Accelerator
Progress Report

1999

vol. 33

BR3P
RIKEN (The Institute of Physical and Chemical Research)




RIKEN Accelerator Progress Report
January-December TI 9 9 9

vol. 33

18 4L 2 BF 9 —
RIKEN (The Institute of Physical and Chemical Research)
Wako, Saitama, 351-0198 JAPAN



Editors
T. Abe A. Goto
T. Ichihara R. Kadono
T. Kambara Y. Kobayashi
A. Ozawa [. Shimamura

S. Yamaji Y. Yamazaki

All rights reserved. This report or any part thereof may not be reproduced in any form
(including photostatic or microfilm form) without written permission from the publisher.

All reports are written on authors’ responsibility and thus the editors are not liable for the
contents of the report.



CONTENTS

PREFACE ... ... T
OPERATION OF ACCELERATORS
The Tandem Operation ......... ... e
RRC and AVF Cyclotron Operations ...............oiiiiiiiiiiniiininan..
RILAC Operation ... ...t e e e e e
RESEARCH ACTIVITIES
Nuclear Physics

Reaction Mechanism and Characteristics of Ty in d+3He Backward Elastic
Scattering at Intermediate Energies ........ ... .

Structure of Li Isotopes Studied by Gaussian Single-Particle Bases ...................
Molecular-Orbital Structure in Be Isotopes ...........co i
Model-Independent Analysis of the One-Body Density of Unstable Nuclei ............

Development of a New Code for Large-Scale Shell-Model Calculations Using
a Parallel Compuber. ... ... ... e e

Monte Carlo Shell-Model Study of Unstable Nuclei around N =20 ...................

A Search for a Unified Effective Interaction for Monte Carlo Shell-Model
CalcUlations . ..o ov e

Monte Carlo Shell-Model Calculations for Medium-Heavy Nuclei .....................
The Nucleon Pair Approximation of the Shell Model ................. ... ... ...
Effects of the Dirac Sea on the Giant Monopole States ...............................
The Phonon Damping Model ... ...

Statistical Analysis of the Hot Giant Dipole Resonance with the Phonon Damping
Model ..o

Hot Giant Dipole Resonance in the Static Path Approximation ......................
Damping of Multiphonon Giant Resonances ............... ... ... . ... ... . ......

Giant Dipole Resonance in Neutron-Rich Nuclei within the Phonon Damping
MoOdEl .ot

Local Harmonic Approaches with Approximate Cranking Operators ..................

Relativistic Tilted Axis Cranking Model and Its Application to Shears Bands
in the A = 80 Mass Reglon ........ .. i

Wobbling Motion in the Multi-Bands Crossing Region ................ ... .. .......

Relativistic Hartree-Bogoliubov Approach for Nuclear Matter with a Non-Linear
Coupling TerT . . ..ottt e et e e

The r-Process Nucleosynthesis in Supernovae .......... ... ... ... i,

Hydrodynamical Study of Neutrino-Driven Winds as r-Process Sites .................

Page



447§, Its Effective Decay Rate in Young Supernova Remnants, and Its Abundance
T Er T ) T A At e oo e (e L 1T L T 8 A M S o e Tyt i RS S

A New Parameterization of Polarized Parton Distribution Functions .................
Large pr A} Production in Polarized pp Scattering ..............coooiiiiiiiiiiniien,
A} Productions in Polarized ep Reaction and Polarized Gluons in the Proton ........
Behavior of Polarized Light Sea-Quarks in a Nucleon ............... .. ... ... ... b s
Clolor-Octet Clontribution 1o the Photoproduction of #1F ... covirimmecomosh vonns Soatkvns
Antiquark Flavor Asymmetry in Polarized Drell-Yan Processes ................... ...
Nucleon-Structure Functions in the NJL Model .....iiiinit i iton e e
Ua(1) Symmetry Breaking and Eta Prime Meson in the Bethe-Salpeter Approach ....
Final Comtdown to RHIC Spin-Program: o w3 omsa gy s 5hili o6 simmisle il s besa o

Measurement of the Charged Pion Asymmetry and Beam Polarization in AGS
TR R s om0 BT G AL 0 i T Sy P L[ 12190 K 1o b e e A b e ol T -k F9 € 12 1 T4 5 U

Sensitivities of the Gluon Polarization Measurement at PHENIX .....................
Performance of the PHENIX Muon Reconstruction Software .........................
Precive-Measurement o the:Miion Eifetione: .o 2 o s Saiismnln s b Bt L s b
Measurement of the Ortho-Para Effect in Muon-Catalyzed dd-Fusion ................
Study of Muon Catalyzed Fusion in Solid D-T Mixtures .............................
Yolectvon Naetterine ot BATIBER SREABE (. 0. da0 vafbine Cons ban sions semnin s m oa 54 050 61/

Measurement of the Polarization Transfer Coefficients, Kf”jl, for d-p Elastic
Seallelng st B B o e e N AT A T A NS A § By i, py R S

Measurement of the Cross Sections and Vector and Tensor Analyzing Powers
for-d-p Blastic Bcattoring at By =270 MEV 1 iriticcr.siaiasnosssnsssisarassnnssionss

The 3He(ci; p)*He Reaction at Intermediate Energies ... .coiveiitiinainseriiib

L

Measurement of the Deuteron Spin-Flip Probabilities in the 28Si(d,d’) Reaction
AL e BTN C i o e e A METEE 1 SRS R M A AL BIER e ) S e e

Proton Spectra from the 2%Pb + 29Pb Reaction at 15 A MeV .....................
GDR ~-Rays from the Binary Reaction of 2Bi + 20Bi at 12 MeV/u ................
Search for a Z = 118 Superheavy Nucleus in the Reaction of #Kr with 2%Pb ........

First Measurement of the 8B(p,y)°C Reaction by the Coulomb-Dissociation
e T e e il S o e e g s RS TN ol e VN

Development of a Li-Ion Isotope Separation and Counting System for a Precise
Measireirient of the M Li Chargs MAdiils .. fes cis s thoss nsaiaesssas ssibense » s s s

Cotilomb Dissociation of N and 30 ....................... R
Coulomb Dissociation of 13N and 140 ..ot

Isobaric Analog State of M4Be ... ... .. ... —

43
44
46
48
49
51

o2



Coulomb Excitation of 150 ... 67

Coulomb Excitation of 2®Ne and 323 Mg ............ ... ... e 68
Pfo&ul_ation of Excited States in Unstable Nuclei Produced by the Fragmentation

3 PO 69
Gamma-Ray Spectroscopy of the Very Neutron-Rich Nucleus **Mg .................. 70
Half-Life Determination of 44Ti Using a Radioactive Beam Technique ................ 72
Collective States of Neutron-Deficient Doubly Even Barium Isotopes ................. 73
Production Cross Sections of Light Neutron-Rich Nuclei from 4°Ar Fragmentation ... 74

2. Atomic and Solid-State Physics

Positron Scattering by Polyatomic Molecules ............ ... ... ... ... .. ........... 75
Total Cross Sections for Electron and Positron Collisions with CF3I Molecules ....... 76
Simulation of a Diatomic Molecule Colliding with Surfaces ........................... 77
Radiative Electron Capture of Swift Heavy Ions into the Continuum State ........... 78
Fullerene-like Fragment Ion Production in Fast Ion-Cgg Collision ..................... 79
Isotope Shifts between He-like 2C and ¥C Tons ............ ... . ....ccoiiiiiii... 80
Foil Ageing Problems in Beam-Foil Spectroscopy Continued .......................... 81
Time Delayed Spectral Lines in Beam-Foil Spectroscopy ..., 82
Spectroscopy of High Z Spin-Aligned States ........... ... . o .. 83
High-Resolution Soft X-Ray Study of Ne Hollow Atoms Created by a Microcapillary
1 X v 84
Angular Dependence of Scattering Intensity in C** 4+ He — C2+ 4 He?*t

at Collisional Energy of 120 €V/q ... o i 85
Acoustic Emission Following Fast Heavy-Ion Irradiation of Solids .................... 86

Defect Production via Electronic Excitation in Oxide Superconductors Irradiated

with High Energy Heavy Jons ... oo e 87
Effects of Defect Morphology on the Vortex Dynamics in BisSroCaCuyOg, s

Irradiated with GeV Heavy lons ... ... e 88
Radiation Annealing Induced by Electronic Excitation in Iron ......... ... ... .. .. 89

Infrared Spectroscopy Study on Vacancy-Oxygen Pairs in CZ-Si Trradiated
by 3.5 GeV Xe Joms ... 90

Evaluation of SEB in Power MOSFETSs Caused by Heavy Ions ....................... 91

Dynamic Behavior of a Nuclear Probe *"Mn/"Fe in Si after Projectile-Fragment
Separation and Implantation ......... . . . . e 93

Atomic-Force-Microscopy Observations of FZ-Si after GeV->"Mn Implantation
Using RIKEN Projectile Fragment Separator (RIPS) .............. ..., 94

A New Spin Polarimeter Proposed for Spin-Polarized Slow Positron Beams .......... 95



Xe Bubble Formation in Xe-Implanted Fe as Observed by the Channelling Method ...
Observation of Ion Current in Superfluid Helium ...... ... ... ... ... ... ...

Observation of a Full Dispersion Curve for the Low Energy Excitation in a Spin
Ladder ... e

SR Study on the 1/8 Effect in the Bi-2212 System ...,
LF-uSR Studies of the Vortex State in BigSroCaCusOy ooooooioi s
Current-Induced Vortex Motion in Type-II Superconductors .........................
uSR Study on the Spin Dynamics of Kagomé Antiferromagnet, m-MPYNN-BF, .....

Radio-frequency Muon Spin Resonance of a Haldane-Gap System NiCyOy4
2-(2-methylimidazole) ... .. ...

Muon Spin Resonance Study on an Organic Radical TEMPO Derivative .............

Intra- and Inter-molecular Electron Transfer in Cytochrome ¢ and Myoglobin
Observed by the Muon Spin Relaxation Method .................... ... ... ...,

3. Radiochemistry and Nuclear Chemistry

In-beam Méssbauer Study of °*Mn/>"Fe in Si Following Projectile Fragmentation
and Implantation ............ . e

Biological Transport of the Various Trace Elements in the Pregnant Rats and Fetus ..
Uptake of Zinc and Other Trace Metals in Tumor-Bearing Murines ..................

Biological Tissue Distribution of Vanadium in STZ-Induced Diabetic Rats:
Simultaneous Tracing of V, Cr, Mn, Fe, Co, Zn, and Se Using a Radioactive
MU T ACET .« . oottt et e e e e e e e e

Metabolic Study of Trace Elements in Se-Deficient Rats (IV) ........................
Distribution of Bio-Trace Elements in Cell Fraction of Selenium-Deficient Rat Liver ..

Effect of Dietary Selenium Species and Doses on the Organ Distribution of
MU b T ACET .« . oottt ettt e e e e

Uptake Rates of Trace Elements in Zn-Deficient Mice ................... ... ... ... ..

Characterization of Manganese Transport System Using Cadmium-Resistant
Metallothionein-Null Cells ..........oiii e

Biobehavior of Multitracers in the Brain and Other Organs of 1-, 3- and
8-Week-OLd MICE ...ttt e e e e e e e

Effect of Oral Administration of NaFeEDTA on the Biodistribution of Trace
BleIMENtS . o oottt et e e e e e

Contribution of Arbuscular Mycorrhizal Hyphae to Acquisition of Trace Elements
by Marigold ... ... i

Influence of Zn on the Uptake of Various Elements into Carrot .......................
Enhanced Uptake of Mn by LeGlp1-Transgenic Tobacco Plants ......................
Selective Detection of EC-Decay Radionuclides in Multitracers: A Proposal ..........

Evaluation of the in vitro Stability of Radiolabeled DTPA and DOTA and Their
Conjugated Antibodies ........... .o

111
112

113
114
116



HPLC Elution Behavior of Multitracer Metallofullerenes .............................

Gamma-Ray Detection System for Multitracer Research .......... ... .. ... ... ..

Time Course Induction of p53 in Human Cell Lines ...t
4. Radiation Chemistry and Radiation Biology

Electron-Hole Plasma Luminescence from the Ion Track of Insulator Crystals ........

Luminescence Spectra and Decay Curves of Diamond Crystals Irradiated by
B LAl RVt o || r T o OV MU IR LT 1o o Dot C LRI k) ol (o2 DA MO £ CEoh25s o CofEh] Gy o o e

Ultrafast Luminescence and Exciton Dynamics in lon-Irradiated Rbl Single Crystal ..
Strontium Uptake by Yeast Schizosaccharomyces pombe ............ ... ... .........
Influence of Endophytes on the Uptake of Radionuclides by Perennial Ryegrass ......
Analysis of Heavy-Ion Beam-Induced DNA Damage in Saccharomyces cerevisiae .. ...
Effective Plant-Mutation Method Using Heavy-Ion Beams (IV) ................... ...
Effects of Heavy-Ion Beam Irradiation on Shoot Elongation in Roses .................
Adaptive Response of Human Cultured Cells to Heavy-Ion Irradiation ...............
Cytogenetic Effects of Heavy-Ion Beams on Mammalian Cells ............... ... ...
Effect of Heavy Ion Beams on Cell Cycle Progression ......... ... ...,

Recognition of Hit Sites within the Cells Exposed to Accelerated Iron Ions Using
CR-39 Plastics . ovi ittt e e

Oxidation Degradation of High Density Polyethylene Irradiated with Ion Beam ......
Heavy Ion Beams: Application to Mouse Mutagenesis (IT) ...........................
5. Instrumentation

Design of Liquid-He-Free Superconducting Solenoid Coils for Electron Cyclotron
Resonance Lon SOUICE . ...ttt e

Automatic 18F Supply System for a Slow Positron Beam .............................

Design and Simulation of an Electrostatic Spin-Polarized Positron Beam System
for Surface Magnetism Studies ........... . e

Calibration of Beam-Line Polarimeter at F; = 140 and 200 MeV .....................

Absolute Calibration of the Deuteron Beam Polarization at an Intermediate Energy
via the 12C(d, @) Reaction .. ........oiiiiiii e

Calibration of *He Polarization Using Electron-Spin-Resonance Method ..............
Response of an Imaging Plate for Heavy Particles ..... e
Development of Time-of-Flight Detector with Streak Camera ........................
Development of a New Photon Detector System for Nuclide Identification ............
Development of High-Efficiency Delay-Line PPAC for High-Energy Light Ions ........
Construction of PHENIX Muon Tracking Chambers ................ ...,

129
130
131

141



Status of PHENIX Muon Identifier Mechanics ... . ... .. . . . . .. 166

High-Energy Beam Test of PHENIX EM Calorimeter at CERN ...................... 168
Feasibility Test of Proton-Carbon CNI Polarimeter for RHIC ................. ... .. 170
PHENIX Computing Center in Japan (CC-J) ... ... o o i 172
A Workstation Farm Optimized for Monte Carlo Shell Model Calculations:

Alphleet . 174
Development of High-Rate MUSIC ... ... . . 176
Calibration of Heavy Ion Telescope on Board MDS-1 Satellite with °Ar Beam ....... 177

Beam Calibration of Fiber Neutron Monitor onboard the Exposed Facility of the
Japanese Experimental Module ... .. . . . 178

RF Ion-Guide System for Trapping Energetic Radioactive Nuclear Tons from
Fragment Separators ....... ... ... e 180

Development of a Polarized Solid Proton Target by Means of the Integrated Solid
Effect (ISE) oo 182

6. Material Analysis

Development of a Highly Sensitive High-Resolution In-Air Particle-Induced

X-Ray Emission (PIXE) System: T ... o 183
PIXE Analysis of Lead in the Feather of a Jungle Crow Living in Tokyo ............. 185
RBS Analysis of Na-Implanted Glassy Carbon ... . ... .. ... ... ... ... ... 186
Heavy-Ion Irradiation Effects in Bi-2223 Tapes .......... ... o oL 187

A New Method for Determining the Vacancy Formation Energy of Metals
Using the Positron Age-Momentum Correlation Technique ........... ... .. .. ... ... 188

7. Miscellaneous

Neutrino Advanced Generation with Accelerated Muon .............................. 189
Light Hadron Spectrum in Quenched Lattice QCD ............ ... . oot 191
Monte Carlo Simulation of Supersymmetric Matrix Model ........................... 192

New Method for Irace Element Analysis Using the Electron Cyclotron Resonance
Ton Source and Heavy-Ton Linac ... 193

IV. NUCLEAR DATA

Stats-Reportof-thé - Nuclest IDEEE YU ot 5 mee o mn i « B mi 7 45 on i s 2 e, fasm o5 8 sbreiate 195
V. DEVELOPMENT OF ACCELERATOR FACILITIES

Biased Electrode Method for RIKEN 18 GHz ECRIS ......... .. ... ... ... .. 197

Present:Statusiof14:5 GHzGaprice dn BRIKENT . oz dhde s o dads cad mal s G ivtm s i 199

Development of Compact High Current Multicharged Ton Source for RIKEN RI

BEATT ATEOTL oo Sk b rlp n/F e o e e s b fah oo 2 ot e g A e ) e e T e 200

Laser-Plasma Production for Laser Ton Source at RIKEN ........... .. ... ... ... 202

Generation of Heavy-Ion Pulses with Short Width and Long Interval ................. 203



A Plan for a New Control System for the RIKEN Ring Cyclotron Using EPICS ...... 204

LowEowerlest ot GOMERBSONRTOTE: a5 ks o e e e (| oo o e i B oL T Bt 4 206
Construction of the IRC for RIKEN RI Beam Factory ............................... 208
Mode] Test of the REKEN-IRC Main Resonator ...........bcooaieoiaadeviaiaiailaoil 210
status of the SRO for the RIKEN Bl Beamt FBCEOTY < vuwes iniusisnsasneaslbsnmess 212
Development and Construction of the SRC Sector Magnets .......................... 214
Quench Analysis of Stagnant Normal Zone in the RIKEN Prototype Sector Magnet .. 216
Analysis of the Injection and Extraction Systems for the RIKEN Superconducting

IR P SO LRGN <y 3mSR 190 I 218
Superconducting Magnetic Channel for the RIKEN Superconducting Ring

A e o e e Soetas I o o o 3 s o 5 A L 8 s (s 3 A e e T w3 et 220
Helium Cooling System of RIKEN Superconducting Ring Cyclotron ................. DB
Design of the BIKEN-SRC RE SYBEBITL - .\ vvemecsisransnsvgorissisnascareessassnsioss 224
Vacuum System for the RIKEN Superconducting Ring Cyclotron .................... 226
Influence of External Magnetic Field on the Performance of Cold Cathode Gauges ... 228
Design Studies on Beam Transport System of RIKEN RI Beam Factory .............. 230
Design Study of Beam Transport Lines from SRC to Three Big RIPSs ............... 232
Design of a 2 T Room-Temperature Dipole Magnet for Beam Transport Lines

(a3 24 H B S Ao e e e O L= U 1 Py A S e e e e v i T e O e S e 234
Design of the BigRIPS Separator for the RIKEN RI-Beam Factory Project .......... 236
Design of a Superferric Quadrupole Magnet for the RIKEN RI-Beam Factory

B O P e L e e e et e it AR ) M e S = e | e T e s 238
Estimation of Deposited Heat and Damage by Neutrons on the Downstream
Superconducting Magnet of the Target Assembly ........... ... ... ..ot 241
Shielding Design of RIKEN RI Beam Factory ............. ... oot 243
Refinement of Accumulator Cooler Ring Lattice Design ............... ... ... 245
Development of ACR Electron Coblar {2) .. .. o cisrsosiinssinsapsiaasiiassonsans 247
Studyef Pislkp forStochasticiCoolimer » wous St i am o il v - oo ml s e i o 249
The Ferrite Test Cavity for MUSES (II) ... 251
Development of the Kicker Magnet for BSR ... 253
Development of a High-Intensity Slow-Positron Source for Cooling of Highly

Charged TOnS ... ..o 255
Preliminary Studies on CORBA-based RIBF Control System ........................ 257
Spin Tracking with “Real” Siberian Snakes in Relativistic Heavy Ion

Collider(RHIC) .ot 259
Ion Optics Study of RHIC OPPIS ... .. e 261

Ultraslow Muon Production Using the Resonant lonization Method .................. 263



VI

Vil.
VIIL.

XL
Xil.

RADIATION MONITORING

Radiation Safety Control System for the RIKEN Ring Cyclotron ..................... 265

Routine Work for Radiation Safety in the Ring Cyclotron Facility .................... 266
LIST OF PUBLICATIONS ... .. 269
LIST OF PREPRINTS ... 276
PAPERS PRESENTED AT MEETINGS ........ ... ... ... i 279
LIST OF SYMPOSIA 292
LIST OF SEMINARS . ... . . 294
LISTOF PERSONNEL . ... ... . 299

AUTHOR INDEX



I. PREFACE

This issue of RIKEN Accelerator Progress Report
reports research activities of the RIKEN Accelerator
Research Facility (RARF) during the calendar year
of 1999. The research programs have been coordi-
nated in the framework of the project entitled Mul-
tidisciplinary 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 acceler-
ator or radiation application, basic studies on energy
production, basic studies on accelerator cancer ther-
apy, material characterization, application to space sci-
ence, accelerator physics and engineering, laser tech-
nology, and computational technology. These activi-
ties involved 12 laboratories in RIKEN and more than
300 researchers including outside users from domestic
and foreign institutions. Thirty-six universities and
institutes from within Japan and 33 institutes from
10 countries are included.

Major research activities of the RARF are based
on the heavy-ion accelerator complex consists of the
K = 540 MeV RIKEN Ring Cyclotron (RRC), the
energy-variable heavy-ion linear accelerator (RILAC)
and the K = 70 MeV azimuthally variable field cy-
clotron (AVF), which have altogether provided a beam
time (on the target) of more than 6500 hours through
the year. The operation time is shorter than those of
1998 because of the two and half months shutdown due
to the part of the construction-program of RI Beam
Factory.

The three accelerators deliver heavy-ion beams of a
variety of elements with energies ranging from a few A
MeV to 135 A MeV. The two-injector machines (AVF
and RILAC) are equipped with ECR heavy ion sources.
The AVF is additionally equipped with a polarized ion
source for vector and tensor polarized deuterons. The
three accelerators have been used in various configura-
tions. The RRC operate with the AVF or the RILAC
as the injector. The AVF has been providing beams
of ions of mass number up to 60 and the RILAC has
been providing beams of ions of mass number larger
than that. In addition, the AVF and the RILAC were
used separately, when they are not used as the injec-
tor, for low energy applications. Recently, low energy
(5 A MeV) beam of 3Kr has been accelerated for the
study of superheavy elements. The beam current as
high as 0.8 particle A was delivered on the target.

Two new laboratories have been established. One is
Applied Nuclear Physics Laboratory and the other is
Beam Dynamics Laboratory. The later is the labora-
tory that takes care of the construction of MUSES in

RI Beam Factory.

Two third of the RRC research beam time
(~5000 hours in total) goes to nuclear physics and one
third is used by atomic physics, material science, nu-
clear chemistry, radiation biology and others. While
the RILAC and the AVF beam time were used for fields
other than nuclear physics. The research beam time at
the AVF is 2100 hours and 800 hours at the RILAC.

The use of radioactive-ion (RI) beams is the main
emphasis of the science at the RRC. Three different
types of radioactive beams, i.e., (1) projectile-fragment
(PF) radioactive beam, (2) spin-polarized radioactive
beam, and (3) high-spin isomer beam, have been de-
veloped and used in a broad scope of nuclear research.
The PF beams are most widely used by virtue of
their versatility and prominent intensities. The spin-
polarized beams are particularly useful for NMR ex-
periments of radioactive isotopes. These beams are
primarily used for the study of nuclear physics. Major
subjects pursued are: (1) exotic nuclear structure and
new dynamics of extremely neutron-rich nuclei (such
as those with a neutron halo or skin), (2) nuclear astro-
physics involving unstable-nucleus reactions, (3) syn-
thesis of new unstable isotopes far from the valley of
stability, (4) extensive measurements of nuclear mo-
ments. Characteristic features of intermediate-energy
direct reactions are often exploited for such studies.

The RI beams were useful for other domains of sci-
ence as well. In particular, application to condensed
matter science has been developed to a large extent by
exploiting on-line capability of Mossbauer and PAC
spectroscopies that are feasible only with RI beams.

Intermediate-energy heavy ions from the RRC have
found their own applicability. A strikingly efficient mu-
tagenic effect has been observed when the embryo of
a Tobacco plant is shot by heavy ions. High-energy
heavy ions were irradiated to the plants naturally
placed in the air for desirable amount of LET through
sample. It has opened a new scheme of mutant produc-
tion that is efficient and well controlled. The method
is so efficient that it is expected to offer new possibili-
ties of bioscience research through comparison between
normal and mutagenic samples. For more detailed in-
formation such as cross talks between cells is planned
to be studied by developing a micro beam.

Another remarkable development has been seen in
the application field of radioactive tracer technique.
High-energy heavy ion reactions facilitate production
of a wide variety of isotopes simultaneously. This
feature is exploited to cultivate a novel multi-tracer
methodology in which a radioactive tracer source con-



taining a variety of elements is prepared to be injected
into a sample. This enabled to study circulation be-
haviors of different elements for a common sample,
drastically improving reliability and efficiency over the
single-tracer experiments. Application of the method
is rapidly extending to the fields of bioinorganic chem-
istry, dietetics, toxicology, pharmacology, environmen-
tal issues, and medical fields in general.

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

at ISIS has been operated steadily. Studies of quark-
gluon spin structure functions at BNL/RHIC are wait-
ing for the commissioning of RHIC operation soon.
The RIKEN/BNL Research Center is in operation and
attracts physicists from all over the world. The large
computer system for the analysis (CC-J) is under con-
struction.

The RI beam factory project is going reasonably
fast. The construction of the sector magnet for the
booster cyclotron (ISR) has been completed and mag-
netic field measurements are in progress. Windings of
the superconducting coil for the ring cyclotron (SRC,
K = 2500 MeV) is also in progress. The design work
of MUSES (accumulator ring and colliding rings) has
been started.

I. Tanihata
Director
RIKEN Accelerator Research Facility
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The Tandem Operation

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

The 1.7 MV tandem accelerator has been moved to
a new experimentation hall, following the construc-
tion plan of the new accelerator facilities (RIBF), and,
therefore, was shut down from March to the end of
August, 1999. It was, however, operated for 40 days
for experiments, except for the machine inspection and
beam test, during the annual reporting period from
Nov. 1, 1998 to Oct. 31, 1999.

Experimental studies on the following subjects have
been performed, and some are still in progress:

(1) Rutherford Backscattering Spectroscopy (RBS)

(a) Behaviour of Xe atoms implanted into iron.

(b) Channelling analysis of dopants in 1I-VI com-
pound semiconductors.

(c) RBS analysis of polystyrene surfaces and glassy

carbon films modified by ion implantation.

(2) Nuclear Reaction Analysis (NRA)

(a) Lattice location of hydrogen in niobium alloys
using the channelling method.

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

(a) Application of PIXE in the biomedical and ma-
terials sciences: Trace element analysis using energy-
dispersive X-ray spectrometry.

(b) Trace element analysis of feathers to monitor
environmental pollution.

(c) Development of an in-air high-resolution PIXE
system for chemical state analysis.

(d) Characterization of II-VI ternary semiconduct-
ing crystals.
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RRC and AVF Cyclotron Operations

M. Kase. A. Goto, T. Kageyama, M. Nagase, S. Kohara, T. Nakagawa, K. Ikegami, J. Fujita, N. Inabe,

O. Kamigaito, M. Kidera, M. Komiyama, A. Yoneda, I. Yokoyama, H. Isshiki,*
K. Takahashi,* T. Maie,* T. Homma,*

N. Tsukiori,*

The operation statistics of the RIKEN Ring Cy-
clotron (RRC) for 1999 are listed in Table 1. The
cumulative statistics since the beginning of operation
in 1986 are shown in Fig. 1.

The total hours of operation in 1999 amounted to
5060 hr. This is 20% less than that in the previous
year. The main reason for this decrease is the shut-
down of all machines for two months due to the prepa-
ration for the RI Beam Factory (RIBF) project.

In order to clear the construction site for the new
RIBF buildings, every power station, heat source and
water supply for all the existing machines was moved to
the west side of the Nishina Memorial Building. New

Table 1. Statistics of RRC Operation.

Category Hours

Total of Operatiion Time 5060

(Beam Tuning) 1400

(Nucl. Phys. Experiments) 2980

(Other Field Experiments) 680
Trouble Shooting 460
Open House for Guests 40
Construction 1700
Holiday & Maintenacnce 1500
Total 8760

Construction Time

(Hours)
9000

H. Akagi,* R. Abe,*

R. Ohta,* K. Kobayashi,* and Y. Yano

buildings for RF power supplies for RRC and RILAC
were constructed on the south and north sides of the
Nishina Memorial Building, respectively. Almost all
cables and pipes connecting the machines to these fa-
cilities outside of the building were replaced. The ren-
ovation began in February and was finished completely
in the middle of April.

The lower limit of output energy of RRC,
which had been 7 MeV/nucleon, was decreased to
5.5 MeV/nucleon using a harmonic number of 13. A

5 MeV /nucleon ®*Kr beam was successfully acceler-
ated with an intensity of 1 puA in September 1999.
The parameters are listed in Table 2. This beam
was required in the research of superheavy eclements
(Z = 118). The experiment in the GAs-filled Recoil
Isotope Separator (GARIS) was carried out in October
using this beam for a duration of as long as two weeks.

The operation with a harmonics of 13 is extremely
inefficient, especially in RILAC. Only first three cavi-
ties of RILAC are operated with very low power levels.
To make the acceleration of a low energy beani more ef-
ficient, RILAC energy will be upgraded by using accel-
eration cavities of Charge State Multiplier (CSM). The
maximum energy will be 6 Mev/nucleon, which meets
the requirements of superheavy elements research.

Six CSM cavities will be installed just after RILAC.
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Fig. 1. Statistics of the RRC operation during the twelve years from 1987 to 1999.
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Table 2. Acceleration Conditions for 5.5 MeV /nucleon ¥Kr beam.

The first two of them are acceleration cavities, which
were designed as the first unit of the CSM and com-
pleted in March of 1999. Their frequency tunable
range is 36 to 78 MHz. On the other hand, the other
four cavities, which have been fabricated, will be CSM
cavities without a course frequency tuner, operated
only at a frequency of 76 MHz. The entire accelerator
will be installed in June of 2000 and a high-intensity
low-energy beam, such as 6 MeV /nucleon 34Kr beam
with an intensity of more than 2 puA, will be avail-
able with stand-alone operation of RILAC in the au-
tumn of 2000. In connection with this, GARIS will be
moved from the E1 experiment room of RRC to the
No. 1 target room of RILAC in June of 2000, and the
RILAC-RRC operation will be stopped from May to
August of 2000.

Machine troubles in 1999 were related mainly to a
layer short in a main coil of the W-sector magnet of
RRC. A beam became unstable periodically in Febru-
ary 1999. Since, at the beginning, the effect was so
small and it lasted for a short duration, thus it was
very difficult to identify the source of the disturbance.
After the long-term precise measurement of terminal
voltages of each coils as well as a magnetic field, it was
discovered that a very unstable and imcomplete short
circuit between layers had occurred inside of the lower
main coil in the W-sector magnet.

The main coil consists of eleven pancakes, each of
which has a six-turn two-layer coil. Each conductor
was covered with glass insulation tape, and the entire
coil was molded with epoxy resin after being wound

RF Cavity No. Harmonics Charge- Beam Intensities (ppA)
Frequency of RILAC of RRC Stripper lon Source | Entr. of RRC Target
18.7 MHz 3 13 No use 6* 1.96 1.2
*18GHZ ECR

*Enrichment 90%

and assembled. After a careful search on a surface of
the molded coil by the thermoviewing method, the ex-
act position where the layer short had been occuring
was found in May of 1999. Fortunately, it occurred
near the coil surface and also near to the coil termi-
nal. By partially removing epoxy resin, the defective
hollow conductor with a square cross-sectional shape
was exposed. After the corner edge of each conductor
was scraped to create enough space between them, this
trouble was overcome completely.

A new ECR ion source using a super-conducting
solenoid was completed in the summer of this year and
a plasma test was started in the autumn. An injection
beam line will be changed for two ECR ion sources, so
that one can be tested while the other can be used for
the AVF cyclotron.

During the shutdown period, improvement of in-
jection system of RRC was done. Two sets of mag-
netic inflection channels (MIC1 & MIC2) were replaced
with new ones and the size of beam pipe was enlarged
slightly. Beam monitors along the injection line will
be replaced with new types of monitors, preparing for
the high intense beam injection in the future.

The radiation safety system has been changed to a
new system using distributed function via a network.
All the replacement was completed in the end of April.

In June of 2000, the spectrometers of DUMAS,
which are currently installed at the beam line on
RCNP, will be moved to experimental hall E7 in the
cooperation with the Center of Nuclear Study of Tokyo
University.
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RILAC Operation

E. Ikezawa, S. Kohara, M. Fujimaki, T. Aihara,* T. Ohki,* H. Hasebe,”
H. Yamauchi,* and M. Kase

During this reporting period, RILAC has been in
steady operation and has supplied various kinds of ion
beams for various experiments. Table 1 shows the
statistics of RILAC operation from January through
December, 1999. The days taken for overhaul and im-
provement, as shown in Table 1, include two kinds of
large works. First, the sub-power station for RILAC
was moved to a new site in order to open space in the
project for a RI Beam Factory. Second, improvement
of the rf system of RILAC was carried out. Regular
RILAC operation was discontinued twice, from Febru-
ary 13 through May 28, 1999, and from November 22
through December 10, 1999.

Table 2 summarizes the number of days allotted to
different research groups. The percentage of beam time
used by the RIKEN Ring Cyclotron (RRC) group was

Cable 1. Statistics of RILAC operation from January 1
through December 31, 1999.

Days %

Beam time 121 33.2

Overhaul and improvement 134 36.7

Periodic inspection and repair 24 6.6

Machine trouble 0 0.0

Scheduled shut down 86 23.6
Total 365 100

Table 2. Beam time allocated for different research groups.

Days %
Atomic physics 15 12.4
Nuclear physics 2 1.7
Radiation chemistry 16 13.2
Material analysis and development 12 9.9
Instrumentation 8 6.6
Accelerator research 5 4.1
Beam transport to RRC 63 52.1

Total 121 100

*

Sumijyu Accelerator Service, Ltd.

Table 3. Statistics of the RILAC ion beams delivered using
the Cockcroft-Walton injector.

Ion Mass Charge states  Days

B 11 3 2
C 12 1,4 7
C 13 1,2 2
N 14 4 4
N 15 4 2
Ne 20 4 4
Ar 40 8 2
Ti 48 5 1
Kr 84 13 6
Nb 93 12 3
Rh 103 16 1
Xe 136 15 1
Ta 181 16 2
Bi 209 16 4

Total 41

Table 4. Statistics of the RILAC ion beams delivered using
the new preinjector.

Ton Mass Charge states Days

0] 16 4 2
Ar 40 8 9
Fe 56 8,11 3
Ni 58 9 10
Kr 78 18 2
Kr 84 10,11,17 23
Xe 136 18,20,27 31

Total 80

approximately 52% of the total. The 58Ni, 84K, 136Xe,
18175 and 29°Bi ions accelerated by RILAC were in-
jected to RRC. Tables 3 and 4 show the statistics of
the number of days of the RILAC ion beams were de-
livered using the Cockcroft-Walton injector with an
8 GHz ECR ion source (NEOMAFIOS) and those
delivered using the new preinjector (consisting of an
18 GHz ECR ion source and a variable-frequency RFQ
equipped with a folded coaxial resonator), respectively.
The ion beams of 15 elements were used for the exper-
iments and beam acceleration tests. The percentage
of beam time using metallic ions amounted to approx-
imately 21% of the total.

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

(1) The No. 6 and No. 5 rf systems were replaced
with newly designed ones in May 1999 and in De-



cember 1999, respectively. The power amplifier chain
of the new rf system consists of a solid-state ampli-
fier (1 kW) as the first stage, a tetrode (SIEMENS-
RS2012C1J) as the second stage (15 kW), and a tetrode
(SIEMENS-RS2042SK) as the final stage (300 kW).
The basic design is similar to that of RRC.

(2) A PC-based control system has been adopted for
the new rf system. Windows NT is used as the oper-
ating system of the personal computer. The system
communicates with programmable logic controllers by
InTouch software.

(3) Three sets of plate power supplies as the final
stages were replaced with newly designed ones in May
1999, because they were worn out from many years
of operation. Rated output power is 480 kW for the
No. 1 and No. 2 rf systems, 700 kW for the No. 3 and
No. 4 rf systems, and 1120 kW for the No. 5 and No.
6 rf systems. Maximum output voltages are 12 kV,
14 kV, and 16 kV, respectively. The ripple voltage at
the rated full load is 0.5% peak to peak.

(4) The power supplies for the bending magnet and

quadrupole magnets of the beam transport line from
the 450 kV Cockcroft-Walton injector were replaced
with new ones, because they were worn out from many
years of operation. Each new magnet power supply is
a switching type.

(5) A PC-based control system for the new mag-
net power supplies was developed. This new system
uses a personal computer with a Windows NT oper-
ating system and an application program (HP-VEE).
FEach new magnet power supply has a GPIB interface
module, and is connected to Ethernet LAN through
LAN/HP-IB Gateway E2050. The control system has
been used since September 1999.

We experienced the following machine troubles dur-
ing this reporting period. (1) A GPIB card of the
computer system controlling RILAC had trouble; we
replaced it with a spare one. (2) The No. 4 res-
onator had a small vacuum leak at the outer wall of
the rf feeder. (3) A power supply for the filament
(4.5 'V, 1640 A) of the final vacuum tube (No. 1) had
trouble.
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Reaction Mechanism and Characteristics of Ty in d+3He Backward
Elastic Scattering at Intermediate Energies

M. Tanifuji,*! S. Ishikawa,*! Y. Iseri,*?> T. Uesaka, N. Sakamoto, Y. Satou, K. Itoh, H. Sakai, A. Tamii,
T. Ohnishi, K. Sekiguchi, K. Yako, S. Sakoda, H. Okamura, K. Suda, and T. Wakasa

NUCLEAR REACTION, 3He(d,*He)d, E4 = 140,200,270 MeV, PWIA with one—proton—]

exchange

For the last few decades, the tensor analyzing power,
T5o, of the backward elastic scattering of deuterons
by protons (d+p) at intermediate energies has been
intensively studied as an important source of informa-
tion about nuclear interactions and reaction dynamics.
Since 3He has the same spin as proton, the spin struc-
ture of the scattering amplitude of the d+3He system
is similar to that of d+p when 3He is considered to be
a single body. Thus, the backward elastic scattering
of the deuteron by *He has attracted our attention for
investigations of probable differences as well as similar-
ities of information when compared to dp scattering. )

A d+3He experiment was carried out at the RIKEN
Accelerator Research Facility using polarized deuteron
beams of E4 = 140-270 MeV. The beam was provided
by a high-intensity polarized ion source. Three polar-
ization modes (unpolarized and two tensor-polarized
modes) were cycled every 5 seconds. The beam po-
larization was measured with a polarimeter based on
d+p elastic scattering. It was continuously monitored
during a run, and found to typically be 60-80% of the
ideal value. Scattered *He particles were momentum-
analyzed in the magnetic spectrograph SMART and
detected by a multi-wire drift chamber and plastic scin-
tillators placed at the focal plane. In an off-line anal-
ysis, data for 8,5 < 1.4° were used. The background
spectrum from the (d, *He) reactions on Havar foils was
subtracted to obtain the net yield for d+3He events.
The signal-to-noise ratio at the peak region was 5-25,
depending on the beam energy.

In the d+p backward scattering, the assumption of
a mechanism by neutron transfer from the deuteron
to the proton has been fundamentally successful in ex-
plaining the energy dependence of the observables. For
example, a simple PWIA calculation by the mecha-
nism qualitatively describes the features of the mea-
sured tensor analyzing power, T5p, and the polariaza-
tion transfer coefficient, K¥(d——p), at a few hundred
MeV. In the case of a *He target, the possible reaction
mechanism of the backward scattering of the deuteron
would be proton transfer from 3He to the deuteron.
For the transfer assumption,

Ty = {2V2Rcos © — R* — 32R"*
+ 12RR' cos(©’ — ©)}/Ng,

%1
*2
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Fig. 1. Tz in d4+3He backward elastic scattering as a func-
tion of the p-d relative momentum in 3He, k.

with
Nr =2+ 2vV2R? + 34V2R"* — 4R’ cos @,

where R and R’ are the magnitudes of the tensor scat-
tering amplitudes relative to the scalar one; © and ©’
are their relative phases. In PWIA, R and R’ are given
by
)

4+ 72 V2(4 + 72) u(k)’
where u(k) and w(k) are the S- and D-wave functions
of the p-d relative motion in 3He, respectively. The p-d
relative momentum in 3He, k, is related to the incident
deuteron momentum, kg, as k = % kq. The 3He wave
function was obtained by solving the Faddeev equa-
tion with the AV14 nucleon-nucleon potential. © and
©’ were treated as flexible parameters which describe
the effects of the virtual excitation of other reaction
channels.

Figure 1 shows the calculated and measured Ty as
a function of k, where the dashed, dotted, solid and
dash-dotted lines are for ® = 60°,120°, —60° and
—120°, respectively, © being fixed at 60°. All calcu-
lations with ©® = 60° describe well the present data,
suggesting the importance of deuteron breakup effects.
The resonance-like structures around k = 0.4 GeV/c in
the solid and dash-dotted lines stimulate us to conduct
an experimental examination if they are observed.

R

References
1) M. Tanifuji et al.: Phys. Rev. C 61, 024602 (2000).



RIKEN Accel. Prog. Rep. 33 (2000)

Structure of Li Isotopes Studied by Gaussian Single-Particle Bases

S. Haruyama, T. Otsuka, K. Varga,* and T. Mizusaki

[Unstable nuclei, Clustering]

Each Li isotope has its own distinctive feature. For
example, “Li has a clustering structure and !!Li has a
halo structure. We have tried to calculate the struc-
tures of Li isotopes with some Gaussian single-particle
bases in order to explain these features systematically
with only a few assumptions.

We have adopted a Gaussian function as a single-
particle wave function,

o5(r) = (%”)3“ exp (=v(r - 5)°) I9),

where |3) is the spin-isospin wave function and v is the
Gaussian size parameter; vector s shows the center of
the Gaussian. Here, v and s are variational parame-
ters. There was no variational parameter on the spin-
isospin wave function in this work. We made a basis
function of a nucleus by a Slater determinant:

|¥) = A{p; (r:)} = det{p: (ri)},
(i (13) = 5. (ra)) .

We expressed the wave function of the total system
by superposing multi non-orthogonal many-body bases
that have different Gaussian size parameters,

|<I>>:c1|\I’1)+02i\112)+... +Cz|\1’1>+ ...+CN“IJN>.

Here, {|¥;)} are non-orthogonal bases. The coeffi-
cients, {c¢;}, were determined by diagonalization of the
Hamiltonian.

We selected parameters of the wave functions in a
stochastic manner. We also projected wave functions
onto eigenstates of the angular momentum and parity.
In calculations of stochastic selections and projections,
we used a parallel computing machine, called Alphleet.

In this study, we used a Modified Volkov No. 1
Force!) (m = 0.58, b = 0.15, h = 0.05) as the cen-
tral force and the G3RS force?) as the spin-orbit force.
We used a Coulomb force approximated by the sum of
seven Gaussians.

We calculated the structures of the °Li, 7Li, 8Li and
9Li ground states. In the process of selecting basis
wave functions, the z-component of the angular mo-
mentum and parity were projected. After we selected
wave functions, we projected then onto the eigenstates

*

Argonne National Laboratory, USA
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Fig. 1. Magnetic dipole (a) and electric quadrupole (b)
moment of Li isotopes. The experimental data are in-
dicated by the circles.®

of the total angular momentum and calculated the en-
ergies and moments. We show the calculated values of
the magnetic dipole moments and electric quadrupole
moments in Fig. 1.

These calculated values show good agreement with
the experimental values, although the calculated value
of the magnetic moment of 8Li, 0.956, is smaller than
the experimental value, 1.65. We suppose that this
disagreement occurs because the spin wave function
had no variational parameter in this work.
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Molecular-Orbital Structure in Be Isotopes

N. Itagaki, S. Okabe, and K. Ikeda

[Cluster structure, Magic number]

Recently, the contributions of higher shells were an-
alyzed in N = 8 nuclei. A calculation based on the
shell model has shown that the slow 3-decay of 12Be
to 2B can be explained as being due to an admixture
of the excitations from the p shell to the sd shell in
2Be (N = 8), where the single-particle energy is artifi-
cially modified.! This shows that the concept of magic
number is vague in '2Be. There have been pioneering
studies for Be isotopes based on the molecular-orbit
(MO) model,>™® although the ground state of 2Be
has been analyzed to be dominantly the closed p-shell
configuration for the neutrons. Here, we propose a new
a+a+n+n+- - - model based on MO, where the model
space for the valence neutrons is vastly extended.

In MO, the orbits for the valence neutrons are ex-
pressed as a linear combination of orbits around each
a-cluster. When a linear combination of two p-orbits
around the left-a-cluster and the right-a-cluster is
summed up with the same sign, the resultant MO state
has negative parity and one node. It cannot spread
along the z-axis where two a-clusters are already lo-
cated. If a linear combination of the p-orbit is summed
up with the opposite sign, the resultant MO state has
two nodes and positive parity. The optimal direction
of this MO becomes the a-a direction. In this way,
three basic orbits (K™ = 3/27,1/27 (one node) and
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Fig. 1. Calculated and experimental energy levels of 1°Be.
The calculated levels are sorted into five columns. From
left to right: states whose dominant component is K™ =
0%, 2%, and 17. The fourth column is the second 0%
band characterized by the o-orbits. The fifth column is
the negative parity band.

1/2% (two nodes)) for the valence neutrons are intro-
duced. These orbits are described by a superposition
of the local Gaussians, whose positions are determined
variationally for each a-a distance before the angular-
momentum projection.

As an effective two-body N-N interaction, we in-
troduce the Volkov No. 2 potential with M = 0.6,
B = H = 0.125 for the central part, and the G3RS po-
tential with the strength parameter V = 2000 MeV for
the spin-orbit part. These parameters are determined
from the o-a, a-N and N-N scattering phase-shifts.
First, we applied the model to °Be (a+a+n+n);
the calculated energy levels are displayed in Fig. 1.%
The ground 07 state (—61.1 MeV) has dominantly the
(3/27)? component for the two valence neutrons, and
the 0F state at 8.1 MeV (experimentally 6.263 MeV)
has dominantly not the (1/27)% component, but the
(1/2%)? component. Thus, the level inversion of the
p-shell and the sd-shell is also found to be reflected in
19Be. The second 0F state has a much larger charge
radius of 2.93 fm, (a proton radius of 0.813 fm is
used), than the ground state, 2.51 fm, since the two va-
lence neutrons occupy a higher nodal orbit along the
- axis and increase the distance between the two
a-clusters so as to reduce the kinetic energy of the sys-
tem. The state is the band head of enhanced clustering
states.

This (1/2%)? configuration is also strongly mixed in
the ground state of ?Be. When the a-a distance is
small, for example 2 fm, the dominant configuration of
the last two valence neutrons is (1/27)2 for the ground
state, which corresponds to the p-shell closed configu-
ration at the limit of a-a distance of zero. However,
the (1/2%)? configuration for the last two valence neu-
trons becomes lower as the a-a distance is increased.
At an a-a distance of 3 fm, which is the optimal dis-
tance for 1?Be, the ground 07 state has a squared over-
lap of 0.41, with (1/27)2, and a squared overlap of 0.64
with (1/2%)2. Therefore, in the ground state of 1?Be,
two different configurations contribute, and the neu-
tron magic number, N = 8, disappears.

One evidence of the mixing of the (1/2%)? compo-
nent is the B-decay probability from ?Be to 12B. Us-
ing the present model, the log(ft) value of 12Be(0%) —
1ZB(17) is calculated to be 3.81; this value agrees with
the experimental value of 3.8. However, if we restrict
the configuration of the last two valence neutrons to
(1/27)2, the log(ft) value becomes 3.51. Therefore,
the mixing of the (1/2%)? component is found to sup-
press this transition and to increases the log(ft) value.

11



The agreement of the experimental and the theoretical
log(ft) values suggests that the breaking of the N = 8
magic number is realized in 2Be.
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Model-Independent Analysis of the One-Body Density
of Unstable Nuclei

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

[Unstable nuclei, Matter distribution, Proton-nucleus elastic scattering]

We have analyzed the matter distribution of unsta-
ble nuclei model-independently based on the experi-
mental data of proton-unstable-nucleus elastic scatter-
ing. We applied the method of Friar and Negele.!
This method was originally proposed to determine the
charge distributions of stable nuclei.

Since the first observation,?) the reaction cross sec-
tions of neutron-rich light nuclei have been found to
be quite large. This suggests an extended structure
of the neutron-rich nuclei; information concerning the
one-body matter distribution is indispensable to prove
this hypothesis.

In the formulation of Friar and Negele, the one-body
density, p(r), is expanded in terms of the Fourier-
Bessel series. No assumption is made concerning the
form of the density. The expansion coefficients are de-
termined by minimizing x2, defined as

N ex 2
€ aQ  dQ )

Here, N is the number of data points, and €, is
the error of each data point. The superscript “exp”
ofthe cross section implies the experimental data, and
“th” implies the theoretically obtained value. We use

*

Department of Physics and Astronomy, California State
University, Northridge, and W. K. Kellogg Radiation Labo-
ratory, Caltech, USA

the expression of the first-order optical potential in
the Glauber approximation for the theoretical cross
section in this work. It includes the one-body density
explicitly.®)

Detailed numerical calculations are in progress. We
simply point out that the previous work on the deter-
mination of the matter distribution of 6He and 8He?
may still be too naive.®) The authors first assume
the function form of the density, and then make a
parameter-fit using the experimental data. By assum-
ing the function form, theoretical prejudice could be
brought into the analysis, which is not a good way to
treat this kind of problem. Presently, the available
data do not give the density with sufficient accuracy
in our formulation.
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Development of a New Code for Large-Scale Shell-Model
Calculations Using a Parallel Computer

T. Mizusaki

[Shell model, Parallel computation]

The nulcear shell model is a fundamental frame-
work for describing interacting nucleons. Therefore,
many efforts have been devoted to solve the shell-model
problem. Among these efforts, a numerical approach
is quite important, especially for realistic shell-model
calculations. Due to the recent rapid progress of com-
puter technology, several numerical methods™? are be-
ing advocated, and can, indeed, come over the limita-
tion of the conventional shell-model diagonalization in
many respects. However, up to now, only a shell-model
diagonalization method can grantee an ezact (not ap-
proximate) solution in the case where a shell-model
calculation is possible.! Therefore, shell-model diago-
nalization still keeps its unique value in a nuclear spec-
troscopic study. In addition, shell-model diagonaliza-
tion, itself, can also be further developed by the use of
modern computational technology.

In this paper, we present the current largest shell-
model calculations based on a new shell-model code
with a massively parallel computer, called Alphleet.*
Alphleet was originally designed for Monte-Carlo shell-
model (MCSM) V) calculations. In the MCSM, the nu-
merical intensive part is an angular-momentum pro-
jection, performed by three-fold integration over the
Euler angles. The strategy of parallel computation is
division concerning the Euler angles. This paralleliza-
tion is quite easy and its efficiency is quite high. On
the other hand, efficient parallelization of shell-model
diagonalization is difficult because it requires a quite
huge amount of numerical data. In the distributed
niemory system, huge data transfer among CPU’s is in-
evitable. By developing an algorithm which minimizes
the data-transfer during shell-model diagonalization,
a new shell-mode code on such a distributed memory
system becomes efficient. For instance, by 24 CPU’s,
we can solve the shell-model problem with 0.1 billion
dimension. In this case, one Lanczos iteration requires
about 6600 seconds. Then, a converged solution can
be obtained within few days. The computational time
will be further shortened by using a larger number of
CPU’s.

In Fig. 1, we show the pf-shell calculations of

t In the SMMC method, a notorious minus sign problem in-
duces a large error bar for the ground-state energy, as shown
in Fig. 1. In the MCSM method, its energy is quite precise,
but is still variational upper limit

¥ Alphleet is a customized parallel computer in the RI Beam
Factory in RIKEN
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Fig. 1. Yrast energy levels in **Fe as a function of the
dimension.

54Fe with the FPD6 interaction for 07-10%, as an
example. The energy eigenvalues are shown as a
function of the dimension of the truncated shell-
model space, defined by @,<(f7/2)* 7107 (r)*, where
r means the f5 /o, p3/2 and p; /o orbits and t is the max-
imum number of particle allowed to be excited. The
dimension is counted for J, = 0 space. The results of
SMMC and QMCD methods for the ground-state are
also added as a reference. As the truncation space be-
comes larger, the eigenvalues converge. Consequently,
such a large-scale shell-model calculations are shown
to be quite useful for the yrast spectroscopy of the pf
shell region.

In summary, a new shell-model code has been de-
veloped, which is well optimized for massively paral-
lel computers. By this code, shell-model calculations
with over 0.1 billion dimension become possible, and
the realm of full pf-shell calculations becomes enlarged.
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Monte Carlo Shell-Model Study of Unstable Nuclei Around N = 20t

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

[NUCLEAR STRUCTURE shell model, Shell gap]

The N = 20 closed-shell structure is known experi-
mentally to disappear in the neutron-rich region, for in-
stance, by the 2] level’) and the large B(E2;0] — 27)
value? of 32Mg. The aim of this study was to clarify
the mechanism of the vanishing shell gap in terms of
the shell model. Because the shell-model dimension
is too large to diagonalize the shell-model Hamilto-
nian exactly, we adopted the Monte Carlo shell-model
calculation.®) Since it is desirable to make a system-
atic calculation in this region to examine the mech-
anism, we performed shell-model calculations, in a
single framework, for even-even nuclei from O to Si.
The computations were carried out mainly using the
Alphleet computer system at RIKEN.

Figure 1 shows the number of neutrons excited from
the sd shell to the pf shell for the ground states of
Ne, Mg, and Si isotopes. Particle-hole excitation oc-
curs considerably around N = 20 for Ne (Z = 10) and
Mg (Z = 12) isotopes, while the ground state of Si
(Z = 14) primarily consists of the normal configura-
tion. We note that the calculated states successfully
reproduce the energy levels and the B(E2) values.
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Fig. 1. Average number of neutrons in the pf shell sub-
tracted by the corresponding number in the normal
(i.e., filling) configuration. The triangles, diamonds,
and circles stand for the values of the Ne, Mg, and Si
isotopes, respectively. The solid line denotes the corre-
sponding value of the Na and Mg isotopes, as predicted
by the “island of inversion” of Ref. 4.
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Fig. 2. Effective neutron single-particle energies for N = 20
isotones as a function of the proton number.

In order to analyze the result, the effective single-
particle energy (SPE) is very useful. Assuming the
normal configuration for N = 20 nuclei, we define the
effective SPE of a given orbit as the one-neutron sep-
aration energy from this orbit, and then the energy
is evaluated by the monopole interaction of the shell-
model Hamiltonian. From Fig. 2, it can be seen that
the shell gap between Od3,5 and 0 f7 /2 becomes wider as
Z increases, whereas the gap is quite small for Ne and
Mg isotopes. This occurs because the strong proton-
neutron monopole interaction within the same major
shell (sd shell) stabilizes the N = 20 shell closure.

We suggest that the narrow gap between the sd and
pf shells is a cause of a vanishing of the closed-shell
structure in the neutron-rich Ne and Mg isotopes, to-
gether with a preference for a prolate deformation of
these isotopes.
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A Search for a Unified Effective Interaction for Monte Carlo
Shell-Model Calculations

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

[Shell model, Effective interaction]

The nuclear shell model has been successful as one
of the most fundamental models of nuclei. It has been
demonstrated by p- and sd-shell calculations that, once
a suitable effective interaction is found, the shell model
can describe various nuclear properties both accurately
and systematically in the whole major shell. In such
cases, the shell model acquires predictive power; one
can see an indication of new physics in any possible
deviation of new experimental data from shell-model
predictions. For such systematic studies, it is crucially
important to find a reliable effective interaction which
can properly reproduce the variation of the nuclear
structure over a wide mass-range.

On the other hand, the conventional shell-model di-
agonalization in a complete one-major-shell has been
possible only up to the sd-shell, since the dimension
of the Hamiltonian matrix becomes too large to diag-
onalize for larger shells. In order to overcome this dif-
ficulty, we have proposed the Monte-Carlo shell model
(MCSM)V) based on the quantum Monte-Carlo diago-
nalization (QMCD) method. In MCSM calculations,
basis states are generated stochastically, and are either
adopted or discarded according to its importance for
the energy gain. The Hamiltonian matrix is then diag-
onalized in a subspace spanned by these small number
of selected basis states. By using MCSM we can carry
out shell-model calculations in the pf- and larger shells
with reasonable accuracy.

For the pf-shell nuclei, various effective interactions
have been investigated. For example, the KB? interac-
tion has been constructed on the basis of the G-matrix
derived from an NN-potential. However, for quanti-
tative studies, such a realistic interaction requires siz-
able empirical corrections to its monopole part. The
monopole-modified G-matrix interaction (KB3)?) has
been found to be successful in the lighter half of the
pf-shell (A < 52). However, the KB3 interaction is
dangerous to use beyond ®®Ni, because of its too-large
shell gap above the f;/, orbit. A different strategy is
taken for the FPD6% interaction, where an analytic
form of the two-body potential, which contains several
parameters, is assumed; these parameters are deter-
mined by a fit to the experimental data of A = 41—
49 nuclei. The FPD6 interaction is quite successful
for describing heavier pf-shell nuclei, such as 4Ge and
56Ni. The difficulty of the FPD6 interaction is found
in the single-particle properties (a too-low f5/, orbit),

*  Michigan State University, USA
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which can typically be seen in 57Ni. There are several
other effective interactions for pf-shell nuclei, which
have been evaluated with a certain truncation of the
model space.

However, such a truncation restricts the applicabil-
ity and predictive power of the shell model to several
limited cases. Thus, it is a quite challenging problem to
investigate whether it is possible to construct a unified
shell-model effective interaction for pf- and larger shells
which can describe various nuclear properties system-
atically over a wide model space, including both the
beginning and the middle of the shell. MCSM enables
us to study such a problem. Since MCSM utilizes gen-
eral deformed bases, we can consider the whole model
space without any truncation.

We can approach to this problem by a “model-
independent” method, in which two-body matrix el-
ements and single-particle energies are treated as pa-
rameters, and are determined by a least-squares fit to
the experimental binding energies and the excitation
energies. This technique was successfully applied to
the sd-shell, leading to success concerning the USD
interaction.®) In the USD interaction, 63 two-body ma-
trix elements and 3 single-particle energies were fixed
in a fit to 447 energy data with an rms deviation of
185 keV. Practically, the 47 best-determined linear
combinations of parameters were determined in a fit,
and for the remaining 19 linear combinations the corre-
sponding values of the G-matrix interaction were used.

In the case of the pf-shell, 195 two-body matrix
elements and 4 single-particle energies should be de-
termined. Although the number of parameters be-
comes about 3-times larger than that of the sd-shell,
this method is still applicable if we can take a suffi-
ciently large number of data. The shell-model calcula-
tions were carried out by a massive parallel machine,
Alphleet, at RIKEN. By taking 742 energy data we
have obtained a fit with an rms deviation 254 keV. We
are now searching for a better set of parameters by
changing the data selection and the number of linear
combinations to be determined by a fit.
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Monte Carlo Shell-Model Calculations for Medium-Heavy Nuclei

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

[Shell model, Nuclear structure, Collective motion, Computational physics]

It is known that a part of the even-even nuclei
around the rare-earth region shows a shape-phase tran-
sition, which is nothing but a gradual variation in the
spherical-deformed change of the nuclear shape with
increasing neutron number. The properties of these
nuclei have been well studied using the Interacting
Boson Model (ex. see Ref. 1). The purpose of this
report is to discuss this intriguing structure change
by utilizing a nuclear-shell-model description involving
fermions, not bosons.

We have focused on !3¥7150Ba isotopes, which are
among the above-mentioned nuclei. The single-particle
states of the nuclear shell model consists of N = 82—
132 and Z = 50-82. The effective interaction which
we have used consists of the paring-type, quadrupole-
pairing-type and quadrupole-quadrupole-type interac-
tions whose parameters were fitted for the excitation
levels of semi-magic nuclei, except for the proton-
neutron quadrupole-quadrupole interaction. We re-
stricted the shell-model Hilbert space to that with an
axially symmetric deformation, which is considered to
be a good approximation for these nuclei. Since Hilbert
space is too huge to use the conventional shell-model
diagonalization method, we have used the Monte-Carlo
Shell Model method, which was recently developed by
M. Honma et al?) in order to overcome such a dif-
ficulty. In addition, we revised the method so as to
utilize pair-bases.

Figure 1 shows a comparison between the experi-
mental values and the MCSM results for the 2T, 4T,
61, 8%, 10 levels of Ba isotopes. The experimental

0~ =38 @8 90
Neutron number

Fig. 1. Energy levels of Ba isotopes. The symbols and lines
denote the experimental values and theoretical results,
respectively.

energy levels show transition from vibrational nuclei
(left-hand side) to rotational nuclei (right-hand side).
We can see that the theoretical results reproduce such
a character quite well.

These computations have been carried out mainly
using the Alphleet computer system at RIKEN.
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The Nucleon Pair Approximation of the Shell Model

Y. M. Zhao, S. Yamaji, N. Yoshinaga, and A. Arima

[Nucleon pair approximation, Shell model, Collective excitations]

We have completed a series of studies!™) on the nu-
cleon pair approximation of the shell model.®)

Firstly, the validity of the SD-pair truncation of the
shell model was tested in a single-j shell and many-j
shells within the framework of the nucleon pair shell
model. It has been found that SD-pair truncation is a
good approximation of the shell model in the single-
j case when the Hamiltonian consists of (monopole
and quadrupole) pairing plus quadrupole-type inter-
actions. The SD-pair truncation deteriorates if the
QQ-type interaction is artificially large compared with
the monopole pairing interaction. For multi-j shells,
schematic calculations in the degenerate sd, pf, and
sdg shells were performed for the extreme case of a
pure QQ-type interaction. There is a large difference
between the binding energies in the SD-pair truncated
subspace and those calculated in the full shell-model
space, as in the case of a single-j shell. However, it
has been found that the basic properties of the band
structure remain intact, and that the difference in the
energy levels, i.e., moments of inertia, can be easily
absorbed by adjusting the interaction strengths.

Secondly, calculations using the nucleon-pair shell
model were performed in terms of the SD collective
pairs, which were obtained in a suitable way to obtain
the maximum collectivity. This method was applied
to even-even Sn, Te, Xe, Ba, and Ce isotopes near the
A = 130 region using the (monopole and quadrupole)
pairing plus quadrupole-type interactions by adjusting
a very few parameters. The structure of the energy
levels for the quasi gamma band as well as the ground
band has been well reproduced for each nucleus. Other
properties, such as B(E2)’s, agree with the experimen-
tal data very well. The calculated nuclear radii are well
consistent with the relativistic mean-field calculation.
The overall fit with the experimental data is superior
to that of the previous calculations.

Thirdly, we investigated the role of the single-
particle energies on the low-lying states of !3?Ba, a
typical O(6) nucleus in the IBM and the FDSM. It
has been found that one can usually “restore” the
physics of a realistic problem with non-degenerate
single-particle energies using degenerate single particle
levels and a slightly different parametrization of the
two-body interaction. However, if the single-particle

18

splittings are enlarged by a factor of 1.5, the O(6) be-
havior of the nucleus is lost and a model that assumes
degenerate levels cannot describe its collective struc-
ture. The contributions from interactions other than
monopole and quadrupole pairing and quadrupole-
quadrupole interactions have been found to be unim-
portant for the low-lying states. Although the role of
the abnormal parity level depends on the details of the
single-particle structure, its effects can be “compen-
sated” by using different Hamiltonian parameters and
degenerate single-particle levels in the FDSM treat-
ment.

Fourthly, the Wick theorem for coupled Fermion
clusters has been used to derive the nucleon-pair ap-
proximation for an odd nucleus. The building blocks
of the model space were constructed using one un-
paired valence nucleon coupled with the collective nu-
cleon pairs stepwisely. Analytical expressions for the
related commutators were derived, and formulas were
given for the matrix elements of a general Hamiltonian.
The formalism for an odd system was presented in a
similarly recursive way as the even system. By treat-
ing the two-body interaction as an integrated opera-
tor in the re-arrangement of the operators before com-
puting the related commutators, the computing time
of a general two-body interaction matrix elements is
comparable to that of the one-body interaction matrix
elements, which is crucial for the nucleon pair approx-
imation of an odd system to be realizable. This for-
malism unifies the analytical expressions of the Hamil-
tonian for an even system and an odd system (in-
cluding odd-even, even-odd, and doubly odd cases).
We call this “the unified formalism for even and odd
systems”.
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Effects of the Dirac Sea on the Giant Monopole States

H. Kurasawa* and T. Suzuki

[Relativistic model, Effects of the Dirac sea, Giant resonance states]

The relativistic mean-field approximation(RMFA)
neglects the Dirac sea in describing the nuclear ground
state. Recently, however, it has been numerically
shown that in a relativistic random-phase approxima-
tion(RRPA) built on RMFA, the monopole states can-
not be well described without Pauli blocking terms,
which express transitions between the Dirac sea and
the occupied Fermi sea.!) If the blocking terms are ne-
glected, the excitation energies of the monopole states
in RRPA are much lower than those in the time-
dependent relativistic mean-field approximation.?

We show in an analytic way the role of the Dirac
sea in the excitation energy of the monopole states.
In the relativistic model, the excitation energy of the
monopole states is expressed as®

where ep denotes the Fermi energy and (r?) the root-
mean-square radius of the nucleus. The incompress-
ibility coefficient, K, is expressed in terms of the rela-
tivistic Landau-Migdal parameters, Fy and F}, as

k=Sl h @)
€p 1+ §Fl
pr being the Fermi momentum.

In order to see the effects of the Pauli blocking terms
on the monopole states, we derive the Landau-Migdal
parameters according to RRPA. We calculate the lon-
gitudinal RRPA correlation functions with and with-
out the Pauli blocking terms.?) By comparing them
with the correlation function of the Landau theory, we
can obtain the expressions of the Landau-Migdal pa-
rameters in each approximation.

Including the Pauli blocking terms, we obtain

1—v2 v&F,
Fb=F-—ELF, FR=-—2XY_ (@3
0 1+ ast : ! 1+ %‘U%\Fv ( )
where we have defined
Gs \2 gv \2
F, = Np(= F, = Np(=—)~, 4
s F(ms) 3 F(mv) ( )
2pr ER DF
N = = —
F oz P g
Ep = (pp + M*%)Y/2. (5)

In the above equations, gs and g, stand for the Yukawa
coupling constants, ms and m, the masses of the o-
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and w-meson, respectively, and M* denotes the effec-
tive nucleon mass. N and vp represent the relativistic
density of states at the Fermi surface and the relativis-
tic Fermi velocity. The factor ag, in Fy of Eq. (3), is
given by

4 () P’
F, = = d’p—
Qs t's (271')3 (ms) / pEgem

E, = (p* + M*})!/2, (6)

where 6, denotes the step function, 8(pr — |p|).
If we neglect the Pauli blocking terms, we obtain the
Landau-Migdal parameters as

Fh=F —(1- v%)Fs, F = —v%Fv. (7)

The difference between Eqs. (3) and (7) is very clear.
Fy and Fy in Eq. (7) have no denominator. In fact,
we can show that the Landau-Migdal parameters in
Eq. (3) are those from the second derivative of the
total energy density with respect to the quasiparticle
distribution. In order to obtain correct expressions
of Fy and F; within RMFA, we thus need to include
the Pauli blocking terms in the configuration space of
RRPA.

The values of K were calculated using the following
parameters® as an example:

M =939, mg =520, my =783 (MeV),

g2 =109.626, g2 =190.431, (8)
which reproduce the nucleon binding energy, Fg =
—15.75 MeV, at pr = 1.30 fm~!. In this case, we have
K = 544 MeV by taking the Pauli blocking terms into
account, and K = 357 MeV by neglecting them. Thus,
the value of K is fairly reduced, if the Pauli blocking
terms are neglected. In 2°8Pb, the reduction amounts
to about 2.7 MeV for the present parameters. This fact
may be observed in Ref. 1 by numerical calculations.
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The Phonon Damping Model

N. Dinh Dang, K. Tanabe, and A. Arima

Hot giant dipole resonance, Double and triple giant dipole resonances, Damping, Exotic

nuclei

The Phonon Damping Model (PDM) was proposed
by Dinh Dang and Arima in 1998V as PDM-1. Its
further development, which includes all configuration
mixings up to two-phonon configurations, has been
carried out by Dinh Dang, Tanabe, and Arima (PDM-
2).2) The primary purpose of PDM is to describe the
damping of the giant dipole resonance (GDR) in highly
excited (hot) nuclei. This model has shown that the
main mechanism that causes a sharp increase in the
GDR width at low temperatures, T < 3 MeV, and
its saturation at high temperatures, 7' > 3-4 MeV, is
coupling of the GDR phonon to the particle-particle
(pp) and hole-hole (hh) configurations, which appear
due to the deformation of the Fermi surface at T" # 0.
In PDM, a model Hamiltonian including coupling be-
tween the GDR phonon to all ph, pp, and hh config-
urations at T # 0 is used, and the strength function
is calculated directly in the laboratory frame without
any need for an explicit inclusion of the thermal fluctu-
ations of shapes or the angular-momentum effect. The
PDM has been proved to be quite successful in repro-
ducing not only the the width, but also experimentally
observed shapes of hot GDR in 2°Sn and 2%8Pb.

Very recently, in order to test the capability of PDM,
we have further developed and applied it to:

(1) A statistical analysis of the shape evolution of
hot GDR in '2°8n;®

(2) A study of multiphonon GDRs, especially double
and triple GDRs in heavy nuclei;¥

20

(3) A study of damping of GDR in neutron-rich
nuclei.®)

Our analysis of numerical calculations has shown
that:

(1) The GDR shapes predicted by the PDM strength
functions in combination with the calculations® are in
overall reasonable agreement with the data from in-
elastic a-scattering experiments;

(2) PDM can account reasonably well for the damp-
ing of double and triple GDRs, where a noticeable dif-
ference in the damping of the DGDRS in open-shell
and double magic nuclei has been pointed out;*®

(3) PDM is able to describe the damping of GDR in
exotic nuclei. In particular, it shows the appearance
of a low-lying dipole mode in neutron-rich nuclei, like
18,2407 GOCa, and 150G, 5)
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Statistical Analysis of the Hot Giant Dipole Resonance
with the Phonon Damping Model

N. Dinh Dang, K. Eisenman,* J. Seitz,* and M. Thoennessen*

[Giant resonances, Thermal and statistical models]

The comparison between theory and experimental
data of the hot GDR is not straightforward. Typi-
cally, only the parameters of a Lorentzian strength
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Fig. 1. Experimental (shade areas) and theoretical divided
spectra calculated within the CASCADE without pair-
ing (dashed curves) and including pairing (solid curves)
at various excitation energies.
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function (resonance energy, width and strength) are
extracted from the data and compared to the theoret-
ical values. In addition, the conversion of the exper-
imentally measured excitation energy to the temper-
ature which is calculated within theoretical models is
difficult and sometimes can even be misleading as has
been recently discussed.'?) Although the importance
of including the temperature dependence of the GDR
parameters in the statistical model calculations was
pointed out a long time ago, it was not crucial as long
as the data were not compared to detailed models, but
only fitted to extract a functional form of the width
increase. Recently, a method has been proposed to
incorporate the theoretical strength functions directly
into full statistical decay calculations.?) This way, not
only the GDR energy and width, but also the entire
shape of the GDR strength functions, can be compared
with the measured spectra. In this work, we have ap-
plied this method to the strength functions of the hot
GDR obtained within the PDM.%

The strength functions of the hot giant dipole res-
onance (GDR) in 120Sn, obtained within the phonon
damping model (PDM), have been included in com-
plete statistical CASCADE calculations and compared
with their experimental divided spectra as a function of
the temperature, T'. The entire experimental shape of
the hot GDR can be reproduced reasonably well using
the PDM strength functions. The effect of superfluid
pairing at 7" < 1 MeV is important to obtain better
agreement between theory and the experimental data

(Fig. 1).
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Hot Giant Dipole Resonance in the Static Path Approximation

A. Ansari,* N. Dinh Dang, and A. Arima

[Static path approximation, Giant dipole resonances, Thermal fluctuations of shapes|

The effects of the thermal fluctuations of nuclear
shapes on the damping of the hot giant dipole res-
onance (GDR) have been the subjects of a number
of recent studies. These effects have usually been in-
corporated so far by averaging the y-absorption cross
section, o(E.), over all possible quadrupole shapes us-
ing a Boltzman weight factor, e"*/T where F is the
free energy, which depends on the quadrupole defor-
mation parameters, 3 and <y, and temperature, 7. In
the calculations of Ref. 1 the dipole strength function
is computed by a simple deformed harmonic-oscillator
(HO) model. At the same time, for thermal averaging,
a free energy is used corresponding to the macroscopic-
microscopic Strutinsky shell correction approach in
combination with a parametrized expansion follow-
ing the macroscopic Landau theory of phase transi-
tions. Hence, a particular specific Hamiltonian has not
been employed to calculate every quantity, such as the
GDR strength function. On the other hand, the ther-
mal averaging can be performed in a consistent man-
ner following the static path approximation (SPA)?
for the grand canonical partition function using the
same Hamiltonian. The SPA allows one to include
the angular-momentum effects rather easily within the
standard cranking approach. Thus, thermal averaged
values, (6) and (), can also be computed at given
temperature and spin.

In this work, the GDR was calculated in 12°Sn using
the linear response theory incorporating the thermal
shape fluctuations within SPA. This is the first appli-
cation of such an approach to the GDR in a realistic
nucleus at finite temperature and angular momentum.
A model Hamiltonian with a quadrupole-quadrupole
interaction was used. The obtained results show that
the thermal fluctuations of quadrupole shapes increase
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Fig. 1. ~-absorption cross section, ¢(E,), of the GDR in
1208 at various angular momenta, J, and tempera-
tures, 7. The solid, dashed, dotted, and dash-dotted
curves correspond to the results obtained at (7, J) =
(0.4 MeV, 5.24 h), (1 MeV, 7.1 h), (2 MeV, 13.5 h),
and (3 MeV, 18.9 k), respectively.

the GDR width by only 40% at 7" = 3 MeV, compared
to its value at T = 0. The effect of the angular mo-
mentum on the damping of the hot GDR is found to
be negligible for this nucleus up to 7' ~ 4 MeV and
J =~ 80 h. The combined effect of temperature and an-
gular momentum leads to a GDR energy that is nearly
independent of the excitation energy (Fig. 1).
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Damping of Multiphonon Giant Resonances

N. Dinh Dang, K. Tanabe, and A. Arima

[Multiphonon giant resonance, Strength function, Anharmonicity]

Recent observation of the double giant dipole res-
onances (DGDR) in relativistic heavy-ion reactions
via the Coulomb excitation!) and pion-induced charge-
exchange reactions? has sparked intensive studies and
hot debates on the issue of multiphonon excitations.
The harmonic picture represents the n-phonon giant
resonance as a result of folding n independent single
resonances. The energy of an n-phonon dipole reso-
nance would be exactly n times of the energy of the gi-
ant dipole resonance (GDR), each with a width I'apr.
Hence, the width of the n-phonon GDR would be equal
to nI'gpr. If a Gaussian distribution is used instead
of a Lorentzian to approximate the GDR, the width
of the n-independent-phonon GDR becomes /n[gpr.
The data, however, have shown that there is a sig-
nificant deviation from the harmonic picture of the
DGDR. In a closed-shell nucleus (?°®Pb) this devia-
tion is much smaller than that in an open-shell one
(136Xe). In 208Pb, the cross section of the DGDR in
the Coulomb excitation is about 33% larger than the
value obtained by folding the cross sections of two in-
dependent GDRs (the folding results). In '3¢Xe, the
cross section has been observed (215 + 32 mb) to be
strongly enhanced about 2-3 times compared to the
folding results (70-87 mb). Since the harmonic pic-
ture neglects the coupling between the GDRs, the fun-
damental question is how large the anharmonicity is,
or how strongly the coupling between GDR phonons
makes the description of the multiphonon resonance
deviate from the independent-phonon picture.

In this work, the phonon damping model (PDM)?
was applied to derive a set of equations that de-
scribe the damping of m-phonon giant resonances
(n > 1). As examples of the application of this
approach, the results of numerical calculations for
the double giant resonance (DGDR) (n = 2) and
triple giant dipole resonance (TGDR) (n = 3) in
907Zr, 1208n and 2%8Pb are discussed and compared
with the folding results. For the DGDR in the
double magic nucleus 2°®Pb, we found that these
results are very close to the folding results. In the
open-shell nuclei ®°Zr and !?°Sn, a clear deviation
from the folding results was obtained, in agreement
with the experimental trend. The results for the
integrated strength and energy of TGDR are found to
be much closer to the folding results in all three nuclei
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Fig. 1. Energy-weighted strength functions of the TGDR in
%71 (a), '*°Sn (b), and **®Pb (c). The solid curves are
the results obtained within the PDM, while the dashed
curves are the folding results.

(Fig. 1). The TGDR widths in the open-shell nuclei
were found to be larger than the folding results. We
also show that a small deviation of the two-phonon
energy is sufficient to cause a noticeable change in the
DGDR strength compared to the independent-phonon
picture.
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Giant Dipole Resonance in Neutron-Rich Nuclei
within the Phonon Damping Model

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

[Giant resonances, Pigmy resonance, Exotic nuclei, Thermal and statistical models]

When the binding energy approaches zero, coupling
to the continuum becomes very important. Large gaps
between the proton and neutron binding energies in
exotic nuclei lead to a big difference in the neutron
and proton level spacing. As a result, the distribu-
tion of the giant dipole resonance (GDR) in exotic nu-
clei becomes more fragmented. These are some com-
mon features of the GDR in exotic nuclei that have
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Fig. 1. GDR strength functions in “°Ca (a), ®°Ca (b), '*°Sn
(c), and *°Sn (d).
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been obtained in a number of theoretical calculations
within the random-phase approximation,!) relativistic
RPA.? self-consistent Hartree-Fock plus RPA,*» and
large-scale shell-model calculations.®) In these calcula-
tions, the damping of the GDR has not been explic-
itly calculated, but the strength distributions were just
smeared out by a Lorentzian with a finite width. The
question concerning the effect of damping of the GDR
on the strength of the pigmy resonance in exotic nuclei
still remains open.

In this work, the damping of the giant dipole reso-
nance (GDR) in neutron-rich unstable nuclei ®240,
60Ca, and !'%°Sn was calculated within the phonon
damping model (PDM)® and compared with those in
stable isotopes: 60, 4°Ca, and '?°Sn. The Hartree-
Fock single-particle energies obtained employing the
SGII interaction were used in the calculations. The
PDM parameter for the (particle-hole)-phonon inter-
action between the levels close to the Fermi surface in
exotic nuclei was chosen to simulate the strong cou-
pling between the GDR phonon and the dense inco-
herent particle-hole configurations. The results of the
calculations show the appearance of a low-lying struc-
ture (pigmy resonance) in all neutron-rich nuclei under
consideration. Figure 1 shows the difference between
the GDRs in stable nuclei (“°Ca and 12°Sn) and those
in unstable nuclei ((°Ca and '3°Sn) obtained within the
PDM. The calculations at nonzero temperature show
that the GDR in a hot medium and heavy neutron-
rich nuclei exhibits a similar behavior to that of the
hot GDR in stable nuclei. The pigmy resonance is
smoothed out with increasing temperature.
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Local Harmonic Approaches with Approximate Cranking Operators

T. Nakatsukasa, N. R. Walet,*! and G. Do Dang*?

[Collective models, Hartree-Fock, Random-phase approximations]

The selection of proper collective variables is an im-
portant problem in studying large-amplitude collective
motion. In the usual Constrained Hartree-Fock (CHF)
or Hartree-Fock-Bogoliubov (CHFB) calculations, the
collective subspaces are generated by a small number
of one-body constraint (also called cranking) opera-
tors, which are most commonly taken to be of the
multipole form (rfYp k). In realistic calculations of
processes such as fission, because the number of coor-
dinates used to describe the full nuclear dynamics can
easily become larger than can be dealt with in a sat-
isfactory manner, a method to determine the optimal
combination needs to be devised. Even assuming that
such a method exists, there is no a priori reason to
limit oneself to multipole operators, and the cranking
operators should be determined by the nuclear collec-
tive dynamics, itself, from the set of all one-body op-
erators. This is clearly a difficult task, and one would
like to be able to select a small group of operators, and
to find the optimal combination of these operators at
each point of the collective surface.

In our past work, we investigated a theory of adi-
abatic large-amplitude collective motion as a method
to generate self-consistent collective subspaces.!?) The
key ingredient of the method is the self-consistent de-
termination of the constraint operator; as such, it may
provide an answer to the selection question discussed
above. Using the local-harmonic version of the theory,
the local-harmonic approximation (LHA), we have re-
cently embarked on a study of the properties of large-
amplitude collective motion in systems with pairing.?

We would like to find the collective coordinate,
g = q(&), for a classical Hamiltonian in a large con-
figuration space {£°},

H= %Baﬁnanﬁ V(). (1)

In LHA, the collective path (or collective surface for
more than one coordinate) is determined by solving
the CHFB problem with a cranking operator which is
self-consistently determined by the local random-phase
approximation (RPA). The usual RPA equation can be
expressed by

Vi B"Pq 5 = w?qa, (2)

where a comma, denotes the derivative as

*1 Department of Physics, UMIST, UK
*2 Laboratoire de Physique Théorique, Université de Paris-
Sud, France
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We have shown that this RPA equation should be mod-
ified as follows, when the state is not a local minimum:

ViayBPq5 = wqa, (4)
where the covariant derivative V., is defined by

Viay = Viay — Fngﬁv (5)

T, =65 .ay. (6)

The mass parameter, B, is also modified according
to the terms of the second order in momentum. This
modified RPA equation guarantees separation of the
spurious (Nambu-Goldstone) modes.

Since the LHA procedure requires us to solve RPA
at each point on the collective path, it will be very
useful if the RPA eigenvectors can be approximated
by taking linear combinations of a small number of
one-body operators. This means that we can restrict
RPA diagonalization to this small space, rather than
deal with the full millions-by-millions RPA matrix. For
the pairing-plus-quadrupole model, we have examined
the possibility of expressing the self-consistent crank-
ing operator in terms of a limited set of one-body op-
erators. It seems to be very difficult to approximate
the normal-mode vectors using elementary one-body
operators. This difficulty disappears, however, when
we use a small number of state-dependent one-body
operators. This may reflect the importance of the self-
consistent determination of the collective coordinates
for large-amplitude collective motion, because the co-
ordinates now have a state dependence as well. The
best cranking operator that we have found for describ-
ing the < vibration is the quadrupole operator, whose
two-quasiparticle matrix elements are weighted with a
factor E2_q2p. With the self-consistent cranking oper-
ators, LHA should provide a significant improvement
over the conventional CHFB calculation based on fixed
cranking operators.
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Relativistic Tilted Axis Cranking Model and Its Application to
Shears Bands in the A = 80 Mass Region

H. Madokoro, J. Meng, M. Matsuzaki, and S. Yamaji

[Relativistic mean field, Tilted axis cranking, Shears bands, 84Rb]

New shears bands in 82Rb and 84Rb were discovered
in a recent experiment.!) Many shears bands have been
observed in several mass regions, such as the A ~ 200,
130 and 100 regions; this is the first experimental data
obtained in the A ~ 80 mass region. Up to now, many
features of these shears bands have been well under-
stood within the framework of Tilted Axis Cranking
(TAC),? by using the pairing+QQ model® and the
shell model.¥) On the other hand, fully microscopic and
self-consistent calculations have not been performed.
Therefore, for the first time we have applied the Rela-
tivistic Mean Field (RMF) model, which has gratefully
been successful in reproducing many properties of fi-
nite nuclei, to such tilted rotation.

For applications to rotating nuclei, the Lagrangian of
the RMF model must be generalized into a uniformly
rotating frame which rotates with constant rotational
frequency, 2. From this generalized Lagrangian, the
equations of motion can be derived. This can be done
in the same manner as that in the Principal Axis
Cranking (PAC) case. For details, see Ref. 5. The
method used to solve the coupled equations of mo-
tion is, again, the same as that in the PAC case. The
nucleon and meson fields are expanded in terms of 3-
dimensional harmonic-oscillator eigenfunctions.

In the actual calculation, we use a parameter
set called NLS3. Here, we show the result for
84Rb as an example. The configuration is fixed to
m(1g9/2)%v(1gg/2) ~%. The contribution to the total an-
gular momentum mainly comes from 2 proton particles
and 3 neutron holes in the 1gg/o orbital. The calcu-
lated quadrupole deformation at 2 = 0.1 MeV is G2 ~
0.2. This value seems to be slightly too large com-
pared with the typical values observed in the shears
bands in other regions. In our present calculation, the
pairing correlation is not taken into account. Note
that including the pairing correlation may reduce the
quadrupole deformation. The triaxial deformations are
rather small, which can be neglected.

Figures 1 and 2 show how the direction of the total
angular momentum vector changes with an increase of
the rotational frequency in 8Rb. Also shown are the
net contributions from proton particles and neutron
holes individually. From Figs. 1 and 2, we can see that
both the proton and neutron angular momenta align
towards the total spin as the rotational frequency in-
creases. The direction of the total angular momentum
does not change very much. We thus observed that
the shears mechanism does appear in this case. In the
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future, we will include a pairing correlation within the
framework of the cranked relativistic Hartree Bogoli-
ubov approach.
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Wobbling Motion in the Multi-Bands Crossing Region'

M. Oi, A. Ansari,* T. Horibata, and N. Onishi

[NUCLEAR STRUCTURE; Wobbling motion, Tilted cranking, Band crossing]

The back-bending in the A ~ 180 mass region is ex-
pected to be caused by multi-bands crossing between
low-K (g- and s-bands) and high-K bands (K™ =
8+).12) We have analyzed a mechanism for coupling
these bands in terms of a dynamical treatment for nu-
clear rotations, i.e., the wobbling motion. The wob-
bling states are produced through the generator co-
ordinate method after angular momentum projection,
in which the intrinsic states are constructed through
2d-cranked HFB calculations.3%

We have investigated a mechanism of back-bending
and signature inversion in '820s, by means of the
generator coordinate method with angular momentum
projection (GCM after AMP) on the 2d-cranked
HFB states. Using this method, we qualitatively
reproduced the main feature of level structure showing
the signature inversion in the high-K band (see
Fig. 1). We interpret this result from the point
of view of an inter-band interaction between the
low-K and high-K bands. We have shown that
the perturbed states have characters of the wobbling

GCM Energy spectrum (J=14; n=11)
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Fig. 1. Energy spectrum calculated through GCM after
AMP. The angular momentum constraint for the intrin-
sic state is fixed to be J = 14 h. From an analysis of
the generator wave functions, the yrast and the second
yrare bands (Al = 2-bands) are of the low-K charac-
ters, while the first yrare band (Al = 1-band) is of the
high-K character. The signature inversion is seen at
the region I > 15 h.
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state and the spin-projected intrinsic states: g% =
(U(J,0)|Pil W), The left panels are for the GCM
states before band crossing (I = 14 h), and the right
panels are for the states after crossing (I = 16 #). The
lower and upper panels show the yrast and first yrare
states, respectively. In each panel, the graphs are sepa-
rately drawn for each tilt angle: 8 = 0°, £7° and £20°.

motion, that is, dynamical-mode coupling low-K PAR
and high-K' TAR states (see Fig. 2). In terms
of this wobbling model, we have discussed an en-
hancement of back-bending in the A =~ 180 re-
gion, in which the typical rotation-alignment is some-
what suppressed by the location of the Fermi level.
We have also shown that the solutions of the Hill-
Wheeler equation have a new type of symmetry (“sig-
nature”) in the wobbling model, and that the restora-
tion of the signature through the wobbling motion
is related to coupling between high-K and low-K
states.
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Relativistic Hartree-Bogoliubov Approach for Nuclear Matter
with a Non-Linear Coupling Term

S. Sugimoto, K. Sumiyoshi, and H. Toki

[Relativistic Hartree-Bogoliubov theory, Pairing interaction]

We have developed the new method which can in-
corporate non-linear coupling terms of mesons into the
pairing channel in the relativistic Hartree-Bogoliubov
theory(RHB). RHB theory is an extended version of
the relativistic mean-field theory (RMF),! which can
treat both the pairing channel and the particle-hole
channel self-consistently. We have applied it to nuclear
matter to see the effect of the non-linear coupling terms
of mesons on the pairing channel, and found that these
terms reduce the pairing gap, A, by a few MeV.

Pairing interaction is a well-known residual interac-
tion, which is especially important for open-shell nu-
clei. In the mean-field theory it is usually implemented
by a BCS-type scheme. In this scheme, because two
nucleons which are in the time-conjugate states to each
other constitute a Cooper pair, the ground-state en-
ergy of the nuclei are lowered. It is known that BCS
theory works well in the region around the stable line.
However, the BCS scheme cannot properly incorpo-
rate the mean field of nuclei in the pairing channel.
The Hartree-Fock-Bogoliubov(HFB) theory can incor-
porate the mean field of nuclei in the pairing chan-
nel in addition to the usual mean-field effect, which
is brought by Hartree-Fock theory. The relativistic
Hartree-Fock-Bogoliubov(RHFB) theory is a relativis-
tic version of the HFB theory, which was first derived
by Kucharek et al.?) In RHFB theory the pairing in-
teraction is mediated by mesons. We can treat the
particle-hole interaction and the pairing interaction
self-consistently and simultaneously within RHFB the-
ory. Recently, RHFB theory and RHB theory, which
neglects the Fock term, have been applied to nuclear
matter?) and finite nuclei,¥) with satisfactory results.

However, by now the non-linear terms of mesons are
being neglected in the pairing channel. In RMF the-
ory these terms are needed to reproduce the proper-
ties of nuclear matter and the finite-nuclei properly.>®
We can believe that these terms may have some ef-
fect on the pairing channel in RHFB and RHB theory.
We have thus extended the RHFB theory to be able
to incorporate non-linear meson coupling terms in the
pairing channels. In our framework, meson fields are
expanded around the classical mean field value, which
can reproduce the RMF theory, and the residual terms
mediate the pairing interaction.

For a detailed formulation we are presenting a paper.

In Fig. 1 we show the pairing gap, A, at the Fermi
momentum, kg, in nuclear matter, calculated by the
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Fig. 1. Pairing gap at the Fermi surface A(kr) as a function
of the density characterized by the Fermi momentum,
kr. The solid line is obtained with the non-linear term
of mesons in the pairing channel. The dashed line cor-
responds a scheme without the non-linear term effect.

RHB theory with the non-linear terms having an ef-
fect on the pairing channel. In Fig. 1 we also show
the result without the non-linear coupling term. We
use the TM1 parameter set, which has non-linear o
and w meson terms.®) From Fig. 1 we can see that by
including the non-linear terms the pairing gap is re-
duced by a few MeV. This is because the masses of
the mesons increase effectively by the non-linear terms
of the mesons. If we use the other parameter set, al-
though the maximum A(kg) values somewhat change,
all other tendencies are almost the same. Note that in
the calculation we introduce the cut-off parameter in
the pairing channel.

In summary, we extended the RHFB theory to in-
clude non-linear meson terms in the pairing channel.
We have applied it to nuclear matter, and have found
that the non-linear terms reduce the A by a few MeV.
In the future we will apply it to finite nuclei.
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The r-Process Nucleosynthesis in Supernovae

M. Terasawa, K. Sumiyoshi, T. Kajino, and I. Tanihata

[r-Process, Supernova]

All elements up to the region of the iron peak are
synthesized by the charged-particle-induced nuclear re-
action in stars. If heavier elements above the iron
peak had been produced by silicon burning or another
charged-particle-induced fusion reaction, their abun-
dances would drop very steeply with increasing mass.
Actually, the observed solar-system abundance distri-
bution of the heavy elements exhibits a much slower
decrease with mass number and much higher abun-
dances than expected from charged-particle-induced
reactions. On the other hand, heavy elements easily
capture neutrons even at extremely low energy with
no coulomb barrier to overcome. Moreover, the abun-
dances of heavy elements have characteristics corre-
lated with neutron captures. The most important
characteristic would be seen to be an enhanced stabil-
ity of nuclei with magic numbers N = 50, 82, and 126
neutrons. We observe six peaks in the solar-system
abundance distribution, three at the number of the
neutron magic number, and the other three at a num-
ber smaller than the magic number. The abundances
of the nuclear species seem to suggest that two different
types of neutron-capture processes (s-process and r-
process) have participated in the synthesis of the heavy
elements.

For the s-process, neutron capture is slower than
beta-decay, and closely follows the valley of beta-
stability. Thus, relatively stable nuclei at the magic
number are abundant. The astrophysical site where
the s-process occurrs is He flash of an AGB star. This
has been confirmed by an observation of **Tc in S-type
stars.

On the contrary, if neutron capture proceeds on a
rapid time sale compared with the beta-decay lifetimes,
the network of reactions is called the r-process, which
occurs in a very strong neutron flux. The r-process fol-
lows a path at the extreme neutron-rich side of the val-
ley of stability. Very neutron-rich nuclei also have the
property of magic nuclei. Thus, magic nuclei are abun-
dant. Once the neutron flux ceases, neutron-rich mat-
ter produced evolves quickly by several beta-decays to
the region of stability. We observe the nuclei after
beta-decay. Then, the nuclei at a smaller number than
the magic number are abundant. Although many stud-
ies have been devoted for clarifying the origin and evo-
lution of those nuclei, the astrophysical site for the r-
process still remains an unresolved mystery. The high
neutron density and rapid expansion time scale asso-
ciated with the r-process suggest core-collapse (type 11
or type Ib) supernovae as being the most likely setting
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Fig. 1. Final abundances as a function of the mass number.
The solid line is in the case of including light neutron-
rich nuclei and the dotted line is that of including only
3-dody reactions.

for explosive nucleosynthesis, though the exact envi-
ronment within supernovae is unclear. Most of the
focus of recent studies on the r-process has been on
the stellar wind or the atmosphere of a hot neutron
star to is formed as a remnant of collapsing iron cores
of massive stars. This is because these models are di-
rectly relevant to SN 1987A, and most of the collapse
models currently being studied are representative of
this progenitor mass, 15-20Mq,.

Previous works in the literature have shown that 3-
body reactions (for example 3a) are most important
to create seed nuclei for the r-process. They ignored
light neutron-rich nuclei (Z < 10). This is because at
high temperature (T") and high density (p) the rate
of 3-body reactions is higher than that of other reac-
tions. However, in the r-process environment 7" varies
from 1 to 0.1 MeV and p from 10° to 10% g/cc, typ-
ically. If T and p drop rapidly, seed nuclei must be
continually created when T and p get low. This im-
plies the importance of no-3-body reactions. In stud-
ies of the r-process nucleosynthesis, the r-process could
occur in a low-entropy environment with a short dy-
namic time scale of the expansion. Thus, we included
light neutron-rich nuclei reactions in our network cal-
culation. The results are shown in Fig. 1. In this
calculation, we applied a short dynamic expansion
model(Sumiyoshi et al. 1999). Figure 1 shows that
the light neutron-rich nuclei reactions play an impor-
tant role in the r-process. We are now determining
what are the most important reactions.
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Hydrodynamical Study of Neutrino-Driven Winds as r-Process Sites

K. Sumiyoshi, M. Terasawa, H. Shen,* K. Oyamatsu, H. Toki, H. Suzuki, and S. Yamada

[EOS, Supernova, r-Process]

The rapid neutron-capture process (r-process) is be-
lieved to be the origin of heavy elements in the Uni-
verse. Although supernova explosions are most likely
to be the sites, where and how the r-process can oc-
cur in supernovae has not yet been clarified. We have
studied the neutrino-driven wind as an r-process site
by performing hydrodynamical simulations to clarify
whether the r-process nucleosynthesis can occur or
not.!) We have simulated the hydrodynamics of the
surface layers just above the proto-neutron star, which
is born in a supernova explosion, and have performed r-
process network calculations using the trajectories ob-
tained from the simulations.

We adopted a numerical code for the general
relativistic, implicit hydrodynamics in spherical
symmetry.?) The heating and cooling processes due
to neutrinos are added on top of the hydro code. As
for the equation of state (EOS) of dense matter, we
have adopted the table of the relativistic EOS, which
was recently derived for supernova simulations.®) The
relativistic EOS is derived by the relativistic nuclear
many-body framework, which reproduces the nuclear
matter saturation and the properties of stable and un-
stable nuclei in the nuclear chart.*) The table covers a
wide range of density, electron fraction and tempera-
ture, which has enabled us to perform supernova sim-
ulations.

Figure 1 demonstrates the hydro simulations of the
neutrino-driven wind. The surface layers above the
proto-neutron star are heated up by neutrinos and
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Fig. 1. Trajectories of mass elements in hydrodynamical
simulations displayed as functions of time.
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Fig. 2. Calculated abundance of the r-process elements as
a function of the mass number.

ejected as expanding matter. We have examined this
expansion, which leads to nucleosynthesis, to judge
whether the r-process is possible from numerical sim-
ulations. We found that the expansion time scale is
shorter than those in previous analytic studies. A
shorter expansion time scale is favorable for the r-
process, since it leaves a higher neutron-to-seed-nuclei
ratio.

Using the trajectory obtained from the simulations,
we performed the nuclear reaction network calculations
of the r-process. Figure 2 shows the calculated abun-
dance of the r-process elements as a function of the
mass number. In this case, mass elements up to the
3rd peak (A = 195) are successfully created. We have
found that the r-process indeed occurs in the case of a
short expansion time scale with a massive and compact
neutron star having a high neutrino luminosity.

In summary, we have shown by hydro simulations
that the neutrino-driven wind in supernova explosions
is a promising site for the r-process to create heavy
elements.
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4475: Its Effective Decay Rate in Young Supernova Remnants, and
Its Abundance in Cassiopeia Af

Y. Mochizuki, K. Takahashi,*! H. T. Janka,*! W. Hillebrandt,*! and R. Diehl*?

[Nucleosynthesis, Supernovae]

Radioactive isotopes such as “4Ti probably offer the
most direct probe into nucleosynthesis environments
in the interior of exploding stars, when the associated
~-ray activities in the explosion remnant are detected
and translated back to the isotopic abundances at the
time of the explosion. In this paper, we assert that
the procedure may not necessarily be straightforward,
at least in the case of 44Ti, an orbital-electron capture
decay isotope.

The binding energy of the K-shell electrons of 44Ti
was calculated to be 6.6 keV. Hence, it is obvious that
447y is fully ionized when it is synthesized in a su-
pernova explosion. After the explosion, the tempera-
ture of the ejected material decreases rapidly due to
adiabatic cooling as the ejecta freely expands. Con-
sequently, it is expected that the freshly synthesized
nuclei become neutral within about 1000 sec.

There is a possibility that 44Ti re-ionizes, however.
This is due to reverse-shock heating. The reverse shock
is produced by high pressure behind the blast-wave
shock interacting with the surrounding circumstellar
medium. The reverse shock goes back into the ejecta
and heats up and ionizes it during the free-expansion
phase on the evolutional course of the supernova rem-
nant.

Using the analytic model of McKee & Truelovel)
for young supernova remnants, and assuming the ex-
istence of overdense °Fe-dominated clumps that also
contain *4Ti, we showed that a high degree of ion-
ization may be caused by reverse shock, so that the
electron-capture rate of 4*Ti can be significantly re-
duced from its laboratory value. Note that the decay
rate measured in laboratories is for neutral atoms.

The nuclear y-rays from #*Ti decay have been de-
tected by COMPTEL experiments on the CGRO satel-
lite from Cassiopeia A (Cas A), a nearby supernova
remnant. The «-ray flux detection has a strong im-
pact, since we can test the theories of collapse-driven
supernova explosions through conversion of the flux
into the initial abundance of *4Ti at the time of the
explosion, employing the values of the decay rate, the
distance, and the age of Cas A.

In order to estimate the observable consequences of
the reduced [-decay rates, one has to recall that the

t Condensed from the article in Astron. Astrophys. 346, 831
(1999)

Max-Plank-Institut fiir Astrophysik, Germany
Max-Plank-Institut fiir Extraterrestrische Physik, Germany
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Fig. 1. The **Ti radioactivity observable at time ¢ (“age” in
years) relative to the case that assumes no reduction of
the (-decay rate, as a function of the mass coordinate,
g, within the ejecta.

measurable y-ray activity per (normalized) unit mass
of the remnant is the product of the current 3-decay
rate and the current abundance, n(t)Aeg(t). Figure 1
illustrates the 44Ti radioactivity observable at time ¢
(“age” in years) relative to the case that assumes no
reduction of the §-decay rate. In the figure, the ab-
scissa g shows the relative mass coordinate within the
ejecta.

In conclusion, we found that under certain condi-
tions the ionization of **Ti and the corresponding de-
lay of its decay can yield up to three times higher
44Ti activity at the present time than predicted on
the grounds of the laboratory decay rate. This effect
is large enough to reduce the apparent discrepancies
between the 44Ti production in the explosion inferred
from the COMPTEL ~-line measurements and the the-
oretical predictions from the current supernova nucle-
osynthesis models. This possibility is, however, subject
to various uncertanities, and particularly to the un-
known properties and radial disbribution of the clumps
in the ejecta.
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A New Parameterization of Polarized Parton Distribution Functions

Y. Goto, N. Hayashi, M. Hirai, H. Horikawa, S. Kumano, M. Miyama,
T. Morii, N. Saito, T.-A. Shibata, E. Taniguchi, and T. Yamanishi

[RHIC, Spin, Asymmetry, Polarized PDF, Polarized DIS]

We started a collaboration to determine the spin
contents of the parton distribution function (PDF) in
a nucleon based on high-energy polarized experimental
data.!) In this article, we report on our first result of
a world asymmetry data analysis. See Ref. 2 for the
detailed analysis and references therein.

The main sources of the PDF information are inclu-
sive deep-inelastic-scattering (DIS) experiments. For
unpolarized PDF, the Drell-Yan process, the prompt-
photon process, and the jet-production process are also
available to cover a wider kinematical region.

For the polarized PDF, we have only polarized DIS
data to determine the distribution, although there has
been progress concerning the data precision. Theoret-
ically, there has been much progress, including a next-
to-leading order (NLO) calculation. Many groups are
analyzing the polarized DIS data and parameterizing
the polarized PDF. Because the polarized DIS data
are still limited, there are many uncertainties in the
analysis. Conventional analyses show that the quark
contribution to the proton spin (AX) is only 20% to
30% of the total spin. To explain other contributions
to the proton spin, we need to know the gluon contri-
bution, AG.

Experimentally, in addition to the DIS data, there
have been several attempts to determine the gluon con-
tribution to the proton spin. Charm production at
DESY-HERMES and CERN-COMPASS, and prompt
photon, heavy flavor and jet production in polarized pp
collisions at BNL-RHIC will constrain both the shape
and the first moment of AG.

The parameterized polarized PDF provides predic-
tions for current and future polarized experiments to
test their analyses. After new data are obtained, pa-
rameterization will be performed by including all of
the new information. _

In our model for the parameterization, we require
two natural conditions: the positivity condition and
the counting rule. Its functional form at the initial
scale Q3 is

Afi(z,Q%) = Aix™ (1 + viz™) fi(x, QF)

for i = wuy,dy,q, g (valence u quark, valence d quark,
sea quark, and gluon). Functions fi(z,Q3) show
the unpolarized PDFs, Af;(z,Q3) show the polarized
PDFs, and A;, oy, and A; are parameters to be deter-
mined in the analysis. This form satisfies the counting
rule by requiring it on f;(z,Q3). The positivity condi-
tion is required by |Af;(z,Q3)| < fi(z,Q3). Here, we
reduce the number of free parameters by assuming the

Fig. 1. Comparison of our calculations with the exper-
imental asymmetry, Ai(z,Q?), data for the proton.
The leading-order (LO) and the next-to-leading order
(NLO) results are shown by the solid and dotted lines,
respectively.

SU(3) flavor symmetry for the sea quarks.

The physical quantities to be fitted are the cross-
section asymmetry, A;(z,Q?), of the proton, neutron,
and deuteron. The polarized PDF's are evolved to the
(z,Q?) points where the experimental data were taken
to calculate A; (z,Q?) for a x? analysis. Figure 1 shows
A;(z,Q?) data for the proton and the fitting result of
our leading-order (LO) and the next-to-leading order
(NLO) calculation.

In this analysis, we did not apply any theoretical
requirements to restrict the small-z behavior of the
PDF, e.g. the Regge theory or perturbative QCD.
The amount of quarks carrying the nucleon spin is
AY, = 0.201 in the LO, and AY = 0.051 in the NLO at
Q? = 1 GeV2. Although these results confirm that the
quarks carry a small amount of nucleon spin, it should
be noted that our AY in the NLO seems to be con-
siderably smaller than the conventional values. The
difference originates mainly from the small-z behavior
of the antiquark distribution. The existing data can-
not fix it. In order-to clarify the situation, we need to
have higher energy facilities.

We also obtained positive values of AG in both LO
and NLO. However it is difficult to determine AG, par-
ticularly in the LO. We need to wait for measurements
of AG at DESY, CERN and RHIC.
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Large pr A} Production in Polarized pp Scattering

K. Ohkuma, K. Sudoh, and T. Morii

[pp interaction, Polarized gluon, A} production]

The proton spin has been long considered to be given
by the sum of the constituent quark spin in the naive
quark model. However, recent experimental data on
the polarized structure functions of nucleons, gf(n),
have revealed that the amount of the proton spin car-
ried by quarks is very small.)) This has been called
the “proton spin puzzle”. Actually, the proton spin
is given by the sum of the spin of quarks, gluons and
orbital angular momenta among them. To understand
the physical ground of this spin-sum rule, it is very
important to understand the behavior of the polarized
partons in the nucleon. However, knowledge about
the polarized gluon density, Ag(z), in a nucleon is still
poor, though many processes have been proposed so
far to extract information about them.

Here, to extract the polarized gluon distribution,
Ag(z), we propose another process, large p,. A} pro-
ductions in polarized pp scattering, in anticipation of
the forthcoming RHIC experiment. The A} spin is
basically carried by a charm quark, which is produced
by gluon-gluon fusion at the lowest order in this pro-
cess. Hence, an observation of the spin of the produced
A7 provides information about polarized gluons in the
proton. To extract information about Ag(z), we calcu-
lated the spin-dependent differential cross section for
pp — /_\:;L + X at the large-p, region and the spin-
correlation asymmetry, Ay, defined by

Ay = doyy —doy_ +do__ —do_4
doyy +doy_ +do__ +do_y
_dAo/dpr
~ do/dpr ’

where do, _, for example, denotes the spin-dependent
differential cross section with the positive helicity of
the target proton and the negative helicity of the
produced A}. Those values will be measured by the
forthcoming RHIC experiment. To calculate the cross
section and asymmetry, Ay, we took the GS962 and
GRSV96®) parameterization models for the polarized
gluon distribution function and the GRV95% model
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Fig. 1. Spin correlation asymmetry, Arr, as a function of
pr at /s = 50 GeV. The solid line and dotted lines
indicate the GS96 and GRSV96 models, respectively.

for the unpolarized one. The GS96 and GRSV96 mod-
els can excellently reproduce the polarized structure
function of nucleons, though the polarized gluon dis-
tributions for those models are quite different.

We show the numerical result of Ay, in Fig. 1. Here,
the difference can be seem between the solid and dotted
lines corresponding to the GS96 and GRSV96 models,
respectively. Asshown in Fig. 1, A, is sensitive to the
polarized gluon distribution functions. Therefore, this
process which we proposed here could provide good in-
formation about the distribution of the polarized glu-
ons in a nucleon.
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A;" Productions in Polarized ep Reaction
and Polarized Gluons in the Proton

N. I. Kochelev, T. Morii, and S. Oyama

[Polarized gluon, A} production, Semi-inclusive reaction]

Over the years, the spin structure of nucleons has
been one of the most challenging topics in nuclear and
particle physics. To understand it deeply, it is very
important to know the polarized gluon distribution.
However, knowledge about the polarized gluon distri-
bution in a nucleon is still poor. To extract such in-
formation, we propose to study the process of semi-
inclusive A} production in electron-polarized proton
scattering,

e+p—e+ A+ X

In the naive quark model, the spin of A} is equal
to the spin of the ¢ quark. In addition, the ¢ quark
is produced from protons just through gluon fusion in
the lowest order. Therefore, a measurement of the spin
of AF provides information about the polarized gluon
in the proton. Furthermore, since the process directly
depends on the polarized gluons in the proton, it must
be effective for testing the model of polarized gluons.
By using the typical parameterization models of polar-
ized gluons, GS961) and GRSV96,%) we calculated the
spin-dependent differential cross sections, dAc /dydz,
and their 2-spin asymmetry, Ay, between the proton
and A on semi-inclusive A} productions in electron-
proton scattering; y and z are dimensionless variables
used in semi-inclusive deep inelastic scattering. The
results are presented in Fig. 1.

In Fig. 1, we can see that the results largely de-
pend on the models of the polarized gluon distribu-
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Fig. 1. 2-spin asymmetry, Ay, between the proton and
AY. /s =50 GeV and z = 0.05.

tions. Therefore, the process proposed here must be
promising for testing the polarized gluon distribution
in the proton, though we need to know the polarized
fragmentation function of the ¢ quark to A} decays to
make the numerical results more accurate.
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Behavior of Polarized Light Sea-Quarks in a Nucleon

T. Morii and T. Yamanishi

[Parton distribution, Sea quark, Structure function, Nucleon spin structure]

Experimental groups of NMC, E866/NuSea and
HERMES observed a violation of the flavor symme-
try in the unpolarized light flavor sea-quark distribu-
tions. Recently, this subject has been a challenging
topic in particle and nuclear physics. In the polarized
case, an important question is whether the symme-
try of polarized sea-quarks of A% and Ad is also vio-
lated at an initial Q3 in the nonperturbative region. So
far, several theoretical groups have presented excellent
parameterization models by analyzing high-precision
data of polarized deep inelastic scatterings based on
NLO of QCD.Y From these analyses, we now have a
good understanding of the polarized valence of u and d
quarks. However, our understanding of polarized sea-
quarks and gluons is still very poor.

Here, we propose new formulas? for extracting
a difference in the polarized light sea-quark den-
sity, Ad(z) — Aa(z), from the present polarized
deep-inelastic semi-inclusive data. By using these
formulas together with suitable unpolarized quark
distributions and fragemtation functions, we have

estimated the values of Ad(z) — Aa(x) from the

data set of (A, A%J) by SMC, and (A}, Al )
and (A’f;, A’f:He) by HERMES®% on the double
spin asymmetries. The result is shown in Fig. 1. To
extract some physics from this result, we parame-
terized the difference of the light flavor sea-quark
densities as Ad(z) — Ad(z) = C z*{d(z) — @(z)} at
Q? = 4 GeV?, and carried out a x? fitting to the result
presented in Fig. 1. The x? fitting led to C = —3.40
and a = 0.567 for the GRV98(LO) unpolarized
parton distribution. C # 0 is a remarkable result,
suggesting an asymmetry of Ad(z) and Au(z), as
shown in Fig. 1. It is interesting to note that the
negative value of C is consistent with predictions
from an instanton interaction or the chiral quark
soliton model.>®) However, it must be premature to

emphasize this result, because the present data have
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Fig. 1. « dependence of Ad(z, Q%) — Ad(z,Q?) at Q* =
4 GeVZ?. The marks indicated by the open circle, solid
circle and solid square denote the results calculated
from the set of SMC data, HERMES data for charged
hadron productions and HEMRES data for charged
pion productions, respectively. The solid line indicates
the result of a x2-fit by the parameterization formula
presented in the text.

errors that are too large. We urgently need to have
more high-precision data to confirm this result.
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Color-Octet Contribution to the Photoproduction of 1’

K. Sudoh and T. Morii

[Color-octet model, NRQCD, Polarized gluon]

Heavy quarkonium productions and decays have
been traditionaly calculated within the framework of
the color-singlet model based on QCD. However, the
predictions by the color-singlet model were too small to
explain the recent Tevatron and HERA data.!) During
these years, the color-octet model has been discussed
as one of the most promising candidates that can re-
move such large discrepancies between the theoretical
prediction and the experimental data. A rigorous for-
mulation of the color-octet model has been introduced
based on an effective field theory called nonrelativistic
QCD (NRQCD).? The cross section can be systemat-
ically calculated by the factorization approach based
on NRQCD. However, the validity of the NRQCD fac-
torization approach has not yet been confirmed with
good accuracy. The discussion still seems to be contro-
versial. It is thus important to test the model in other
processes.

In this work, to test the possible color-octet contri-
bution, we propose the following process:

THP— 9+ X,

at small-pp regions, which might be observed in the
forthcoming COMPASS or polarized HERA experi-
ment, where the arrow attached to the particles means
that these particles are longitudinally polarized. The
process is dominated by the color-octet subprocess,
v+ 9 — (€8)octet, at small-pp regions, if the color-octet
mechanism works. The conventional color-singlet sub-
process, v + g — (Cé)smglet + g, appears only as a
second order of the strong coupling constant, a. Fur-
thermore, since the process is dominantly produced in
photon-gluon fusion, the cross section is sensitive to
the gluon density in a proton. We can thus obtain
good information about the polarized gluon distribu-
tion functions, if the NRQCD factorization approach
is confirmed with good accuracy.

To test the color-octet mechanism and polarized
gluon, we calculated the two-spin asymmetry, Ay, for
1" production in the polarized process, which is defined
by

o [d0'++ — d0'+_ +d0'_ — d0'_+]
T [doyy +doy_ +do- +do_]
dAo dAog + dAoy

do dog+doy

Arr

where do, _, for instance, denotes that the helicity of
the beam particle is positive and that of the target

proton is negative. If there is only the color-octet con-
tribution, which is the lowest-order process in «, the
asymmetry of Ay can be given by a product of the
ratio of gluon densities and that of the color-octet long-
distance parameters, © and ©, which could be deter-
mined from other experiments, as

, dAog Ag(-’E QQ) e
W == B
ALL('Yp)lowest - dO'_B_ - g(:[;,Q2) )

The factor of ©/6 has been extracted from recent anal-
ysis of the charmonium hadroproduction data,® as fol-

Hlf
= - = ; ~ 3.6 ~ 8.0.

(0¥ (150)) + (0¥ CFo))
To calculate Apr, we used the GS96 (set A and
B)Y and GRSV96®) parametrizations for the polar-
ized gluon distribution. In the GS96 or GRSV96
parametrization model, which is widely used, the max-
imum value of Ag(x)/g(z) becomes roughly 0.2-0.35.
Hence, if we rely on this value for the ratio of the gluon
distributions, the maximum value of the ratio of the
NRQCD matrix elements should be

& _ (04 ('S0)) — 7 (0 (*Po))
S)

<5.0,

| O

from the requirement that the Ay should be less than
1.

In summary, to investigate possible color-octet con-
tribution, we calculated the two-spin asymmetry, Apy,
for various values of © /©, and found that Ay ;, becomes
quite large in the regions /s = 10-20 GeV. Therefore,
we can sufficiently test the color-octet model in this
process. In addition, the measurement of Ay, is very
effective to severely constrain the value of the NRQCD
matrix elements, though it depends on the polarized
gluon distribution, Ag(z).
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Antiquark Flavor Asymmetry in Polarized Drell-Yan Processes

S. Kumano and M. Miyama

[Parton distribution, Structure function]

Light antiquark flavor asymmetry has been an ex-
citing topic after the discovery of the Gottfried-sum-

rule violation in 1991.1 It is important for testing a

nonperturbative aspect of the nucleon structure. In
light of the RHIC-Spin project, the polarized version
should become an interesting topic in the near future.
In this report, we discuss the relation between the ratio
of the proton-deuteron (pd) Drell-Yan cross section to
the proton-proton (pp) one, A(pyopd/2A(1)0pp = Rpd,
and the flavor asymmetry in polarized light-antiquark
distributions.?

A formalism of the polarized proton-deuteron Drell-
Yan process is given in Ref. 3. The difference be-
tween the spin-parallel and anti-parallel cross sections
is given by

Airyopa < Y €2 X [Ayga(21) Derydg (a2)
a

+A(1)a(21) D1y a5 (22), (1)

where A(py = A or Ar, depending on the longitu-
dinal or transverse case, and A()gd and Agy@e are
the quark and antiquark distributions in the deuteron.
The pp cross sections are given in the same way sim-
ply by replacing the parton distributions in Eq. (1):
¢ — gand g% — q.

We investigated the cross-section ratio, Rpq. If the
valence-quark distributions satisfy Apyu,(z — 1) >
A(rydy(z — 1), the ratio Ryq at large zp = 1 — 22
becomes

1

Rpalzp — 1) = = [1 + (2)

Aryd(z2) }
2 22—'0

Aryt(z2)

Therefore, if the distribution A7) is the same as
A(ryd, the ratio is simply given by one. The above
equation suggests that the deviation from one should
be related to the A(T)E/A(T)Jasymmetry‘ In this way,
we have found that the data in the large-z p region are
especially useful for measuring the flavor asymmetry
ratio, A@(z)/Aryd(z). On the other hand, if an-
other limit, zp — —1, is taken, the ratio becomes

Aryd(z1)

4 Aryu(z)) ®)

1
de(xF - —1) = 5 l:l +

z;—0

If the antiquark distributions are flavor symmetric, the
ratio is given by Rpq = 5/8 = 0.625. Comparing the
above equation with Eq. (2), we find a difference of a
factor of 4. This suggests that the ratio Rpq for zrp —
—1 should not be as sensitive as that in the large-z ¢
region, although the A(rii/Aryd asymmetry could
also be found in this region.
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Fig. 1. Drell-Yan cross-section ratio, Rpy =
A(1yopd/2A(1y0pp.  The solid and dashed curves
are for the longitudinally and transversely polarized
cases, respectively.

Next, we show expected pd/pp ratios numerically.
The leading-order (LO) results are shown in Fig. 1 at
/s =50 GeV and M,,,, = 5 GeV. The Drell-Yan cross-
section ratio, Rpq, was calculated in the longitudinally
and transversely polarized cases; the results are indi-
cated by the solid and dashed curves, respectively. For
the transversity, we assumed that they are equal to
the longitudinal distributions at Q2 = 1 GeVZ2. They
are evolved to those at Q% = Mﬁu with the LO evolu-

tion equations.?) The flavor asymmetry ratio was taken
to be ry = A(T)E/A(T)(Z = 0.7, 1.0, or 1.3 at Q2 =
1 GeV?. As shown in Fig. 1, the flavor asymmetry
effects are conspicuous especially at large zp.

We have shown that the difference between the pp
and pd cross sections is valuable for finding the flavor
asymmetry. It is especially important that we point
out the possibility of measuring the flavor asymmetry
in the transversity distributions, because it cannot be
found in W-production processes and inclusive lepton
scattering due to the chiral-odd property. We hope
that the experimental possibilities are seriously con-
sidered at FNAL, HERA, RHIC, and JHF.
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Nucleon-Structure Functions in the NJL Modelf

H. Mineo,* W. Bentz, and K. Yazaki

[Quark distribution function, Faddeev approach, NJL model]

Quark light-cone momentum distributions in the
nucleon are calculated in a relativistic 3-body ap-
proach to the NJL model?) by using a simple “static
approximation”?) for the Faddeev kernel, which re-
duces the original three-body problem to an effective
two-body problem.

A method based on a straightforward Feynman-
diagram evaluation is presented which automatically
satisfies the number and momentum sum rules, even
in the regularized theory. In order to assess the sensi-
tivity to the regularization scheme, two schemes which
can be formulated in terms of light-cone variables
are discussed. One is due to Lepage and Brodsky,
which introduces a cut-off in the two-body invariant
masses. The other is due to Lenz et al.,>) which in-
troduces a cut-off only in the transverse directions,
while renormalizing the longitudinal direction. A
comparison of the resulting distributions with the
empirical ones after the QZ%-evolution® indicates
that the latter scheme is superior, which is similar to
the situation found previously for the distribution in
the pion.”)

t Condensed from the article in Phys. Rev. C 60, 065201
(1999)

*  Department of Physics, Graduate School of Science, Univer-
sity of Tokyo

The effects of the (composite) pion cloud are taken
into account in a convolution approach, and the vi-
olation of the Gottfried sum rule is discussed. The
effects slightly improve the agreement with the empir-
ical distributions and enhance the violation, but are
not sufficient to explain the observed asymmetry of
the sea-quark distributions.
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U4(1) Symmetry Breaking and Eta Prime Meson in
the Bethe-Salpeter Approach

K. Naito, K. Yoshida,* Y. Nemoto, M. Oka,* and M. Takizawa

[Chiral symmetry, Ua(1) anomaly, Relativistic bound state]

Chiral symmetry and its spontaneous breakdown
are key concepts in hadron physics. Eight pseudo-
scalar mesons (7, K,7) have been identified as the
Nambu-Goldstone bosons. Further, Ua(1) symmety
breaking is also important, because it affects the chi-
ral symmetry breaking and the properies of the ninth
pseudo-scalar meson, n’. Since the chiral symme-
try is closely related to the Lorenz covariance, non-
relativistic approaches, such as the harmonic-oscillator
model, are not suitable. We use the fully relativis-
tic Bethe-Salpeter approach and concentrate on the
pseudo-scaler mesons : 7,7 and 7.

We employ the improved ladder gluon exchange
interaction’? and the 't Hooft-type three-flavor de-
terminant interaction,

— (1) {det[¥(1 = ys)¥] + det[p(1 +ys)¥]}, (1)

with the Gaussian form factor. The former reproduces
the asymptotic behavior of the quark propagator and
the latter brings a U(1)4 symmetry breaking. The
quark full propagator is obtained by the Schwinger-
Dyson (SD) equation shown in Fig. 1. The bound state
is obtained by the Bethe-Salpeter (BS) equation shown
in Fig. 2. These coupled equations respect the chiral
symmetry and its spontaneous symmetry breaking.
The results are given in Table 1 and Fig. 3. We
choose the model parameters to bring out the strong
chiral symmetry breaking by the gluon exchange in-
teraction mainly. The scale parameter is fixed at
Aqcp = 600 MeV. This value is somewhat larger than
the standard value. This is because the lack of the
infrared enhancement of the gluon propagator we em-
ployed. In our approach, the BS amplitude is obtained

(5950
L, S IS

Fig. 1. SD equation.

T =

Fig. 2. BS equation.

*
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Table 1. The n’-meson solutions of the BS equation.

mMyR MsR IG M,, é’ fon 977
MeV MeV GeV~!|MeV MeV MeV deg
0 0 0.0 0 0 86 0
0 0 1.6 194 0 87 0
0 0 20 350 0 88 0
0 0 24 634 0 94 0
0 100 0.0 723 —101 72 —54.7
0 100 1.6 731 -99 76 —52.5
0 100 2.0 764 —88 88 —45.0
0 100 2.4 1020 —41 118 —19.2
5 100 0.0 723 —101 72 —54.7
5 100 1.6 732 —-98 77 —51.8
5 100 2.0 777 —-86 90 —43.7
5 100 2.4 |1060 —36 122 —16.4

M [MeV] T T T T T T
1000

900

800

700O 0.8 1.6 2.4

Ig [GeV™]

Fig. 3. I¢ dependence of the mass of the " meson with
mqr = 0 and myr = 100 MeV.

as a solution of the BS equation. Its flavor structure
depends on both the relative and total momenta of
the quark and anti-quark. We thus define the mix-
ing angle from the decay constants, fg and fp. In
the SU(3) symmetry limit, no flavor mixing occurs.
On the other hand, in the broken SU(3) case with
Ic = 0, n and 7’ are in ideally mixed states, i.e.,
Oy = arctan(—v/2) = —54.7. The mixing angles, 6,
and 6,, increase as Ig becomes strong. Physically,
the mixing angle for the 7’ meson, 6,, is more than
5/3-times the calculated mixing angle for the n meson.
This means that the momentum dependence of the fla-
vor structures is not very small. In Fig. 3, the effect
of the mixing of the u, d quark component seems to be
negligible, and the 7’ meson mass grows rapidly from
Ig ~2.0 GeV~1.
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Final Countdown to RHIC Spin Program

H. En’yo, I. Alekseev,*! T. Awes,*?> M. Bai,*® B. Bassalleck,** S. Bathe,*® A. Bazilevsky, M. L. Brooks,*6
D. Bucher,*® H. Buesching,*®> G. Bunce, V. Cianciolo,*? A. Deshpande,*” J. Doskow,*® S. Eilerts,**

D. E. Fields,*® Y. Goto, H. Hamagaki, N. Hayashi, H. Huang,*® V. Hughes,*” T. Ichihara, K. Imai,
M. Ippolitov,*® M. Ishihara, V. Kanavets,*! D. M. Lee,*® E. Kistenev,** L. Kotchenda,*!? K. Kurita,
K. Kwiatkowski,*® B. Lewis,** Z. Li, B. Lozowski,*® Y. Makdisi,*® Y. Mao, H.-O. Meyer,*8 V. Mexner,*®
J. Murata, M. Nakamura,*? S. Pate,*!! T. Peitzman,*® U. von Poblotzki,*> K. Pope,*!? B. Przewoski,*®
K. Read,*?*® T. Rinkel,*® T. Roser,*® A. Rusek,*® N. Saito, T. Sakuma,*!® H. D. Sato, S. Sawada,
T.-A. Shibata, B. Smith,** W. Sondheim,*® S. Sorenson,*'? M. Sugioka, D. Svirida,*! M. Syphers,*3
A. Taketani, E. Taniguchi, T. L. Thomas,** W. Tian,*>*! J. Tojo, H. Torii, D. Underwood,*!®
C. Velissaris,*!! Y. Watanabe, S. White,** D. Wolfe,** K. Yamamoto,*!® S. Yokkaichi, and L. Zhu

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

The relativistic heavy-ion collider (RHIC) will un-
dergo its first collision in the year 2000. The RIKEN
collaboration of this international project has resulted
in strong enhancements to the collider, one of which
is the upgrade of the collider for the acceleration of
polarized protons and another is the upgrade of the
PHENIX detector for the study of spin physics. The
RHIC has become the machine with which to explore
“The creation of quark gluon plasma” which has been a
dream of physicists for over 20 years, as well as to solve
“The spin puzzle of the nucleon” which relates to the
fundamentals of quantum chromodynamics (QCD).

The superspectrometer, PHENIX, which we are
working on, will play an important role in explor-
ing such physics at RHIC. The collaboration includes
41 institutes and about 400 physicists and engineers.
The spectrometer consists of two arms for electron
and photon detection and another two for muon de-
tection (see the figure below). The second muon arm
was added to increase the spin physics capability of
PHENIX. These probes (leptons and photons) are es-
sential for the investigation of the state of nuclear mat-
ter in heavy-ion collisions, and also for the detection
of possible spin carriers (gluons and antiquarks) to re-
construct the missing spin in a nucleon from individ-
ual constituents of a nucleon. The polarized proton
collider will enable us, for the first time, to directly
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measure those spin carriers which remain unidentified
in former experiments using polarized lepton scatter-
ing.

In 1999 we passed a very important milestone with
the onset of RHIC operation with the successful stor-
age of beam particles in the rings. The development of
the RHIC polarimeter is one of our major contributions
this year to the spin acceleration project at RHIC. Our
recent work has established a novel technique using
proton-carbon nuclear interference for the beam polar-
ization measurements.!) The RHIC polarimeter design
is now in progress based on this method.

The successful completion of the muon identifier con-
struction, which was carried out in Japan and the
USA,23) is now followed by efforts to make the detector
operational in the collision hall.¥) Since May 1999 we
have been contributing to the muon tracking-chamber
construction,® another of the key detectors in the
muon arms to be installed in the summer of 2000. The
quality assurance of the produced chambers is the one
of our major responsibilities.

For the detections of electromagnetic probes it is
essential to understand the calorimeter response for
high-energy particles. A test experiment was car-
ried out at CERN in 19985 and the analysis is es-
sentially finalized.”) The outcome is very promising
for the direct v and the W — e + v measurements
which are the key channels of the spin program. The
measured energy resolution of the calorimeter was
do/E = 1.9% + 8.2%/+v'E with a linearity better than
2% up to the energy of 80 GeV.

The new project of constructing a computing com-
plex containing 300 Linux-based PCs at Wako was be-
gun in 1999, and is the key project in the analy-
ses of the data. The goal of the project is to reach
10 k SPECint95 by the end of 2001. Even in the
preliminary stages of development in 1999, the sim-
ulation works have progressed significantly owing to
this new computing project. A possible new probe,
the coincidence signal of electron and muon, to detect
gluon polarization was recently studied with the sim-
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Fig. 1. The PHENIX detector. Two magnets with a flowerpot shape on the left- and right-hand sides
are the muon magnets (the left one is fabricated in Kobe, Japan). Adjacent to these, one can see
the panels of the muon identifiers. The central magnet and the frames of the central arms are seen
at the center, pending the installation of the detectors for electrons and photons. [Photograph by

R. Stoutenburgh (BNL)]

ulation, and proved to be sensitive to the gluon-gluon
scattering which produces a heavy quark pair with an
excellent signal-to-background ratio.?) Progress is has
also been made in the muon identification and muon
tracking softwarel® through the full simulation of the
detector response in the muon arms.

The final countdown to the first collision has begun.
Although a lot of work remains to be accomplished by
then, we enjoy marching towards the promised land of
spin physics (Fig. 1).
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[RHIC, AGS, Spin, Asymmetry, Polarized beam, Polarimeter]

We have measured the inclusive charged pion asym-
metry at the large-z p and high-pr region for 22-GeV/c
transversely polarized protons scattered from carbon
or liquid-hydrogen targets.!) This phenomenon has
been considered in relation to such phenomena as hy-
peron polarization from unpolarized beams and the
proton spin crisis. The mechanism may be studied via
inclusive hadron production in polarized proton inter-
actions.

The experiments were performed in November, 1997,
with a carbon target and in March, 1999, with a hy-
drogen target. This paper presents the results of the
carbon target; an analysis of hydrogen data using the
same procedure is under way.

The polarized proton beam was extracted from the
BNL AGS and it’s polarization, P, was measured by
pp elastic scattering with a CHy target. In 1997 the
polarization P was determined to be P = 0.271 &+
0.059(stat.) + 0.028(syst.). A detailed description
can be found in a previous report.?)

Inclusive measurements were carried out using an in-
dependent set of counters (BL1-4, BR1-4, FLA(B) and
FRA(B)) for the elastic arm (see Fig. 1). Pion triggers
from a 4.0-cm thick carbon target were defined as the
combination of three counter hits (S1, S2 and S3) and
three out of four hodoscopes (H1-4). The spectrome-
ter magnet gave a transverse momentum kick, pr, of
about 1 GeV/c. Its magnetic field was reversed pe-
riodically to accept both positive and negative pions.
From the position information in each hodoscope, the
particle momentum as well as Feynman’s zp and pr
were extracted. A threshold-type Cerenkov counter
filled with about 2 bar of CO, was used to separate
pions from other hadrons.

The asymmetry, Ay, of inclusive pions was mea-
sured as a function of zp using

Nl - NT
PINT + NT — 2Nz’ (1)

Ay =
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Fig. 2. Inclusive asymmetry, Ay, measured as a function
of zr at a) 22 GeV/c and b) 200 GeV/c.

where N! (NT) is the normalized number of produced
particles going to the right when the polarization of
the beam is pointing up (down). Np is the normalized
number of estimated background events.

The obtained value of Ay is shown in Fig. 2 a).
Here, they are compared with the results from exper-
iment FNAL-E704 (Fig. 2 b)) (200 GeV/c¢ polarized
proton beam on a hydrogen target).®) It should be
noted that the asymmetry is large and the zr depen-
dence similar to the E704 results in the large-z i region,
despite the large difference in the beam momenta and
production targets. This feature could be exploited as
a high-energy proton beam polarimeter for accelera-
tors, such as RHIC or HERA.
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Sensitivities of the Gluon Polarization Measurement at PHENIX
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[RHIC, PHENIX, Spin, Asymmetry, Gluon polarization]

Polarized deep inelastic scattering experiments show
that the fraction of the quark polarization in the pro-
ton is only about 30% of the proton spin. The remain-
ing fraction needs to be explained by other sources.
We plan to directly measure the gluon polarization
in the proton at PHENIX using RHIC polarized-
proton collisions. This will be carried out by uti-
lizing gluon+quark and gluon+gluon reactions. At
PHENIX, we have two kinds of detector systems to
detect many channels of physics signals from these re-
actions. Two Muon Arms detect muons in the forward
pseudo-rapidity region, 1.2 < |n| < 2.4. Two Cen-
tral Arms detect photons, hadrons, and electrons in
the central pseudo-rapidity region, |n| < 0.35. Each of
these channels covers different kinematical range com-
plementally. The range of the momentum fraction of
the gluon in the proton, zg4, extends from 0.005 to 0.3
totally.

The open and bound-state heavy-flavor produc-
tion are to be identified by detecting lepton(s) us-
ing the Muon Arms and the Central Arms. Since
these reactions are dominated by the gluon fusion pro-
cess at RHIC energy, a measurement of the double-
longitudinal spin asymmetry, Arr, is sensitive to the
gluon polarization, AG(z)/G(z), in the proton. We
show three channels used to probe the heavy-flavor
production: di-muon, high-pr single electron, and
electron-muon pair. We have estimated the ratios of
the signal and background events, and have investi-
gated the sensitivities to the gluon polarization mea-
surement in each channel.

Prompt photons and 7°s are detected in the Central
Arms. The prompt photon production is theoretically
a clean channel, because it is dominated by the gluon
Compton process. By measuring Ay, we can deter-
mine the gluon polarization by using knowledge of the
quark polarization from the polarized deep-inelastic-
scattering experiments and the calculable asymmetry
of the gluon Compton process. A measurement of 7°
serves both as a background estimation of a prompt
photon measurement, and as a measurement of the
gluon polarization by itself.

We studied the sensitivities of our measurements us-
ing the PYTHIA event generator and the GRV-94LO
parton distribution function for pp collisions. To evalu-
ate Ay, three models of the polarized parton distribu-
tion function (GS-A, GS-B, and GS-C) with different
gluon polarization are used.V

Table 1 summarizes the estimated statistical errors
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Table 1. Summary of the estimated statistical errors and
predicted values of the A, and the z4 range to be
covered by each channel. The statistical errors show the
absolute values for 10% luminosity 32pb~" for channels
indicated by,” and full luminosity 320pb~! for other

channels.
Arr Arr, Predictions z4

Probes | poors | GS-A | GSB | GS-C | Range
J/th— pp | 0.006 | 0.01 | 0.01 | 0.002 | 0.005-0.01
ez —eX | 0.001% | -0.02 | -0.01 | -0.0003 | 0.005 - 0.2
cc— epX | 0.006 | -0.05 | -0.02 | -0.0001 | 0.005 - 0.2
bb— epX | 0.006 | 0.01 | 0.01 |-0.0004 | 0.01-0.3
prompt -y 0.006 0.05 0.03 0.001 0.1-0.3

x° 0.001% | 0.02 | 0.01 | 0.000! | 0.05-0.3

and predicted values of the App and the x4 range to be
covered by each channel. We encountered systematic
errors from a background subtraction procedure and
beam-polarization and -luminosity measurements.

We can clearly identify J/s by reconstructing the
invariant mass of di-muons with a mass resolution of
100 MeV/c?. We also plan to measure the polarization
of J/1 to investigate its production mechanism. We
have a large yield of single electrons with pr > 1 GeV/c
from open charm quarks and have good sensitivity with
only 10% of the full luminosity to distinguish the three
models. We can perform this measurement in the first
year of the RHIC polarized-proton run (2000-). We
can reduce the major background from 7% Dalitz de-
cays and 7 conversions effectively by detecting charged
tracks. An electron-muon pair is also a useful probe
for open heavy-flavor production because of the low
background event rate. The background from hadrons
can be estimated and subtracted by comparing like-
sign and unlike-sign pairs.

We can detect prompt photons in the pr range of
more than 10 GeV/c using a background-reduction
technique, like an isolation cut. For a 7° measurement,
we have a large yield at pr > 5 GeV/c. Identification
of 7% can be achieved by mass reconstruction of 2 pho-
tons with a small background in this pp range. The



measurement can be performed from 2000.

In summary, we can start the gluon polariza-
tion measurement from the first year of the RHIC
polarized-proton run with many feasible channels.

References
1) T. Sakuma et al.: RIKEN Accel. Prog. Rep. 32, 45

(1999); Y. Goto et al.: RIKEN Accel. Prog. Rep. 31,
54 (1998) and references therein.

45



RIKEN Accel. Prog. Rep. 33 (2000)

Performance of the PHENIX Muon Reconstruction Software

Y. Mao, M. L. Brooks,*! N. Hayashi, K. Kurita, J. Murata, K. Pope,*? K. Read,** N. Saito, H. Sato,
S. Sorenson,*? and A. Taketani

[Reconstruction efficiency, Road finding, Track finding]

We have been developing and testing offline software
to reconstruct muon events for the PHENIX experi-
ment. The integrated muon offline software has been
established, and has been used for various studies, such
as Mock Data Challenge(MDC)? and a study of the
beam pipe shielding for south muon arm. Single-muon
events were simulated and reconstructed to check the
reconstruction efficiency of the software; single-pion
events were simulated and passed to the whole analy-
sis chain to see the hadron rejection capability as well.
The performance of the software to analyze data in
high multiplicity was also investigated by mixing J/¥
signal events with central Au-Au background events.

The complete data-simulation procedure is as fol-
lows: Generate events with a event generator, for ex-
ample a PYTHIA event generator; pass the events to
PHENIX Integrated Simulation Application (PISA) to
simulate the detector response; convert the PISA out-
put to PHENIX Raw Data Format (PRDF); recon-
struct the PRDF events and save them as Data Sum-
mary Tape (DST). The PHENIX muon detector com-
prises two arms with a tracking part (MuTR) and an
identification part (MulD) in each arm. The recon-
struction of an event can be briefly described as: (1)
find the clusters in each gap of the MulD; (2) find
roads in the MulD based on the clusters; (3) pass the
found roads to MuTr track finding; (4) apply a particle-
identification algorithm with such information as the
momentum and the depth in MulD of a found track.

We improved our road-finding algorithm? during a
study for beam shielding for the south muon arm. A
new version of the road finder was optimized in order to
satisfy the following requirements: a higher reconstruc-
tion efficiency and a smaller number of ghost roads
by allowing a smaller cluster size and a larger search
window and implementing a share-hit method to drop
ghost roads. It is possible to study specific physics by
setting the control parameters; for example, one can
choose a narrow search window and a deeper depth if
a high-momentum muon is interesting. One can also
use a looser cut for p-p and a tighter cut for the Au-
Au collision to drop ghost roads for the multiplicity is
much less in the former case.

We analized 3000 single muon events and 30000 sin-
gle pion events to check the muon software perfor-
mance. The muons and/or pions were launched from
the collision point with an emission angle of 135° £ 2°

*1 Physics Division, LANL, USA
*2  Physics Department, University of Tennessee, USA
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and an azumithal angle of 155°. The results had, as
shown in Table 1, a road-finding efficiency of about
99% and a track-finding efficiency of about 96-98% for
muons in 2.5-5.0 GeV/c momentum region, while the
pion-reduction rate was about 3.1 x 1073 in the same
momentum region. The efficiency loss was only a few
precent after applying muon identification.

To check the performance in high multiplicity, we
analized 2000 J/¥ mixed with Au-Au central events.
Figure 1 shows the mass spectrum of the mixed events.
The J/¥ resonance was clearly seen, even mixed with
such strong background, the multiplicity being about
3000/event in a muon arm. The signal/noise ratio was
about 15 : 1 in the J/¥ mass region. The number of
reconstructed J/¥ muon pairs in Fig. 1 was consistent
with the numbers in Table 1 after considering the ef-
ficiency loss due to the chamber framework of MuTR
and the absorber of MulD.

As a result from our evaluation work as well as from
our MDC1 and MDC2, we have confirmed that the
muon offline software is in good shape, and is satisfac-
tory for our current requirement. Some more refine-
ments are necessary in the muon-identification module

Table 1. The performance of muon software.

Momentum Road Track Identi-
GeV/c finder finder fication
Muon reconstruction efficiency
2.5 99.2% 95.7% 98.7%
3.0 99.7% 96.5% 99.8%
5.0 99.9% 98.2% 99.9%
Pions reduction rate
2.5 35x107% 25x107% 2.2x1073
3.0 51x107% 39x107% 32x1073
5.0 85x107% 58x107% 3.8x107?
1205—

Number of Events
3
TTTT[TT [T TTT

Tpearpd) b
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Fig. 1. The reconstructed dimuon mass spectrum.



to reject more hadrons and in the ghost track drop Shimane.
module to throw away more ghost tracks while keep- 2) Y. Mao: http://www.phenix.bnl.gov/phenix/WWW/
ing a relatively high muon reconstruction efficiency. publish/mao /roadfinder/algorithm/
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Precise Measurement of the Muon Lifetime

S. N. Nakamura, D. Tomono,*! Y. Matsuda, K. Ishida, T. Matsuzaki, I. Watanabe,
K. Nagamine, M. Iwasaki, S. Sakamoto, and G. Mason*?

[Standard model, Fermi coupling constant, Muon lifetime]

The Fermi coupling constant (G ) is one of the most
basic parameters of the standard model. The standard
model requires at least three electroweak parameters
from the experimental measurements; usually o (the
fine structure constant), Mz (the mass of Z) and Gr
are used. The uncertainty of a, Mz and G are, re-
spectively, 0.045 ppm, 77 ppm and 17 ppm; Y thus, the
M7 uncertainty dominated until now. However, the
recent preliminary LEP results yield an uncertainty of
the Z mass of 20 ppm or less;? the situation is chang-
ing.

The muon lifetime is directly associated with Gg
by the muon lifetime formula.®) The input uncertainty
of Gr is dominated by the muon lifetime (7,) uncer-
tainty (PDG average 18 ppm). The uncertainty of the
2-loop electroweak calculation (10-15 ppm) has also
been limiting the accuracy of the theoretical applica-
tion with G defined by the muon lifetime formula in
the standard model. However, a precise 2-loop elec-
troweak calculation was recently carried out?) with an
accuracy of better than 1 ppm; thus, the accuracy of
Gr is now limited by the uncertainty of the experi-
mentally measured muon lifetime.

The last pt lifetime measurements (~30 ppm ac-
curacy) were performed more than 10 years ago at
TRIUMF® and Saclay,®) and no improvement has
been made so far (Fig. 1). These experiments observed
one muon decay in an observation time window to
avoid any pileup detection of positrons which distorts
the muon decay-time spectrum. With this method, be-
cause the data-acquisition rate is simply limited by the

—
= — e ]
3 i ]
g: Accuracy of M; 1
===k I —%\ =
> ~—
o .
g E
5
3
C 0% —
9]
< Current 7, W.R
e B aEEe——0 S
§ 10! = 2-loop QED correction > -
‘E; RIKEN—-RAL
b=t E ted
3 Hadronic Correction (Expected)
4

0 R | IE=S | EFEITENSN
L s 1970 1980 1990 2000

Year

Fig. 1. History of the % lifetime accuracy. The accuracy
of the Z mass is also plotted as a reference.
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Fig. 2. Setup of the u* lifetime experiment placed at the
port 2 beamline of the RIKEN-RAL Muon Facility. One
set of the MWPCs for positron detection can be seen in
front of the target, and the other set is hidden by the
target and the helium bag.

width of the time window, there exists a practical ac-
curacy limit with a realistic beamtime. It is essential to
develop a multi-decay per one time window method for
more accurate muon lifetime measurements. We de-
signed a new experimental setup”) (Fig. 2) and started
to observe 109-101° muon decays at the RIKEN-RAL
Muon Facility. We used a holmium plate as a muon
stopping target to minimize the effect of the muon po-
larization. The target was placed in a helium bag to re-
duce the number of the muons stopped around the tar-
get. Multiwire proportional chambers (MWPC) were
used as a positron timing and tracking device to realize
a fine segmentation which reduces the pileup effect. A
clock system with GPS (global positioning system) was
newly developed to achieve very good differential and
integral linearity. We will finish the first-stage data
acquisition (~5 x 10% muon decays = 10-20 ppm) by
the end of 1999; a preliminary analysis of the acquired
data is now in progress.
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Measurement of the Ortho-Para Effect in Muon-Catalyzed
dd-Fusion

A. Toyoda, K. Ishida, K. Shimomura, Y. Matsuda, W. Higemoto, S. N. Nakamura,
T. Matsuzaki, and K. Nagamine

[Keyword pCF, Ortho-para effect]

This measurement will provide a new test of one
of the most important theories in muon-catalyzed
fusion(uCF), namely the resonant formation of a
muonic molecule. It will also provide a critical test
on the puzzling “solid state” effect in uCF.

The muon acts as a catalyst in the fusion process
through forming a ddyu muonic molecule. Here, reso-
nant formation of ddu, du + Dy — [(ddu)dee] plays
an important role. Because of the finite muon lifetime
(2.2 usec), the ddu formation rate is quite important
in achieving a high fusion yield. By artificially chang-
ing the initial molecular state, we expect to increase
the formation rate, and thus enhance the overall fusion
cycling rate. So far, there have been three parameters
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Fig. 1. Scatter plots for the proton detectors. The top
figure is for a normal deuterium target and the bottom
figure is for an empty target. The horizontal axis is for
the energy deposited in the first SSB (in keV) and the
vertical is for the second SSB.

used to change the D state: (1) the temperature, (2)
the phase, and (3) the density. This experiment aims
to control the fourth parameter, namely the rotational
state, which can be achieved by changing the ortho
and para ratio of the deuterium.

Furthermore, some theories predicted that the ddu
formation rate decreases rapidly with reducing the
temperature below 20 K, although the experiments
measured no formation rate change below 20 K.12)
At present, there are several possible explanations.3™
The para deuterium plays an essential role in the cur-
rent explanations for this discrepancy. Our measure-
ment will test these mechanisms by reducing the para
concentration.

In the experiment, we measured fusion protons,
pe-decay electrons, and various muonic X-rays. We
formed a solid deuterium target in a vacuum so as to
minimize the material between the target and the pro-
ton detector.%) For fusion proton detection, we use a
pair of silicon surface barrier (SSB) detectors. The
3 MeV proton passes the first SSB detector for AE
(25 pum?) and stops in the second one for E—AE
(150 um?).

The experiment is being carried out at the RIKEN-
RAL Muon Facility in the UK. Figure 1 shows a scatter

4‘  ——

: i ‘ e
500 1000 1560 2000 2500 3000

Timing (nsec)

Fig. 2. Fitting result of the fusion proton time spectrum.
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plot of the two SSB detector’s output pulse height.
The fusion protons are clearly seen in the region
around ADC1(AE) = 0.6 MeV and ADC2(E-AE)
= 2.4 MeV. The AE-E particle-identification method
greatly suppressed the background noise, such as by
scattered muons and pe-decay electrons to achieve
a sufficiently high S/N ratio(~5) of fusion protons;
nevertheless, we placed the proton detectors near
to the muon beam. Figure 2 shows a typical fusion
proton time spectrum with fast and slow compo-
nents. This spectrum also reflects the double-pulsed
muon beam structure of the ISIS synchrotron. The
dotted line corresponds to the background level,
which was estimated from the data without the
deuterium target. It is theoretically predicted
that the slow component is less dependent on the
ortho-para state of deuterium than the fast com-
ponent; therefore, we compared 33% para(normal)
data, 5% para data, and 0.8% para data by observing
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the fusion proton yield from the fast component. The
detected fusion protons with a fast component nor-
malized by detected electrons from p-e decay in the
deuterium target was 6.4(13) x 1073 for normal deu-
terium, 5.6(16) x 1072 for the 5% para case, and
5.8(24) x 1073 for the 0.8% para case. We are planning
further experiments under more sophisticated condi-
tions to improve the statistics.
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Study of Muon Catalyzed Fusion in Solid D-T Mixtures

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

[Muon catalyzed fusion]

Through the muon catalyzed fusion (uCF) studies
at the RIKEN-RAL Muon Facility since 1995, we have
obtained the muon cycling rate (A.) in solid/liquid
deuterium and tritium (D-T) mixtures with various
tritium concentration (C;).")

According to Vesman’s mechanism, which is based
on resonant dtu formation through a two-body colli-
sion, i.e. tu+Dy — [(dtp)dee], A\. was expected as con-
stant to the D-T mixture density. In order to remove
any trivial density dependence, A. is already normal-
ized by the target density. However, Jones et al. found
an unexpected density dependence? (Fig. 1). Our data
also showed such a tendency,!) and they were compa-
rable to data at above 100 K, although they were ob-
tained at much lower temperatures, 20 K (liquid) and
16 K (solid). On the other hand, a theoretical calcula-
tion based on Vesman’s mechanism indicated a steep
decrease of A\, with the temperature decreasing below
about 100 K.

Menshikov and Ponomarev introduced the idea of
three-body collision?); tu + Dy + Dy’ — [(dtu)dee] +
Dy’, where the third particle, Dy, absorbs any ex-
cess energy in dtu formation. This explains the high
molecular-formation rate at low temperature; also, the
density dependence is explained by the contribution
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data are taken from the following articles: “S. E. Jones
et al., Phys. Rev. Lett. 56, 588 (1986)” (LAMPF),
and “W. H. Breunlich et al., Phys. Rev. Lett. 58, 329
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of Dy’. Fukushima takes into account the effect of
phonons in a solid, which play the role of a third
particle.”) However, still, no theory can provide a quan-
titative understanding of the unexpected high A, at
low temperature. Observing the temperature depen-
dence of A, can supply new important information to
the theory of dtu formation.

In order to investigate this problem, we started a
uCF study in a cryo-solid from 16 K to 5 K, and a
preliminary analysis was performed. Figure 2 shows
the temperature dependence of \.. For each Ci,
Ac decreases by about 15% with decreasing temper-
ature. This can be explained by a decrease of the dtu-
molecule formation rate in collision between (tu)¥=°
and Dy (A7, 0P?): 420 s~ (16 K) — 300 ps™! (5 K),
where F' denotes the hyperfine level. However, there
is a slight possibility that the change of a different pa-
rameter, such as the muon transfer rate from (du);s to
(tu)1s (Ade), would cause a decrease of .. By analyz-
ing the C; dependence of A, A. can be dissolved into
)\dtZO’DZ and Mg terms. In the coming experiment, we
will use a high-C; target and determine the cause of
the decrease of A..

References

1) K. Nagamine et al.
(1999).

2) S. E. Jones et al.: Phys. Rev. Lett. 56, 588 (1986).

3) M. P. Faifman et al.: Phys. Lett. B 265, 201 (1991).

4) L. I. Menshikov and L. I. Ponomarev: Phys. Lett. B
167, 141 (1986).

5) K. Fukushima: Phys. Rev. A 48, 4130 (1993).

Hyperfine Interact. 119, 273

51



RIKEN Accel. Prog. Rep. 33 (2000)

Electron Scattering at MUSES /RIBF

T. Suda, K. Maruyama, and I. Tanihata

[Electron scattering, Charge form factor, Unstable nuclei]

The working group for the electron-nucleus (eA) col-
lider of MUSES has been working to design an electron
spectrometer. The main efforts have so far been paid
to clarify the necessary performances which an elec-
tron spectrometer must have for measuring the elastic
electron scattering cross section from unstable nuclei.

As is well known, the charge form factor of a nucleus
is deduced from the elastic electron-scattering cross
section. The charge distributions, such as radii and
shapes, of many unstable nuclei will be determined by
elastic electron scattering at MUSES. Simulations have
shown that the charge radii can be determined for un-
stable nuclei whose luminosities (L) are greater than
102 cm~2 57!, and that the shape of the charge distri-
bution will be studied for L > 10?7 ecm™2 s~!. Many
unstable nuclei, whose life time is longer than about
1 minute, are expected to be studied at MUSES.

To determine the shape of the charge distribution in
unstable nuclei, the charge form factor must be mea-
sured over a wide momentum transfer (¢yg) range by
the elastic electron scattering. Here, gy g is defined in
the nucleus-rest (NR) frame. Since the elastic cross
section changes rapidly as a function of gng, it is im-
portant to determine gy g with high precision. In addi-
tion, a good energy-transfer resolution, Awyr, is also
necessary to identify the elastic-scattering process.

We set our goal concerning the charge form factor
measurements at MUSES as follows:

(1) gng range : gvr = 100-400 MeV /c

(2) gnr resolution : Agvr/qnr ~ 1073

(3) wnr resolution : Awnygrp <1 MeV

The difficulties to design an electron spectrometer
to carry out such measurements are related to the
limited luminosities for unstable nuclei. Because the
conventional electron spectrometers which hasve good
momentum resolution (typically 1074) but a small
solid angle (~30 msr), can not be our solution, a
large-acceptance spectrometer must be necessarily em-
ployed.

The performances that such a large acceptance elec-
tron spectrometer must have can be summarized as
follows:

(1) High momentum resolution: Ap/p <1073

(2) Accurate determination of the scattering angle:
Af ~ 1073 rad.
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Here, let us discuss an optimum electron beam en-
ergy (E.) for the charge form-factor measurements at
MUSES. From the point of view of luminosity, a higher
E, is favorable. Higher energy is also better to sup-
press any multiple scattering effects of electrons in the
materials of the spectrometer, such as trackers. In fact,
suppressing the multiple-scattering effect is a key to
achieving good momentum and angular resolution for
scattered electrons.

On the other hand, the minimum electron scatter-
ing angle, corresponding to gvr = 100 MeV/c, be-
comes large for lower E,. For example, they are 12,
8 and 6° for electron-beam energies of F, = 500, 750
and 1000 MeV, respectively, which are almost indepen-
dent of the mass number, A, and the energy of nuclear
beam. A lower E,. frees us from serious interference
between the spectrometer and the MUSES rings.

Simulations assuming a large acceptance magnetic
spectrometer with tracking devices have shown that
the optimum electron beam energy will be in the range
of E. = 500-750 MeV, and that the necessary per-
formances of an electron spectrometer for this energy
range are:

(1) coverage of a polar angle of § = 8-40°

(2) coverage of an azimuthal angle of ¢ = 27

(3) field integral greater than 2 Tm

(4) total thickness of material, X < 0.3% of radia-
tion length

Currently, two types of magnetic spectrometers are
being intensively discussed. They are spectrometers
with a solenoid- and toroidal-magnetic field. Detailed
simulations including various effects, such as beam
emittance, and multiple scattering, are now under way.

In addition to the simulation, the detection of re-
coiled nuclei in the storage ring to identify the elastic
scattering is also being discussed simultaneously with
the design group of MUSES.

In summary, the eA working group has been focus-
ing on designing an electron spectrometer, which will
be used for elastic electron-scattering experiments at
MUSES to determine the charge distribution of many
unstable nuclei. The performances required of the
spectrometer have been clarified, and detailed simula-
tions for two types of large-acceptance magnetic spec-
trometers are in progress.
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Measurement of the Polarization Transfer Coefficients, K v

R

for d-p Elastic Scattering at E; = 270 MeV

H. Kato, H. Sakai, A. Tamii, T. Ohnishi, K. Sekiguchi, K. Yakou, S. Fukusaka, S. Sakoda, M. Hatano,
Y. Maeda, N. Sakamoto, T. Uesaka, Y. Satou, K. S. Itoh, H. Okamura, K. Suda, and T. Wakasa

[NUCLEAR REACTIONS, 'H(d, )°H, Eq

Measurements of the cross sections as well as the
vector- and tensor-analyzing powers for deuteron-
proton (d-p) elastic scattering at 270 MeV have been
reported by Sakamoto et al.!) and Sekiguchi.?) The re-
sults are interesting because the observables are sensi-
tive to the effect of the three-nucleon force (3NF).4)
The differential cross sections are in excellent agree-
ment with calculations including 3NF by Witala et
al.®) Although the vector-analyzing powers are also in
good agreement, that at the tensor-analyzing powers
is rather poor.

As new research on 3NF, we measured the polariza-
tion transfer coefficients (K;’;,Kg;,K?I’;) and the in-
duced polarization (P,) for d-p elastic scattering at
270 MeV. The measurement was performed using the
spectrometer SMART and polarized deuteron beams.
First, polarized deuterons were bombarded onto a
polyethylene (CH) target. Secondly, the emitted pro-
tons were scattered by a carbon target at the second
focal plane of SMART. Finally, the scattered protons
were detected by a focal-plane polarimeter DPOL, by
which the polarizations of the emitted protons were
measured.

The relation between the polarizations and the ob-
servables can be represented by

do dO'()

aa T

3 S22
(Py« + EpyKyy + gpszgz

1 ’ ’ ’
+ g(pzxng +pnygy +p22ng)> )

where z, y and z are the coordinates of the incident
deuterons; x’, ¥’ and 2z’ are those of the emitted pro-
tons; and %Q means the differential cross section with
unpolarized beams.

The results of the measurement are ploted in Fig. 1.
by the solid circles with statistical errors. The solid
curves are theoretical predictions with 3NF and the
dashed curves are those without 3NF. Both predictions
were calculated by Witala et al.®) The horizontal axis
(Ocm) is defined as the angle between the incident and
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Fig. 1. K;’;, K}j;, K};; and P, for the d-p elastic scattering
at Eq = 270 MeV. The solid circles are the experimental
results. The dashed curves are theoretical predictions
of the Faddeev calculation using the NN CD-Bonn po-
tential without 3NF. The solid curves are those of a

calculation which included the effect of 3NF.

outgoing deuterons in the center-of-mass system.
As aresult, KY and K7, are rather consistent with

the predictions with 3NF. However, KY. is rather con-
sistent with the predictions without 3NF.

It cannot be concluded from only this experiment
whether the effect of 3NF was observed or not. Clear
evidence may be obtained by an additional study at
more forward angles, where the discrepancy between
those with and without 3NF is much larger.
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Measurement of the Cross Sections and Vector and Tensor Analyzing
Powers for d-p Elastic Scattering at E; = 270 MeV
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K. Yakou, S. Fukusaka, S. Sakoda, K. Suda, H. Kato, Y. Maeda, K. S. Itoh, and T. Niizeki

NUCLEAR REACTIONS, 'H(d, d), E4 = 270 MeV measured: o(8), Ay(6), Ayy(6), Azz(6),

Az (0)

A study of the nucleon-deuteron system has made
substantial progress both experimentally and theoret-
ically. We have shown in Ref. 1 that there is a dis-
crepancy in the cross section minimum between the
data and the Faddeev calculations without the three
nucleon force (3NF) at an intermediate energy. It was
recently shown that this discrepancy can be explained
by 3NF.23)

We have made precise measurements of the cross
sections and vector and tensor analyzing powers for
d-p elastic scattering at By = 270 MeV. The angu-
lar range was 8., = 10°-180°. A CH; target with a
thickness of 46.7 mg/cm? was bombarded by a polar-
ized deuteron beam, and either scattered deuterons or
protons were momentum analyzed by the spectrograph
SMART and detected at the focal plane, depending on
the scattering angle.

The experimental results are shown with solid circles
in Figs. 1 and 2. The errors are only statistical ones.
The open circles are the measurement by Sakamoto
et al.b) Since the two independent measurements pro-
vide almost the same values in the overlapping region,
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Fig. 1. Ay, Ayy, Azz, Az, for the d-p elastic scattering at
E'% = 270 MeV. The solid circles are the results of this
experiment and the open squares are those of Ref. 1.
The solid curves and dashed curves are the Faddeev
calculations with and without 3NF, respectively. CD
BONN potential is taken as NN interactions. Coulomb
force is not included. The dotted curves are the Faddeev
calculations without 3NF. The Argonne v14 potential is
used as NN interactions.
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Fig. 2. The cross section for the d-p elastic scattering at
EY% = 270 MeV. The solid circles are the results of this
experiment and the open squares are those of Ref. 1.
The solid dashed and dotted curves are the same as
Fig. 1.

the systematic errors seem to be small. The dashed
and solid curves in Figs. 1 and 2 are results of the cal-
culations with and without 3NF by Witala et al.?%
The CD BONN potential® is taken as NN interac-
tions. Note that the Coulomb interaction is not in-
cluded. The dotted curves are the Faddeev calcula-
tions without 3NF in which the Argonne v14% poten-
tial is used.V For the cross sections, the calculation
with 3NF shows an excellent fit almost over all angles.
Thus, the discrepancy in the cross section minimum
is indeed reproduced by including 3NF. The observed
vector analyzing power, Ay, is also in good agreement
with the calculations with 3NF. However, none of the
calculations shows superiority in describing the tensor
analyzing powers (Ayy, Aze and Ag;). It should be
noted that the agreement is deteriorated when 3NF is
included. These results indicate that there seems to be
ambiguity of the spin-dependent parts of 3NF as well
as NN interactions.
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The 3He(d, p)*He Reaction at Intermediate Energies

T. Uesaka, H. Sakai, H. Okamura, A. Tamii, Y. Satou, T. Ohnishi, K. Sekiguchi, K. Yako, S. Sakoda,
N. Sakamoto, T. Wakasa, K. Itoh, and K. Suda

[3He(d,p)4He, E; = 140, 200, and 270 MeV, Measured analyzing powers]

The high-momentum component of the deuteron
wave function provides a unique opportunity to reveal
the short-range behavior of the nucleon-nucleon (NN)
interaction.!?) Especially, the D-state wave function,
which arises from the existence of the tensor com-
ponent in NN interaction, manifests its importance
in the short-range (r < 1 fm) or high-momentum
(k> 1 fm™!) region.

The 3ﬁe((f, p)4He reaction can be an effective probe
to the deuteron D-state wave function because of its
strong spin-selectivity.?) We measured, for the first
time at Ey = 270 MeV and 6., = 4°, the polariza-
tion correlation coefficient, Cy/, which is proportional
to the D-state density within the framework of one-
nucleon-exchange (ONE) approximation. The result
of C/; was found to be more than a factor of 2 smaller
than the expected value calculated with the ONE ap-
proximation and the realistic NN potential model. It
Is important to investigate the relevance of the reac-
tion mechanism in order to assess the deuteron D-state
wave function by using the polarization observables.

Following this line, we have recently measured the
cross sections and analyzing powers (4, Ay,, and A,)
for the 3He(d, p)*He reaction in the angular range of
Olap = 0°-25° and at E; = 140, 200, and 270 MeV.
Details of the experimental procedure are described in
Ref. 4.

In Fig. 1, polarization observables at three energies
are plotted as a function of the scattering angle in the
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Fig. 1. Polarization observables at E; = 140, 200, and
270 MeV. The solid lines are the result of ONE calcu-
lations.

ONE calculation

1 ot
0 100 200 300 400 500 600

k [MeV/c]

Fig. 2. Ty at zero degree for the *He(d,p)*He (%), the
d+p backward scattering (o), and the deuteron inclusive
breakup (e).

center-of-mass system. The solid lines represent the re-
sult of ONE calculations. The vector analyzing power,
which is expected to be identical to zero in the ONE ap-
proximation, takes large negative values (—0.3~—0.6)
at forward angles. It is also clearly seen that the mag-
nitude of the tensor-analyzing powers is much smaller
than the prediction of the ONE calculation. Thus, it is
concluded that the ONE approximation is insufficient
to describe the 3He((£ p)*He reaction in these energy
regions.

The tensor-analyzing power, Tz [= —%(Ayy +
Agz)], at zero degree is also compared with those for
the d + p backward scattering and the deuteron inclu-
sive breakup data (Fig. 2). The comparison exhibits
the similarity among these reactions. This result indi-
cates that the reaction mechanism of the *He(d, p)*He
reaction is similar to those of the d + p backward scat-
tering and the deuteron inclusive breakup, and there-
fore the reaction models which have been developed to
describe the latter reactions can also be applicable to
the 3He(d, p)*He reaction.
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Measurement of the Deuteron Spin-Flip Probabilities in
the 28Si(d, d’) Reaction at E4 = 270 MeV

Y. Satou, S. Ishida, H. Sakai, H. Okamura, N. Sakamoto, H. Otsu, T. Uesaka, T. Wakasa, T. Nonaka,
T. Ohnishi, G. Yokoyama, K. Sekiguchi, K. Yakou, S. Fukusaka, K. Itoh, T. Ichihara,
T. Niizeki, and K. Hatanaka

NUCLEAR REACTION, ?8Si(polarized d, polarized d’) E; = 270 MeV; deuteron spin—ﬂip]

probabilities S} and S

Inelastic scattering of polarized deuterons provides
a unique tool to study nuclear spin responses. Since
it is able to transfer spin AS = 1 without transfer-
ring isospin AT = 0, the (d,d’) reaction is an efficient
probe of isoscalar spin excitations.? In addition, be-
ing a probe with spin equal to one, the (d.d") reac-
tion provides an opportunity to search for the possible
existence of AS = 2 excitations, such as the Double
Gamow-Teller states.?

We report here on a 288i(d, d’) forward-angle mea-
surement of the cross section and eight polarization
observables (4y, Ayy, pv pvvy, K;/, K;’y K;’Iyl and
Kgyy), which aims to understand the isoscalar spin
strengths in ?8Si. For the deuteron two spin-flip prob-
abilities (SFPs), S; and Sy can be defined correspond-
ing to a change of 1 and 2 units in the component
of the deuteron’s spin perpendicular to the scattering
plane. The SFPs, S; and Sy, are expected to be use-
ful signatures of the AS =1 and AS = 2 excitations,
respectively. These are expressed in terms of the po-
larization observables, as follows:

Sy =Z(4-PYY — A, —2KYY), (1)

1

18

The experiment was carried out using SMART. The
270 MeV vector and tensor polarized deuteron beams
from the RIKEN Ring Cyclotron were focused on a
58.1 mg/cmZ-thick "*!Si target (*8Si: 92.2%). The
beam swinger magnet was set at 5°, covering an an-
gular range of 2.5° < 8, < 7.5°. The scattered
deuterons were detected at the focal plane of SMART
with a multiwire drift chamber backed with two plas-
tic scintillation counters. The polarizations of the
scattered deuterons were determined by a focal-plane
deuteron polarimeter, DPOL. DPOL had a 2.5 cm-
thick polyethylene block as the second scatterer, and
made use of the '2C(d,d) and 'H(d,pp) reactions
for the vector and tensor polarization measurements,
respectively.?)

Figure 1 (a) shows the excitation energy (E;) spec-
trum of the cross section. A known spin-flip 1T state at
9.50 MeV is clearly excited as well as non-spin-flip col-
lective states, such as 4T at 4.62 MeV, 0T at 4.98 MeV,
2% at 7.40 MeV and 7.93 MeV and 3~ at 6.88 MeV

Nl

Sy = —(4+2P¥V +24,, - 9KY + KUY). (2)
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Fig. 1. Measured (d, d’) spectra on **Si at E4 = 270 MeV.
(a) Double-differential cross section. (b) Spin-flip prob-
ability, S1. (c¢) Double-spin-flip probability, Sa.

and 10.18 MeV. Figure 1 (b) shows the spectrum of
S,. The isoscalar 1T state at 9.50 MeV is enhanced in
this spectrum, while other non-spin-flip states are all
suppressed, in accordance with spin-flip nature of these
states. One may also see slightly enhanced S; values
relative to those for free deuteron-nucleon (d-N) scat-
tering (shown by the dashed line) over the excitation
energy F, =~ 11-18 MeV region. It would be interest-
ing to note that several 7' = 0, 1T states have recently
been reported over the E, region of 9.7-15.8 MeV.%
Figure 1 (c) shows the S; spectrum. The S; values are
found to be close to zero for all of the measured E, re-
gion. Within the framework of PWIA, it is necessary
to have Sy = 0 if we assume a one-step reaction process
without any contribution from the tensor terms in the
d-N t-matrix.®) Such an assumption is expected to be
valid in the low-momentum transfer kinematics of the
present experiment.
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Proton Spectra from the 2Pb+2%Pb Reaction at 15 A MeV

K. Yoshida, M. Shimooka, R. Wada, T. Nakagawa, K. Nakagawa,
I. Tanihata, Y. Aoki, J. Kasagi, and W. Q. Shen*

[°*Pb+20%Pb 15 A MeV, Fission]

The proton energy spectra have been measured for
the 208Pb4-298Pb reaction at 15 A MeV to investigate
the formation of a very heavy compound nucleus. Due
to the strong Coulomb repulsion, it has been thought
that the formation of a compound nucleus is strongly
hindered in collisions between heavy nuclei, such as
208ph 4 208ph. However, recent theoretical calculations
suggest that a heavy compound nucleus can be formed
in heavy nucleus-nucleus collisions at sufficiently high
incident energies to overcome the strong Coulomb re-
pulsion. The proton energy spectrum is expected to be
a good measure of the formation of the compound nu-
cleus, since the large Coulomb barrier strongly affects
the protons evaporated from the compound nucleus.
In order to minimize the strong contribution from the
deep inelastic scattering, protons were detected in co-
incidence with three large fragments, which were pro-
duced from the compound nucleus through ternary fis-
sion.

The experiment was performed at the RIKEN Ring
Cyclotron. 208Pb beams with an energy of 15 A MeV
and an intensity of 0.1 pnA were bombarded onto a
99.9%-enriched 2%8Pb foil of 1 mg/cm? in thickness
backed with 20 pug/cm? collodion. Protons were de-
tected with BaF, phoswich detectors,?) which covered
130-165° laboratory angles around the beam axis. A
large PPAC/IC chamber? was placed at 25-75° lab-
oratory angles in order to measure the energies and
velocities of the fission fragments.

The proton spectra have been deduced for two types
of the spatial distributions of three detected fragments.
One is the asymmetric one: one of the folding angles of
the fragments is about 60°, and the others are about
150°. The other is a symmetric one: all three fold-
ing angles are nearly 120°. The correlation among the
velocities of the fragments suggests that the former
events come from the fission of the projectile or target
nuclei after deep inelastic scattering, and the latter is
associated with a simultaneous breakup of three frag-
ments.

The proton spectra observed at two different labo-
ratory angles are shown in Fig. 1 for two types of frag-
ment distributions. As can be seen, the spectra for
both cases are similar except for E, < 10 MeV. Yields
of the protons decreased exponentially with increasing
their energies. Below 8 MeV, the yield decreased along
with a decrease in the proton energy for the symmetric
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Fig. 1. Proton energy spectra in coincidence with three
fragments from the 2°® Pb+2%8Pb reaction at 15 A MeV.
a) Protons coincidence with the asymmetric distribu-
tion of the three fragments. b) Protons for the sym-
metric distribution of the fragments. Lines are results
of the Monte Calro simulation.

distribution, whereas the spectra for the asymmetric
distribution remain almost constant.

Monte Calro simulations were performed to investi-
gate the proton spectrum expected from the statistical
decay of the fragments. The code SIMON®) was em-
ployed to simulate the fission of the nuclei from the
deep inelastic scattering; the results were compared
with the spectrum for the asymmetric distributions.
For symmetric distributions, a special code was de-
veloped to simulate the ternary fission following the
complete fusion. The results are shown by the lines in
Fig. 1. The observed spectra were reasonably repro-
duced by those simulations.
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GDR. ~v-rays from the Binary Reaction of 2%Bi + 2%Bi at 12 MeV /u

Y. Aoki, J. Kasagi, K. Yoshida, T. Nakagawa, and K. Nakagawa

NUCLEAR REACTION, 2%9Bi+2Bi E/A = 12 MeV/u; Inelastic scattering; Measured
high energy + rays, protons, and residues; Deduced GDR response

A study of the GDR built on highly excited nuclei is
one of the interesting subjects to understand the prop-
erties of hot nuclei. There have been many studies
concerning on the GDR of hot nuclei in the Sn region.
These studies show that the width of the GDR in-
creases with an increase in the nuclear temperature up
to 3 MeV, and then saturates at higher temperature.
For heavier nuclei, the experimental data are scarce.
The GDR of hot 2°8Pb excited up to the nuclear tem-
perature T = 2 MeV by « inelastic scattering!) shows
that the width of GDR increases rapidly along with
an increase of the temperature. In order to study
the GDR of heavy nuclei at higher temperature, we
measured GDR 5-rays from the 2°9Bi + 2%9Bi inelastic
scattering.

The experiment was carried out at the ASCHRA
chamber in the RIKEN RING Cyclotron. An accel-
erated 2°°Bi beam with an energy of 12 MeV/u and
an intensity of 0.1 pnA irradiated a 1 mg/cm? 209Bi
self-support target. The residual nuclei of the reaction
were detected by 3 large PPAC+Ionization chambers.
The Tof and position of the residues were measured by
PPACs, and their energy was measured by ionization
chambers. The masses of the residues were deduced
from these information. The high-energy v rays were
measured by 2 sets of high-energy ~-ray detectors con-
sisting of 7 BaF scintillators. The multiplicities of
the v rays and the charged particles were also mea-
sured by a crystal ball consisting of 65 BaFq-plastic
phoswich detectors.

The ~ ray spectra were obtained for the four excita-
tion bins by selecting the observed masses larger than
175. The excitation energies were calculated from the
angles and velocities of the detected residues by as-
suming 2-body kinematics. The excitation energies of
the residues were ensured by the shape of the energy
spectra of protons detected with the crystal ball. The
observed spectra were well reproduced by statistical
model simulations with the excitation energies being
deduced from 2-body kinematics.

The ~y-ray spectra were compared with statistical-
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model calculations using the code CASCADE. The
GDR energies and widths were deduced from a x? fit-
ting of the calculated spectra and experimental spec-
tra. In Fig. 1, the deduced GDR widths are plotted
versus temperature along with the data from Ref. 1.
As can be seen, the present result agrees with the data
from Ref. 1. The GDR widths increase in proportion to
T? in low excitation energies. At higher temperatures,
however, the widths saturate at ['¢ = 11 MeV. The
result agrees well with the theoretical work of Ormand
et al.?) in all temperature regions.
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Search for a Z = 118 Superheavy Nucleus
in the Reaction of 8Kr with 2°8Pb

K. Morimoto, I. Tanihata, N. Iwasa, R. Kanungo, T. Kato, K. Katori, H. Kudo, K. Morita, T. Suda,
S. Takeuchi, F. Tokanai, K. Uchiyama, Y. Wakasaya, T. Yamaguchi, A. Yoneda, and A. Yoshida

[NUCLEAR REACTION, Gas-filled recoil separator, Alpha-decays]

Recently, three decay chains for a reaction of 86Kr
with 298Pb were reported by a Lawrence Berkeley Lab-
oratory group.! The observed chains are consistent
with the formation of 2?3118 and its sequential « de-
cays. However, the decay chains are not connected to
any known nuclei. The observed production cross sec-
tion is 2.2 (+2.6, —0.8) pb. This experiment was per-
formed following a recent prediction of Smolanczuk,?
which indicates that the cross section of a cold-fusion
reaction of 86Kr with 2°®Pb is 670 pb. This is a dras-
tically larger value than scientists have thought.

In a private communication, T. Wada, M. Ohta,
Y. Aritomo, and Y. Abe suggest that the cross section
of a cold-fusion reaction of 84Kr with 2°8Pb should be
almost the same as that of 86Kr with 298Pb. If the
cross section of 8Kr with ?98Pb is confident, we have
a chance to observe 2°1118 with decay chains connected
to the known nuclei. From that view, we conducted an
experiment to observe the superheavy nucleus 2°1118
produced in the reaction of 34Kr with 2°8Pb.

The experimental set up is shown in Fig. 1. The tar-
get thickness was 300 ug/cm?; it was evaporated onto
the downstream side of a 100 ug/cm? carbon foil. Six
segments of it were mounted on a wheel that rotated
at 600 rpm. The beam energy was 446 MeV, and the
maximum beam current was 1000 particle nancam-
peres. The incident beam energy at the center of the
target was 442.2 MeV. To avoid the primary beam from
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Fig. 1. Schematic drawing of the setup.

impinging on the silicon detector in the event of a
broken target, a carbon foil of 30 ug/cm? thick was
mounted as a charge stripper of primary beams. The
beam intensity was monitored through elastic scatter-
ing by a silicon detector installed at 45 degrees with
respect to the incident beam.

The reaction products recoiling out of the target
were separated from the primary beam by using a
gas-filled recoil separator, GARIS.?) The separator was
filled with He gas at one torr. The optimal magnetic
field setting was obtained by scaling the value from
the measured focal plane evaporation residue distri-
bution of 8 Kr+1%7Ag. We have estimated the mag-
netic rigidity (Bp) to be 2.2 Tm. After the separa-
tor the recoil particles were implanted in a position-
sensitive silicon detector (PSD), which had an active
area of 60 x 60 mm with a depth of 300 um. Passing-
through light particles were anti-coincided with veto
SSD mounted after the PSD. Total counting rate of
the PSD was several counts/sec under the condition
with 1000 particle nanoamperes beam intensity. The
time-of-flight measurement was additionally performed
using a micro-channel plate assembly (MCP) and the
PSD.

We had two experimental machine times. The first
experiment (4 days) was performed for a test of targets,
an estimation of the magnetic rigidity (Bp), calibra-
tions of detectors and a check of the data-acquisition
system. The second experiment (10 days) was per-
formed to accumulate a dose of 2 x 10'® ions, but no
candidate of the evaporation residue was found.
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First Measurement of the ®B(p,v)?C Reaction by
the Coulomb-Dissociation Method

T. Motobayashi, I. Hisanaga, H. Akiyoshi, Y. Ando, H. Fujiwara,*! N. Fukuda, Zs. Fiilop,
T. Gomi, K. I. Hahn,*? Y. Higurashi, M. Hirai, M. Ishihara, N. Iwasa, H. Iwasaki,
Y. Iwata,*3 T. Kijima,** S. Kubono, T. Minemura, T. Nakamura, M. Notani,
S. Ozawa, S. Shimoura, S. Takeuchi, T. Teranishi, and Y. Yanagisawa

[Pb(gC,SB p)Pb, Coulomb dissociation, Astrophysical S-factor for 8B(p,')f)QC]

The first experimental study of the 8B(p,7)°C re-
action was performed with the Coulomb-dissociation
method. This reaction at low energies is one of the
key processes in the hot pp mode nuclear burning.!
At very high temperatures of around 10® K and high
densities of p > 10° g/cm? in a hydrogen-rich circum-
stance, the proton capture of 8B becomes faster than
the 3t decay of 8B. The reaction is also related to
the "Li production in novae.? No experimental infor-
mation is available so far for the ®B(p,v)°C reaction,
because its direct-capture experiment is very difficult
due to the short half life of 770 ms for 8B. Though
experiments in inverse kinematics, where a radioactive
8B beam bombards a hydrogen target, is in principle
possible, the Coulomb-dissociation method has an ad-
vantage of high experimental efficiency caused by the
larger cross section and the allowance of using a much
thicker target.

The RIPS system provided radioactive °C beams
at 60 A MeV using the projectile fragmentation of a
135 A MeV !2C beam with a 1.64 g/cm? Be target.
The secondary °C beam bombarded a 100 mg/cm?
lead target set at the final focal point of the RIPS. The
outgoing proton and 8B were detected in coincidence
by a plastic-scintillator hodoscope of 1 x 1 m? area in
a vacuum chamber, the details of which have been re-
ported elsewhere.?) From the measured time-of-flight
and hit positions of the two fragments, their relative
energy, which corresponds to the center-of-mass
energy for the ®B(p,7)°C reaction, was obtained.
The extracted Coulomb-dissociation yield is plotted
in Fig. 1 as a function of the p-8B relative energy.
The histogram represents the result of a simulation
calculation that accounts for the detector response,
which is affected by the uncertainties of the angle- and
energy-determination in the hodoscope and the coinci-
dence efficiency for the pair of fragments. A constant
astrophysical S-factor of 100 eV-b was assumed for
the B(p,7)°C reaction in the simulation. The data
were reasonably well reproduced by the simulation,
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Fig. 1. Relative energy spectrum obtained for the proton
and ®B produced by the Coulomb dissociation of °C.

except for the excess of the yield at around 1 MeV,
originating from the first excited state in °C at Ey =
2.218 MeV, corresponding to the relative energy E\¢; =
0.922 MeV.

The present result suggests that the S factor for the
8B(p,y)?C reaction for the continuum region is approx-
imately 100 eV-b. This value is closer to a prediction
of Descouvemont® of about 70 eV-b than that of Wi-
escher et al.,)) who estimate an averaged S factor of
210 eV-b for E;, < 0.8 MeV. Further analysis in-
cluding an evaluation of the nuclear contribution is in
progress.
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Development of a Li-Ion Isotope Separation and Counting System
for a Precise Measurement of the 'Li Charge Radius

T. Onishi, H. Wang, M. Wakasugi, K. Katori, and I. Tanihata

[Neutron halo, Isotope shift]

In collaboration with GSI,! we are planning an ex-
periment for a precise measurement of the charge ra-
dius of the halo nucleus ''Li and two other unstable
lithium isotopes by means of an “isotope shift” obser-
vation. To determine the charge radius of !!Li with
0.1 fm accuracy, the 2281/2 - 3281/2 atomic transi-
tion energies of lithium isotopes within the range of
1079 eV is needed. The experimental requirements for
this purpose are:

(1) high production efficiency (> 1000 particle/s) of
113 nuclei;

(2) high stability and Doppler-free measurement of
the transition energies by exciting lasers within a range
of 0.1 MHz in frequency of a laser; and

(3) high-signal-to-noise counting of 'Li ions ionized
by the laser.

In this report, we present the development of Li-ion
isotope separation and detection systems, which
represents our work concerning the third part of these

requirements.

To perform a charge radius measurement, the fol-
lowing three parts are necessary in an experimental
setup. The functions of the first and second parts are
to produce a neutral !'Li atom thermal beam and to
ionize the 'Li atom with lasers. The third part, which
is the main part of this report, is used to detect ion-
ized MLi, which is extracted from the laser ion source,
separating them from background nuclei and counting
by (-ray detectors.

For the ion separation and counting systems, the
following conditions are indispensable:

(1) The system be sufficiently compact to easily set-
tle at the final focal point of RIPS;

(2) High transport efficiency from the ion source to
a beam catcher; and

(3) High efficiency and low background B-ray count-
ing at the final catcher.

To meet these requirements, we designed and con-

Fig. 1. Schematic view of Li ion separation and the counting systems. The beam-transport line consists of
@ a Li (stable) ion source for tests, 2 one set of electrostatic deflectors, 3 an electrostatic Q doublet,
@ a beam viewer and a Faraday cup as beam monitors at the first focal point, & an electrostatic
Q singlet, ® a 38-degree bending dipole magnet, @ a collimator with a Faraday cup, ® an electron
multiplier as a beam catcher at the second (final) focal point and (@ a plastic scintillation counter
telescope for J-ray counting.

T Collaborators in GSI for the final experiment are Reinhard
Kirchner, Andreas Dax, Frank Schmitt, Thomas Kuehl, and
H. -Juergen Kluge
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Fig. 2. A schematic layout of plastic scintillation counters for 8-ray counting around the
ceratron as a beam catcher. The 3-ray counter telescope can be separated into 5 plastic
scintillation counters. Each scintillation counter has a photomultiplier tube. Eight or
four twisted light guides connect between the photomultiplier tube and scintillators.

structed an ion separator and a set of §-ray counters.

A schematic drawing of the separation and counting
systems is shown in Fig. 1. This beam line has two foci.
One dipole magnet is used to separate ''Li (or other
lithium isotopes) from other species of ions.The Li-ion
counting system around the final focus (® in Fig. 1)
is shown in Fig. 2. A ceratron (channel type electron
multiplier) is placed in a plastic scintillation counter
telescope as a beam catcher. The plastic scintillation
counters are suitable for one-by-one counting of the 3
rays emitted from ®Li, °Li or 'Li nuclei, which stop
in the catcher, while the ceratron is used as well for
the detection of Li isotope ions through the current
of secondary electrons which they produce. The
plastic scintillation counter telescope consists of three
layers, i.e., inner, middle and outer layer, which cover
about 27 of the solid angle around the catcher. The
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inner counter is made with 8 scintillator plates com-
bined as an octagon prism. The middle counter con-
sists of two parts, which covers the upper and lower
half (7 solid angle) of the catcher. Both parts are made
with 4 plastic scintillator plates, and are constructed
with the same configuration as the inner counter. The
outer counter has the same structure as the middle
counter. The signals from two middle (and the outer)
counters are used to produce anticoincidenced logic sig-
nals to reduce the background from cosmic rays.

At present, the construction of this system has been
completed, and its beam-transport efficiency is to be
measured by using stable Li ions. The stable Li
beam had been introduced to the first focal point until
November, 1999; the lithium beam for this test will be
transported to the final catcher soon.
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Coulomb Dissociation of 12N and 130

T. Minemura, T. Motobayashi, S. Shimoura, H. Murakami, Y. Ando, T. Teranishi, N. Aoi, Zs. Fiilop, M. Hirai,
H. Iwasaki, N. Imai, N. Iwasa, M. Kurokawa, H. Akiyoshi, Y. Yanagisawa, Y. Iwata, S. Ozawa, S. Takeuchi,
Y. Higurashi, M. Serata, H. Kobayashi, K. Yamada, T. Gomi, H. Sakurai, K. Yoshida,

Z. Liu, and M. Ishihara

208Pp(12N,11C p)28Pb, 298Pb(130,12N p)2%8Pb, Coulomb dissociation, Relative energy

spectra

The Coulomb breakup technique was employed to
determine the radiative width of excited levels in 12N
and 130, which dominate the low-energy cross sec-
tions of the 'C(p,y)'?N and 2N(p,7)'30 reactions.
These reactions are important in the hot pp mode
nuclear burning in hydrogen-rich massive objects.?)
Under a high-temperature and high-density condition,
these capture reactions become faster than the 87 de-
cay of 11C and '2N. However, these '1C(p,7)*?N and
12N(p,v)20 reactions are difficult to study experimen-
tally because the life times of 1'C and 2N are too short
to prepare them as targets.

For the present !?N-dissociation experiment, the
relative-energy resolution is better than that in the
experiment at GANIL,? and a lower background was
realized compared with our previous measurement at
RIKEN.%) The latter improvement was achieved by in-
stalling the entire detector in a vacuum chamber. In
the energy region of astrophysical interest, two reso-
nant states are known for 12N, 2%+ at E., = 0.960 MeV
and 27 at F.x = 1.19 MeV, corresponding to the
p-1C center-of-mass energy, E., = 0.359 MeV and
0.589 MeV, respectively. For 30, only one resonant
state is known at the p-12N center-of-mass energy Ecy,
= 1.23 MeV, corresponding to the excited state at Eey
= 2.75 MeV, whose spin has not been confirmed.

The experiments have been performed at
RIKEN using the secondary beam line, RIPS. A
77.0 MeV/nucleon >N beam and a 83.5 MeV /nucleon
130 radioactive beam were produced through frag-
mentation reactions of a primary 135 MeV/nucleon
160 beam. A 30 mg/cm? 2°8Pb target was bombarded
by a secondary 2N beam, and a 55 mg/cm? 208Pb
target was bombarded by a secondary 13O beam. The
breakup fragments, !!C and a proton or 2N and a
proton, were detected in coincidence after traveling
through a 5.1 m flight-path by a plastic scintillator
hodoscope. From the fragments’ velocities, measured
by their time-of-flight and their hit positions in the
hodoscope, we could reconstruct the p-'1C and the
p-12N relative energies.

The p-!1C relative-energy spectrum obtained in the
12N-dissociation experiment is shown in Fig. 1 (a). The
open circles represent the data obtained in this work.
The solid curve shows the result of a Monte Carlo simu-
lation assuming three contributions, two resonances at
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Fig. 1. (a) Relative energy spectrum obtained for the

208PKH(12N, "1 C p)2%®Pb reaction. The solid curve rep-
resents the results of a Monte-Carlo simulation, com-
prising the three components shown by the dashed

curves. (b) Relative energy spectrum obtained for the
208pK(130,12N p)2%8Pb reaction.

E.mn = 0.359 MeV and 0.589 MeV, and a direct proton
capture, whose magnitudes were treated as fitting pa-
rameters. As can be seen in Fig. 1, the bump observed
at around 0.6 MeV is found to be mainly due to the
E1 transition from the 1 ground state to the 2~ state
at Eox = 1.19 MeV. The y-width of the 27 state is ex-
tracted from the fit to be [';, = 20 meV, which is in be-
tween the two different predictions by Wiescher et al.¥)
(2 meV) and Descouvemont and Baraffe®) (140 meV),
and disagrees with the results of the GANIL experi-
ment (617 . meV).

For 130 dissociation, the experimental relative-
energy spectrum shown in Fig. 1(b) exhibits a bump.
It might contain some extra strength in addition to the
E1 strength to the resonance at Eox = 2.75 MeV. The
sum of these strengths corresponds to I'y = 3 eV, which
is much higher than expected in Ref. 4 (Wiescher).

A more complete analysis of the data, including &
correction due to the !N — p + 1C* and 130 — p +
12N* channels, is under way.
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Coulomb Dissociation of 3N and %O

M. Serata, T. Motobayashi, S. Shimoura, H. Akiyoshi, Y. Ando, N. Aoi, Zs. Fiilép, T. Gomi, Y. Higurashi,
M. Hirai, K. Ieki, N. Imai, N. Iwasa, H. Iwasaki, Y. Iwata, H. Kobayashi, M. Kurokawa, T. Minemura,
H. Murakami, S. Ozawa, H. Sakurai, S. Takeuchi, T. Teranishi, K. Yamada, Y. Yanagisawa,

K. Yoshida, Z. Liu, and M. Ishihara

NUCLEAR REACTIONS: 25Ph(140,plN)28Pb, 85 A MeV; 203Pb(!3N,pl2C)208ph,

76 A MeV

The Coulomb dissociation method!) has been suc-
cessfully applied to various astrophysical (p,y) reac-
tions. However, the validity of the method has not
been tested to high precision. For that purpose, we
studied the Coulomb dissociation of 1*N and 40O. The
12C(p,7)!3N reaction, which corresponds to 13N dis-
sociation, has been well studied, and its cross sec-
tion is known to good accuracy. Experiments con-
cerning 13N and 4O dissociation have already been
performed at RIKEN.? Dissociation of *O has also
been studied at GANIL.®) The results of these exper-
iments agree with a direct measurement performed at
Louvain-La-Neuve?) within the errors. However, these
agreements are confirmed at accuracies of around 30%.
The present experiment is aimed at improving the ex-
perimental accuracy by reducing the systematic uncer-
tainties with a lower background and a higher relative
energy resolution.

Beams of 1*N and %O were produced by using the
projectile fragmentation of a 135 MeV/nucleon 6O
beam on a 1480 mg/cm? °Be target. These beams
were separated by the RIPS from other fragments, and
were focused on a Pb or a C target with the thick-
ness of 55 or 37 mg/cm?, respectively. The thick-
ness of the Pb target was about seven-times as thin
as that used in a previous experiment.? This reduced
multiple scattering of the products, and hence im-
proved the angular resolution. The averaged energies
were 76 MeV/nucleon and 85 MeV /nucleon, respec-
tively, for ¥N and 'O at the middle of the target.
Outgoing charged particles were detected by a AE-E
hodoscopes.®) The velocities of the particles were de-
termined by their time-of-flight(TOF) for a path length
of 5 m. The momentum vectors of the particles were
determined by combining their velocities with the hit
positions on the hodoscope, and were used to calculate
the relative energies of the breakup fragments mea-
sured in coincidence. Together with an improved en-
ergy resolution, resulting from the TOF measurement,
a better relative-energy resolution was possible com-
pared with that in a previous experiment.?)

Figure 1 shows the relative energy spectra for
the correlated p-!2C ‘and p-'3N pairs generating,
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Fig. 1. Relative energy spectrum for the Coulomb dissoci-
ation of *N and 0.

respectively, from the Coulomb dissociation of *N and
140. The prominent peaks around at 500 keV corre-
spond to the lowest E1 resonances in 3N and 140. It
is known that the (p,y) processes through these res-
onances dominate in stellar burning. Therefore, any
comparision to the direct-capture data should be made
concerning their yield. The widths (FWHM) of the
peaks in the observed spectra were 310 keV (140) and
250 keV (13N). These resolutions are better by a fac-
tor of two than those in the previous experiment at
RIKEN.? This is because of the better angular and
energy resolutions of the present measurement.

An accurate determination of the I, values of the E1
transitions, which determine the (p,y) reaction rates,
is now in progress.
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Isobaric Analog State of “Be
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NUCLEAR REACTIONS: »2H('Be,'*B*), 74 A MeV; Charge exchange reaction; Isobaric

analog state; Neutron halo

The Isobaric Analog State (IAS) of the neutron halo
nucleus, 1“Be, has been investigated using the charge-
exchange reaction 'Be(p,n)*B* in inverse kinemat-
ics at E(*Be) = 74 A MeV. The present study was
aimed at determining the energy of IAS(*4B*), and un-
derstanding the neutron halo structure of *4Be. The
charge-exchange reaction is useful to study IAS, and
was successfully applied in a recent study on the neu-
tron halo nucleus 'Li.»2 The IAS of Be is char-
acterised by its isospin of T = 3, while other popu-
lated states are mostly of T = 2, and it decays to the
12Be+p+n channel (T = 3 and 2) because of isospin
conservation. Thus, the TAS can be revealed by de-
tecting a '?Be, proton and neutron in coincidence.

A secondary ¥Be beam was produced by using the
projectile fragmentation of a 100 A MeV 80 beam
at a 1110 mg/cm? ?Be target and focused on (CHz),
and C targets. The decay particles from “B* were
detected by AFE and F hodoscopes, which were located
492 cm downstream of the target; the time-of-flight
(TOF) from the target to the hodoscopes and the hit
position were measured. The momentum vectors of
the decaying particles were determined by combining
their velocities and hit positions on the hodoscope.

The extracted momentum vectors were used to con-
struct the decay energy spectrum of the ?Be+p-+n
system, which is the difference between the invariant
mass and the threshold energy, ¥;M, (total rest mass
of all decay particles):

Eq=MMB*) - I;M,. (1)
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Fig. 1. Decay-energy spectrum of the *2Be+p+n system.
The solid line shows the detector acceptance.
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Fig. 2. Angular distribution of **B*. The solid line repre-
sents a Gaussian distribution.

Figure 1 shows the decay energy spectrum of the
12Be+p+n system for the (p,n) reaction, which was
obtained by subtracting the spectrum of the C target
from that of the (CH,),, target. A sharp peak is ob-
served at Fy ~ 0.3 MeV, which is not observed in the
C target spectrum. Most of the events consisting of the
peak were derived from the Fermi transition which was
suppressed in a reaction using a C target. The peak
was fitted with a Gaussian function; the effects of the
FE, resolution and the detector acceptance were taken
into account in the fitting procedure. The energy of
the IAS was deduced to be 0.29+0.03 MeV, where the
error was derived from the uncertainty in the absolute
magnitude of the TOF. Using a threshold energy of
16.77 MeV for ?Be+p+n channel, the excitation en-
ergy of the IAS was determined to be 17.06+0.03 MeV
with respect to the ground state of !4B.

The angular distribution of !*B*(IAS) is shown in
Fig. 2, where the events in the IAS peak are plotted
as a function of the angle of the center-of-mass for the
12Be4p+n system. The distribution is forward peak-
ing and can be approximated by a Gaussian function
centered at 0 degree. Such an angular distribution
is characteristic of the AL = 0 angular momentum
transfer, which is required for Fermi transitions. Thus,
the observed forward peaking angular distribution sup-
ports the assignment of the peak in Fig. 1 to the TAS
of MBe populated by the Fermi transition.
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NUCLEAR REACTIONS: 2%8pPb(150,1*0*), 100 MeV /u; Coulomb excitation reaction, Nu-

clear astrophysics

The CNO cycle has a certain effect on the rate of
nuclear burning in the sun. At solar temperatures,
the reaction N(p,y)'®O determines the rate of the
main CNO cycle, because its reaction rate is almost
100-times slower than the other CNO reactions. The
behavior of the *N(p,y)!®0 cross section at energies
close to the threshold is not fully understood. Espe-
cially, a significant contribution to the ground-state
capture from the subthreshold resonance at 504 keV
below the p + !#N threshold, which corresponds to
the 3/27 state at 6.79 MeV in 50, has been pointed
out,) but has not been studied experimentally. The
present study was aimed at measuring I, of *O in
order to clarify the role of this subthreshold state by
the Coulomb excitation method.

A beam of 0 was produced by using the projec-
tile fragmentation of a 135 MeV/u 60O beam incident
on a ?Be target, and selected by the RIKEN projectile-
flagment separator (RIPS). The 0 beam was focused
onto a 1480 mg/cm? 2°8Pb target at 300-400 keps. The
average beam energy was 85 MeV/u at the middle of
the target. A 1.0 mm thick plastic scintillator was lo-
cated at the first achromatic focal plane of RIPS (F2).
Particle-identification of the 10 beam was carried out
by a time-of-flight measured between F2 and the cy-
clotron RF signals. A plastic scintillator hodoscope?®
consisting of AE and E walls was placed 499 cm down-
stream from the target to detect the scattered °0,
which was identified by measuring the energies de-
posited in the AE and E detectors together with the
time-of-flight. An array of 64 NaI(Tl) scintillators set
around the target was used to detect y-rays with an
efficiency of 20% for 6.79 MeV photons from °O nu-
clei in flight with 8 = v/c = 0.4. The Doppler effects
were corrected by the y-ray emission angle determined
for each crystal.

The histograms in Fig. 1 show the Doppler-corrected
y-ray spectra measured in coincidence with inelasti-
cally scattered 1°0 at # = 63° and 86°, respectively.
No distinct peak can be observed at 6.79 MeV, suffered
by the background photons originating from the tar-
get excitation. The distributions exhibiting peaks in
Fig. 1 represent the spectra expected for two different
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Fig. 1. Doppler-corrected «y-ray spectrum measured at the
detector angles 8 = 63°(a) and 6 = 86°(b).

I, values, 0.87 ¢V® and 6.3 eV.!) The detector re-
sponce was calculated by a Monte-Carlo simulation.
Apparently, the larger value of 6.3 ¢V can be excluded
by a comparison with the data, whereas the lower esti-
mate, [, = 0.87 eV, is compatible with the data. Thus,
the present results suggest that I'y < 1 eV, pointing
to only a minor effect of the 6.79 MeV state in 150 on
the low-energy **N(p,y)'°O cross section.
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NUCLEAR REACTIONS: Pb, C (8Ne,2Nevy), (32Mg,**Mgy), (**Mg,**Mgy), Coulomb

excitation, Deduced B(E2)

The first experiment involving the Coulomb excita-
tion of 3?Mg has demonstrated the usefulness of the
intermediate-energy Coulomb excitation technique for
studies of low-lying states in nuclei far from the sta-
bility line.!) Experimental studies with this technique
have revealed that some neutron-rich nuclei, such as
32Mg and 44S, have large quadrupole collectivity in
spite of the neutron-shell closures at N = 20 and
N =281

We performed measurements of the excitation ener-
gies and B(E2) values for the 2] states of the neutron-
rich nuclei 28Ne and 323¢Mg via intermediate-energy
Coulomb excitation. Here, we report on the experi-
mental arrangement.

The nuclei studied in the present work were pro-
duced by fragmentation of a 95 MeV/u 4°Ar beam
impinging on a 463 mg/cm? 9Be target. The reaction
fragments were collected and analysed by the RIKEN
projectile-fragment separator (RIPS)®) operated at
the maximum values of the momentum acceptance
and solid angle. A thick aluminum wedge was used to
allow a unique isotopic identification of the fragments.
The obtained intensities for secondary beams were
typically 100 s—! (**Ne), 1000 s~} (3*Mg), and 4 s7!
(**Mg). Particle identification of the incident beam
was carried out event-by-event using the time-of-flight
(TOF)-AE method. The TOF was determined by
two 0.3 mm thick plastic scintillators placed 5.2 m
apart in the beam line. The AFE information was
measured by a 0.35 mm thick silicon detector placed
at the first achromatic focal plane (F2) of RIPS. The
horizontal and vertical positions of the fragments
at F2 were measured by a parallel-plate avalanche
counter (PPAC). The horizontal position at F2 was
incorporated in the particle identification.  Lead
targets were placed at the final focal plane (F3)
and used to excite the projectiles. The thicknesses
of the lead targets were 693 mg/cm® for the *Ne
and 34Mg measurements and 573 mg/cm® for the
32Mg measurement. In addition, measurements with
carbon targets were performed in order to study any
possible contributions of nuclear excitations. The
position and incident angles of the beam at the tar-
get were measured by two sets of PPAC’s placed at F3.
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The number of the incident beam was counted by a
0.3 mm thick plastic scintillator placed 40 cm down-
stream of the target.

Scattered particles were detected by a counter tele-
scope located 43 cm downstream of the target. The
telescope comprised 4 layers of ion-implanted silicon
detectors. The thicknesses of the silicon detectors were
0.5, 1.0, 1.0, 0.5 mm, respectively. The first silicon
detector was a double-sided type, which divided into
16 strips both horizontally and vertically. The po-
sitions of scattered particles were determined by the
16 x 16 segments of the detector. The scattered par-
ticles of interest stopped in the second or the third
detector. Each silicon detector provided independent
energy-loss information, while the whole telescope pro-
vided total energy deposit information. An isotopic
identification of scattered particles was achieved by the
AE-E method. The counter telescope with an active
diameter of 92 mm covered the scattering angle up to
about 6 degrees. The scattering angle was determined
by the hit positions in the two PPAC’s at F'3 and the
first silicon detector.

De-excitation « rays were measured in coincidence
with the scattered particles. A granular array of
66 Nal(T1) scintillators was placed around the target
and used for v-ray detection. Each scintillator crystal
had a rectangular shape with a size of 6 x 6 x 12 cm?
coupled with a 5.1 cm ¢ photomultiplier tube. The
energy and efficiency calibrations of each Nal(Tl) de-
tector were made by using standard #?Na, 59Co, 88Y,
and ¥7Cs sources.

Our data include the first measurement of the B(E2)
value for the 2] state in **Mg. The number of accu-
mulated events for the 2Ne and Mg measurements
in the present experiment was 3-10 times more than
those in previous experiments;lA) more detailed infor-
mation on the collective behaviour in these nuclei is to
be obtained. An analysis of the data is now in progress.
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NUCLEAR REACTION: ?Be(*5i,X), E(%¢Si) = 50 A MeV; Measured(fragment)gamma-

coin

We measured vy rays in coincidence with fragments
produced by the 36Si+°Be reaction at 50 A MeV. From
the measured yield of y-ray lines we extracted the pop-
ulation ratios of excited states in several unstable nu-
clei. They are related to the reaction mechanism of
the projectile fragmentation, and provide useful infor-
mation for exploring the possibility of spectroscopic
studies of unstable nuclei.

The experiment was performed in the RIPS beam
line. The setup is described in Ref. 1. Figure 1 shows
typical y-ray energy spectra with a Doppler-shift cor-
rection obtained for 20, #?Ne, and 2*Mg. Two lines
are observed in each spectrum. They correspond to
the known 2% — 0% and 4t — 27 transitions.

The population ratio for an excited state can be
expresed as
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Fig. 1. Doppler;corrected ~-ray energy spectra associated
with 80, #2Ne, and #Mg.
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Fig. 2. Plots of the population ratios, P(2%) and P(4%),
as a function of AA. The solid curve represents predic-
tions for P(2%) within the framework of the abrasion-
ablation model, and the dashed curve for P(4%).

p_ NoJo(E,)
Ny 7
where N, represents the peak yield of the y-ray; e(E,)
the photo peak efficiency as a function of the y-ray
energy, and Ny, the number of identified fragments.
We obtained P(2%) when we counted the peak yield
corresponding to the 2¥ — 07 transition, and P(4%)
for the 47 — 27 transition.

In Fig. 2, the preliminary results of P(2%) and P(4%)
obtained for even-even isotopes with Z = 8-12 are
plotted as a function of the number of nucleons re-
moved from the projectile (AA). The solid curve repre-
sents predictions for P(2%) based on a theoretical cal-
culation within the framework of the abrasion-ablation
model,? and the dashed curve for P(4%). From the ex-
perimental data, we found that the population ratios
increase when A A increases; this tendency is in accord
with the theoretical one. As can be seen in Fig. 2, the
population ratio reaches 10% at AA ~ 5 for 2% and
AA =10 for 47,
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NUCLEAR REACTION: °Be(®Si, X), E = 50 MeV/nucleon; Measured fragmenty-coin;

Deduced Ez of 3*Mg

We have observed the ~-ray transitions in the very
neutron-rich nucleus 3Mg for the first time. The ex-
cited 3Mg nuclei were created by the projectile frag-
mentation reaction induced by a 50 MeV /nucleon ra-
dioactive beam of 36Si.

The experiment was carried out at RIPS. A primary
40 Ar beam of 95 MeV /nucleon with a typical intensity
of 60 pnA bombarded a °Be production target with
462.5 mg/cm? thickness to obtain a radioactive beam
of 36Si. The 3¢Si nuclei in the beam were separated
event by event from the main contaminant 37P using
time-of-flight (TOF) information between two plastic
scintillators. The purity of the 6Si beam was approxi-
mately 80% and the intensity was around 2 x 104 s~ 1.

A secondary target of 385 mg/cm? Be was placed at
the focal plane of RIPS. The beam lost its energy in the
target from 50 MeV /nucleon to 30 MeV/nucleon. The
reaction products from the 36Si + 9Be fragmentation
were detected by four sets of counter telescopes in a
2 x 2 matrix placed 56 cm away from the target. Each
telescope consisted of three layors of ion-implanted sili-
con detectors of 50 x 50 mm? effective area and 350 um
thickness, followed by a 1 mm thick Si(Li) detector
with the same size to identify unwanted light par-
ticles that punched through the three ion-implanted
detectors. Particle identification was achieved by the
AE-FE information from the the first three detectors,
combined with the TOF information between the sec-
ondary target and a parallel-plate avalanche counter
(PPAC) located 48 cm downstread of the target. A
good resolving power of the detectors enabled us to
identify A and Z for reaction products with Z = 8-12.

Sixty-six Nal(Tl) scintillators surrounded the target
to detect v rays emitted from the excited fragments.
Each scintillator crystal was of rectangular shape with
asize of 6 x 6 x 12 cm3 coupled with a 5.1 cm ¢ photo-
multiplier tube. Their energy resolution was typically
7.5% for a 662 keV ~ ray. The high granularity of
the setup allowed us to measure the angle of the v ray
emission with approximately 20° accuracy, enabling us
to correct for the large Doppler shift of v/c = 0.3 ac-
cording to the detector angle with respect to the beam
direction. The total full-energy peak efficiency was cal-
culated to be 18% for a 1 MeV v ray. A lead shield with
5 cm thickness surrounded the Nal(Tl) for background
reduction.
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Fig. 1. Doppler-corrected v-ray spectrum in coincidence
with **Mg, produced by the “°Ar + ®Be fragmentation
reaction.

Figure 1 shows the vy ray energy spectrum associated
with 34Mg identified in the detectors. It was obtained
as a sum of each Doppler-corrected spectrum of all the
NaI(T1) scintillators. As one can see in Fig. 1, two
full-energy peaks were observed. The energies were
prelimnarily determined to be 670 keV and 1430 keV.
The first peak can be tentatively assigned to be corre-
sponding to the 27 — 0 s transition, since it is the
strongest and its energy is the lowest in the spectrum.
The energy resolution deduced by fitting the first peak
is 80 keV (FWHM), which is mainly due to Doppler
broadening with the finite angular resolution of each
Nal(T1) crystal.

The energy 670 keV is very low compared with those
of the first 2% states in the neighbouring nuclei. Us-
ing an empirical formura for the relation between the
excitation energy and the deformation parameter,®)

B(2%) = 1224((82) A7),
the energy of 670 keV leads to a large deforma-

tion of 3*Mg with 8 ~ 0.7. Within the framework
of the shell model, the excitation energies of the



first 2% ‘and the first 47 state were recently calcu-
lated to be 620 keV and 2460 keV, respectively,?
which agree well with the energies extracted in
the present work (670 keV and 2100 keV), if one
assumes that the second ~v-ray peak corresponds to
deexitation from the first 47 state to the first 2%
state. Furthermore, the energy ratio E(4%)/E(2%)
is deduced to be 3.1, which is close to the 3.3

expected for the rotational band of deformed nuclei.
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[Half-life, Nucleosynthesis]

In addition to studies of exotic nuclei, radioactive
ion beam (RIB) technique also proved to be a useful
tool to determine the half-life of 44Ti when a relative
method is used.!’ Here, we propose a novel method to
the fast and reliable absolute half-life determination
and apply it to the same isotope. In order to per-
form a meaningful analysis of the observed results of
the E, = 1157 keV line —characteristic to the decay
of 44Ti— in the Cassiopeia A% supernova and the re-
cently discovered RX J0852.0-4622/GRO J0852-4642
supernova remnant,>) an accurate determination of the
half-life of 44T1 is necessary.

Because of the relatively long half-life of *4Ti
(~60 y), several years are needed to follow its decay
until the desired accuracy in half-life can be reached.
According to recent measurements,*® 2-5 years of
data-taking resulted in 1-3% relative errors when the
4474 half-life was determined relative to that of sources
as 90Co, %2Na, and 2°"Bi. However, for an absolute
measurement,®) where the absolute activity of a sample
has been determined several times, a period of 20 years
was needed to reach a similar error level. The availabil-
ity of 44Ti as RIB offers an alternative method to de-
termine the half-lives via implanting a known amount
of **Ti into a stopper, and to measure the activity rel-
evant to the decay of “*Ti. Gorres et al.)) measured
the half-life of 44Ti relative to that of ??Na, emphasiz-
ing that it is questionable to apply the RIB technique
to absolute half-life determination because of the low
expected count-rates and the systematic errors.

Our aim was to establish a method that allows an
absolute half-life determination with minimum system-
atic error and maximum versatility. It is also desirable
that the measurement should give a reasonable error
without years of data-taking. In our approach, the
secondary beam is optimized not for the highest avail-
able intensity, but to reach an isotopic ratio where the
time-of-flight (TOF) technique is enough for the sepa-
ration. Since plastic scintillators can be used for TOF,
the isotopic ratio can also be monitored under high-
intensity irradiation. Details about the preliminary
tests, secondary beam production, the irradiation and
the off-line activity measurement setup have already
been published elsewhere.?) The 4Ti was produced by
fragmentation of 90 A MeV “6Ti on a beryllium target.

*1 Niigata University
*2 ATOMKI, Hungary
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Through appropriate settings of the fragment sep-
arator we achieved a secondary beam intensity of
2-10°/s without implanting isotopes contributing to
the gamma. activity of the stopper. Also, we kept the
content of 42Sc (same A/Z as %1Ti, i.e. TOF deter-
mination is not enough to separate this isotope from
44T74) to a minimum (<0.5%).

The separated fragments were implanted into a
1 mm thick plastic scintillator stopper, allowing a loss-
free determination of the number of implanted ions.
Behind the stopper, an additional plastic scintillator
served to check the presence of ions penetrating the
stopper. We also investigated the effect of the breakup
of the already separated 44Ti ions.

The ~-activity of the implanted sample has been
investigated by a well-shielded high-efficiency HPGE
gamma detector. There is no contamination observed
in the gamma spectra of the irradiated sample. The
efficiency determination has been carried out by us-
ing %°Zn and %°Co sources, and the effect of extended
sources has also been investigated.

In summary, we have implanted 2.7 x 10° 44T1i ions
into the stopper, and during the off-line measurement
the count-rate in the detector relevant to the 1157 keV
(*4Ti-related) peak was 50 counts/hour. On the other
hand, the measured photopeak efficiency is 1.3 x 1072
in the used source-detector geometry. Our preliminary
half-life value for the 44Ti is 62.1 & 1.6 y. The rela-
tive error of this method is comparable to the previous
measurements, although only one day of irradiation
and two weeks of activity measurement were neces-
sary. Preliminary studies showed that the presented
method can be applied to isotopes 3 Ar and 32Si.
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[B(E2), Ba isotopes, Boson expansion theory]

The experimental B(E2;07 — 27) values in the
neutron-deficient doubly even Xe and Ba isotopes show
significant increase in the midshell region without any
concomitant change in the energies of the low-lying
states.1'?) Recently, for Ba isotopes, improved experi-
mental results have been reported, and an old compila-
tion of experimental data®) includes a questionable re-
sult, which is described below. To provide the system-
atic behavior correctly, we recompiled the experimen-
tal B(E2;07 — 27) values of Ba isotopes, and then
compared these experimental data with new results
from a microscopical calculation using the normal-
ordered linked-cluster boson expansion theory.

All available experimental data and our adopted val-
ues are given in Table 1. We should mention that
the value 0.504(71) e?b? reported by Towsley et al.
in Ref. 5 has been ignored, because the description in

Table 1. Experimental B(E2;0; — 2}) values in Ba iso-

topes.
“Nuclide  B{E2) [e’b7] Method Reference’
1223 2.77(25) Delayed Coincidence PRC46(1992)R6
2.77(25) Adopted value
124pa 1.34(12) Delayed Coincidence PRC46{1992)R6
1.99(8) Recoil Distance PRC52(1995)1380
2.09(9) Recoil Distance EPJA2(1998)13
2.09(9) Adopted value
1265, 1.28(24) Recoil Distance NPAOI(1967)272
1.99(32) Recoil Distance PRC5(1972)1658
1637030 Recoil Distance PLBB0(1979)345
2.03(15) Recoil Distance JPG15(1989)L85
1.69(17) Delayed Coincidence PRC46(1992)R6
1.69(5) Recoil Distance PRC54(1996)R2119
1.72(5) Adopted vaiue
126 1.50(32) Recoil Distance PRCH(1972)1658
1.46(8) Recoil Distance NIPPAS43(1992)589
1.18{9) Recoil Distance PRCH3(1996) 1606
1.46(8) Adopted value
130Ba 0.75(19) Coulomb Excitation PR109(1958)100
1.36(14) Coulomb IExcitation NPA94(1967)177
1.21(38) Coulomb Excitation JPSJI34(1973)442
1.163(13) Coulomb Excitation NPA494(1989)102
1.17(2) Adopted value
132Ra 0.73(18) Coulomb Excitation PR109(1958)100
0.859(41) Coulomb Excitation NPA432(1985)514
0.859(41) Adopted value
1318y 0.75(25) Coulomb Excitation ADNDT36(1987)1
0.672(16) Coulomb Excitation PRC6(1972)1016
0.700(15) Coulomb Excitation NIPA283(1977)526
0.672(15) Coulomb Excitation NPA432(1985)514
0.665(6) Coulomb Excitation NPA494(1989)102
0.669(5) Adopted value
1363, 0.53(16) Coulomb Excitation ADNDT36(1987)1
0.418(11) Coulomb Excitation PRCG(1972)1016
0.353(49) Doppler Shift Attenuation ADNDT36(1987)1
0.399(3) Coulomb Excitation PRC29(1984)1672
0.394(13) Coulomb Excitation NI’A432(1985)514
0.418(1) Coulomb Excitation PRC34(1986)732
0.406(3) Adopted value

t PRC, EPJA, NPA, PLB, JPG, PR, JPSJ and ADNDT mean Physical Review C, European
Physical Journal A, Nuclear Physics A, Physics Letters B, Journal of Physics G, Physical
Review, Journal of the Physical Society of Japan and Atomic Data and Nuclear Data Tables,
respectively.
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Fig. 1. Experimental and theoretical B(E2;0} — 2}) val-
ues in Ba isotopes. The solid circles express the exper-
imental data and the solid line denotes calculations of
the boson expansion theory.

Ref. 5 contradicts itself; it is thus impossible to judge
whether this value is the result for either 3Ba or for
136Ba. Indeed, this value had been referred to as the
result for 3*Ba in Ref. 3; on the other hand, it had
been used as the result for *Ba in Ref. 6. Although
our newly adopted value of 13°Ba is about 9% smaller
than our previous one,®?) the new value is more de-
sirable from systematic point of view. The difference
between the newly adopted values and the previous
ones is less than 2%, except for '39Ba, as mentioned
above.

The experimental data and calculations based on the
boson expansion theory are shown in Fig. 1. The in-
teraction strengths were changed for each nuclide, but
a common effective charge of 0.550 was adopted for
all of the Ba isotopes considered. The calculations are
in fairly good agreement with the experimental data
without any serious problems which had appeared in
other calculations.™”) In addition, it is worth noticing
that the experimental B(E2) values of the 47 — 2]
and 67 — 4{ transitions for 12471?8Ba could be repro-
duced with same parameters. The detailed results of
these new calculations will be described elsewhere.
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sections

Since the pioneering experiments at Berkeley,!) pro-
jectile fragmentation has been widely used to produce
radioactive isotopes far from stability. Measurements
of the production cross sections (o) are important to
assess the feasibility of secondary-beam experiments
with them. This work represents the first measure-
ments of op from 49Ar fragmentation at relativistic
energies which extend far into the region of neutron-
rich isotopes.

We measured op from 4CAr fragmentation by us-
ing the FRagment Separator (FRS) facility at GSI. A
primary beam of 4°Ar with an energy of ~1 A GeV im-
pinged on a Be target with typically 4.0 g/cm? thick-
ness. A secondary electron transmission monitor was
used to determine the primary-beam intensity. At the
first focus at FRS, we placed a scitillation counter to
start the TOF. This detector was also used as an active
monetum slit (Ap/p = +0.6%). At the intermediate
focus, we placed a scitillation counter stack comprising
five scintillation counters. One of them served as a stop
signal of the TOF. The corrected pulse-height data of
the counters gave AF for the fragments. The magnetic
field in the second dipole gave Bp for the fragments.
Thus, we applied the Bp-AE-TOF method in order to
identify the fragments.

In order to determine o, the counting rates of dif-
ferent isotopes obtained from the particle identifica-
tion spectra were corrected for any transmission losses
in the FRS, for losses due to secondary interactions
in the target as well as in the detectors and for the
dead time of the data acquisition. The transmission
losses and secondary interaction losses were estimated
from a Monte-Carlo type calculation, a code called
MOCADI,? where we assumed a Gaussian curve for
the momentum distributions of the fragments. The
obtained op are shown in Fig. 1.

In Fig. 1, the experimental results are compared to
those previously measured with a C target at rela-
tivistic energies at LBL.>% Both results are very con-
sistent. In Fig. 1, our experimental results are also
compared with those from the the empirical parameta-
rization EPAX.% For nuclei near to the line of beta-

*1 Kurchatov Institute, Moscow, Russia
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Fig. 1. Experimental production cross sections (o) for
B to F isotopes produced with an “°Ar primary beam
at 1 A GeV in a Be target. The closed circles show
the present data. The open circles (squares) show the
experimental data previously measured with a C target
at 213 A MeV (1.6 A GeV), respectively. The or are
compared to the previous version of the EPAX formula
(dashed line) and to the modified version (solid line).

stability, these quantities are in good agreement. How-
ever, for more neutron-rich nuclei, the measured o are
smaller than those from the EPAX prediction. Very
recently, K. Stimmerer and B. Blank have suggested a
modified EPAX formula.®) The modified version pre-
dicts the measured op with better accuracy than the
original version.
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Positron Scattering by Polyatomic Molecules

T. Nishimura and I. Shimamura

Theoretical cross sections for elastic scattering of
positrons from Ne, Ar, CHy, and SiH, targets are re-
ported. The latter two molecules belong to the Td
point group, and the effects of molecular anisotropy
in these collision systems are minimal. The present
work was inspired partly by the experimental elastic
differential cross sections (DCSs) recently reported for
CH4Y and Ar? over a large range of scattering angles
of 30°-135°. The present work is based on the fixed-
nuclei approximation. The interaction potential be-
tween a positron and a target is represented in the form
of a local potential that consists of electrostatic and
polarization components. For the latter component, a
parameter-free model potential is adopted for the small
values of the positron-target distance (say, less than
several a.u.). This model potential is associated with
the asymptotic form of the dipole polarization poten-
tial at the position where the two kinds of potentials
first cross. The wave function of the scattered positron
satisfles a set of coupled differential equations derived
from the Schrodinger equation for the total collision
system. By solving these equations, the scattering ma-
trix is obtained from the asymptotic form of the wave
function, and is transformed into the cross sections.
Throughout the present calculation, no positronium
(Ps) formation channel is taken into account. There-
fore, the present calculations are only carried out below
the Ps formation threshold energy (Eps).

The theoretical elastic integrated cross section
(ICS) from the present calculation for Ne is in very
good agreement with the measured total cross section
(TCS)® (see Fig. 1). As the quantity Ep, of each
system becomes smaller, however, a disagreement be-
tween the theoretical elastic ICS and the experimental
TCS® becomes larger. The result suggests that the
effect of the Ps formation channels on the cross sec-
tions is strong, particularly when the Ep; is small. As
for Ne, a minimal ICS called the Ramsauer-Townsend
mimimum, is seen at around 0.8 eV,and is caused by
a phase shift for a dominant partial wave component
being close to an integral multiple of 7. The minimum
disappears as the absolute value of the dipole polariz-
ability of the target becomes larger, i.e., in the order
of Ne, Ar, CHy, and SiH4, because the effect of the
dominant partial wave component becomes more am-
biguous due to a superposition of higher partial wave
components. The present elastic DCS for each target
has a notable minimum at around 40°-50° (see Fig. 2).
For Ar and CHy, the shapes of the theoretical DCSs
are generally in good agreement with the measured
ones™? which are normalized to the elastic DCSs from
the present calculations at a scattering angle of 90°.
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Fig. 1. Elastic ICSs of positrons from Ne, Ar, CH4, and
SiH4 below the Ep, (14.8, 9.0, 5.8, and 4.8 €V, respec-
tively). The present calculations for Ne (short dashes),
Ar (long dashes), CH4 (full), and SiH4 (chain) are com-
pared with the respective experimental TCSs® (dia-
monds, open circles, full circles, and triangles, respec-
tively).
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Fig. 2. Elastic DCSs for Ne (short dashes) and Ar (long
dashes) at 5 eV, and those for CH4 (full) and SiH,4
(chain) at 4 eV. Comparisons are made with the ex-
perimental DCSs for Ar (open circles)? at 5 eV and
CHy (full ones)V at 4 eV.

We have also found a similarity between the theoretical
DCSs for CH4 and Ar not only in terms of shape but
also magnitude. This may be attributed to a quanti-
tative similarity between the interaction potentials for
the two systems at intermediate and asymptotic val-
ues of the positron-target distance. A theoretical study
on the positron-hydrogen molecule collision taking Ps
formation channels into account is under way.
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Total Cross Sections for Electron and Positron Collisions
with CF3I Molecules

O. Sueoka,* A. Hamada,* M. Kimura, and I. Shimamura

Because of the basic importance of the fundamental
understanding of electronic and molecular structures,
and scattering processes, for applications in various
fields, particularly to plasma processing, a study on
the total, elastic and inelastic processes of electron
scattering from CF3I has attracted much interest in
recent years. Due to its short lifetime in the strato-
sphere, this molecule has potential for application in
plasma processing as a next-generation process g 5.1
Therefore, it is essential to establish all cross-section
data for the electron scattering of this molecule by
compiling the existing experimental and theoretical
results. Furthermore, a comparative study of electron
and positron scattering is expected to provide deeper
insight to the fundamental aspects of atomic and
molecular dynamiecs in hydrocarbons and the interac-
tion mechanisms. To the best of our knowledge, no
complete study of total cross sections (TCSs) based
on both electron and positron scattering has yet been
carried out. Hence, we have initiated the present joint
experimental and theoretical investigations on these
processes for CF3l to provide comprehensive TCSs
for assessing the magnitudes of other weak inelastic
channels, as well as dynamical information to derive
a guiding principle for applications to other plasma
etching gases. The experimental apparatus and the
measurement method of TCSs have been reported
earlier.>®) In brief, a ?’Na radioisotope of 90 xCi and
baked tungsten ribbons were used as the positron
source and the positron moderator for low-energy
positrons, respectively.  For the electron source,
slow electron beams were produced after secondary
electrons were moderated by multiple scattering in
the tungsten ribbons. A retarding potential unit
was combined with the TOF system for elimination
of elastically and inelastically scattered projectiles.
The theoretical approach employed is the continuum
multiple-scattering (CMS) method, which is a simple
but efficient model for treating electron scatter-
ing from polyatomic molecules.*) Figure 1 presents

*
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Fig. 1. Total cross sections of the CF3I molecule following
positron (o) and electron (e) impacts.

the TCSs for both electron and positron impacts with
CF3l, from 0.7 €V to 600 eV. Novel results can be
summarized as follows: (1) The cross section follow-
ing electron impact has two small, conspicuous peaks
at 8 and 40 eV due to shape resonances, while that
of positron impact shows clear structures above 6 eV
due to positronium formation, followed by direct ion-
ization. (2) Neither cross sections appear to merge,
even beyond 500 eV.
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Simulation of a Diatomic Molecule Colliding with Surfaces

M. Kimura and I. Shimamura

Collisions of an O, molecule with a Ni surface
are studied using a simulation based on the classical
motion of equations. Taking the Morse potentials
among all the colliding particles, i.e., atom-atom in the
molecule, molecule-surface, and surface atom-surface
atom, the simulation is carried out by changing the
parameters of the surface temperature, kinetic energy,
and rovibrational state of the molecule. It is clearly
seen for various cases that: (1) the incoming molecule
collides with the surface and bounces back, (2) the
molecule collides and is adsorbed on the surface by giv-
ing off its kinetic energy and creating surface phonons,
(3) the molecule fragments on the surface upon colli-
sion, (4) the molecule penetrates inside the solid, and
(5) upon collision, the quantum state (rovibrational
state) of the incoming molecule changes. Study of
the vibrational excitation dynamics on surfaces has
been an area of active research in the field of surface
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Fig. 1. Simulation of an Oz molecule colliding with an Ni
surface in which the Oz molecule has a collision energy
of 1 eV. The incident O2 molecule is reflected from the
surface and leaves the field.
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Fig. 2. The same as in Fig. 1, but the incident energy of
the O2 molecule is 0.1 eV. The O2 molecule is adsorbed
on the surface giving off its kinetic energy a nd creating
surface phonons.

sciences as well as in applied fields. Vibrational exci-
tation is governed sensitively by the characteristics of
the potential energy surface and by the energy transfer
between the electronic and vibrational degrees of free-
dom. Since the quantum of the internal vibrational
excitation of Oy is approximately threefold the Debye
energy of Ni, the scattering of Oy of the Ni surface is
akin to the scattering of a hard ball on a soft wall.
This leads to phonon creation at the surface in the
scattering event, but not to O stretch vibrations. The
experimental results indicate that vibrational heating
occurs: The ratio of the excitation intensity for v =
1 to that for v = 0 is approximately a factor of three
above the simple Boltzmann factor. We present repre-
sentative examples of the simulation for this collision
system. (Figs. 1 and 2)
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Radiative Electron Capture of Swift Heavy Ions
into the Continuum State

T. Azuma, T. Ito, Y. Takabayashi, K. Komaki, T. Kambara,
Y. Kanai, Y. Nakai, T. Kojima, and Y. Yamazaki

In heavy-ion-solid collisions, target bound electrons
have a chance of being captured into the continuum
state of projectiles satisfying energy and momentum
conservation by emitting photons. This process is
called “radiative electron capture into the continuum
state (RECC)” as an analogy to radiative electron cap-
ture into the discrete bound state (REC), where dis-
crete X-rays are emitted. The RECC process is ac-
companied by the emission of continuum X-rays with
a maximum edge energy corresponding to the energy
of electrons of the same velocity as the projectiles. The
resultant electrons in the continuum state travel in the
forward direction, and a portion of them are expected
to emerge as ‘“convoy” electrons with a cusp-shaped
energy peak after passing through the solid target. Un-
derstanding of the convoy electron formation following
the RECC process is very limited, although it is a fun-
damental process. We investigate it through the coin-
cidence measurement of the spectra of emitted X-rays
and cusp electrons.

Bare Kr*®* ions of 36 and 70 MeV /nucleon passed
through a carbon foil tilted by 45° from the beam di-
rection. Emitted X-rays at the collisions were observed
either by a HPGe or Si(Li) detector located at an an-
gle of 90° from the beam direction. Secondary elec-
trons were measured using a compact magnetic ana-
lyzer coupled with a channeltron-type electron detec-
tor. The charge distribution of emerged projectiles was
measured using a combination of a magnetic analyzer
and position sensitive detectors at the downstream end
of the beam. The signals from the charge distribution
of the projectiles, X-rays, and secondary electrons were
accumulated in a list mode.

The X-rays emitted from REC into the K- and L-
shell, the continuum X-rays from RECC, and the char-
acteristic X-rays of the projectiles on the shoulder of
the curve for the RECC component were observed as
shown in Fig. 1. The characteristic X-rays are emit-
ted following capture of target electrons into the L or
higher states of the projectiles. Although the cross
sections of all processes decrease with higher projectile
energy, Vp, the intensities of REC and RECC decrease
more slowly (o V,;7° and o V%) than those for non-
REC processes (o V, '), Therefore, X-rays emitted
from REC and RECC are more clearly observed in the
spectra for higher projectile energies. Concerning the
secondary electron spectra, we clearly observed a bi-
nary encounter electron peak for both projectile ener-
gies. A cusp peak at the equivelocity of the projectiles
is noticeable only for 36 MeV/nucleon Kr*6+ ions, as
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Fig. 2. A secondary electron energy spectrum for Kr3¢+

ions of 36 MeV /nucleon passing through a 85 ug/cm?
carbon foil.

shown in Fig. 2, due to the larger capture cross section.

Considering the projectile energy dependence for
X-rays and cusp electrons, the coincidence exper-
iments are suitable at the projectile energy of
36 MeV/nucleon. We are now preparing to carry out
coincidence measurements by applying a large accep-
tance angle Si(Li) detector to obtain a higher coinci-
dence rate.
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Fullerene-like Fragment Ion Production in Fast Ion-Cg, Collision

Y. Nakai, T. Kambara, A. Ttoh, H. Tsuchida, and Y. Yamazaki

A number of studies of Cgy fragmentation have been
performed with various excitation probes.’™™ The dis-
tribution of product ions strongly depends on the en-
ergy deposit, that is the internal energy of the precur-
sor of fragmentation. We reported that high-energy
deposition by fast heavy ion impact causes only multi-
fragmentation.!) On the other hand, in low-energy de-
position by electrons, atoms and collisions with the
surface, Cgg emits small neutral clusters in a few micro-
second or longer time scale after excitation.? ® In the
latter case, the activation energy and the kinetic en-
ergy release associated with Cy evaporation were esti-
mated.

The time-of-flight (TOF) peak profile for each prod-
uct ion contains information of fragmentation, that
is, the kinetic energy release and lifetime. However,
a part of such information is often lost due to poor
experimental resolution. We have developed a high-
resolution TOF mass spectrometer under the Wiley-
McLaren spatial-focusing condition to obtain informa-
tion on the fragmentation mechanism. A beam of
10 MeV He?* and 25 MeV C8*, provided by the RI-
LAC, passed through a Cgo vapor target. The electrons
extracted from the collision region were used as the
start signal of the TOF measurement. The TOF spec-
tra were obtained using a multi-hit time-to-digital con-
verter. We can separate the peaks of ng’ (¢ = 1,2,3)
which contain different amounts of *C as shown in
Fig. 1.

In Fig. 1, TOF peaks of Cig (¢ = 1,2,3) generated
in the collision with the He?* beam are shown. These
peaks are asymmetric. We also show the TOF spectra
obtained by Monte Carlo simulation for C&§ —CZi +C,
(g = 1,2,3) with a lifetime of fragmentation and a
0.4 eV kinetic energy release.” These tails at longer
TOF are reproduced by simulation with a fragment
lifetime of 2.0 usec, 1.75 psec, and 1.1 usec, respec-
tively. This indicates that the internal energy of
delayed-fragment precursors increases with increase of
the charge state because the activation energies of the
emission of Cy from C¢t (g = 1,2,3) do not depend on
the charge state within the experimental uncertainty.
However, the peak shape in the shorter TOF region can
not be reproduced by simulations with a single lifetime
component.

The peak intensities for doubly and triply ionized
fragment ions decrease more rapidly towards a smaller
fragment ion in the collision with He?* than CS*
whereas the intensity ratios for singly ionized fullerene-
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Fig. 1. TOF peaks for Cég,2+,3+ generated in the collision
with He?* are shown. The solid circles represents ex-
perimental data. The solid lines represents the result
of Monte Carlo simulation. The dotted lines represents
experimental data showing TOF resolution.

like fragment ions are almost constant. The asym-
metric peak shape of fullerene-like fragment ions are
observed in both cases. These results indicate that the
internal energy distributions of the parent Cgq ion of
multiply ionized fullerene-like fragments are different
between He?* impact and C5* impact, but that their
production mechanisms are similar.
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Isotope Shifts between He-like >C and *C Ions

S. Ozawa, T. Ariga, N. Inabe, M. Kase, I. Tanihata, M. Wakasugi, and Y. Yano

With the ultralow-background photon detection sys-
tem which we previously designed,’?) we measured the
isotope shifts between He-like 2C and '3C ions in the
1s2s 3S;-1s2p 3Py 1,2 transitions.

A NEOMAFIOS 8 GHz ECR ion source which
was placed in the RILAC terminal produced pos-
itive carbon ions. 12C ions were accelerated to
0.9 MeV/nucleon by RILAC and stripped by a car-
bon foil with a thickness of 10 ug/cm?. 13C ions were
accelerated to 0.6 MeV /nucleon before being stripped
by the carbon foil. Then 44 charge state ions were
directed to the experimental area. One percent of all
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Fig. 1. Level scheme of He-like carbon ions.
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Table 1. Transition energies from *S; to each level of e
and '3C. Values in parentheses indicate lo.

Transition Energy Reference™

Isotope J (cm™1) (cm™1)
12ca+ 0 43899.749(30) 43899

1 43887.173(19) 43886

2 44023.404(13) 44022
1ot 0 43901.556(41)

1 43889.133(26)

2 44025.207(18)
Isotope shift 0 —1.807(51)
12¢-13¢ 1 -1.960(32)

2 —1.803(22)

He-like ions are in the 3S; metastable state and have
a 200 ms lifetime. The level scheme of He-like carbon
ions is shown in Fig. 1. A laser beam excites ions in
the 3S; state and induces fluorescence from the 3Po.12
states. To reduce the uncertainty in the absolute ion
beam velocity, each transition energy was measured by
two laser beams which propagate in the directions par-
allel and anti-parallel to the ion beam. For the wave-
length calibration of the laser beam, the absorption
lines in Tey were measured simultaneously.

According to the Doppler-shift formula, the abso-
lute energies Ey for each transition are determined
as Eg = /EpEap, where E, and E,, are the reso-
nance energies for the parallel and anti-parallel laser
beams, respectively. The relationships between the
resonance wavelength by the parallel and anti-parallel
laser beams are shown in Fig. 2. Figure 2 also illus-
trates the isotope shift. The measured absolute ener-
gies and the isotope shifts in each transition are shown
in Table 1.
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Foil Ageing Problems in Beam-Foil Spectroscopy Continued

R. Hutton, Y. Zou, S. Huldt, I. Martinson, K. Ando, and H. Oyama

In a previous article? we discussed an effect which
seems to have overlooked detailed study but, however,
which is very important to the methods of beam-foil
spectroscopy. The effect is the change in light intensity
in a given spectral line as a function of the exposure
time of the foil. This effect had been discussed previ-
ously by Soerensen.? It has been long known that the
charge state fraction after the foil interaction changes
as function of time, due to foil thickening for example.
However we observe that the light intensity in certain
spectral lines changes at a rate much faster than the
change in the charge state balance, see Fig. 1. This
has been found to depend on the particular ion and
energy being stripped/excited by the foil. In the pre-
vious report we discussed a limited amount of data,
i.e. 0.4 MeV/u Ne and 0.4 and 2.5 MeV/u Mg. In this
report we will discuss new data showing the foil ageing
effect to be more difficult to deal with than previously
thought. The number of elements for which data is
available has been increased to cover Ne, Mg, Al, Fe,
Kr and Nb. In Fig. 1 the effects of foil ageing on lines
from 0.8 and 2.5 MeV/u Al are illustrated. The Li-like
resonance lines, (2s 251/2-21) 2P1/2’3/2), decrease in in-
tensity at both beam energies, however the decrease is
slower for the lower energy beam. This is opposite to
what one may expect, for example the foil will break
quicker at the lower beam energy. Also shown in Fig.
1 is the line resulting from 5-6 transitions in the He-
like ion. This is only seen for the 2.5 MeV/u beam
as there is a very small fraction of He-like ions at the
lower energies, Here a slight increase in line intensity
is observed. Similar, but on a much weaker scale, was

“seen for 2.5 MeV/u Mg. For the heavier beams studies
so far, (Fe, Kr and Nb), there has been little or no no-
ticeable effect of the foil age on the light intensity. The
effect of light intensity changing as a function of foil
exposure time has been confirmed by data obtained at
the university of Lund using much lower energy beams
and thinner foils.?) Thus with the existing amount of
data it is not possible to know in what experiments foil
ageing will be a problem, much more data is needed.
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Fig. 1. This figure shows that although the Li-like 2s-2p
resonance line intensity decays as a function of the foil
exposure time the intensity of the 59-6h He-like transi-
tion increases (at least at 2.5 MeV /u). Also seen is that
the 2s-2p intensity decays slower for the lower energy
beam, maybe in contradiction to what one may imag-
ine as foils usually last longer for higher beam energies.
The “h” refers to hours of foil expose to the beam and
comes from a single exponential fit to the data, this fit is
done only for purposes of comparing numbers and has
no physical significance as far as we know. The light
intensity has been normalised to charge collected in a
given time.
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Time Delayed Spectral Lines in Beam-Foil Spectroscopy

R. Hutton, Y. Zou, S. Huldt, I. Martinson, K. Ando, and H. Oyama

It has long been known that spectral lines can be ob-
served at large distances behind the exciter foil used in
beam-foil spectroscopy. This has been observed most
drastically for Li-and Na-like ions. However, the limit
as to how far spectral lines could be followed has been
set by the noise of the detector. This is still true in the
spectra to be discussed here, except we are now using
a low noise CCD detector system and have been able
to follow spectral lines over a time scale of 100 life-
times, or more, of the radiating level. Of course the
fact that radiation can still be observed is due to cas-
cade re-population of the upper levels. This illustrates
the already known fact that very high n, { states are
populated by the beam-foil interaction mechanism. In
Fig. 1 we compare data taken for a beam of 2 MeV/u
Nb after ionisation/excitation by a thin carbon foil.
The spectra are recorded with 0 and 200 mm separa-
tions between the spectrometer entrance slit and the
foil position. These separations correspond to time de-
lays of 0 and 10 ns respectively. We should point out
here that the lifetime of the 3p 2P3/2 level for Na-like
Nb is only 0.029 ns.? For the 2P3/2 level 10 ns repre-
sents a time delay of 340 lifetimes, however, it is clear
that it is still possible to observe this line, at 135.14 A
of course this is because of cascade re-population of the
upper level from the high n, [ states. Also seen is the
3p 2Py/9-3d 2 D55 line at 131.7 A. However, the inter-
esting thing now is that lots more lines are seen in the
delayed spectra and not all of these can be assigned to
allowed transitions. It may now be possible to identify
slow decaying lines like E2 and M1 transitions in beam-
foil spectra due to the low noise offered by the CCD
detector. Moreover the well known allowed transitions
can be used to calibrate the spectrometer.
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Fig. 1. Beam-foil spectra for 2 MeV/u Nb ions take with
two different time delays, 0 (foil zero) and 10 ns. It is
seen that lines beyond around 150 A are much more
prominent in the delayed spectra. The 10 ns delayed
spectrum was recorded with a much longer time inte-
gration (4 hours) than the foil zero spectrum (1 minute),
and the data intensity normalized for display purposes,
hence different intensity scales.
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Spectroscopy of High Z Spin-Aligned States

R. Hutton, Y. Zou, S. Huldt, I. Martinson, K. Ando, and H. Oyama

The structure of spin-aligned states is best known
for fairly low Z Li-like ions where the 1s2s2p 4P5/2
level is metastable against X ray decay and Coulomb
auto-ionisation. However, there is a Breit induced
part to the autoionisation which is quite strong even
for moderatly charged ions in the Li I sequence.!)
There is a similar situation in Na-like ions where the
2p°3s3p D7/, level is also metastable. In this case
the Breit induced autoionisation is not so dominate
as in the Li-like case and the 2p°3s3p 4D7/2 level
remains long lived even for very highly charged ions,?
e.g. the 4D7/2 lifetime for Na-like Xe is predicted
to be 2.32 ns.?) The metastability of this level was
demonstrated using electron spectroscopy® how-
ever as yet no lifetime measurement exists. In a
recent work the 2p°3s3d 4F9/24) level was studied
for a number of elements in the Na I sequence
using VUV photon spectroscopy. This level is
also metastable with regards to X-ray and auger
decay but it has an allowed E1 transition to the
metastable 2p®3s3p 4D7/2 level. After the identifi-
cation of the 2p°3s3p 4 Dy /5-2p®3s3d * Fy /5 transition a

number of other VUV transitions within the core-
excited complex were identified for Na-like S and C1.9
In this work a few transitions within the core-excited
configurations of Mg-like ions will be examined for a
number of elements in the Mg I sequence. The ions in-
vestigated here are S V, C1 VI, Ar VII, Ti XI, Mn XIV,
Fe XV, Co XVI, Ni XVII and Cu XVIII. The data for
Ti, Fe and Ni have been recorded at RIKEN using the
RILAC accelerator. The other data come from various
other beam-foil laboratories (Lund, Bochum and Ar-
gonne National Lab.) and a fuller report is being pre-
pared for publication.®) The transitions of interest are
betweent the 2p°3s3p? and 2p°3s3p3d configurations,
where again the maximum j level is the one giving rise
to a VUV decay channel.
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High-resolution Soft X-ray Study of Ne Hollow Atoms Created
by a Microcapillary Target

S. Thuriez, Y. Iwai, Y. Kanai, H. Oyama, R. Hutton, H. Masuda,* and Y. Yamazaki

This work presents the first high-resolution soft X-
ray study of the interaction of highly charged ions with
microcapillary targets. A micro-capillary target con-
sists of many 100-nm-diameter and 700-nm-long capil-
laries. For this experiment we used a beam of 5 keV/q
Ne®* ions from a 14.5 GHz ECR ion source (Caprice).
Figure 1 shows the spectrum obtained after 0.2 ns from
the capillary target as compared with a typical spec-
trum obtained when Ne%t ions impinge on a flat sur-
face. When we changed the target from a flat surface
to a bundle of capillaries, a drastic change in the X-
ray spectra and thus in the electronic population of the
excited state is observed. Such a shift toward high en-
ergies for the microcapillary target is consistent with
an interaction above the surface.!

Figure 1 shows three peaks which are observed in the
energy range of our spectrometer, after the beam has
interacted with the microcapillary target. The maxi-
mum of the main peak between channels 48 and 49 has
an energy of 913.3 + 1.3 eV. It may correspond to the
pure helium-like 'So-2P; transition at 914.9 eV, which
may be shifted in energy by the effect of spectator elec-
trons.

The peak maximum at channel 46 (Fig. 1) of energy

Channel number
20 30 40 50 60 70 80 90 100

140 9 ‘
%
120 ‘ﬂ ; —— Microcapillaries |
z ¢ :
'E 100 ;o --Flat surface |
3 5e
£
= 80 fge
2 ! ’
‘% 60 5
= [}
L o}
£ 4
20
996 940 889 842 799
X-ray energy (eV)
Fig. 1. Typical spectra emitted from microcapillary and

flat surface targets.
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Fig. 2. Total photon emission after the passage of Nedt
ions through the microcapillary as a function of the
time after passing through the target.

919 + 1.3 €V may correspond to the He-like 1So-1P;
(922.1 eV), again possibly shifted by the effect of spec-
tator electrons.

The peak maximum at channel 56 corresponds to an
energy of 894.4 + 1.3 eV. For Ne”, 1s2s2p 4P states
have a long lifetime: 0.4 ns for Pl/g, 0.6 ns for P3/2
and 12 ns for Py /2. The dominant decay channels are
4P1/2 — 1s%2s 281/2 and P3/2 — 1s22s 281/2 with
the emission of a 895.0 eV photon.? The line that we
measured may originate from this decaying scheme. It
is also consistent with the fact that the observation
point is within 0.2 ns of the target end.

We have also measured the total photon emission as
a function of the distance from the target (Fig. 2). The
time resolution, T¢ (Fig. 2) of the spectrometer is 0.2+
0.01 ns. We observe different lifetime components, one
of which is very long (longer than about 1.4 ns). This
is consistent with previous measurements performed at
low resolution.?
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Angular Dependence of Scattering Intensity in
C%4t + He — C?** + He?* at Collisional Energy of 120 eV /q

M. Hoshino, M. Kitajima, Y. Nakai, Y. Kanai, and Y. Yamazaki

Very slow collisions in ion-atom and ion-molecule
systems are interesting because the angular differential
cross sections are more sensitive to the shapes of ac-
tive potential curves at lower collision energies. Since
it is difficult to produce a very slow and well-collimated
highly charged ion beam below about 200 eV /g, where
g is the charge state of the projectile ion, experimen-
tal studies in this energy range have been fairly lim-
ited. Recently, we have developed a crossed-beam ex-
perimental setup for angle resolved energy gain spec-

troscopy in very slow collisions between highly charged .

ions and atoms or molecules. We utilize the ion beam
from the 14.5 GHz Caprice electron cyclotron reso-
nance (ECR) ion source at RIKEN.Y

Figure 1 shows the angle-dependent scattering in-
tensity for double electron capture for 120 eV/q
C4+(1s?) + He — C?*(1522s2) + He*T. Only small con-
tributions from other final states of C2* 4+ He?" have
been observed in the energy gain spectrum. Energy
and angular resolutions are estimated to be 0.75 eV /g
and 0.5°, respectively. It is estimated that the statis-
tical uncertainty for each scattering intensity is less
than 10%. Weak Stueckelberg angular oscillations,
which result from interference between several outgo-
ing waves with different scattering paths, are seen in
the experimental data.

Charge exchange processes in C** + He collisions
have been widely studied above 200 eV/q. All of
the experimental and theoretical studies have shown
that the most dominant process above 200 eV/q is
the C4*(1s2) + He — C?%(1s%2s?) + He** process,
which was explained by a two-state curve crossing
model. Barany et al. have measured differential cross
sections for C4+(1s?) + He — C2*+(1s22s%) + He®'
at a collision energy of 380 eV/q,? which enabled
Boyed et al. to determine the diabatic coupling
potential for the double electron capture process in
this system.?) We have applied this two-state diabatic
coupling potential for our experimental condition
and calculated the differential cross section. The
results are shown in Fig. 1 by curves. It is found
that the results of calculations derived form the
potential estimated at 380 eV/q do not reproduce
the present experimental results at 120 eV/q. This
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Fig. 1. The angular dependence of the scattering intensity
for the C4*(1s?) + He — C?*(15%25%) + He** collision
obtained at a collision energy of 120 eV /q (o). Calcu-
lated cross sections using the diabatic coupling poten-
tial for the C** 4 He system (---) and those convoluted
with the angular resolution of £0.5° (—) are shown
together.

shows that potential curves derived from experimental
data at higher energies are not accurate enough. It
should be noted that not enough is known about in-
teraction potentials between highly charged ions and
atoms even in the case of extensively studied systems,
such as the C*t 4+ He system. Experimental studies
over a wide collisional energy region, especially at very
low energies, are expected to reveal further information
on collisions between highly charged ions and atoms or
molecules.

References

1) M. Kitajima, Y. Nakai, Y. Kanai, Y. Yamazaki, and Y.
Itoh: Phys. Scr. T 80, 377 (1999).

2) A. Barany et al.: J. Phys. B 19, L427 (1986).

3) R. Boyd et al.: J. Chem. Phys. 106, 6548 (1997).

85



RIKEN Accel. Prog. Rep. 33 (2000)

Acoustic Emission Following Fast Heavy-Ion Irradiation of Solids

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

We observed, for the first time, acoustic emission up
to about 2 MHz from solid materials (metal, oxide and
alkali-halide) after short pulses of high-energy heavy
ions. The objective of this work was to study in real
time the transient deformation caused by fast heavy
ions, which deposit kinetic energy in the material by
electronic stopping. A Xe-ion beam was accelerated
by the RILAC and the RIKEN Ring Cyclotron up to
26 MeV/u and was guided to an experimental beam
line. The beam was chopped after being extracted
from the 18-GHz Electron Cyclotron Resonance (ECR)
ion source to short pulses whose width was shorter than
1 us. Since the elastic vibrations in our samples lasted
as long as a few milliseconds, the interval between the
beam pulses was chosen to be longer than 10 ms. The
shortest pulse which we obtained consisted nearly of a
single bunch with a length of about 3 ns. The number
of ions in each pulse was 104-10° depending on the
pulse width. Details about the short-pulse generation
are described elsewhere. V)

The beam was then guided to a vacuum chamber
where the irradiated sample was mounted. The beamn
spot size on the sample was about 4 mm x 4 mm.
The sample materials were single crystals of AlyOg,
KCl, and metallic polycrystalline Al with a common
dimension; 40 mm long. 10 mm wide and 5 mm thick.
According to calculations with the TRIM code,? the
range of the ions in the samples is between 170 pm and
380 um, which is much smaller than the sample size.
Therefore all of the ions were stopped in the material
near the incidence surface.

The ultrasonic signals were detected by two piezo-
electric ultrasonic sensors equipped with head ampli-
fiers (Fuji Ceramics, M304A). The sensor® is highly
sensitive to longitudinal waves up to about 2 MHz
and exhibits the highest sensitivity at about 300 kHz.
The ion beam was incident perpendicularly to the
40 mm x 10 mm face of the sample, and two sensors at
both ends of the sample detected the acoustic signals
propagating perpendicularly to the beam direction. A
digital oscilloscope recorded the waveform of the acous-
tic signals for each pulse of the incident beam.

Figure 1 shows the acoustic signals from a single
crystal of AloOz. The acoustic signals have oscillatory
structures whose frequencies distribute up to about
1.3 MHz. The frequency distribution is affected by
the resonant vibration frequencies of the sample and
the characteristics of the sensors. The acoustic signals
of the Al,O3 have an amplitude lower than that of
metallic Al, while those of KCI have the highest am-
plitude. The signal-propagation velocity in the sample
was estimated from the arrival-time difference between
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Fig. 1. Acoustic waveform of a single-crystal AloO3 sam-
ple irradiated by a nearly single-bunch pulse of the
ion beam. The displayed waveform is an average over
100 pulses.
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Fig. 2. Amplitudes of the Fourier components of the acous-
tic signals observed for an Al,Oj3 single crystal plotted
as a function of the intensity of the ion pulse.

the two sensors as a function of the irradiation posi-
tion. The result for Al,O3 single crystal was about
10* m/s which was in good agreement with the speed
of the longitudinal wave estimated from the modulus
of elasticity.

We have studied the frequency spectra of the acous-
tic signals from the AlO3 sample as a function of the
ion-pulse intensity. The amplitude spectrum has peaks
around 0.3, 0.4 and 0.6 MHz. The amplitude of the
Fourier component is plotted in Fig. 2 as a function of
the ion-pulse intensity. The amplitudes of the Fourier
components are found to be nearly proportional to the
ion-pulse intensity, indicating a linear increase with the
total energy deposited in the material.
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Defect Production via Electronic Excitation in Oxide
Superconductors Irradiated with
High Energy Heavy Ions

N. Ishikawa, Y. Chimi, A. Iwase, N. Kuroda, O. Michikami,* H. Wakana,* and T. Kambara

When oxide superconductors are irradiated with
high-energy heavy ions, and the energy transferred to
the electrons of the target is high enough, columnar
defects are created along the ion paths. The creation
of such defects results in an increase in electrical
resistivity, and this increase strongly depends on the
size of the columnar defects and the inside resistivity
(resistivity inside the columnar defects).!) In order
to investigate the defect production mechanism, the
resistivity has been measured for ion-irradiated oxide
superconductors. Oxide superconductor EuBasCu30,
(EBCO) thin films were prepared by the rf magnetron
sputtering method and were irradiated with various
ions in the energy range from 125 MeV to 3.8 GeV.
The irradiating ions were 125 MeV "“Br!%* produced
from a tandem accelerator at JAERI-Tokai (Japan
Atomic Energy Research Institute, Tokai Establish-
ment), and 0.7 GeV 34Krllt 3.5 GeV 136Xe31+  and
3.8 GeV B1Ta3™ from the RIKEN Ring Cyclotron.
All irradiations were performed at a fixed temperature
of 100 K. The values of Ap/p, were measured in
situ as a function of ion fluence, ®, at 100 K by the
standard four-probe method, where Ap is the change
in resistivity and p, the resistivity before irradiation.
Generally the electronic stopping power, S,, which is
defined as the energy transferred from the irradiating
ion to the target electrons per unit path length, is
accepted as one of the characterization parameters
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