiment for new
isomer search was limited. For instance, more than
10% of isomer ratio is necessary for detecting the as-
sociates of 200 keV ~ rays.

We deduced a half-life of 32™Al to be 185+ 15ns by
analyzing a timing spectrum gated by the v ray at en-
ergies of 221.6 keV and 734.1 keV. This half-life is con-
sistent with that previously reported, 200 +20ns.?)
Taking account of the ~-ray detection efficiency and
the isomer decay in its flight, we have deduced the
isomer ratios of 26™Na and 3?™Al for each target.
In this evaluation, the half-lives used for 2 Na and
32m A were, 9.2 us and 185+ 15ns, respectively. Ta-
ble 1 shows the measured isomer ratios for 26™Na
and 3?™Al, compared with the results measured at
GANIL.Y High isomer production is evident in the
systems of *¥Ca + 181 Ta and *®*Ca + %Ni as high as
that in the “°Ar + ?Be system obtained at GANIL.

Table 1. Isomer ratios (F) obtained for ™" Na and **™Al
with two different targets, compared with the results
for 3™ Al measured at GANIL.

Isomer Beam Target E/A(MeV) F (%)
26mNa BCa  181Ta 70 16 (1)
8Oy OGN 70 13 (3)
32m A By Iy 70 78 (7)
BCa  O4Ni 70 68 (13)
BmAID 963 9Be 75 32(3)
Ay 9Be 61 93717,
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Angular Distribution of the ®B Dissociation and E2 Components'

T. Motobayashi, T. Kikuchi, N. Iwasa,*! Y. Ando, M. Kurokawa, S. Moriya,
H. Murakami, T. Nishio, J.-Z. Ruan, S. Shirato, S. Shimoura, T. Uchibori, Y. Yanagisawa, T. Kubo,
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[*®Pb(®B,"Be p)?°*Pb, Coulomb dissociation, E2 component, Angular distribution]

Breakup of ®B in the Coulomb field of 298Pb was
performed for the first time at RIKEN.Y The results
demonstrated that this Coulomb dissociation provides
an alternative method for studying the "Be(p,7)®B re-
action at low energies. This reaction is important for
estimating the high-energy neutrino flux relevant to
the “solar neutrino puzzle”, defined as the discrepancy
between the measured and predicted neutrino yields
from the sun.

A question remains for possible contribution of
E2 transitions to the Coulomb dissociation results,
whereas astrophysical S;7-factors were extracted by as-
suming pure E1l transitions in the analysis reported in
Ref. 1. In the "Be(p.7)®B reaction, the E2 amplitudes
are very small, but they are enhanced in the Coulomb
dissociation process. It is known that the differential
cross section (do/df) near the grazing angle is sen-
sitive to the E2 component. The nuclear excitation,
which introduces an uncertainty in the analysis, is im-
portant also for the angular momentum transfer ¢ = 2
in addition to the E2 Coulomb excitation.

We performed new measurements of the dissocia-
tion of 8B in order to elucidate E2 contributions.?
The RIPS separator provided radioactive 8B beams
of 2x10* particles per second, which bombarded a
50 mg/cm? 2°®Pb target. The averaged incident en-
ergy was 51.9 MeV/u. The breakup fragments, "Be
and proton, were detected in coincidence after trav-
eling through the 3.1 m flight-path filled with helium
gas. In order to increase the sensitivity of the measure-
ment to the E2 amplitude, the detector system covered
a larger angular range up to g ~ 10° compared with
that in the the first experiment where the efficiency
was essentially zero in the vicinity of g = 6°.

Figure 1 shows the experimental yields as a function
of the scattering angle 6g for two relative energy bins.
The yield labelled as € - do/df is related to the origi-
nal cross section do/df via the response function that
takes into account the detection efficiency and all sorts
of experimental resolution. The response function was
obtained by a Monte-Carlo simulation and used also in
calculating the theoretical E1 and ¢ = 2 curves. Nu-
clear contribution for £ = 2 transitions was evaluated

t Condensed from an article in Phys. Lett. B, in print.

*1 GSI, Germany

*2  Department of Physics, University of Connecticut, U.S.A.

*3 Institut de Physique Nucléaire, Université Catholique de
Louvain, Belgium
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Fig. 1. Observed cross sections, edo/df, defined by the
product of the detection efficiency and differential
cross section, as a function of the scattering angle s
for two relative energy bins of 500-750 keV (a) and
1250-1500 keV (b). The theoretical best fits (solid
curves) are in favour of the pure E1 transitions. Dashed
and dotted curves correspond to the results calculated
with £ =1 [E1] and £ = 2 [E2 and nuclear] components
predicted by two different theoretical models, respec-
tively.

by a quantum mechanical calculation with a collective
form factor, where the deformation length was set to
be the same as the Coulomb one.

The curves for the pure E1 transition fit to the data
of Fig. 1, thereby suggesting very small ¢ = 2 ampli-
tudes at low relative energies. In fact, the best fits are
in favour of essentially no mixture of £ = 2 amplitudes
below 1.75 MeV. The curves calculated with a mixture
of the £ = 2 amplitudes (: obtained by applying two
different theoretical models®*) on ®B) are also shown
in the figure for comparison. The small £ = 2 compo-
nent verified here may support our previous analysis
with pure E1 transition in deducing the S;; factors
from the Coulomb dissociation data.?
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Charge Exchange Reactions of Neutron-Rich Nuclei
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NUCLEAR REACTIONS: M2H(!Li,'Be*), 12H(°Li,°Be*), 63 A MeV;
Charge exchange reaction; Isobaric analog state; Neutron halo.

Charge exchange reactions of (p,n) and (d,2n) have
been measured for the ''Li and °Li nuclei employing
the inverse kinematics and invariant mass methods at
63 A MeV.

The experiments have been performed at the RIKEN
secondary beam line called RIPS. The detector setup
is described in elsewhere.?)

We have observed the isobaric analog state (IAS)
of 'Li nucleus in the relative energy spectrum of the
9Li+p+n system produced by the 'H(*!Li,!!Be* —
9Li+p+n) reaction. The IAS has been identified by
the comparison between the relative energy spectra for
the 'H and 2H targets? and the angular distribution
(Fig. 1) of the “Li+p+n center-of-mass system.
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Fig. 1. Angular distribution of the observed differential
cross-section in the laboratory system for the *Li+p+n
center-of-mass system. Solid line denotes a Gaussian
fit.

The decay mode of IAS is analyzed from relative
energy spectra of the two-body systems °Li+n and
p+n. The angular correlation of p and n is also an-
alyzed for the angular momentum of the decay pro-
cess. It is found that the TAS mainly decays, through
an s-wave proton emission, to s-wave scattering states
of the °Li+n system; which may be identified as an

52

s-wave resonance.

The excitation energy and width of the IAS of !1Li
nucleus are deduced to be E, = 21.14+0.03 MeV and
= 0.25“:8:? MeV, respectively, by an R-matrix anal-
ysis (Fig. 2). The Coulomb displacement energy esti-
mated from the above E, is smaller than that for the
9Li nucleus, which is attributed to the extend nature
of the wave function of halo nucleons. The magnitude
of width of the IAS indicates an importance of the s-
wave component of the halo nucleon in the IAS, which
is consistent with the result of the angular correlation

analysis.
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Fig. 2. Relative energy spectrum of the 9Li+p-+n system
for the Fermi transition. Solid line denotes a prediction
of an R-matrix analysis

In order to study the optical potentials and effec-
tive interactions for the neutron-rich nuclei, analyses
on the absolute magnitudes of the cross sections are
now in progress for the »2H(°Li,°Be* (GTS,IAS)) re-
actions followed by the 2a+n channels, observed in
B-decay.?) The angular correlation of the three-body
system is also being analyzed for the study of interme-
diate channels and their angular momenta.

References

1) T. Teranishi et al.: RIKEN Accel. Prog. Rep. 29, 72
(1996)

2) G. Nyman et al.: Nucl. Phys. A 510, 189 (1990).



RIKEN Accel. Prog. Rep. 30 (1997)

Quasifree Nucleon-Knockout Reactions from He and 'Li
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NUCLEAR REACTIONS p(°He,pn)°He, p(}!Li,pn)'°Li,

p(°He,pp)®H, p(*'Li,pp)'°He;

The quasifree nucleon-knockout reactions, (p,2p)
and (e,e’p), by proton or electron beams have been
used to study the single-particle properties, such as
the binding energy or the momentum distribution, of
bound nucleons inside the nucleus.!)) We have applied
this method to the neutron-knockout reactions (p,pn)
and proton-knockout reactions (p,2p) from neutron-
rich nuclei on a proton target with inverse kinematics.
The former reaction was used for studying the single-
particle properties of valence neutrons in He and ''Li,
and the latter for producing neutron-rich resonances
beyond the neutron drip line.

The measurement was performed using secondary
beams of p, d, ®He, and 'Li at 83 A MeV. Targets
used were a CH, plate as a proton target, and a C
plate for background subtraction. Two nucleons (pn or
pp) from the quasifree p-N scattering were detected at
Olap = +45° using plastic-scintillator telescopes with
MWPC’s. Forward fragments, from the decay of the
(A-1) system produced in the nucleon-knockout pro-
cess, were detected at 0° by a magnetic spectrometer.
Detection of the forward fragments provides informa-
tion on the decay properties of the (A-1) system.

Separation-energy spectra are shown in Fig. 1, when
the forward fragment was detected in coincidence. The
separation-energy resolution, evaluated by the p(d,pN)
and p(p.2p) reactions, was 1.1 MeV and 1.5 MeV for
the (p.pn) and (p,2p) processes, respectively. Known
resonances, "He and °He, were clearly observed. Two
states in YLi were observed. From the characteristics
of the (p,pn) reaction, two states at S, = 0.42 MeV
and 5.2 MeV were assigned as (vp1,2) ! and (vps/2) !
hole states, respectively. A peak for the p(°He,pp®H)
process was assigned as the ®H resonance.

By gating on the separation-energy distribution, the
momentum distribution of the valence neutron in a
specific orbit was obtained (Fig. 2). The momen-
tum resolution evaluated by the p(p,2p) reaction was 8
MeV/c (rms) in one direction. It was noticed that the
momentum distribution was isotropic in the projectile
rest frame. The momentum distribution obtained by
the present method is roughly free from the final-state
interaction, which was turned out to be the dominant
process in the projectile fragmentation processes.?) By
comparing the width of the neutron momentum distri-
bution and that of the core fragment in the projec-

*

Department of Physics, University of Tokyo

E/A =83 MeV

tile fragmentation processes, the momentum correla-
tion (P @ p2) between two valence neutrons in 5He and
"1Li was turned out to be negative, indicating that the
two valence neutrons are moving in the opposite direc-
tion.
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Fig. 1. Separation-energy spectra for the (p,pn) and (p,2p)
processes from He and ''Li. Contribution from **C in
a CH; target is shown by a solid histogram.
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Fig. 2. Momentum distributions of valence neutron.

Gaussian fittings are shown by solid lines.
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Reaction Cross Sections Measured for B to
Obtain Its Density Distribution

M. Fukuda, M. Mihara, T. Fukao,* M. Tanigaki, T. Onishi, K. Matsuta, Y. Nojiri, T. Minamisono,
T. Ohtsubo, S. Fukuda, S. Ito, T. Kobayashi, S. Momota, A. Ozawa, T. Suzuki,
1. Tanihata, K. Yoshida, M. Ishihara, and T. Nakamura

NUCLEAR REACTION Be('2C,®B); E = 135 MeV /nucleon; Measured 8B
reaction cross sections; Deduced ®B density distribution.

In order to investigate the density distribution of
8B, we measured the reaction cross sections for 8B
on Be, C, and Al targets at the beam energies of 40
and 60 MeV /nucleon using the transmission method.
The unstable nuclear beam of 8B was produced by
the projectile fragmentation of the 135 MeV /nucleon
12C primary beam provided from the RIKEN Ring
Cyclotron; the nuclide selection was made through
the RIPS (Rlken Projectile fragment Separator). The
beam energy of 40 MeV /nucleon was chosen to gain
the large nucleon-nucleon total cross sections that are
about three times of the ones at the LBL energy of
790 MeV /nucleon.!) At 60 MeV /nucleon the cross sec-
tion is about in the middle of the values at these two
energies. The 8B secondary-beam energy was roughly
adjusted by a combination of the thickness of produc-
tion target and that of wedge degrader at the first focus
point of the RIPS. The fine tuning of the beam energy
was done by adjusting the magnetic field of the second
dipole of the RIPS.

The particle counting and identification before the
reaction target was done by a thin Si counter for AE
measurement and three parallel plate avalanche coun-
ters (PPACs) that provide the time and position infor-
mation. Downstream of the reaction target, the iden-
tification was made from AE taken by Si counters and
from time-of-flight (TOF) taken in between the PPAC
and plastic counters. The thickness of the reaction tar-
gets were chosen so that the energy loss in the target
was about 20 MeV /nucleon for both energies.

In order to connect the experimental og to the den-
sity distribution of 8B, we employed the Glauber-type
calculation?) with an enhancement factor at the inter-
mediate energy range. This factor was deduced from
the or data for other stabler nuclides such as 5Li, "Be,
and '2C, whose densities can well reproduce the inter-
action cross sections at high energies.!) We assumed a
shape of the density distribution of ®B and fitted it to
the og data including the high-energy data through the
Glauber-type calculation. The assumed shape for pro-
tons in 8B was a Gaussian at the core and a Yukawa-
square tail at the outer region, while that for neutrons
was a Gaussian with the same width as proton core.
In the x%-fitting procedure unrealistic tail slopes cor-
responding to negative binding energies were rejected.

*

Present address: Mitsubishi Electric Inc.
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The preliminary result is shown by the shaded region
in Fig. 1, where the error is indicated as the width of
the region. The density calculated by Kitagawa and
Sagawa®) (KS) is also shown in the same figure by the
solid line. The present density deduced from the ex-
perimental oy is in agreement with the theoretical cal-
culation though it seems to have a little bit smaller
amplitude at the tail part.

In addition to the reaction cross sections, the frag-
mentation cross sections op(®B — "Be) were observed
and found to be quite large as about 15% of the reac-
tion cross sections. If the tail shown in Fig. 1 consists
of proton and or (8B — "Be) is governed by the proba-
bility of the removal of the tail proton, or(*B — "Be)
becomes nearly equal to o (8B) — or("Be). Using the
experimental values of og(5B) and or("Be), the frag-
mentation cross sections, oF (* B —7 Be), were found to
be almost equal to or(3B) — or("Be). This fact sup-
ports the existence of the proton tail in the ®B density
distribution as shown in Fig. 1

10° - : ——

10’
102
107

10"

Density (fm-3)

RCS fitted

r (fm)

Fig. 1. Density distribution of ®B deduced by a fitting to
the or data (shaded region) and by the calculation in
Ref. 3 (solid line denoted as KS).
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Momentum Distribution of "Be Produced
through ®B Fragmentation

M. Mihara, M. Fukuda, T. Fukao, M. Tanigaki, T. Onishi, K. Matsuta, Y. Nojiri, T. Minamisono,
T. Ohtsubo, M. Ishihara, T. Nakamura, S. Fukuda, S. Ito, T. Kobayashi, S. Momota,
A. Ozawa, T. Suzuki, I. Tanihata, K. Yoshida, and Y. Ogawa

NUCLEAR REACTION Be(2C, ®B); E =135 MeV /nucleon, Be, C, Al(®B, "Be);
E =38 and 60 MeV /nucleon, Si(®B, "Be) and Be, C, Al("Be, °Li);

E =50 MeV /nucleon, Measured momentum distributions.

The momentum distribution of 7Be produced
through fragmentation of the 8B which is a proton-halo
candidate was measured. The momentum distribution
is sensitive to the spatial wave function of a removed
proton near the nuclear surface as well as the reaction
cross sections of 8B at several tens of MeV /nucleon,
which have shown a large enhancement.!"3)

We measured both the longitudinal and transverse
momentum distributions of "Be on a thin Si target
at 50 MeV /nucleon. The transverse distributions were
measured also for thick Be, C, and Al targets at 38 and
60 MeV /nucleon. The 8B beam was produced through
the 2C + °Be collision with a 135 MeV /nucleon '2C
beam provided by the RIKEN ring cyclotron, and was
separated by RIPS. A schematic view of the exper-
imental setup is shown in Fig. 1. The "Be nuclei
were identified by a combination of their energy loss in
thin Si detectors and a large plastic scintillator, with
the time of flight (TOF) between the parallel-plate
avalanc-he counters (PPACs) and the plastic scintil-
lator. The Si detectors D1 and D2 were used as tar-
gets when a reaction target was removed, and then the
next detectors (D2 and/or D3) were used for particle
identification. The longitudinal momentum of “Be was
obtained from TOF and the transverse one was from
the horizontal positions of PPACs and from the plas-
tic scintillator which gives light outputs with both left
and right sides.

Plastic Counter
(60 % 60 cm % 3 mm 1)
\

PPAC Si Detectors

L
e
Fig. 1. Schematic view of the experimental setup.

Typical momentum spectra of "Be are shown in
Fig. 2. A Lorentzian function was fitted to each spec-
trum. The width obtained for the longitudinal dis-
tribution is preliminarily 75 £ 8 MeV /c, which is in
agreement with the previous data measured at 1471
MeV/nucleon with C, Al and Pb targets by Schwab
et al.¥) The result at 38 MeV/nucleon with Si tar-

get by Negoita et al.?) is about 20% larger than the
present result. The widths for the transverse momen-
tum distributions are about 110 MeV/c independent
on the energy and targets within the uncertainties of
10%, which are about 40% larger than that for the
longitudinal one. The present values are, however,
much smaller than the value expected from Goldhar-
ber theory®) (~210 MeV/c) that accounts for the mo-
mentum distribution of stable nuclei. The transverse
momentum spectra of 6Li after the break up of "Be
on Be, C, and Al targets at 50 MeV /nucleon were also
measured. A typical result of Li for Be target is in-
serted in Fig. 2. The width 217 &+ 20 MeV/c from a
Gaussian fitting is in good agreement with the Gold-
harber theory.

The experimental momentum spectra of “Be were
compared with the calculation within the Glauber the-
ory. In the calculation, the proton radial wave function
with a long tail obtained from the nucleon density dis-
tribution of 8B, which was in turn deduced from the
reaction cross section data,? was used. The result is
consistent with the experiment as shown by solid line

in Fig. 2. This supports the existence of a proton halo
i 8
in °B.

80 T T T T T

do/dp, (arb)
©
=3
T

W A

o1 'Be] (MeVic) p.'Be] (Movic)

Fig. 2. a) Longitudinal and b) transverse momentum
distributions of "Be at 50 MeV /nucleon on a Si target.
The solid line shows the Glauber calculation. The insert
shows the transverse momentum distribution of 8Li.
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Electromagnetic Dissociation of 3B at 2A GeV

T. Kobayashi, A. Ozawa, K. Yoshida, I. Tanihata, K. Matsuta, D. Olson,* and H. Wieman*

[NUCLEAR REACTIONS ®B,°C,'30 + C,Cu,Pb; E/A =2 GeV; Electromagnetic dissociation.]

Interaction of high-energy nuclear beams with a
high-7Z target is characterized by the interaction of
virtual photons from the target with the projectile.
This process, called the electromagnetic dissociation
(EMD), provides the information concerning the Giant
dipole resonance in the projectile. In order to study the
GDR in B-unstable proton-rich nuclei, we have studied
the EMD of proton-rich projectiles. Experiments were
performed at LBL, using secondary nuclear beams of
8B, ?C, and 30 at 2 A GeV. Targets used were C, Cu,
and Pb. Particles in the final state were measured,
inclusively or exclusively, by the HISS spectrometer
composed of drift chambers and plastic-scintillator ho-
doscopes.

Firstly, one-proton-removal cross sections (o_p)
from the projectile were measured inclusively by de-
tecting each of the leading fragments "Be, ®B, and
12N, produced from the breakup of ®B, °C, and 30
projectiles, respectively. Target-mass dependerices are
shown in Fig. 1. The cross section caused by the nu-
clear interaction (o™“!) was estimated by scaling the
cross sections into He isotopes, as shown by solid lines
in Fig. 1. The EMD cross sections (¢®MP) were ob-

tained by a subtraction: ¢®MP = a,p—a““d.
500 [~y T T T T T
8 vo | % 131
E ® o tos
g 100 - F nue [~ bo.
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« 50
2
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Target Mass [amu]
Fig. 1. Target-mass dependence of o_,.

The EMD cross sections on a Pb target, normalized
by the square of the projectile charge Zg, are shown
in Fig. 2 as a function of the proton-separation energy
(Sp), together with those of 2C, %0, and 80 mea-
sured at the same energy.!) In contrast to the EMD
cross sections of neutron-rich nuclei, dependence on the
separation energy is small. The large enhancement by
the low-energy continuum were not observed, presum-
ably due to the Coulomb and centrifugal barriers.

Secondly, the breakup of ®B into multi-particle fi-
nal states ("Be+p, SLi+2p, “He+3He+p,

*  Nuclear Science Division, Lawrence Berkeley Laboratory,

U.S.A.
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Fig. 2. Normalized oFMP

Sp.

on a Pb target as a function of

4He + d + 2p) were measured on C and Pb targets.
The Q-value dependence is shown in Fig. 3. Firstly,
one-proton-removal cross section (8B — "Be + p) on
a C target is reduced by about a factor of 3 com-
pared with the inclusive cross section, due to the
large contribution from the pion production. Sec-
ondly, it is noted that the Q-value dependence is
characterized by an inverse slope of 4 MeV, except
for the process into "Be + p on a Pb target. The
nuclear part of the cross section was estimated us-
ing the average ratio of o_,(Pb)/o_,(C). The EMD
cross section o®MP (8B + Pb — "Be + p) obtained
by this method is 120 mb, which agrees well with
oEMD (8B 4 Pb — "Be + X) of 127 mb from the inclu-
sive measurement.
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Fig. 3. Q-value dependence of breakup cross sections.
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Nuclear Radii of Na and Mg Isotopes

T. Suzuki, H. Geissel,* O. Bochkarev,** L, Chulkov,** N. Fukunishi, M. S. Golovkov,**
D. Hirata, H. Irnich,” Z. Janas,* H. Keller,* T. Kobayashi, G. Kraus,* G. Miinzenberg,*
S. Neumaier,* F. Nickel,* A. Ozawa, A. Piechaczeck,* E. Réckl,*

W. Schwab,* K. Stimmerer,* K. Yoshida, and I. Tanihata

[Heavy-ion collision, Radioactive beam, rms radii]

The effective root-mean-square matter radii (Fm =
(rm?)/2) of ANa (A = 20-23, 25-32) and *Mg (A =
20, 22, 23, 27, 29-32) were deduced from the mea-
sured interaction cross sections (o). The experiment
was performed at the projectile fragment separator
facility at GSI. We related o; to 7, by a Glauber
model employing the Fermi-type distribution: p(r) =
Po/[1 + exp((r-roAY/?) /a)].

We did not assume the existence of a neutron skin
in the present analysis. The manner of the analysis is
slightly different from the previous report, where we
observed a growth of a neutron skin as a function of
the Fermi-energy difference, Sp,- Sp. D) We calculated
the loci for constant 7, and for constant o; in the
a vs. 1, plane. Thus-determined 7,, of Na isotopes
agreed with those calculated from neutron-skin data
by: A 7,% = Z7,%+ N 7,2 within error bars.?) There-
fore, measurements of 7,, themselves are not sufficient
to discuss a neutron skin. However, the 7,, of Mg iso-
topes do not contradict from what we observed in Na
isotopes as seen in Fig. 1.

In Fig. 1, the spherical nuclear radii normalized
by Al/3 are plotted against Sp- S,. The spheri-
cal radii can be written as:® (r,%) = (r,,*?)[1 +
(57/4)(B2%)]. This assumes that the nuclear shapes
can be parametrized as rotational ellipsoids with the
deformation being limited to the quadrupole contri-
bution. The deformation parameter (8,) of the nu-
clei under consideration were taken from relativistic
mean field (RMF) calculation. The common ten-
dency of decreasing spherical radii as the function of
|Sp- Sa| is seen for both Na and Mg isotopes. This
fact can be explained by a model where the valence
nucleons are responsible for the changes in nuclear
radii.¥ The spherical part of the nucleus decreases
when neutrons are added in the ds /5 subshell and in-
creases when s;/, subshell is filled. The fact that the

Fm®A71/3 takes minimum around S.- S, ~ 0 veri-
ket P n

*  GSI, Darmstadt, Germany
**  Kurchatov Institute, Moscow, Russia
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Fig. 1. Dependence of #,° A7 /% on the difference between

the minimal energies necessary to remove one proton
or neutron from a nucleus of Na (closed circles) or Mg
(open circles) isotopes.

fies that no neutron/proton skin is formed in stable
nuclei. The deviation of Sy- S, from zero may be ex-
plained by the difference of Coulomb displacement en-
ergy, AE. = 6Z€?/(57,,). Note that the tendency did
not change essentially except for the steepness of the
radius of curvature when we took another deformation
parameter by Moller et al.?)

The present data thus support the idea of growth of
neutron skin not only in Na but also in Mg isotopes.
A thick proton skin of 0.4 fm in 2°Mg is reported.?
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Beta Decay of 'Li

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

[RADIOACTIVITY '!'Li(3~), measured $-delayed neutron, deduced log ft, and deduced Ez in 1Be.]

We have investigated 3 decay of the neutron drip-
line nucleus ''Li. For determination of the decay
scheme of 'Li, detection of the delayed neutrons as
well as «y rays is critical because the 3-delayed neutron
emission probability of !'Li is large (P, = 85%) re-
flecting its large Qg-value (20.68 MeV) and small neu-
tron separation energy of the daughter nucleus ''Be
(0.504 MeV). We have performed for the first time a
B-n-v triple coincidence measurement and have deter-
mined the decay scheme associated with a single neu-
tron and/or y-ray emission.

117 beam was produced by the projectile-fragment
separator RIPS and was implanted into the stopper
material (1 mm-thick Si detector). The emitted 3 rays
were detected by AE-F plastic-scintillator telescopes
placed above and below the stopper. Delayed ~ rays
were detected by a Ge detector and two NaI(T1) scin-
tillators. For delayed neutron detection, two sets of
plastic scintillators were used to cover wide range of
neutron energies: one for high-energy neutrons above
about 1 MeV, the other for low-energy neutrons be-
low 1 MeV.Y Neutron energy was determined from
its time-of-flight (TOF), which was deduced from the
difference between the detection times of 3 ray and
neutron.

The main panel of Fig. 1 shows the neutron TOF
spectrum obtained by the high-energy neutron detec-
tors and the inset by the low-energy neutron detec-
tors. Eight neutron groups labeled by the number 1
to 8 were observed. In the v-ray spectrum obtained in
coincidence with the 3 ray, five peaks associated with
the decay of 'Li were identified.
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Fig. 1. TOF spectra of the neutron emitted in the 3 decay
of 1'Li (see text in detail).
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From the S-n-v triple coincidence analysis, we de-
termined the decay scheme as shown in Fig. 2. The
branch leading to the state of ''Be (Fz = 8.03 &
0.05 MeV) is newly identified. From the obtained
log ft values indicated in Fig. 2, all the observed tran-
sitions are classified as the Gamow-Teller (GT) transi-
tions. The spin and parity of the final states of ' Be are
confined to 1/27, 3/2~ or 5/2~ from the selection rule
of the GT transitions. Among the observed five states
of 11Be, the three states (Fz = 2.69, 3.96, 8.03 MeV)
have significant neutron emission components leading
to the 0% ground state of 1°Be. Since the neutron emis-
sions connect different parity states, it is most prob-
able that these neutron emissions are due to p-wave
neutrons. We can thus assign the spin and parity of
these neutron emitting states to be 1/27 or 3/27.

3/2

1 1L|
8.82
logfi= .
133)%  4.43(8) (1/2,3/2) 8.03(5)

6.263
0.5%f 6.179
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26(5)%  4.87(8) 3/- 2.69

52t 1.78 4\

33.3%

76(8)%  567(4) 1/Z 032

(A 0
11Be

"Be+n

Fig. 2. Deduced ''Li decay scheme. Excitation energies
are indicated in MeV.

The log ft value of the GT transition to the first
excited state of 'Be (J™ = 1/27. Bz = 0.32 MeV) is
sensitive to the wave function of the two halo neutrons
of 1'Li.2 The wave function of the halo neutrons can
be described as @|(2s)/2)% > + 8|(1p1/2); >. From

the present log ft value, 5.67 +0.04, |3|* is deduced to
be 51 £ 6%.
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(3-Delayed Neutron Decay of Spin Polarized "B

H. Miyatake, Y. Yamamoto, T. Shimoda, S. Tanimoto, S. Mitsuoka, H. Ueno, H. Izumi,
H. Ogawa, K. Asahi, N. Aoi, Y. Mizoi, M. Notani, K. Yoneda, M. Ishihara,
E. Ideguchi, A. Ozawa, T. Kubo, and T. Kishida

[RADIOACTIVITY spin polarized '"B(8~), Measured 3-delayed neutrons, y-rays]

The nucleus "B is known as one of halo nuclei on
the neutron drip-line and its valence proton occupies
a p-shell, different from the valence neutrons in a sd-
shell. The final states of allowed J-transitions are non-
normal parity states in 1”C. Hence, we can obtain sys-
tematic information about the strengths of cross-shell
interactions by the decay study of !"B together with
the magnetic moment experiment.)) In the previous
measurement,? the decay scheme was constructed as-
suming the ground state in ®C as a final state of de-
layed neutron transitions. This assumption should be
confirmed experimentally. In our measurement, there-
fore, all possible transitions to the excited states in
16C were studied by detecting the subsequent v-rays.
Moreover, J™ of excited states in '"C were studied to
determine the decay scheme clearly. A new experimen-
tal method of J™ assignment, which was deduced from
detection of the asymmetric §-rays coincident with re-
spective delayed particles using the polarized parent
nucleus,? was applied. The polarized "B obtained in
the same manner of Ref. 1 was implanted into the Pt-
foil. The polarization-of individual S-transition was
measured by applying the 8-NMR method. The ener-
gies of neutrons were measured by means of the time of
flight method with two different sets of plastic scintilla-
tors; one set had 1.5 m flight path for the measurement
of high-energy neutrons and another set had 0.5 m for
the low-energy neutron measurement, respectively, as
shown in Fig. 1. A clover Ge detector (4 x 470 cc)
and Nal(Tl) scintillators (4 x 960 cc) were placed 5 cm
from the Pt-foil to observe the y-rays with a high de-
tection efficiency. Figure 2 shows the energy spectrum
of «-rays, measured by the Ge detector. The ~-ray
peak of 1.77 MeV, which corresponds to the excitation
energy of the first 2% state in '6C, was clearly found.
From the lifetime analysis, the half life of this transi-
tion was 5.5(6) ms, which agrees with the half life of
"B [T1/2 = 4.9(2) ms|.?) Therefore, it indicates that
the 27 state in 8C is fed by some delayed neutrons.
The more detailed analysis for polarization of the indi-
vidual g-transition as well as neutron TOF spectrum
is in progress. A revised decay scheme will be con-
structed including these results.

Neutron Counter (>1MeV)

Counter

Helmholtz —~7=
Magnet

Neutron Nal
Counter Counter
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Direction of Beam

Fig. 1. A schematic drawing of the detector set-up around
the Pt-foil (not shown). The clover Ge detector and
NaI(T1) scintillators are located inside the Helmholtz
magnet.
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Fig. 2. The ~-ray spectrum coincident with the B3-ray and
neutron signals.
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Measurement of 3-decay Branching Ratio of 1"Ne
into the First Excited State of !'F

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

[RADIOACTIVITY "Ne(B* «v); Measured (-decayed -y, Deduced branching ratios]

The B-decay branching ratio of "Ne into the first
excited state of !"F has been measured by a direct
method. In the previous report,!) the motivation and
experimental setup for the present experiment were de-
scribed in detail; so that only the experimental results
and discussions are described here.

The branching ratio with £, = 495 keV (denoted by
Br(495)) was deduced by the following equation:

N-,(495) X € time_bin =€ 2(495) x Br(495) X Npeam (' Ne),

where N, (495) is the peak intensity of the E, = 495
keV, €time_bin 15 the correction for the time used for
the measurement since we observed «y-rays only in the
beam-off period, ££2(495) is the 495 keV ~y-ray detec-
tion efficiency, and Npeam('"Ne) is the number of !"Ne
implanted in the stopper. The €time_bin can be calcu-
lated using the known T}/ of '"Ne and the beam-on
and -off cycle. Since no excited state feeds to the first
excited state in !”F, the deduced Br(495) corresponds
to the B-decay branching ratio of "Ne into the first ex-
cited state of 17F. The £ ©(495) was deduced from the
on-line detection efficiency, which was measured using
10C beam. For the deduction, energy dependence on
efficiency determined by point «y-ray sources was used.
Since the branching ratios obtained by using two Ge
detectors were consistent each other within the error
bars, we determined a branching ratio of 1.44 +0.16%
by averaging the two values.

The present value of branching ratio determined
above is consistent with the previous one (1.65 %+
0.16%)? within their error bars. From the branch-
ing ratio, we have deduced the 3-decay ft value to ob-
tain log ft = 6.43 £ 0.07. The B-decay branching ratio
for the corresponding state of "N, the mirror nuclei
of 1"Ne, is well known. Thus, we have deduced the
ft value for "N in the same way. Using the ft values
for 17Ne and "N, we obtained the asymmetry given by
the é-value defined by § = (ft)*/(ft)™ —1, where (ft)*
and (ft)~ are the ft values for positron and electron de-
cays, respectively. The é-value obtained in the present
study is —0.57 & 0.10. This value shows a large devia-
tion from zero, thus suggesting an anomalous nuclear
structure for the pair.

In order to understand the large anomaly, we
performed theoretical calculations for the B-decay
strength, as follows. The § is given by the overlap-
ping of the valence nucleon in the initial nuclei and a
core part in the final nuclei. In our calculations, the
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valence nucleon of the initial nuclei can be described
by only the configuration of the 2s,/, and 1ds/ or-
bits. Thus, the observed § is sensitive to the fraction
of the 25/, component in the valence nucleon and to
the radial part of the component. The wave functions
obtained by the spherical Skyrme Hartree-Fock equa-
tions with the SGII interaction are used, except for the
valence nucleons. The wave functions of the valence
nucleons are obtained in the Woods-Saxon potential,
whose depth is adjusted in order to reproduce the em-
pirical separation energies: for example, 0.48 MeV (a
half of the empirical Sap) for "Ne, and 4.19 MeV (a
half of the empirical So,) for ”N. We performed this
procedure for both the 2s;/, and 1ds/, orbits. Thus,
in our calculations § can be given by fractions of the
251/ component in '"Ne and '"N. The results of calcu-
lation are shown in Fig. 1. In the figure, the calculated
6 is shown as a function of the fraction of 2s;,, com-
ponent for the valence nucleons in !"Ne and '"N. The
6 observed in the present experiment is indicated by
the hatched area on the figure. The area is located at
the region where the fraction of 2s,,, component in
17Ne is higher than that in !”N by a factor of six. This
supports the occurrence of an s-d inversion in the 1"Ne
and "N mirror pair, as described in Ref. 3.
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Fig. 1. Calculated § as a function of the fraction of 2512
component in 1"Ne and in 1N,
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[NUCLEAR STRUCTURE: Magnetic moments, Ground state "N and !"B|

The magnetic moments of "N and "B were mea-
sured by using spin-polarized radioactive nuclear
beams which were obtained from the projectile frag-
mentation reaction. The result for the "N magnetic
moment, p(!'N) = (—0.352 + 0.002) un, where uy
is the nuclear magneton, shows an outward deviation
from the Schmidt value. Hereafter, the experimental
p(*"N) will be assigned a negative sign taken from the
Schmidt value. By virtue of a simplifying feature of
nuclear structure inherent in a p;/,-valence nucleus,
the deviation is reliably attributed to admixing of the
configurations in which two neutrons in the sd shell are
coupled to J® = 2%. This interpretation is confirmed
in standard shell-model calculations. In Fig. 1 the ex-
perimental p('"N) value is compared with the results
of shell-model calculations. The shell-model calcula-
tions were made with two different sets of effective in-
teractions, “PSDMK”12) and “PSDWBT”.1:3 These
calculations reproduce fairly well the experimentally
inferred amount of 2t admixture, as well as the exper-
imental magnetic moment itself.

PSDWBT f e T —

ar i I s I

-0.35 -0.30 -0.25
Magnetic Moment (yx)

Fig. 1. Comparison of the experimental y value (denoted
by exp) for "N with the theoretical predictions. For
the abbreviations denoting the theories, see text.

The magnetic moment for ”B was determined to be
p(*"B) = (2.545 £ 0.020) un. Hereafter, the exper-
imental x(1"B) will be assigned a positive sign taken
from the Schmidt value. The experimental value and
shell-mode] calculations of u for "B are plotted in
Fig. 2, together with those for odd-mass B isotopes.
The result is substantially smaller than the p; /2

t Condensed from the article in Phys. Rev. C 53, 2142 (1996)

single particle value, and the shell-model calculations
indicate that the quenching of p largely stems from
J™ = 2% configurations of the sd neutrons. The ex-
perimentally observed amount of quenching is, how-
ever, larger than the shell-model predictions, suggest-
ing an enhanced contribution of the 2% neutron con-
figurations. This result is explainable if the pairing
energy (V1) for neutrons in the sd shell of a neutron-
rich nucleus is assumed to diminish by about 30%, as
indicated by the curve of dotted line in Fig. 2. We
also found that the use of the reduced pairing energy
improves agreements in not only the magnetic moment
but low-lying level energies of "N as well.

3.4 T T T T | —
£ a0l _PSDWBT 3
o} " ., / ]
§ 28 e/ N ¥ 3
= E . ]
© 2.6 :— '\ . —:
2 o4 . m/ BN
S [ PSDWBT (V,=0.7V§° ) PN
@ E L]
s 22 [ _PSDMK 7

20 B4 I ! 1 Ca ]

11 13 15 17 19

Mass Number

Fig. 2. The experimental and theoretical values of p for
the odd-mass B isotopes. exp: the experimental values.
PSDWBT: the shell model calculations with the PSD-
WBT interaction. PSDWBT (0.7V5,'P): the PSDWBT
calculations with |Vo1| values reduced by 30% (i.e.,
the three matrix elements, ((d5/2)2|V|(d5/2)2)ﬂ=0+,
((31/2)2\V|(31/2)2>J":O+’3nd<(d3/2)2|V|(d3/2)2>ﬂ:0+a
are multiplied by a common factor 0.7). PSDMK: the
shell model calculations with the PSDMK interaction.

References

1) B. A. Brown, A. Etchegoyen, and W. D. M. Rae:
OXBASH, MSU Cyclotron Laboratory Report No. 524
(1986).

2) D. J. Millener and D. Kurath: Nucl. Phys. A 255, 315
(1975).

3) E. K. Warburton and B. A. Brown: Phys. Rev. C 46,
923 (1992).

61



RIKEN Accel. Prog. Rep. 30 (1997)

Quadrupole Moment of 2>Mg

K. Matsuta, T. Onishi, M. Fukuda, M. Mihara, M. Sasaki, T. Yamaguchi, T. Miyake,
K. Sato, K. Minamisono, Y. Nojiri, T. Minamisono, T. Ohtsubo, A. Ozawa, S. Fukuda, S. Momota,
K. Yoshida, T. Suzuki, T. Kobayashi, [. Tanihata, G. F. Krebs,*
J. R. Alonso,* and T. J. M. Symons™

NUCLEAR STRUCTURE: Nuclear magnetic resonance,
Measured quadrupole moment of 2Mg ground state.

The quadrupole(Q) moment is an important nuclear
property for the study of the nuclear structure, espe-
cially for the halo structure of proton-rich nuclei.)) As
a step toward the systematic studies, the ) moment
of #Mg(I™ = 3/2%, Ty/, = 11.3 s) has been measured
for the first time using combined technique of the po-
larized nuclear beams and G-NMR at RIKEN.

Experimental procedure was similar to the previous
works.1'?) A 100 A MeV ?*Mg beam extracted from
the RIKEN ring cyclotron was used to bombard a 1-
mm thick Be target. Considering energy loss in the
target, the average beam energy was 91 A MeV. The
polarized 23Mg fragments emerging from the target at
1.5° £0.6° were separated and momentuin analyzed by
the RIPS (RlIken Projectile fragment Separator). Mo-
mentum window was set at Ap/p = (1.5 £ 0.5)% rela-
tive to the beam velocity. The separated Mg nuclei
were then implanted in a 500-pum-thick MgF, catcher
placed in a magnetic field Hp of 6.5 kOe. The c axis or
the (110) axis of the MgF, (tetragonal) catcher was set
parallel to Hy. The polarization of 2*Mg was detected
through the (-ray counting asymmetry.

For the efficient NMR measurement, NNQR (New
Nuclear Quadrupole Resonance) method!) combined
with the Adiabatic Fast Passage (AFP) method was
used, where a set of 6 rf fields (a sequence of the 3
frequencies split by the eq@ interaction) was applied
to invert the polarization. Split frequencies for given
eq@Q were programmed based on the known ¢ and 7.
The programmed Af, a half of the full split, is very
close to Af = |(1 + n)eqQ/4h| or |(L — n)eqQ/4h| for
Ho //c(Vy,) or Hy //(110)(V,,,) respectively. Here,
Larmor frequency v, = 1.7691 MHz, |eqQ(**Mg)/h| =
(3.450 & 0.015) MHz, n = 0.28 & 0.04 and Q(2**Mg) =
(201 £ 3) mb are given from the literature.

Two eqQ spectra were obtained as shown in Fig. 1
for two different crystal orientations. From the spec-
tra, the eq@ coupling frequencies and the ) moment
of Mg were determined as shown in Table 1. The
last column V. + V(= |V,,]|) in Table 1, is the most
accurate because it is insensitive to the ambiguity of 7.

The obtained Q moment |Q(**Mg)| = (114.2 £2.2)

* LBL, Berkeley, CA94720, U.S.A.
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Fig. 1. eqQ spectra of **Mg in MgF2.

Table 1. The egQ couplings and the Q moment of ?'F.

orientation c//Ho (110)//Ho
FG Viy Vaz Vez
leViiQ/h| 1.282(17)  0.678(12)  1.960(21)
QPMg/Q**Mg  0.581(20)  0.546(32)  0.568(7)
W.M. 0.571(17)
Q(*Mg) (mb)  114.8(3.8) 114.2(2.2)
Theory (mb)
Cluster 118
Shell(Kuo) 122
Shell(PW) 112

mb is compared with the theoretical calculations as
shown in Table 1. The @Q moment values predicted
from the cluster model® and from the shell model?)
with Kuo and PW interactions are in good agreement
with the present experimental () moment.
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NUCLEAR STRUCTURE: Nuclear magnetic resonance, Measured
asymmetry parameter of 2*Mg ground state transition.

Study of the weak vector coupling constant Gy with
mixed transitions provides a sharp test for CVC (con-
served vector current) theory. The Gy is determined
for mixed transitions from the asymmetry parameter
A and the half life. In the early measurement, the A of
35 Ar showed apparent violation of CVC,Y) i.e., the de-
duced Gy differed significantly (by 3%) from the one
precisely determined for the pure Fermi transitions.?)
Although this long standing problem seems to have
been solved by the recent data from the LBL group
and from the Wisconsin group, the A’s of neutron and
19Ne still show significant discrepancy. This may sug-
gest incompleteness of our knowledge on the nuclear
structure dependent correction, if it is not really a CVC
violation. In order to clarify this interesting problem
from the mass number dependence, the A of the 22Mg
(I™ =3/2%, Ty, = 11.32 sec) -decay has been mea-
sured in the present experiment.

Spin polarized beta-emitting 22Mg fragment was
produced through the projectile fragmentation process
with the 91-AMeV ?4Mg beam on Be target. The 2*Mg
fragments emerging from the target at 1.5° +0.6° were
selected by a slit and separated it out from the other
various fragments using the RIPS (RIKEN Projectile
Fragment Separator). The Mg nuclei were then im-
planted into a thin Pt catcher (15-50 pm thick). The
catcher was placed in a strong magnetic field Hy of
2.15 kOe and was cooled down to 14 K to maintain the
polarization produced in the projectile fragmentation
process. The (-ray asymmetry AP (P: polarization)
was measured by means of asymmetric 8-ray emission
for both ground state transition and the decay branch
to the first excited state, which was tagged by the (-
delayed ~ rays (E., = 440 keV).

The [-ray asymmetries obtained from (-ray singles
(AP,) and the §-v coincidence (AP,,) with several dif-
ferent conditions are shown in Fig. la. Although the
absolute AP values are different for different condi-
tions, the ratio AP,../AP, consistently stays constant
as shown in Fig. 1b. The average value of the ratio is

*  LBL, Berkeley, CA94720, U.S.A.

0.838 = 0.009. Correcting the 8-+ angular correlation,
[B-ray scattering effect, and ~-ray background, the true
ratio A.,/Ap = 0.990 + 0.012 was obtained. Since the
transition to the excited state is pure Gamow-Teller,
Az is precisely predicted to be —3/5. Thus the prelim-
inary result for the asymmetry parameter was obtained
as Ag = —0.606 = 0.007.
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Fig. 1. Asymmetries for the SB-ray single and (3-v coinci-
dence events.
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[Nuclear magnetic moment, '?9Xe solid stopper]

Measurements of nuclear moments provide useful in-
formation in the study of microscopic structure of the
nuclei far from stability.!™® In such experiments, pro-
ducing a spin polarization in the objective nuclei plays
a key role. We have proposed a new method to produce
the spin polarization, which comprises an implantation
of unstable nuclei into a highly polarized stopper and
subsequent transfer of the host nuclear polarization to
unstable nuclei through dipole-dipole interaction. To
use for the host material, we are developing a polarized
129X e solid stopper for which a large spin polarization
as well as a long relaxation time can be attained.?) In
order to obtain a large nuclear polarization, the '2°Xe
gas atom is polarized by spin exchange with an op-
tically polarized Rb atom. After the '?°Xe polariza-
tion (Px.) reaches its equilibrium, the gas cell is cooled
down in contact with liquid nitrogen to obtain a polar-
ized 1?29Xe solid. Pxe is determined by measuring an
NMR signal.

Previously, we reported on the development of a po-
larized Xe cell.®) A cylindrical glass cell, 4 cm long and
2 cm in diameter, was filled with a natural Xe gas of a
partial pressure pxe, a No gas of 100 Torr, and a small
amount of Rb vapor. The cell was illuminated by the
circularly polarized light from a Ti-Sapphire laser (~ 1
W in laser power). As a result, a polarization as large
as Pxe = 59% was obtained at px. = 10 Torr. At a
high pressure pxe = 800 Torr, which corresponded to
5 x 5 x 1 mm?® volume of solid Xe, the polarization at-
tained was Pxe = 1%. The wall relaxation time (T3, ),
which represents the effect of relaxation due to colli-
sions of Xe atoms against the cell wall, was 5 min in
average.®)

As a matter of fact, the above achieved Xe polariza-
tion and pressure, Px. = 1% at px. = 800 Torr, are
not satisfactory for realization of a practical volume
nor for polarization as a practical '?°Xe solid stop-
per. In order to obtain a larger Px. and a higher
pxe, we have developed a new 2°Xe cell system. We
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employed an optical pumping scheme with two diode
lasers (~ 15 W each) which are suitable to polarization
in a high pressure cell. In order to suppress the wall
relaxation, an inner surface of the glass cell was coated
with SurfaSil.”) We made several coated as well as un-
coated cells, and measured Ty in them. Although T}, ’s
were found to differ from cell to cell, Ty, > 20 min was
achieved within some of the coated ones. As a result,
we obtained Px. = 11% at 800 Torr and Px. = 5.6%
at 2300 Torr of an enriched (79.2%) '2°Xe gas.

In the new system, the glass cell has a rectangular
part (8 x 20 x 2 mm?) at the bottom. After polarizing
the 129Xe gas in a dewar, the 129Xe solid was made in
the rectangular part within 5 minutes by directly im-
mersing it into the liquid nitrogen. We also made an
experiment to test the performance of apparatus with
the beam of unstable nuclei 'Be which was provided
from Riken Ring Cyclotron and separated by the pro-
jectile fragment separator (RIPS) at Riken. Almost
100% of 'Be particles incident on the system could be
implanted into a solid *2°Xe stopper of 1.5 x 8 x 1.5
mm? in size, and $-rays thus detected were identified
as those from '!'Be atoms properly stopped inside the
129Xe stopper. Because of a trouble occurred in the
polarizing laser system during the last beam time, so
far we have not yet succeeded in observing ''Be po-
larization. Repairs have been done, and we are now
developing an apparatus for the measurement of the
magnetic moment of 1!Be.
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[RADIOACTIVITY '2B(b~), Measured 8~ rays, Deduced nuclear polarization]

A low-energy secondary beam (E/A < few MeV) is
indispensable for studying the nuclear reactions rele-
vant to astrophysical interests and to 8, - spectroscopy
for unstable nuclei. For such studies, recoil mass spec-
trometers have been constructed combined with heavy-
ion accelerators, such as the Tandem Van de Graff. On
the other hand, a polarized secondary beam is indis-
pensable for measuring the nuclear moments for un-
stable nuclei and studying the hyperfine interactions
in material.

In RIKEN, a heavy-ion linear accelerator (RILAC)
has mainly been used for injecting the beam into
the RING Cyclotron, and for experiments using low-
energy primary beams. The RILAC is also suitable for
producing low-energy secondary beams, since it can ac-
celerate various primary beams (He to Bi) with vari-
able energies (for example, E/A = 0.6-3.0 MeV for
11B) and high intensities (for example, a few 100 nA
for 1'B). Thus, based on the above motivations, we
started to construct the secondary beam line in RI-
LAC from 1994.

The beam line comprises a set of QQDQQ mag-
nets, as shown in Fig. 1. The line has two focusing
points. The angular and momentum acceptances are
2.6 msr and +1.0%, respectively. The momentum dis-
persion is 1.4 cm/% at the intermediate focus. A small
dipole magnet is located upstream of the target cham-
ber, which is used to deflect the primary beam. The
primary beams can be bent on the target by two mag-
nets, thus providing a deflection angle of up to 5°. Be-
tween the first Q-doublet and the intermediate dipole
magnet thin foils can be placed so as to create the nu-
clear polarization (Py) by beam-foil interactions. A
magnetic field of up to 600 G can be applied to the
foils. At the first focus, devices for the 3-NMR and
momentum slits are located. The scattering chamber,

\Pn'mary beam from RILAC

Q-doublet

Dipole magnet
target

Momentum slit

Scanerling
chamber
(2'nd focus)

NMR magnet
(1'st focus)

Fig. 1. Layout of the secondary beam line in RILAC.

located at the second focus, can be used for reaction
experiments using a secondary beam.

We obtained a 2B (Tj,, = 20 ms) beam with
E/A ~ 1.8 MeV; the typical production rate was about
50 cps/nA. The 2B beam was produced by the reac-
tion d(''B, '?B)p with a E/A = 2.5 MeV !B beam
accelerated by RILAC and a 1.5 mg/cm? thick CD,
target. The production of 2B was confirmed by its
B-decay time spectrum. The spectrum was composed
of an exponential curve of signal plus a constant back-
ground. Also, we finally obtained 7}/, = 19.6+0.3 ms,
which is consistent with that in the literature.)) The
intensity of the 1?B beam was estimated based on the
B-ray intensity. We can also obtain a good separation
for different charge states of the secondary beam.

We measured Py of the 2B%* produced by the reac-
tion process under the above conditions. In this case,
the primary beam was deflected by magnets. The 1?B
beam was collected at a scattering angle of 4° with
+1° of acceptance, which corresponds to 10° scatter-
ing in the inverted reaction: 'B(d,p)!?B. Py was mea-
sured as a function of the momentum of the 2B beam
by the 8-NMR method. We observed a decisive Py
at the high-energy side of the 2B beam, as shown in
Fig. 2. Here, the sign of Py is defined to be positive
for the direction parallel to p; x pf, where p; and p;
are the momentum vectors of incoming and outgoing
particles. The Py integrated in the total momentum
distribution is about 1.5%; consistent with that ob-
served in the inverted reaction in Ref. 2.
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Fig. 2. Momentum dependence of the polarization of a
12B beam.
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Inelastic Processes in Collisions of H™ Ions with

C, N, and O Atoms below 1 keV

M. Kimura, J.-P. Gu,* G. Hirsch,* R. J. Buenker,* and I. Shimamura

Electron capture reactions resulting from collisions
of protons with carbon, nitrogen and oxygen atoms
are known to play an important role in earth’s
atmosphere,?) interstellar space,? and astrophysical
plasmas,®) and are fundamental for other relevant ap-
plied fields.?) Yet, accurate rates of these collision pro-
cesses are rarely known except some crude and limited
attempts for evaluation. Rate coefficients for the [HT
+ N] and [H* + O] collision processes were theoret-
ically evaluated by Steigman et al.®) and Field and
Steigman,® respectively, based on an orbiting approx-
imation with corresponding values of 2.5x 1074 cm?®/s
and 7.4x1071% ecm3 /s at 10,000 K, respectively. Cham-
baud et al.”) carried out a more rigorous study on
electron capture in the [HT + O] collisions using a
molecular orbital method with the spin-orbit coupling
as a driving force and determined the rate coefficient
as 4.8 x 1071% em3 /s at 10,000 K. There is no large-
scale theoretical study on the [HT + C] and [Ht + N]
collision systems except for an exploratory calculation
by Butler and Dalgarno® for the [N* + H]| system.

In this paper, we attempt to investigate collision
dynamics, and to evaluate electron capture cross sec-
tions and corresponding rate coeflicients for the three
(C, N, O) target atoms rigorously based on a molecu-
lar representation within a semiclassical framework for
HC*, HN*, and HO*. The processes studied are as
follows, with corresponding asymptotic energy defects
given between the closest states:

H* + C(*P) — H+ C*(*P)
H* + N(*S) — H + N*(°P)
H* + OP) — H+ 0T (*S)

+233eV  (la)
~095eV  (1b)
—0.02 eV (1c)

The multireference single- and double-excitation
(MRD-CI) configuration interaction method was
employed.? A semiclassical MO expansion method
with a straight-line trajectory of the incident ion was
employed to study the collision dynamics.'?) Substitut-
ing the total wave function into the time-dependent
Schrédinger equation, we obtain a set of first-order
coupled equations. By solving the coupled equations
numerically, we obtain the scattering probabilities for
transitions, and integration of this probability over the
impact parameter gives the cross section. In adia-
batic potentials obtained, for the CH" system, the
ground [H* + C(3P)| channel lies above the domi-
nant electron capture [H + CT(?P)] channel, whereas
all the target-excitation [H™ + C(*D,!S)] channels lie
slightly above the ground state. For the NH* system,

*

Theoretische Chemie, Universitaet Wuppertal, Wuppertal,
Germany

the [HT + N(*S)| channel is the ground state with
the electron capture [H + Nt (3P)| channel nearby.
Above this electron capture channel, a series of tar-
get excitation channels follows. For OH™ system, the
[H* + O(3P)] channel is the lowest level similarly for
the NH* system and then, the electron capture H
+ O7(%S)] channel and the target excitation [H* +
O*(*D)] channel follow. Because of a small asymp-
totic energy defect (near-resonant processes) between
the initial and closest electron capture channels for al-
most all systems, the electron capture cross sections
from the ground-state atoms are very large: approx-
imately 10716 —107'5 c¢m? for all systems at above
100 eV. The rate coefficients for electron capture from
the ground-state C(*P), N(%S), and O(3P), and some
representative values are givend in Table 1. The rates
increase with temperature (T) from less than 10714
em?/s to 2 x 1071 ecm3/s for CHY, 3.5 x 107! cm3/s
to 2 x 1072 em3/s for NH* and 6.1 x 107! em?/s to
7x107% em®/s for OH*, when T is raised from 10,000
K to 100,000 K, respectively.

Table 1. Representative rate coefficients for electron cap-
ture at temperatures above 10,000 K resulting from col-
lisions of H* ions with C, N, and O target atoms.

Targets
Temp. (K) C(*P) N(*S) O(*P)
10,000 — 351 x 1071 (99331071 | 6.10 x 107" ®g.1 x 1071
50,000 261 x 10712 | 4.80 < 107'° 291 x 1072
100,000 234 x 1071 | 203 x 1077 7.02 x 1072
200.000 2.08 x 107'° | 6.73 x 107° 1.39 x 107°
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Electron Capture Rates in Collisions of H" Ions with Si Atoms:
Capture by the ground and excited state

M. Kimura, A. B. Sannigrahi,* J.P. Gu,* G. Hirsch,* R. J. Buenker,* and I. Shimamura

Baliunas and Butler!) examined the effect of charge
transfer in conjunction with the silicon spectral lines,
and estimated the value of the rate coefficient as 10711
cm?®/s for the charge transfer process in collisions of
H* ions with Si(3P) ground state atoms. From this,
they suggested a possible importance of the ionization
process of silicon atoms. Apart from this case study,
to the best of our knowledge, there is no theoretical
or experimental determination of the charge transfer
cross section.

We have carried out a theoretical investigation for
charge transfer in collisions of HT ions with neutral
Si atoms both in the ground and metastable states at
collision energies from 1073 eV to 10 keV. The pro-
cesses we have studied are as follows, with correspond-
ing asymptotic energy defects:

i) Ground state Si ions:
HT +Si(®P) — H + Sit(*P) + 1112 cm™* (1a)
— H + Sit(*P) + 43936 cm™!,  (1b)
and

ii) Metastable Si ions:
H' +Si(*D) — H + Si™(*D) — 5069 cm™'. (2)

The metastable 'D state in Eq. (2), which lies at
50235 cm ™! higher in energy than the [Sit(?P) + H]
state, is considered to compete with the ground state
as the collision energy increases to keV regime. Hence,
it is important to understand the electron capture
mechanism of the both ground and metastable states.
The adiabatic potential curves of SiHT are obtained
by employing the ab initio multireference single- and
double-excitation configuration interaction (MRD-CI)
method.?) From the bottom of adiabatic potentials,
they correspond asymptotically to the atomic states
[H + Sit(?P): 130 13%+], [H + Sit(*P): 231,132
and [HY + Si(3P): 33II, 23X for triplet manifold,
and [H* + Si(*D: 2!, 2'%+] and [H + Sit(?D): 311,
31%7] for singlet manifold. A semiclassical molecular
orbital expansion method with a straight-line trajec-
tory of the incident ion was employed to study the
collision dynamics.?) By solving the coupled equations
numerically, we obtain the scattering probability for
transitions, and integration of this probability over the
impact parameter gives the cross section. The molecu-
lar states included are the two sets of states: separating
to [HT + Si(®P)] (232, 3%I0), [H + SiT(*P)] (1%,
2310), [H + Sit (P)] (1%, 1°10) for the charge trans-
fer from the initial ground state, and [HT + Si(*D)]

*
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(2'xt, 2MI), [H + Sit(?D)] (3'£1,3I) for the elec-
tron capture from the initial metastable state. A fully
quantum mechanical representation of the MO expan-
sion method was employed for collision energies below
30 eV. The coupled equations are solved numerically to
obtain the scattering matrix. The molecular states in-
cluded are two sets of channels: (i) [Sit(*P) + H] (3*II)
and [Si(®P) + H*] (231I) and (ii) [SiT(*D) + H] (3'II)
and [Si(!D) + H*] (2'II). The cross sections obtained
are shown in Fig. 1. Because of a small asymptotic
energy defect between the initial and closest electron
capture channels, and because of the exothermicity in
nature for the transition, the electron capture process
from the ground state Si(*P) atoms is extremely ef-
ficient. Therefore, the present cross section for the
Sit(*P) formation are found to have a broad peak with
a value of 1 x 10~1* cm? between 10 eV and 10 keV. It
gradually decreases as the collision energy decreases,
but it still has a value of 107!® em? even at 1 eV. The
present cross section for the Sit(?P) formation is com-
parable with those of the Si*(*P) formation above 1
keV, but it sharply decreases below 0.5 keV because
of a larger energy defect from the initial state. The
Sit(?D) formation in the singlet-state collision is also
large with the charge transfer cross section of 3 x 1075
cm? above 1 eV.
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Fig. 1. Charge transfer cross sections below 10 keV. Filled
circles: Sit(*P) formation; open circles; Sit (*P) forma-
tion; filled squares: Sit(?D) formation.
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Charge Transfer in Collisions H™ Tons with Ground State
Mg Atom at Low keV Collision Energies

C. M. Dutta,* P. Nordlander,* and M. Kimura

Charge transfer cross sections of the process
Mg+ H" — Mg* + H were measured for the range of
1-2 keV collision energies.’”® Most of the theoretical
work were performed by using either classical approx-
imations or semi-empirical approaches.**) The only
quantum mechanical ab-initio calculation at keV en-
ergies was perforined by Olson and Liu.®) They calcu-
lated charge transfer cross sections by using a molecu-
lar orbital (MO) expansion method within a semiclas-
sical framework and by employing straight-line trajec-
tories. They obtained a good agreement with experi-
ments around the maximum of the cross section at ~8
keV, but at the lower energies their calculated values
appear to overestimate the electron capture. There-
fore, it seems appropriate at this time to carry out an
ab-initio calculation of charge transfer cross sections
by taking couplings to more MO states than previous
calculations into account.

We have employed the semi-classical impact pa-
rameter method based on a MO expansion. This
approach was explained in detail elsewhere.”) The
(MgH)* molecule is treated as a quasi two-electron
system by representing the Mg*+(1s22s%2p®) ion core
by a Gaussian-type pseudopotential. The configu-
ration interaction (CI) method with linear combina-
tions of Slater determinants consisting of Slater-type
orbitals is used to obtain Born-Oppenheimer MO’s
and eigenenergies of the system. Substituting the to-
tal wavefunction into the time-dependent Schroedinger
equation, we obtain a set of first-order coupled equa-
tions in time. By solving the coupled equations numer-
ically, we obtain the scattering amplitudes for transi-
tions, and integration of the probability over the im-
pact parameter gives the cross section for the process
concerned.

Figure 1 shows the adiabatic potential energies of
the lowest fourteen states of the (MgH)™ system as a
function of the internuclear separation, R. Figure 2
shows the total single-charge transfer cross sections
calculated by inclusion of the lowest fourteen MO’s,
together with some other theoretical results and ex-
perimental data. Our calculated charge transfer cross
sections (depicted by a solid-line curve in the figure)
are in fairly good agreement above E ~ 3 keV with
most of experimental data. At lower collision energies,
however, the calculated cross sections become larger
by 30% than measurements, although ours are smaller
than the values (dashed-line curve in the figure) by
Olson and Liu. At lower energies, these measurements
were carried out by using D' or Het ions instead of

* Department of Physics, Rice University, Houston, TX, U.S.A.

H* ions. Therefore, if the claim that when HT ions
are used, the cross sections obtained become uniformly
larger than those by D™ and He™ at low energies still
holds and is taken into account, then we would expect
that the discrepancy between the calculated cross sec-
tions and measurements should be somewhat reduced.
More experimental efforts are desirable in this energy
region (E < 3 keV) in order to verify the theoretical
results.
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Fig. 1. Adiabatic potentials for the MgH™.
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Fig. 2. Charge transfer cross sections in collisions
of HT ions with Mg atoms. Solid-line: the present,
dashed-line: Olson and Liu. All symbols are the exper-
imental results (Ref. 1-3).
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Triple-Center Expansion Study of Ionization Processes

N. Toshima

The triple-center expansion method was first applied
to ion-atom collisions by Anderson et al.1) in order to
incorporate the united atom wave functions explicitly
into the basis functions used for the coupled-channel
method. The method was studied further by Lin et
al.2) and Winter and Lin.?) Under the recognition that
the united atom wave functions have sizable overlap
with the continuum states of the target and projectile
atoms, Winter and Lin? and Winter®) applied it to
the calculations of ionization cross sections. In this
report we extend the two-center Gaussian-type-orbital-
basis (GTO) coupled-channel method to a triple-center
description in order to study ionization processes.

We adopt the impact parameter method; the rela-
tive motion of the heavy particles is described classi-
cally by a rectilinear trajectory with a constant veloc-
ity v in the impact-parameter representation. We solve
the time-dependent Schrodinger equation of a single-
electron system,

8 -
[H — ZBJ U(r,t) =0 (1)
by introducing an expansion:
Ny
U(r,t) = Y ai(t)] (rr,t) (2)
i=1
Nr+Np
+ Z (li(t)iflf(rp,t)
i=Np+1
N
+ Y a(f (o),

i=Nr+Np+1

in terms of the target wave functions:

¥} (vr,t) = ¢] (r7) exp(—iE] ), (3)
the projectile wave functions:
¥f (vp,t) = o7 (rp) (4)

x exp(—iETt +iv-rr — §v2t),

and wave functions of a virtual atom on the third cen-
ter C:

U (ro,t) = 6f (rc) (5)

x exp(—iECt +ipv - v — %p%zt).
Here, ¢7, #F and qbic are the hydrogenic eigenfunctions
with eigenvalues EX, EF and EF of the Hamiltonians
of the target T, projectile P and virtual atom C, re-

spectively; and rr,rp, r¢ and r are the electron coor-
dinates measured from the three centers T, P, C, and
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from the coordinate origin, respectively. The third cen-
ter C and its nuclear charge are arbitrary in principle.
We choose C as the equiforce saddle point between the
two nuclei, and the charge as that of the united atom,
ie.,

VZr

= Vi ©)
Zc = Zr + Zp. (7)

Here, p is the ratio of the distances between T and C
and between T and P, while Z7, Zp and Z< stand for
the charges on T, P and C, respectively. The eigen-
functions of each center are further expanded in terms
of the Gaussian-type basis functions as

d)nlm(r) _ Z CZZ e—a.,r? rL"Yem(f)’ (8)

v

where the nonlinear parameters o, are generated as a
modified geometrical progression. The coeflicients et
are determined so as to diagonalize the atomic Hamil-
tonians of the target, projectile and virtual atom. Sub-
stitution of Eq. (2) into Eq. (1) gives coupled equations
in a matrix form:

_da
ZSE = Va, (9)

where a is the column vector of the expansion coeffi-
cients, while S and V are the overlap and interaction
matrices defined as

Sij = <Yy | d)j >, (10)
Vij = <t | H—id/dt| ;> (11)

All the matrix elements of S and V are calculated an-
alytically in the same way as stated for the two-center
expansion.®) This high analyticity is a great advantage
of the GTO expansion method since three-center ma-
trix elements appearing in V;; are very complicated
to handle and since the calculation in the represen-
tation of the Slater-type-orbital (STO) expansion is
time-consuming.
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Elastic and Inelastic Processes in H™ + C,H,
Collisions below 1.5 keV Regime

M. Kimura, Y. Li,* G. Hirsch,* and R. J. Buenker*

In the present note, we report the results for elec-
tron capture and direct elastic scattering in collisions
of H* jons with CoH, molecules for energies below 1.5
keV. Contribution from electron-capture accompanied
with simultaneous target excitation is also examined.
Hence, the processes studied are:

HY + CyHy — H+ C2H2+

— H+ CoHy™™  (electron-capture

(electron capture) (la)

with simultaneous target excitation) (1b)
— H* + CoHy* (target excitation) (1c)

Two molecular configurations are specifically consid-
ered to study the effects of molecular orientations on
collision dynamics: (i) a proton approaches an H atom
along the molecular axis of the C-C bond and (ii) it ap-
proaches perpendicularly toward the midpoint of the
C-C bond in CoH,. The interference arising from dif-
ferent molecular orientations is investigated. The adi-
abatic potential energy curves are calculated by means
of the multireference single- and double-excitation con-
figuration interaction (MRD-CI) method.!? A fully
quantum mechanical representation of the MO expan-
sion method was employed; that is, dynamical tran-
sitions were driven by nonadiabatic couplings.?) The
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Fig. 1. a) Adiabatic potentials for Co, symmetry in the
[H 4 C2Ha]™ system. b) Adiabatic potentials for Coov
symmetry in the [H + C2Hz]" system.
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coupled equations are solved numerically to obtain the
scattering S! matrix for each partial wave 1.3) The dif-
ferential cross section is then obtained from the stan-
dard formula. In the present calculation, we have em-
ployed two- and three-state close-coupling treatments
with molecular orbitals (MOs) corresponding to the
initial [H* + C,H,| and electron capture [H + CoHot]
channels. Adiabatic potential curves are displayed in
Figs. 1a and 1b. The differential cross sections ob-
tained are shown in Figs. 2a and 2b both for Cq, and
Coov symmetries, respectively, for scattering angles 0—
180° at 1.5 keV. Collision dynamics for Cs, and Cyg,
symmetries were found to be effective in nearly the
same small scattering-angle regions. Hence, the inter-
ference arising from these two molecular configurations
occurs rather strongly at narrow regions of scattering
angle, and unambiguous structures in differential cross
sections arising from the interference are observed.
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Fig. 2. a) Differential cross sections for elastic and electron
capture processes for Ca, symmetry at 1.5 keV. b) Dif-
ferential cross sections for elastic and electron capture
processes for Cog, symmetry at 1.5 keV.
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Double Electron Detachment from Negative Hydrogen lons
under High Energy, Highly Charged Ion Impact

H. Tawara, L. P. Presnyakov,* and D. B. Uskov*

Phenomena of the electron detachment from neg-
ative hydrogen ions in collisions with highly charged
ions (HCI) are not only interesting in basic collision
aspects but also important in applications such as fu-
sion plasma heating technology.

So far, the single electron detachment from H™ ions
resulting in the production of neutral hydrogen beam,
H°, has been studied at HCI collisions, but only un-
der relatively low energy.!) Namely, there are no such
experimental studies under a high energy (MeV /amu)
HCT collision. We have thus started to investigate the
electron detachment from H™ ions under such colli-
sions at MeV/amu region and to measure their cross
sections.?) It should be noted that no investigation
on the double electron detachment from H™ ions has
been reported yet, except for that under the electron
impact.?)

In the present work, we describe some results of our
calculations of the cross sections for the double electron
detachment from H™ ions under the MeV/amu HCI
ion impact. The present approach in calculating the
double electron detachment from H™ ions is based on
a modified version of our method previously applied to
the double electron removal from a neutral He atom.®)

Assuming that two electrons (1s,1s’) in a H™ ion
are independent, the one-electron continuum wave-
functions in the final channel have different forms for
the “outer” (1s’) and “inner” (1s) electrons. The func-
tion for the “outer” electron is in the Volkov-Keldysh
state, given as

¥ = W (0) = (20) 2 explipn (0~ [ depi(r)
&

where
=k — A(t), A) =q / drR(7)/ROP.  (2)

Here, k; is the momentum of the i-th electron at the
distance r; from nucleus, R(t) = b + vt is the inter-
nuclear distance depending on the impact parameter
b and the relative velocity v, and q is the projectile
charge.

On the other hand, the wavefunction for the “inner”
electron describes the electron motion in the Coulomb
field of proton and the dipole field of projectile ion,
given as:

Uy =Ty (t)G, (3)

where

G = exp(nv/2)I' (1 + w)F(-iv, 1,i(par2 + p2ra)),
v=1/ps. (4)
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Here, I and F are the gamma function and the conflu-
ent hypergeometric function, respectively.

Using these functions, the second-order perturbation
theory, similar to the independent-event model,®) re-
sults in the following cross sections for the double elec-
tron detachment from a H™ ion:

04 = Rsoos + 078 (5)

where o is the single electron detachment cross sec-
tion, Rgo the shake-off constant which represents the
ratio of the cross sections for double-to-single-electron
detachment at asymptotic collision energies, and org
the cross section of a two-step process in terms of one-
electron event. Rgp can be estimated, from the exper-
imental data available under electron impact,® to be
(2.3 —4.0) x 1073,

o, has been calculated in the previous study') to be

o5 = 51.6(q/v)*In{2.03v?/(1 + 0.139v?)/? + 1.01}
(10726 cm?] (6)

where q is the charge of a HCI and v the H™ ion ve-
locity in atomic units. Equation (2) agrees with the ab
initio Bethe-Born calculation at asymptotic region.®
On the other hand, using a similar treatment of Refs.
4 and 7, the present analysis for the two-step process
results in the following analytical expression for org
given to be

oTs = 2.9(q/v)4 exp(—[).éllq/v2 —1.1/v)
(10716 cm?].  (7)

It should be noted that the single-electron detachment
cross section scales as (q/v)?, whereas that for the dou-
ble electron detachment does as (q/v)?.

The contribution from the interference term between
two wavefunctions has been estimated and found to be
less than the cross sections given by Eq. (5).
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Theoretical Study for Absorption and Emission Spectra of
Alkali Atom and Liquid-He Composite System

J. Z. Tang.* M. Kimura, and I. Shimamura

Spectroscopic studies of atoms and molecules in the
superfluid He have provided a new and exciting re-
search subject not only in the atomic and molecular
physics, but also in the condensed-matter physics.!™®
Because the clectron-He interaction is uniformly repul-
sive in nature, atomic electrons of the impurity atom
push the surrounding He away, forming a nearly spher-
ical vacuum space, or so-called a “bubble” around the
impurity atom. A general size of the bubble is as large
as 10-30 a.u. The atomic state and dynamics inside
the bubble are expected to be significantly different
from those of a free atom, and this type of study (given
below) should provide an important knowledge for fun-
damental physics. Experimental attempts to explore
these physics have been very active recently, and have
deepened our level of understandings for the bubble.
There were several problems formerly for understand-
ing what were observed, but very recently some theo-
retical works have been performed to shed much light
on them.6®

Earlier, we presented the result of a comparative
study of absorption and emission spectra from Mg
through Be and showed a good agreement with mea-
surements in general.®) In present report, we extend
the calculation to alkali atoms in the liquid-He, ex-
plain our results of each absorption and emission spec-
tra resulted from transitions between the ground state
and optically-allowed first excited state, and discuss
characteristics of spectrum shift and half-width seen
in each spectrum.

The system of an impurity atom in the liquid-He is
a complicated many-body problem if all particles in-
volved are treated fully quantum mechanically. Since
we are interested in studying a perturbation of the
liquid-He on the optical transitions of the impurity
atom, we employ here a simple bubble model of the
liquid-He as fully documented earlier.>) Atomic units
are used throughout.

Density distribution: The density distribution of
atoms in liquid-He around the impurity atom may be
described by a bubble model.®) The shape of the bub-
ble depends on the electronic distribution of the im-
purity atom. For the study of absorption spectra, the
bubble may be assumed to be spherically symmetric if
the atom is initially in an s state. For studying emis-
sion, however, the bubble is considered to be of a non-
symmetric shape because of the unsymmetric nature
of an excited 7 state.

Total energy and the breathing bubble os-
cillation: An impurity atom is introduced into the
liquid-He of the temperature below 3K. For simplicity,
we assume the spherical symmetric structure for the

bubble here.

*
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The total energy of this composite system of the
impurity atom and liquid-He is given as

Etot = Eatm + Egurs + Epv + Einta
where E,¢m is the free-atom energy; Eg,.¢ represents
the surface tension energy of the bubble; E,,, describes
the pressure-volume work at the surface of the bubble;
and E;, is the interaction between the impurity and
surrounding He atoms.

Adiabatic line-broadening theory: The spectral
intensity for an optical transition of atoms may be ob-
tained by the Fourier transformation of the transition
dipole correlation function.

Absorption and emission spectra: The conven-
tional procedure to evaluate absorption and emission
spectra is based on the line-broadening theory.!-5:9)
This theory is based on the collisional broadening of
the spectrum through the interaction with liquid-He.
In the present study, we modify the standard line
broadening theory by including the effect of the bubble
oscillation. Then, the spectrum can be described as

I(w) = / dRo 1,(w, Ro) [x(Ro)[?,

where 1, and x are the line-broadening based on the
adiabatic theory and distribution of the bubble size
(i.e., bubble nuclear wavefunction), respectively.

Diatomic molecular states: Molecular states of
a two-body adiabatic system are obtained by using
the configuration-interaction (CI) method. We believe
that the present precision is considered to be reason-
ably sufficient for ab initio calculations of spectra, in
which experimental shifts were found to be in a range
of 200 cm™' to 700 cm™!.

Based the theory above, a theoretical study of the
atomic absorption and emission spectra of alkaline
atoms (Li, Na, K, Rb and Cs) in the superfluid He
(a bubble) was carried out, and their shifts and half-
widths were also examined to be compared with mea-
sured spectra. The results for the absorption and emis-
sion spectra agree very well with measurements for
most cases in spectral shapes and give rationales to
some of unexpected observations.
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Photodetachment Cross-Sections of
the Positronium Negative Ion

A. Igarashi

The positronjium negative ion, Ps™(e"e~e™), is the
special system in which three particles with same mass
are interacting through Coulomb potentials. The Ps™
system has only one bound state of the symmetry 'S°.
Its existence has been confirmed and the decay rate
has been measured to be 2.094+0.09 ns~!,! which is
in good agreement with theories. As for Ps™ pho-
todetachment, there is no experimental measurement
and there are little theoretical works enough to discuss
their reliability of cross-sections.

Thus in present report, we calculated photodetach-
ment cross-sections of Ps™ in the process:

hw +Ps™ — e~ + Ps(n) (1)

up to just above the n=2 threshold by use of the
hyperspherical-coupled-channel (HCC) method. The
HCC method is a powerful tool to describe the strong
electron-electron correlations in a two-electron system,
such as He and H™, and was successfully applied to
the calculation of photoionization cross-sections.?) The
photodetachment cross-section can be written as

o(w) o< | < ¥s| Dl > |2 (2)

Here, v; is the initial bound state of 'S¢ symmetry and
¥ ¢ the continuum state of 'P° symmetry, and D the
dipole operator in either the velocity or length form.?)

The initial and final wave functions are calculated
in the HCC method with an expansion in terms of the
channel functions which converge to atomic states of
Ps(n=1 ~ 4) at the asymptotic region. Our binding
energy for the initial state is 0.011997 a.u., which is
sufficiently accurate for our purpose compared with
the best variational value of 0.012005 a.u.*) The results
obtained in the velocity and length forms agree within
less than about 1%, and only results calculated with
the length form are shown in figure.

Present photodetachment cross-sections for the pro-
cess (1) are shown in Fig. 1 in the energy region near
the Ps(n = 2) threshold. Two prominent spikes, just
below e~ 4+ Ps(n=2) threshold, are the first two of the
infinite series of Feshbach resonance. These resonances
are attributed to an attractive potential between e~
and Ps, which decays as 1/R? owing to the Stark ef-
fect for the degenerate Ps(n=2) states. Another peak
above the Ps(n=2) threshold is the shape resonance of
1 po symmetry predicted by Botero et al.®)

It is interesting to compare the photodetachment
spectrum of Ps™ with those of H™ (for example,
Fig. 4(a) in Ref. 2). A close qualitative resemblance
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Fig. 1. Photodetachment cross-sections by hw + Ps™ —
Ps(n) + e~ near the energy of the Ps(n = 2) threshold.
Ps(1) production: solid curve; Ps(2) production: dotted
curve.

can be seen. A qualitative discussion based on the hy-
perspherical adiabatic potential curves has been made
in Ref. 5.

The resonance energies and widths around Ps(n=2)
threshold of ' P° symmetry are tabulated in Table 1.
The lowest resonance position by the complex-
coordinate calculation of Bhatia et al.®) is in good
agreement with the present value. The results of adia-
batic treatment in the hyperspherical coordinates®) are
reasonable, since it is a simple, single channel calcula-
tion.

Table 1. Resonance energies E, and widths I" (in a.u.) of
Ps™ of ! P° symmetry, where 9.8[—7] = 9.8 x 107",

Botero et al.” Bhatia et al.®)
~FE. T —-E. r
0.063156 1.0[—6]

Present
—FE; T
1. 0.063156 9.8[—7] 0.062587
[-
[_

2. 0.062543 2.8[—7] 0.062506

3. 0.062137 5.4[—-4] 0.0621  4.[—4]
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