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PREFACE

This report covers research and development activities using the tandem accelerator
and its superconducting booster at JAERI, Tokai, for the period from April 1,
1997 to March 31, 1998. During this period, the tandem accelerator was operated
over 4,300 hours and delivered stable beams to the experiments in the fields of
accelerator developments, nuclear structure, nuclear reactions, atomic physics, solid
state physics and radiation effects in materials. The superconducting booster was
utilized for 36 days on 12 experimental subjects. Fourteen research programs have
been carried out in collaborations with a hundred researchers from universities and
national research institutes.

A compact electron cyclotron resonance (ECR) ion source was installed in the high
voltage terminal of the tandem accelerator in place of the duoplasmatron ion source
al the end of FY 1997. The ECR ion source makes it possible to use noble gas
ions like Xe and also metallic ions like Pb in the tandem accelerator with enough
intensities and encrgies and to inject these beams into the booster.

By utilizing an array of gamma-ray anti-Compton detectors, experiments on nuclear
structure study of high spin states in A=130 and 160 regions have been performed
with emphasis on their electromagnetic properties. Further development of the
detector system is underway to facilitate more efficient spectroscopic studies.

\/Qg‘ Vatia <X C"if ’

Akira Iwamoto
Deputy Director
Department of Materials Science

iii



This is a blank page.




JAERI-Review 98-017

Contents
1. Accelerator Operation and Development..................coeviininnn... 1
1.1 Tandem Accelerator and Booster Operation......................... 3
1.2 Utilization of Tandem Accelerator and Booster..................... 4
1.3  Status of the Superconducting Booster.............c..ccccvevvinnnen.. 5
1.4  Study of Acceleration over the Transition Velocity................. 7
1.5 Control System for the JAERI Tandem Accelerator............... 9
1.6  Installation of ECR Ion Source into the Tandem Accelerator... 10
2. Nuclear Structure..............ccooiiiiiiiiii e e, 13
2.1  Beta-decay Half-life of the New Isotope **"Tb........................ 15
2.2  New Neutron Deficient Isotope 2®Ac........ccoevieeeeieiiianeenann. 17
2.3  Observation of New Isomeric Statein *"Pa.......................... 19
24 The773keV mgy,Isomerin PAs.......ccccoovviiiiiiniiiiinnn. 21
2.5  High Spin States of " Gd........couienieeee e, 23
2.6  Conversion Electron Measurements in **'Ba........................ 24
2.7  Measurement of the Lifetime of the AI=1 Band in **Ce........ 25
2.8  Three-nucleons Cluster Structure in Light Nuclei.................. 27
2.9  Dipole and Quadrupole Cascades in the Yrast Region of *Gd 29
2.10 Enhanced Side-band Population in Coulomb Excitation
OF 150G e 31
2.11 The (7 Py vV G )10~ Isomer Decay in "Cu.............c.cooouen... 33
2.12 A New Position-sensitive Scintillation Detector for Coulomb
Excitation Experiment..................ooooiiiiiiiiiiii 35
2.13 Improvement of Overall Efficiency of the Gas-Jet Coupled
JAERI-ISOL System and Search for New Neutron Deficient
Americium ISotopes.........coooeiiiii i 37
3. Nuclear Reactions.............cooooiiiiiiiiiiiiiii e, 39
3.1  Study of Proton-induced Breakup Reactions on *C
for Energiesup to 30 MeV......................... TR 41
3.2  Pair Neutron Transfer Reactions in the Nickel Region around
the Coulomb Barrier..................ooooiiiiiiiiiiiee e, 43
3.3  Single Particle Excitation on a Halo Intruding in S-hole
Doorway Based on « Cluster Dimer Band of "B................... 45



JAERI-Review 98-017

3.4  Observation of a New Spontaneous Fission Decay in the
Reaction®™Si+ U ... 47
3.5  Mass Yield Distributions in Proton-induced Fission of **Cm.. 49
3.6 Incident Energy Dependence of the Relative Intensities of
Two Different Scission Configurations in Actinides Fission 51
3.7  Correlation between Mass Division Modes and Neutron
Multiplicity in 12 MeV Proton Induced Fission of **Th........... 53
3.8 The Fragment Excitation Energy in the Proton-induced Fission
OF BB 55
4. Nuclear Theory........ccooiiiiiii e e e 57
4.1 New Scissors-type Excitation of Octupole-Quadrupole Deformed
NUCEL. ..ot e 59
4.2  Effect of Nucleon Exchange in Heavy-ion Fusion Reactions.... 61

5. Atomic Physics, Solid State Physics and Radiation Effects

I Materials. ... ..o e 65
5.1 High-resolution Zero-degree Electron Spectroscopy(IV).......... 67
5.2  Paramagnetic Defects in 6H SiC.....................t. 69
5.3  Emission of Secondary Ions from Conductive Materials

Bombarded with Heavy Ions..........ccccooiiiiiiiiiiiiee, 71
5.4  Electronic Excitation Effects on Defect Production and
Annihilation in Fe Irradiated with Energetic Ions................. 73
5.5 Damage Efficiency in 180-MeV Fe-irradiated Bi-2212 Crystals:
An Ion-velocity-free Phenomenon.........................ooil. 75
5.6  Columnar Defects in High-T, Superconductor Irradiated with
Energetic Tons..........ooiiiiiii 77
5.7  Effect of High-energy Heavy-ion Irradiation
on the Superconducting Properties of Bi-2212 Single Crystals.. 79
5.8  Effects of Au*** Ion Irradiation on the Superconductive
Properties and Microstructure of EuBa,Cu,0, Thin Films...... 81
5.9  Single Event Burnout of Bipolar Transistors by Incident of
High-energy Ions.........oooooiiii 83
5.10 Light Emission Characteristics of Photo-stimulated

Luminescence Phosphor by Heavy Charged Particle
Irradiation.........coooiiiiniiii e e e 85

vi



JAERI-Review 98-017

5.11 X-ray Diffuse Scattering Study of Defect Cluster by Heavy
Ion- irradiated Ni Crystals at Low Temperature..................... 87

. Publication in Journal and Proceedings, and Contribution to

Sc1entific Meetings. .....ouiieieiie it et 91
. Personnel and Committees..............c.ccooiiiiiiiiiiii e 115
. Cooperative Researches................ccoiiiiiiiiii i 123

vii



This is a blank page.




JAERI-Review 98-017

1. Accelerator Operation and Development
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1.1 TANDEM ACCELERATOR AND BOOSTER OPERATION

ACCELERATORS OPERATION GROUP

Tandem Accelerator and Booster: The operations of the tandem accelerator for experiments
were performed as scheduled in the past one year. There were three short periods of scheduled
maintenance. The running time was 4277 hours. The summary of the operation from April 1,
1997 to March 31, 1998 is as follows.

1) Time distribution in terms of terminal voltages (Tandem accelerator)

>16 MV 30 days 16.4 %
15-16 91 49.7
14-15 28 15.3
13-14 2 1.1
12-13 0 0
11-12 8 4.4
10-11 17 9.3
9-10 2 1.1
8-9 2 1.1
<8 3 1.8

Booster operation

58 Ni 270-290 MeV 6 days
76 Ge 635 9
82 Se 730 4
90 Zr 360-390 5
127 1 580-600 9
197Au 823 3

The tandem accelerator had an unexpected tank opening at the middle of November due to a
trouble of the cotrol system in a shorted section. After 4 days long cancellation of the
scheduled-experiments, the accelerator was operated until 13th in February 1998 except year-
end holidays. The tandem booster and its helium refrigeration systems were operated 3 periods
during 2 scheduled machine time periods. At the time of holidays, the helium refrigerators were
stopped for 4 weeks to keep the safety and save the power.

The helium refrigeration systems were in operation for 70 days from June 30, 58 days from
October 27 and 26 days from January 19 in 1998. During these times, the super-conducting
booster was utilized for 36 days for 12 experimental subjects. The booster ran steadily at field
gradients between 3MV/m and 4.5MV/m.
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1.2 UTILIZATION OF TANDEM ACCELERATOR AND BOOSTER

T. YOSHIDA and S. KANDA

The utilization of the tandem accelerator facility was carried out for 183 days for various
experiments in two scheduled machine times in the 1997 fiscal year(FY). The collaboration
research system between JAERI and universities had been handed over to the division of Office
of Planning in JAERI from Research Center for Nuclear Science and Technology in University
of Tokyo from the 1997 FY. Research programs are determined by the 2 program advisory
committee, Nuclear physics and Nuclear chemistry committee and Atomic and Solid-state
physics committee once a year. The collaboration research programs for the 1997 FY were
examined at late November in 1996, and the 8 and 6 subjects were accepted by the respective
committees. These programs accounted for approximately 75% of the whole machine time.
Fifteen ion species were utilized in the 2 experimental periods as follows.

1) Time distribution in terms of projectile

1 H(2H) 7 days 63 Cu 2 days
6,7 Li 24 76 Ge 9
12,13 C 7 82 Se 7
16,18 O 2 90 Zr 6
28,30 Si 24 107 Ag 2
32,33 § 22 127 1 16
3537 Cl 8 197 Au 19
58,60 Ni 30

The experimental terms allotted in the three periods were 10 days in April 1 to April 10,
82 days in June 2 to September 4 and 91 days in October 13 to February 13 in 1998. The first
term was extended from the last term of the 1996 FY. The summary of allotted time to various
experimental subjects is as follows. The number of subjects were 5 subjects for the extended
period, 22 subjects for the 1st period and 25 subjects for the 2nd period.

Research field allotted days total number of subjects

Nuclear physics 123 36

Atomic and 39 33
Solid-state physics

Nuclear chemistry 14 3

Material research 5 4

Detector development 2 2
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1.3 STATUS OF THE SUPERCONDUCTING BOOSTER

S. TAKEUCHI, M. MATSUDA, N. ISHIZAKI, H. TAYAMA and I. OHUCHI

The superconducting booster for the JAERI tandem accelerator was running as well without
troubles as before, inthe FY of 1997. Total beam time of energy boosting for user's experiments
was 36 days, which corresponded to about 20 % of the whole beam time of the tandem
accelerator. Accelerated ions are shown in Table 1. The booster played an additional role of a
beam transport line without acceleration to the booster target room for 49 days.

Table 1. Accelerated ions in the FY of 1997

Ion Beam time(day)  Energy in/out(MeV) Field Gradient(MV/m)

SENjIIF 13+ 6 180-215 /270-290 3.0-3.7
76Ge22+ 9 195/ 635 3.8-4.0
82G¢24+ 4 195 /750 3.2-54
0712+ 5 205 /260-390 3.8-3.9
127128+ 9 205/ 580-630 3.0-4.0
197 Au25+ 3 340/ 823-900 3.3-5.6

Out-of-phase-lock still occasionally happened to several resonators. The problem was settled
mainly by re-tuning the resonator control circuits. We were, however, partly concerned with a
resonator problem such as a momentary growth of electron field emission or frequency
instability due to a helium pressure change. Another significant problem was the weak and
unstable beam intensity for very heavy ions. This problem was due to foil strippers which were
very short lived against very heavy ions. As a solution for it, we have a plan of using an ECR ion
source in the high voltage terminal to directly accelerate highly charged positive ions with high
intensity. The installation work was being carried out at the end of the FY 1997 and should be
reported elsewhere in this annual report.

The booster includes some resonators, in the first four cryo-modules, suffering from Q-
disease(resonator Q degradation due to an increase of RF surface resistance with niobium
hydride precipitation). It is effective in recovering high Q values to precool the resonators fast
over the precipitation temperature zone of130K to 90K. A three step sequential precooling was
carried out in the last FY 1996. And, the average cooling rate was increased to 28.5 K/h from
12K/h of the normal case. There was a Q recovery to 74% of the values obtained from the oft-
line resonator testing. This method was applied to the resonators in the FY 1997 also when high
acceleration voltages were required during the operation period. Figure 1 shows Q values
measured in July 1997 as well as in June 1995 and in the off-line tests done before 1993. Field
gradients measured at RF input of 4 W in July, 1997 are shown in Fig. 2. Their average, 5.4
MV/m, is satisfactorily high.
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Fig.1. Q values measured at low

Felds Fig.2. Histogram of resonator field gradients at the

RF input of 4 W (July, 1997).

The ideal method of curing the Q-disease is to extract hydrogen out of the niobium. High
temperature heat treatment in a vacuum furnace is, however, not applicable to the resonators of
which outer cans are made of niobium-clad copper. All our trials to extract hydrogen from
hydrogen polluted niobium without heating have resulted in no effect. In the FY 1997, we tried
to heat only the center conductor part, which is purely made of niobium, to about 600 C in
vacuum without heating the outer can, using a spare resonators and setting a 1.5 kW heater inside
the center conductor. The Q was recovered from 13 % to 30% for the condition of a slow
precooling(10-12K/h) over the precipitation zone. The accelerating field gradient at an rf input of
4 watts was increased from 2.7 MV/m to 4.0 MV/m. This partial outgassing method can be
effective on the resonators heavily polluted with hydrogen.

RF power amplifiers were moved from the RF control room to the sides of the cryomodules.
Forwarding RF power into every resonator was increased a lot by the tune-up from 100 watts to
150 watts done before and shortening the rf power cable done this time. As an additional benefit,
phonic noise from the amplifier's electric cooling fans vanished from the RF control room where
operators worked.

The cryogenic system and RF control stations were routinely cared and running well. The
helium compressors were overhauled. There were no serious troubles to report. A satellite
control station of the tandem accelerator developed by S. Hanashima was placed next to the
resonator control stations. It now allows us to control all accelerator components from the RF
control room.
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1.4 STUDY OF ACCELERATION
OVER THE TRANSITION VELOCITY

S. TAKEUCHI

The superconducting quarter wave resonators used in the tandem booster linac have two
acceleration gaps and can accelerate heavy ions over a wide range of incident velocity grater than
0.05¢c. The transit time factor that characterizes the acceleration efficiency for different incident
velocities crosses zero at the velocity of 0.05¢ and has a small negative peak below the
velocity(Fig.1). The negative peak implies that an acceleration can take place if the synchronous
phase is reversed. It is interesting to know whether it is possible to accelerate ions over the
zero-cross-point of the transit time factor. This work showed that it is theoretically possible.

The energy gain from a resonator is

usually given as 1
AE = q Eacc L TTF(B) cos ¢s

where q is the charge state of incident

ions, Eacc the mean field gradient in the

resonator, L the acceleration length, TTF

the transit time factor, [ the beam

velocity and ¢ the synchronous phase. ’
This formula is valid only for the case

that velocity changes in the resonator are 0.5 ! ! '
negligible. For the present case, it is ° 00 B(;/C) o1 02
quite necessary to take into account of

the wvelocity changes, because
acceleration and deceleration take place
alternatively in the alternating electric
field although the resultant velocity
change after the resonator is very small.
The calculation was carried out by solving the equation of motion using the Runge-Kutta
method. In the calculation, CI10* jons and the shape of the quarter wave resonators of bop=0.1
in the JAERI Tandem Superconducting Booster were chosen.

In Fig. 2, velocity increases/decreases from several incident velocities calculated for a field
gradient of 5 MV/m are shown as a function of synchronous phase. The transition velocities
that give no energy gain were found to move up in the negative side of synchronous phases and
to move down in the positive side. One finds phases giving small velocity increases not only
in the normal acceleration phase span between -90 and +90 but also in the normal deceleration
phase span between +90 and -90 through £180. And one can see that an acceleration over the
transition zone is possible if we take a path on velocity increasing phases as shown by arrows
in the figure. Figure 3 presents the energy growth as well as energy gains calculated for an
acceleration of C1'10* (30MeV) by 40 resonators with a field gradient of SMV/m. In the JAERI
Tandem Booster, this unusual acceleration mode is not necessary for medium heavy ions like CI
but potentially worth applying for very heavy ions like Pb or Bi of which injection velocities
are lower than 0.05¢ in the normal accelerating mode of the tandem accelerator with single stage
electron stripping at the terminal. A result of calculation for Bi3¢* is shown in Fig. 4.

0S5 |-

TTF(B)

Fig.1. Transit time factor of a Bopt = 0.1
quarter wave resonator.
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1.5 CONTROL SYSTEM FOR THE JAERI TANDEM ACCELERATOR
S.HANASHIMA

JAERI tandem accelerator facility has several bending magnets in its beam lines. They were
activated by current stabilized sources. There is a problem in such a magnet system, that the field
is not uniquely defined by the current, because there are hf\)'steresis and temperature instability of
the magnet yoke. Usually we precisely measure the field by an NMR field meter. In the present
fiscal year, we have introduced field feedback control systems to two of the bending magnets.
Figure 1 shows a configuration of the system. The magnetic field is measured by an NMR field
meter. The device controller reads the field value through a GPIB bus and uses the value to correct
the field to a target value. It controls a current power source through 18-bit DAC. The device
controller is a subsystem of the tandem control system[1,2,3] and the control system handles the
subsystem like other devices of the accelerator.

Figure 2 shows a basic concept of the
feedback control. There are two signal ry
paths controlling the current power [——
source. The one 1s an open loop contsol ||, ..
path from the target field value. The ]
target value from the upstream of the GpiB
control system is converted to an I/
approximated value of current associated
to the target field value. And it is fed
forward to the current source setting.
The other is a field feedback path, which
corrects the generated field to the target
value. The difference between the target
value and the measured value is fed to a
loop filter. The filter is an integral type
low pass filter modified to limit both
output value and a through rate. When

Up streams of the accelerator control sysytem

Device controller for the bending magnet— ]

12bi tADC
Current
1 r

PowerSupply
(Current
source)

NMR field metd
EFS-800-K/S

Fig.1:A configuration of field feedback control system

the target value is changed, contribution
from the open loop control changes
immediately. In the case of the field

Target value of
the field(Bt)

1b(Bt)

Magnetic field

measurement failures, the amount of

correction from the feedback loop is

maintained until newly measured field

value is obtained or some timeout
eriod has elapsed. This two-path

gcheme enables both rapid responseao a m

large change of the target value and

keeping lock-in condition of the NMR

signal in case of small change. The filter operation is made by a software of the device controller.

Tl%e NMR field meter measures the field in every 0.5S. But the filter calculation is made in every

3.2 mS. The stability and the accuracy of the field are very good after some settling time.

Ia

0

Measured field(Bm)

Fig.2 : A scheme of field control

In actual operation of the system, we have recognized a few points to be improved. The first point
is that a break of NMR locking in condition causes disorder of the system response in the manual
beam tuning. The second is a delay of the locking in, near the field regions where ranges of the
field meter are switched. The last is that interference appears infrequently between the field
control and a control of a slide transformer in the power source. We intend to improve the above
points and to apply the system to the other bending magnets in the accelerator system.

References
1)Hanashima S.: JAERI TANDEM & V.D.G. Annual Report 1993 pp7-8.
2)Hanashima S. et al.: Transputer/Occam Japan 5 I0S Press, 1993 pp69-81.

3)Hanashima S.: JAERI TANDEM & V.D.G. Annual Report 1996 pp9.
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1.6 INSTALLATION OF ECR ION SOURCE
INTO THE TANDEM ACCELERATOR

M. MATSUDA, S. TAKEUCHI and C. KOBAYASHI"

We have been pushing a plan to install a compact ECR ion source in the high
voltage terminal of the tandem accelerator in order to increase beam intensity,
beam energy and beam species. Since the ion source is placed in the severe
environment; 1.e. in the high pressure gas and under attack from occasional
electric discharges in the accelerator, we made conceivable preparation. We
experimentally accumulated operational data on the ion source and found
optimum operational conditions. Some less sensitive parameters can be fixed at
optimum conditions to reduce the remote-control parameters to the least and to
increase the operational safety. After high pressure tests of various devices and
the development of the injection system, the ion source was finally set in the
tandem accelerator during the regular maintenance period starting from
February.

Since the tandem accelerator 1is
tightly scheduled to supply ion beams
to the users, we have to keep damage
to the main accelerator system
minimum if some troubles occurred in
the ECR ion source or the injection
system; especially, we should avoid

fatal damage that result in opening the e XY steerer s
high pressure vessel in the period of > varidble aparture =
scheduled machine time. For this b cuzdiopole lens iR
reason, the simplest injection system — fé'adayw =f
of the ion source with a minimum eirael lens s

function was initially set, and further
improvement of the performance will —  oletron trap
be made at a next step after — foil striper S
confirming the reliability of the A timsmme monttor
injection system. With regard to the

ECR ion source, only three parameters \
were included in the operational
system, which were opening and .
closing of a gas valve, bias voltage and
RF power. Although the adjustment of
the flow of the source gas is quite K\\i
important to supply highly charged Anal. Meg. - :

and intense beams, a constant leak

source was used. This method was  Fig. 1. Terminal ion source handling
quite effective for easy handling. system

accelerator tube

LN
‘Imlllml
R LV] | 8190 LN LR V)| W

H H\ 1A i1 11
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The beam handling system of the terminal ion injector is shown in Fig.1. The
ion beams are extracted by a 30 kV(max) potential gap from the ion source,
focused by an Einzel lens, and then the mass and charge of them are roughly
selected by the 45° pre-analyzing magnet. The pre-analyzing magnet is used to
reduce the load to pre-acceleration tube, since the beams from the ion source
amount to 2mA. The horizontal beam direction is corrected by an electrostatic
steerer placed just after the analyzing magnet. After an acceleration by an 80kV
pre-acceleration tube, desired ions are selected by the 45° post-analyzing magnet.
Finally ion beams are focused by an electrostatic quadrupole triplet lens, and
injected into the main acceleration tube.

Power supplies and the control circuits of the terminal injector system are
grounded to the terminal electric potential(OkV Deck) or high voltage deck(80 and
110kV Deck). The source gas control circuit and bias power supply are mounted in
the 110kV Deck, and the 30kV power supply for extraction, Einzel lens, 45° pre-
analyzing magnet and steerer are set in 80kV Deck. All devices in the high voltage
deck are controlled in communication with the OkV Deck using the light-link
system and electric power is provided by an insulating transformer. The RF
generator, the 45° post-analyzing magnet, cooling system, 80kV high voltage
power supply for pre-acceleration and communication circuits for the control are
installed in the OkV Deck.

The installation of the ECR ion
source was carried out in the period of @®
the regular maintenance of the tandem
accelerator starting from the middle of
February in 1998. The ECR ion source,
beam line components, their control
circuits, power supplies, RF generator
and cooling systems were installed and
the data to the ACCELL (the control
system of the tandem accelerator) were

. @ T
amended. Large devices were brought 1) ECR "NANOGAN” ™
. hatch b Th ) einzel lens Q
in through the top hatch by crane. The 3) 45° pre-magnet & probe
construction work was done as x-steerer Q%

lens & pre-acc. tube

previously scheduled. The final faraday cup

configuration of the equipment is
shown in Fig.2.

ion purmp
45" magnet & probe
electric quadropole

OO

1000mm

|

acc. tube

Fig.2. Installation arrangement of
the ECR ion source
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Although all devices worked well in the beam extraction test under atmospheric
pressure, some troubles were found in the power supplies, which were due to
pressurized insulating gas and electric discharges, in the actual operation of the
tandem accelerator. Some filters were not effective against electric surges. The
power supplies were replaced or repaired twice opening the high pressure vessel.
At the end of this installation period, H" and Ar®* beams could be accelerated at a
terminal voltage of 13MV and reached to the Faraday cup after the analyzing
magnet of the tandem accelerator. In this experiment, the beams of Ar*" and N**
which were closed in magnetic rigidity were perfectly resolved at the entrance of
the acceleration tube of the tandem accelerator. This is the first successful
experiment in the world with use of an ECR ion source as a terminal ion source in
a tandem accelerator. The loading in the acceleration tube due to large emittance,
which is initially considered to be a serious problem, was solved by the insertion of
several apertures in the injector beam line.

In the next step, the troubles by the high pressure gas and electric discharges
will be studied and solved, and we will obtain much improved performance of Ar
ion acceleration from the in-terminal ECR ion source.

Reference

[1] P. Sortais et al., Proc. 12th Int. Workshop on ECR ion sources, RIKEN, 1995,
p.44.
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2.1 BETA-DECAY HALF-LIFE OF THE NEW ISOTOPE ¢7Tb

M. ASAIL S. ICHIKAWA, K. TSUKADA, M. SAKAMA!, Y. KOJIMA?,
T. HIROSE?, M. SHIBATA? A. OSA, I. NISHINAKA, Y. NAGAME,
Y. HATSUKAWA, N. SHINOHARA and K. KAWADE?

Beta-decay half-lives of neutron-rich nuclei are important in astrophysical calculations for
nuclcosyntheses through the rapid neutron capture process. Previously, we determined (3-
decay half-lives of new neutron-rich isotopes %'Sm, 1%Gd and '%*Tb [1,2], and found that
the experimental half-lives were systematically shorter than those of theoretical calculations.
Especially, the calculated half-lives for °°Tb were 4-8 times longer than the experimental
one. In the present work, a more neutron-rich nucleus '*“Tb has been identified for the first
time. The experimental half-lives of 'Tb and '%7Tb are compared with those of the recent
calculations by the gross theory with new one-particle strength function (GT2-1996) [3].

The “7Tb nuclei were produced through proton-induced fissions of 2#U. A stack of eight %**U
targets was bombarded with a 20 MeV proton beam of about 1 pA intensity. FEach target was
clectrodeposited with a thickness of about 4 mg/cm? on an aluminum-foil backing. Fission
products emitted from the targets were thermalized in Ar gas loaded with Pbl; aerosols,
then transported into an ion source of an isotope separator on-line through a capillary. The
167Th nuclei were ionized and mass-separated as monoxide ions. Details of the system are
described in Ref. [4]. The mass-separated ions of interest were collected on an aluminum-
coated Mylar tape in a tape transport system, and periodically transported to a measuring
position. The measuring position was equipped with a sandwich-type plastic scintillator, a
semi-planar n-type HPGe detector and a 35% coaxial n-type HPGe detector. Gamma-ray
singles, 3-y and -y coincidence measurements were performed.

Figure 1 shows a [-coincident y-ray spcctrum obtained at the mass 167+16 fraction. Dy
KX rays originating from the 3~ decay of '®"Tb were clearly observed. From the decay of
Dy KX and K, X-ray counts, the half-lifc of the '“Th was determined to be 19.4(27) s.

In Table 1, the experimental half-lives of 'Tb and '%"Tb are compared with theoretical
ones by the new and old calculations of the gross theory (GT2-1996, GT2-1992 [5]) and by
the proton-neutron quasiparticle random-phase approximation (pn-QRPA) [6] using threc
different input data of ()3 value and deformation. The calculated half-lives by the GT2-1992
and pn-QRPA for '%7Tb are 3-7 times longer than the experimental one, like the case for
166Th. On the other hand, the calculated half-lives by the GT2-1996 for both '"“Tb and
'S7Th were greatly improved, and showed good agreements with the experimental ones.

Department. of Chewmistry. Tokvo Metropolitan Tniversity
Departiment of Energy Engincering and Science. Nagova University
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Table 1. Comparison between measured and calculated half-lives of 1%Tb

and '%7Th.
Half-life [s] (Calc./Exp.)
66T, 67T,
Experimental 21+6 194 £2.7
GT2-1996 336 (1.60) 18.2 (0.94)
GT2-1992 114 (5.43) 82.6 (4.26)
pn-QRPA  83.7 (3.99) 67.3 (3.47)
166 (7.90) 130 (6.70)
82.8 (3.94) 63.0 (3.25)
30 ' | T I - I T '
pe?
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Fig. 1. Beta-coincident y-ray spectrum obtained at the mass-183 fraction.

References

1) M. Asai, K. Tsukada, S. Ichikawa, A. Osa, Y. Kojima, M. Shibata, H. Yamamoto, K.
Kawade, N. Shinohara, Y. Nagame, H. Iimura, Y. Hatsukawa and I. Nishinaka, J. Phys.
Soc. Jpn. 65 (1996) 1135.

2) S. Ichikawa, K. Tsukada, M. Asai, A. Osa, Y. Kojima, T. Hirose, Y. Oura, M. Shibata,
I. Nishinaka, Y. Hatsukawa, H. limura, K. Hata, Y. Nagame and K. Kawade, JAERI-
Review 97-010 (1997) 44.

3) T. Tachibana and M. Yamada, ENAM 95 (Editions Frontieres, Gif-sur-Yvette, 1995)
p. 763.
4) S. Ichikawa, M. Asai, K. Tsukada, A. Osa, T. Ikuta, N. Shinohara, H. l[imura, Y. Nagame,

Y. Hatsukawa, 1. Nishinaka, K. Kawade, H. Yamamoto, M. Shibata arnid Y. Kojima, Nucl.
Instrum. Methods A 374 (1996) 330.

5) T. Tachibana, M. Yamada and Y. Yoshida, Prog. Theor. Phys. 84 (1990) 641.

6) A. Staudt, E. Bender, K. Muto and H. V. Klapdor-Kleingrothaus, At. Data Nucl. Data
Tables 44 (1990) 79.



JAERI-Review 98-017

22 NEW NEUTRON DEFICIENT ISOTOPE 2%Ac

J. LU, H. IKEZOE!, T. IKUTA!, S. MITSUOKA®!, T. KUZUMAKI!,
Y. NAGAME!, I. NISHINAKA! K. TSUKADA!, T. OHTSUKI 2

An effort to study the most neutron deficient 2%®Ac isotope was carried out with the recoil
mass separator (RMS) at Japan Atomic Energy Research Institute (JAERI)[1]. The effective
energy of ®CI''* beam at half-target-thickness was 186 MeV which coincided with the
maximum cross section of 5n de- excitation channels according to HIVAP calculation [2].
The 307 pug/cm? thick hafnium target sputtered on a 1.5 um aluminum foil had an isotopic
composition of 64.6% 7SHf, 21.7% HI, 6.8% 178Hf, 2.2% " Hf and 4.7% '®°Hf. The typical
beam intensity was about 600 enA and the irradiation time was 47 hours.

A detail analysis of the time and position correlated series of events was performed in the
present study. Four quadruple events (evaporation residue ER-al-a2-a3) were attributed
to new activeties. Two of a2 and other two a3 escaped before it deposited its full energy
in the PSSD. Another one triple event (ER-al-a2) was also recorded as the same activity.
An « spectrum obtained in this study was shown in fig. 1. The measured half life and o-
particle energy with estimated error limits are (0.8137) s and (7183 50) keV for daughter
decay and (6.873%) s and (6742+50) keV for granddaughter decay. The values of these pairs
corresponded to the o decay of 292Fr with (0.3440.04) s and (7237+8) keV and 8 At nuclide
with (4.240.3) s and (6755+4) keV [3], respectively. The daughter and granddaughter
decays can be unambiguously assigned to 2®Fr and ' At. Based on these facts, the parent
activity is identified as the decay of *®Ac with an « energy (7894+30) keV and half life
(1113) ms. The a energy difference between the present data and that (7790430) keV ( or
7750420 keV) of a decay from J*=3% ( or 10~) isomeric level reported in [4] is obviously

out of error limits. Therefore, the activity must come from a decay of new isomeric level of
206 A ..
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Fig. 1. « energy spectrum accumulated in the *Cl + "%!""Hf reaction at 192MeV. Only
the prominent « peaks were assigned to known activities.
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Table 1. a energies and half lives of 20020728 A¢ and corresponding reported values.

Niclide Reaction  E, (keV) Ty (ms) |

E, (keV) Ty (ms) J7  Ref.

Channel Literature
206\ 51 7894450 1173
7772450 46192 1 7790430 2217 3t |4
7750420 33132 100 4]
W7 \¢ 4,50 7734x50 65132 | 7693425 27hg! 4]
208 4,50 774740 8‘>t‘;§ 7758+20 251 10- 5]
7562650  199FEN | 7572415 9513 3t 5]

‘Three tripie events were observed. The parent nuclide decayed with an energy of (7772+50)
keV and a half life of (467%2) ms. The last a-decay had an average energy of 6760 keV. The
parent decay properties are in agreement with the decay behavior from 3% isomeric level
reported i reference [4]. The last a energy is identical with the literature value (6755+4)
keV of J7-:3% isomeric level decay in 8At. These facts suggest that these triple events
would be the 3% isomeric level decay of 2% Ac with the daughter a decay undetected.

Four position and time correlated chains of ER-al-a2-a3 type were collected with one of the
third a cscaping. Other 17 events of ER-al-a2 type were sorted into the same activities as
the previous 1 events. The average « particle energies and half lives for the three members
of the serics are al (7747+40) keV and (8211F) ms; a2 (7051430) keV and (2 8138 s and
a3 (6465430) keV and (1874%) s. The reported values for ***Fr JT=10" isomeric decay are
(701345) keV and 21.0 s and for J*=7% isomeric level in **At (6414+2) keV and (47+£1)
s |3]. The daughter and granddaughter decays can be unalnblguouslv assigned to 2%4Fr of
J7 10 isomeric tevel and JT=7" 29AL isomer. Based ou the fact, the parent activity is
assiged 1o 280 According to the evidence reported in [3], that J™ =107 isomer of 200 A
mostly decays by B3 internal transition (~80% [6]) to JT=T" isomer and then it decays
by @ emission to OBE JT=7" isomer. the a decay scheme for the quadruple chain is then

deterined as *®Ac(JT=107)— L0 (Jr =10 )—uiw(’[’\t(J”:lO_E—:ﬁ)?*) ol WO (J™=7").

The experintental data for the newly found activities and other decays in *°Cl + "*17THf

reaction are summarized in table 1 together with the available reported values. The overall
producing cross section for 206 A is estimated to be ~27 nb by assuming the calculated
transmission efficiency of JAERI-RMS 7 %.
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2.3 OBSERVATION OF NEW ISOMERIC STATE IN *"Pa

S. MITSUOKA, T. IKUTA, H. IKEZOE, Y. NAGAME, K. TSUKADA,
[. NISHINAKA, J. LU ! and T. KUZUMAKI ?

We have performed Si+!9'Pt reaction to investigate long-lived isomeric states in the
N=126 isotones of actinide nuclei by a-decay spectroscopy [1]. A 25 pnA beam of 2Si'%*+
from the JAERI-tandem accelerator was used to bombard 460~630 ug/cm? thick '*Pt tar-
gets (95.54% enriched). The beam energies were chosen to be 163 MeV and 175 MeV in
order to maximize the yield of the 5n and 6n evaporation channels, respectively. Evapora-
tion residues of interest were separated from the primary beam by the JAERI recoil mass
separator (JAERI-RMS) [2]. M/Q (mass/unit charge) dispersion of the JAERI-RMS was
set to zero to provide large angular acceptance (20msr) and energy acceptance (£12%). The
definite identification of the separated recoil was achieved by the correlation analysis of its
decay events. Details of the detection system and analysis procedure were described in our
previous papers [3, 4].

We observed several a-lines of 2'Pa and ?!”Pa produced via the p5n and p4n evaporation
channels, respectively. Since the subsequent decay properties of these nuclei are very similar
until it reaches to the great-granddaughter nuclei of 2°42%5At  the definite identification of
these nuclei was achieved by the excitation functions [1]. Observed decay properties of *'¢Pa
and ?'"Pa are summarized in Table 1. We observed the previously reported a-transition with
E.=10.155(15) MeV of 2!7Pa [5, 6]. This transition has been estimated to be the decay from
the 1.86 MeV (29/2%) state of 2'"Pa to the ground state of ***Ac from systematic trends in
neighboring nuclides. We also observed the a-transition of E,=9.54(5) MeV with half-life
of I.ng:i ms. This transition is similar to that of F,=10.155(15) MeV. If the 1.86 MeV
excited state decays with £,=9.54(5) MeV, a 0.63 MeV excited state having a spin of 15/2
is expected in ?'*Ac. The corresponding leve] scheme of ?**Ac is not known. It is then
reasonable that our observed o-transition of £,=9.54(5) MeV is assigned to the decay from
another excited state in 2!"Pa.

We place a new 1.23 MeV level in the level scheme of *"Pa as shown in Fig.1 [1]. As
is pointed in Ref. [5], the (hg/2)" configuration which brings about a long-lived isomeric
state of 21/2~ is not allowed in 2'"Pa. It is then possible to assign the [(hg/2)" " f7/2]23/2-
configuration to a new 1.23 MeV isomeric state in *'"Pa. Calculated a-decay half-life with
an angular momentum of [=7 for E,=9.54(5) MeV completely supports the 23/2~ — 9/2~
transition. There exists a discrepancy of 1 A between the calculated (=9 and the momentum
transfer of 29/2% — 9/2~ transition for the a-decay of E,=10.14(5) MeV. This difference
gives rise to nearly an order of magnitude in half-life, but one must bear in mind that the
calculation dose not take account of a parity change of the transition which brings a certain
amount of additional hindrance.

v_—lon lea.w; from Institute of Modern Physics, Chinese Academy of Science, 730000 Lanzhou, China
2Department of Physics, Tohoku University, Sendai, 980 Japan

— 19 —



JAERI-Review 98-017

Table 1: Decay properties of 1Pa and ?'7Pa.

Nuclide Present [1] Calculated [7] Other [6]
Ea (MGV) Tl/g (ms) Tl/g(mS) l EQ(MCV) Tl/g(mS)
26p,  7.830(50) 15017 500 0 7.838(20)  105(12)
7.960(50)  140%30 | 200 0 7.948(10) 105(12)
7Py 8.330(50)  2.3703 9.1 0 8.330(10)  3.4( 2)
9.540(50)  1.570 1.9 7 —~ —
10.140(50)  1.7757 2.4 9 [10.155(15) 1.5(2)
E (MaV)
30
25l V2 )—— e M3m m)j:
20 =2 — 2:— @y 1.5 me
I Uz;::) = 15me
s)—
10 | —
0s |- - oy ————
0o L o 92~ 92~ w2 va-)
ﬂﬁ an mFr !IM 217Pa

Fig.1 Proposed level of !"Pa in comparison with partial level schemes of N=126 isotones.
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24 The 773 keV ng, , isomer in " °As

I. HOSSAIN', T. ISHII, A. MAKISHIMA?, M. ASAL S. ICHIKAWA, M. ITOH', M.
ISHII, P. KLEINHEINZ', and M. OGAWA'

We have measured the lifetime of 773 keV mg,,, isomer in "°As using the isomer-
scope [ 1] by taking coincidences between y rays and projectile-like fragments (PLF)
produced in deep-inelastic collisions. A 1% py target, 95.7% enriched and 4.3 mg/cm’
thick, was bombarded with a beam of 635 MeV "°Ge generated by the tandem booster
facility . The coincidences between PLF and y rays as well as between y rays were taken
by registering events on tape.

Figure 1 shows the decay curves of the 542 and 231 keV transitions. These curves
give the half-life of the isomer as

T,,(912°, 773 keV) = 0.87(6) us,
and the strength of the isomeric transition as
B(M2, 92" — 5/2°, 542 keV)=0.042(3) W_u..

x 103 L L) Ll L) l T v T 1 l L 8 v 1) T |
8 i -
6r 231 keV 7
I » J

o
O - 542 keV -

T, = 0.87(6) uS

TIME [uS]
Fig.1. Decay curves of the 542 and 231 keV y rays from the 773 keV isomer

1) Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology
2) Department of Liberal Arts and Sciences, National Defense Medical College
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The isomeric M2 transitions between the 9/2" and 5/2° states were observed earlier
in the odd As isotopes with A=69 to 77 [2]. Their B(M2) values, and the present result
for "°As, are plotted against the mass number in Fig.2(a); the excitation energies of the
312", 512" and 92" levels, which should largely be single proton character, are shown in
Fig. 2(b). The energy of the 972" state decreases towards higher masses up to A=75, and
for the same range the B(M2) values show a similar tendency. For yet heavier masses,
however, where the 9/2" energy goes up again, the M2 strengths remain small and nearly
constant.

MASS NUMBER

69 73 77 81
1 v 1 v 1 v I

0.2 |- (a) —

01| -

B(M2) [W.u]

36 ‘ 40 l 44
NEUTRON NUMBER
Fig.2. Systematic of (a) B(M2, 92" — 5/2)) values and (b) excitation energies of the
lowest 3/2', 5/2 and 9/2" states in odd As isotopes.

The B(M2) values seem to relate to the configuration of the 5/2 state as well as to
the deformation of the nuclei. The 5/2° state is the ground state in **7'As, but turns to be
an excited state in 7>"°As. This fact suggests that the 5/2” states in ”>"°As are mixtures of
the configurations of f,,(7f,,) s (Psp) e and 7fy, (Ps,)*Le; in other words, the
closure of the 7p,,, orbital, (7p,,)*, is weak in *"*As. Such a configuration mixing
could reduce the B(M2) values in >"° As.
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2.5 HIGH SPIN STATES OF '**Gd

T.HAYAKAWA, M.OSHIMA, Y.HATSUKAWA, J. KATAKURA, H.IIMURA, M.MATSUDA,
S.MITARAI', R.SHIMIZU!, T.SHIZUMA? M.SUGAWARA?® and HKUSAKARI*

High-spin states of **Gd nucleus have been investigated using the **Nd(*>C, a3n) reaction.
The target was a self-supporting **°Nd metallic foil enriched to 96.1 % with 2 mg/cm? thickness.
Gamma-rays were deteced with an array of 11 HPGe detectors with BGO Compton suppressers.
Two rotational bands of !5*Gd have been observed. The band 1 with 3/2[651] configration was
observed up to 49/2%, and the band 2 with 11/2[505] configuration was extended up to 33/2".
Fig. 1 shows the partial level scheme.

4972+
., bandl 1 SSGd
45/2+
729.0
41/2+ 4
band 2
680.0 35/2+
e 9 33/2-
670.2
626.3
\ 4 31/2+
33/2¢+ & 29/2~
601.8
y 27/2+
25/2~
522.9
y 23/2+
[ 21/2-
433.2 19/2-
i 19/2+ 1972- ¥ 449.5
o y 17/2-
& 3333 1500, 15/2- 4 381.4
 223.7 11/2+ Y _13/2-
11/2-
112.0 ::2; 3Zmsec /2 3

Fig. 1
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2.6 CONVERSION ELECTRON MEASUREMENTS IN 127Ba
H. [IMURA, S. ICHIKAWA, T. SEKINE, M. OSHIMA and M. MIYAJI!

Neutron-deficient nuclei in the A=120-130 mass region exhibit a transition from triaxial to prolate
shapes, providing a good chance of testing various nuclear models. It has also been suggested
that a number of nuclei in the neighborhood of 128Ba possess stable octupole deformations[1]. In
127Ba, high-spin level structure was studied by in-beam y-ray spectroscopic method, as
summarized in ref. 2, and several rotational bands were proposed. However, multipolarities of
transitions in this nuclei have not been established yet. In this work we measured conversion
electrons in 127Ba following the B-decay of 127La (Ty,2=5.1 m). The B-decay of 127La was
studied by Gizon also[3].

The ex;)eriment was performed by using the on-line mass separator at tandem accelerator facility.
The 127La nucleus was produced by the reaction NatMo(328,pxn)127La with 160-MeV 32S beam.
Reaction products were ionized in a surface-ionization ion source, and mass-separated
electromagnetically. Electrons and y-rays were measured simultaneously with Si(Li% and HPGe
detectors. From the measurements, 16 conversion coefficients were determined for 127Ba.

The K conversion coefficients of the 79.4-, 114.3-, 134.3-, 220.4-, 253.2-, 269.4-, 285.6- and
318.9-keV transitions were consistent with M1 and/or E2 multipolarities. Our results confirm the
multipolarities of 134.3-, 220.4- and 253.2-keV transitions reported by Cottle et al.[4], while
others have been determined for the first time. From the multipolarities of transitions, the 195.4-,
415.7- and 669.0-keV levels have been determined to have the same parities as the 81.1-keV
level. In the same way, the parities of the 269.5- and 375.1-keV levels have been assigned as
positive, and those of 159.7-, 293.9- and 579.5-keV levels as negative. Those parities are shown
in Fig. 1, in which the parities of the 0-, 56.2-, 80.3- and 81.1-keV levels and the spins of all
levels are from ref. 2. Present results are consistent with the previous band assignments of
5/2[402], 1/2[411] and 7/2[523] Nilsson orbitals[2]. It has been confirmed that the low-spin
states within each rotational band have the same parity. Thus, alternating parity structure, which is
indicator of static octupole deformation, has not been observed. Further analysis is in progress.

(11/2+) 669
o l< (13/2)- 580"
<
o |
(9/2+) 41 © |y
1% (772)+ 375 Sk
Iz S 12 11/2)-
7/2+) 195 o |-
( T o [ (9/2)- v~ |y 160
(5124) 4=y 81 gp2v |7 56 7/2- g~y 80
1/2+ woy 0 T?‘
127Ba

Fig. 1. Low-lying levels in 127Ba
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2.7 MEASUREMENT OF THE LIFETIME
OF THE AI =1 BAND IN 3*Ce

K. FURUNO! | Y. SASAKI!, T. SHIZUMA!, T. KOMATSUBARA!,
H. ISHIYAMA!, T. JUMATSU!

M. OSHIMA, T. HAYAKAWA, Y. HATSUKAWA, and M. MATSUDA

Recently, many AI = 1 bands are reported in even-even nuclei around the mass number
A ~ 190 and A ~ 130[1,2]. The remarkable features of these AI = 1 bands are that the
intensities of Al = 1 cascade transitions are stronger than those of AI = 2 cross-over tran-
sitions; dynamic moments of inertia defined by J = dI/dw are about 1/3 of those in the
ground-state band of typical deformed nuclei; the E2/M1 mixing ratios in the AJ =1 tran-
sitions are negative. The measurement of lifetime which provides the transition probability
between the band members is very useful to understand the structure of the Al =1 bands.
In nuclei with mass numbers A ~ 190, lifetimes have been measured[3], but no lifetime
measurement has been reported in A ~ 130 nuclei. The present work is aimed at the mea-
surement of lifetimes of the band members of Al = 1 band in the nucleus 3*Ce which was
assigned in our previous works[4].

Since the lifetime of the AT = 1 band is expected to be of the order of pico seconds, nuclear
reactions using the inverse kinematics is advantageous to obtain high recoil velocities. The
excited states of 1**Ce were, therefore, populated through the 'B('?"I,4n)'31Ce reaction at
a bombarding energy of 580 MeV. The 2T beam was provided by the accelerator complex
consisting of the 20UR tandem accelerator and the superconducting linear accelerator at
the Japan Atomic Energy Research Institute(JAERI). Two experiments were performed in
November 1997 and in February in 1998.

The first experiment was a test of a plunger system. The target was prepared by vacuum
evaporation of natural boron onto a thin carbon foil. A thick lead plate was used for the
stopper. This experiment, however, was not successful because of the locally large defor-
mation of the target. This could be caused by local heating due to the large energy loss
of 1?7 jons. Furthermore, a foil of boron with carbon backing was very fragile so that the
fabrication of thin targets with tight and smooth surfaces was difficult.

The second experiment was performed with a thick target to observe the line shape of y-ray
spectra. A 890 ug/cm? thick natural-boron target was prepared by vacuum evaporation
using electron bombardment. A foil of lead with the thickness of 40.7 mg/cm? was used as a
backing. Gamma rays were observed by means of 11 Ge detectors with BGO anti-Compton
shield. Two detectors were placed at every 4 angles of § = 31.7°, § = 58.3°, § = 7 — 31.7°
and § = 7 — 58.2°. Three detectors were mounted at # = 90° with respect to the beam
direction. Gamma-gamma coincidence events were accumulated event by event on magnetic
tapes. The beam currents of >’ were in the range from 0.2 to 0.7 nA in the charge state
of 28%. About 20 million two-fold coincidence events were recorded. The coincidence data
were sorted off line to form 4k x4k matrices.

! Institute of Physics and Tandem Accelerator Center, University of Tsukuba,
Tsukuba, Ibaraki 305 JAPAN
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Fig. 1 shows -7 coincidence spectra for v rays emitted from the states of Al = 1 band in
134Ce. These spectra are very tentative because the counting statistics was very low due to
low beam currents in the present experiment. The coincidence matrix assigned to 30° was
obtained by summing up each coincidence matrix sorted for the y-ray detector at 30° and
all other detectors. Similar sortings of coincidence data were made for the angles of 60°, 90°,
120° and 150°. The uppermost spectra in Fig. 1, four gated spectra obtained by placing the
gates on 196, 239, 275 and 332 keV + rays in the A7 = 1 band in the coincidence matrix

for 30° were summed up. The spectra for other angles were produced in a similar manner
as 30°.
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Fig. 1. Gamma-gamma coincidence spectra for y rays emitted from the states of Al =1 band
. 134
in *>*Ce.

The widths of all peaks in Fig. 1 are almost comparable to the energy resolution of 2 ~ 2.5
keV of the y-ray detectors. The value of 3 = v/c in the present experiment is 7 % when
recoil nuclei penetrate into the lead layer. According to the calculation of a line shape with
this value of 3 and the stopping power dE/dz of **Ce ions in lead, the line shape for a v
ray from a state with a halflife of 1 ps consists of a large stopped peak and a small tail due
to the Doppler broadening. The ratio of the heights for the stopped peak to the bump of
the tail is approximately to be 1:0.2. The more careful analysis of the coincidence data is in
progress. The present data, however, imply that the lifetimes in the band members of the
AI =1 band in ¥*Ce would be longer than 1 ps. An improved experiments with a plunger
are necessary to determine the life time more precisely.
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28 THREE-NUCLEONS CLUSTER STRUCTURE
IN LIGHT NUCLEI

AYAMAZAKT | TNARKAGAWA! Y. FUJIT', MMATSUNAGA®.
K.KUMAGAT', M.HIRAI'", T.SUEHIRO? | S.KATO?
H.ISHIYAMA* Y.SUGIYAMA and SSHAMADA

There are various nuclear models to explain experiments about nuclear structure. Cluster
model is one of them. The most famous one is the alpha cluster model, that a nucleus
consists of an inert core and alpha cluster. A great amount of experiments and calcula-
tions have been accomplished, and as a result it has been found that there exists the alpha
cluster structure not only in light nuclei but also in fp-shell nuclei 1), 2)).

For an analogy of the alpha cluster model, it could be thought a three-nucleons cluster
model consisting of an inert core plus three-nucleons cluster. There are some theoretical
and experimental studies about three-nucleons cluster structure, but the explanation for
the existence of this structure has not been achieved as such success like the alpha cluster
model until now. One of the reason of this is a lack of the information about highly excited
states of nuclei which is interested in [rom the viewpoint of three-nucleons cluster struc-
ture. From the threshold rule, the information about states in excitation energy region
which is in the vicinity of cluster separation energy or those above thresholds would be
very important for the study of three-nucleons cluster structurve.

On the other hand, it is well known that some states are very selectively excited through
multi-nucleons transfer reactions . From this property many studies ol alpha cluster struc-
ture is done through the alpha transfer reaction. Therefore, we selected the three-nucleons
transfer reactions, (°Li,t) and (°Li,*He) on (' to explore the three-nucleons cluster struc-
ture in residual nuclei, O and "N respectively.

The experiment was carried out using a 60 MeV °Li** beam from the JAERI Tandem Van
de Graff accelerator. A natural carbon self-supporting foil was used as the '*C' target. The
thickness was 120 gm/cm?. The emitted t and *1le particles were momentum-analyzed with
the JAERI magnetic spectrograph ENMA| and were detected by a single wire proportional
counter and thin plastic scintillator placed behind the counter. Some modifications for the
detection system were accomplished for a light-ion detection [3)]. hecause the ENMA had
been designed for a heavy-ion reaction study [4)]. Particle identification was made using a

AE-IE method.

'Department of Physics. Tohoku University.

*Tohokn Institute of Technology.

IDepartment. of Physics. Yamagata University.

1National Laboratory for High Energy Physics, Tanashi branch
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Fig. 1: The typical energy spectra of t from (°Li,t)
reaction (a) and of 3He from (°Li,®He) reaction (b).
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Fig. 2: The angular distributions of
the cross section for several strongly
excited analog states.

Figure 1(a) and 1(b) show typical energy spectra of t from the (°Li,t) reaction and of
3He from the (°Li,*He) reaction, respectively. The observed overall energy resolution for
the emitted particles was about 80 keV. Downarrows in Figure 1(a) and 1(b) indicate the
threshold energies for the separation of t and 3He clusters from the 2C core, respectively.
The residual nuclei from these two reactions are mirror nuclei, and analog states should be

populated strongly.

Figure 2 shows angular distributions of the cross section for several strongly excited analog
states. It is found that they are analogous each other not only in magnitude but also in
shape. One of the residual nucleus '*O is unstable, so spin-parity assignment in highly
excited energy region is not sufficient in the present. However, this analyses, spin-parity
of these states could be assigned and a possibility for the t and *He cluster structure will

be discussed.
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2.9 DIPOLE AND QUADRUPOLE CASCADES
IN THE YRAST REGION OF 143Gd

M. SUGAWARA!, H. KUSAKARIZ, Y. IGARI2, K. MYOJIN?, D. NISHIMIYAZ,

S. MITARAI?, M. OSHIMA, T. HAYAKAWA, M. KIDERA, K. FURUTAKA
and Y. HATSUKAWA

Europium and gadolinium nuclei just below the semi-magic 46Gd core are rather spherical at low
excitation energy. However, as the excitation energy and spin get higher, many different nuclear
structures are showing up along the yrast line. One of the most interesting characters is the
coexistence of dipole and quadrupole cascades in the yrast region. In fact such cascades were
found in 142143.144Ey and '44Gd recently[1,2]. The main purpose of this study is to search for

such cascades coexisting along the yrast line in 3Gd.

We made an in-beam spectroscopic study on high spin states of '*3Gd by the reaction of
11cd(35Cl,1p2n)143Gd. A 7-mg/cm? thick Cd foil, enriched in '''Cd to 96.30% was
bombarded with a 170-MeV 3Cl beam. Gamma-rays from excited states populated after the

reaction were measured by the GEMINI array[3] consisting of 11 BGO anti-Compton
spectrometers in coincidence with charged particles detected by a Si ball[4] made up of 21 detector

segments. Approximately 3.1x108 two- or higher fold yy events were collected and sorted into an

individual Ey—EY matrix tagged with the number of protons and « particles detected in the Si ball.

A relatively clean matrix for the 1pxn-channel was obtained by subtracting 2p and 1plo
contributions from the 1p matrix. We constructed the level scheme of 43Gd as shown in Fig.1

using this matrix. The spins and parities were deduced from the DCO ratios evaluated using the
spectra gated by the appropriate stretched E2 transitions at lower excitation energy.

Before this experiment, two Al=1 and one Al=2 sequences (denoted by "(A)", "(B)" and "(C)"
in Fig.1 respectively) were known up to 31/2* 35/2, 31/2" states respectively[5]. We could

extend these sequences to higher spin states as shown in Fig.1. We could identify a new y-ray of
70 keV at the bottom of the sequence "(B)" which was overlooked in ref.5. The existence of this
transition was finally confirmed by the observation of a new dipole cascade (denoted by "(D)" in
Fig.1) decaying to both "(A)" and "(B)". Also we could observe the unfavored 1, -1 members

of the coupling (vVh,,, H®(2*,4* in 144Gd) slightly above the favored I_,, members.

X

Corresponding states have been already observed in the N=79 isotone '4'Sm[5] at similar
excitation energies.

Moreover three new quadrupole cascades denoted by "(E)", "(F)" and "(G)" have been found.

1Chiba Institute of Technology
2Faculty of Education, Chiba University
3Faculty of Science, Kyushu University
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Among them the sequence "(G)" is of a peculiar character that it has only weak connections to the
other dipole and quadrupole cascades and decays mostly through an irregular sequence of E2
transitions between 500 and 800 keV. This feature resembles those of similar sequences recently
observed in neighboring nuclei[1,2]. Unfortunately we could observe too few transitions
decaying out from the sequence "(G)" to account for its population intensity.

B(M1)/B(E2) ratios have been deducéd to be 7.9(5), 44(6) and 51(17) (uN/eb)3z for the decays

from the 31/2* state in "(A)", the (31/2)" and (41/2) states in "(B)" respectively. This means that
more high spin proton particles or neutron holes are involved in the sequence "(B)" than in "(A)".
In the cascade "(D)" which is of the highest excitation energy among the dipole cascades identified
here, there were no crossover E2 transitions observed.
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Fig.1 The level scheme of 143Gd
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2.10 ENHANCED SIDE-BAND POPULATION IN COULOMB EXCITATION OF
155Gd

M. OSHIMA, T. HAYAKAWA, Y. HATSUKAWA, K. FURUTAKA,'J. KATAKURA,
M. MATSUDA, H. IIMURA, H. KUSAKARI? K. TERUI? K. MYOIJIN,? D. NISHIMIY A ;2
M. SUGAWARA?and T. SHIZUMA*

In Coulomb-excitation (COULEX) experiments with heavy ions, it is well known that the E2 excita-
tion is the dominant excitation process and the ground-state rotational band (ground band), the mem-
bers of which are connected with enhanced E2 transitions, is the most strongly excited. So far there is
no exception for this rule. In our previous paper[1], however, we reported a new phenomenon of
exceptionally strong population of the side band of **Gd in a Coulomb excitation experiment by a
heavy *Zr projectile.

The low-lying level structure of **Gd has been studied through the previous investigations[2,3]. The
ground-state is known to have a configuration of a negative-parity v3/2[521] orbit and a one-quasi-
particle positive-parity side band based on a v3/2[651] orbit has been identified with the band head at
86 keV. Since the parities of the two bands are different, the side-band members are considered to be
excited via E1 and/or E3 transitions from the ground-band members in multiple COULEX process.
EA matrix elements of intraband and interband transitions are used in evaluating the COULEX cross
section. Even when such matrix elements have not been measured, we know at least their upper
limits, i.e., the recommended upper limits (RUL) derived from the compilations of the experimental
data in the whole mass region[4]. The COULEX cross section is calculated using the computer code,
COULEX [5]. In the previous analysis{1] which took account of the RUL for E1 and E3 strength it
was difficult to explain the enhanced populations of the side band members; in order to reproduce the
measured cross section enhanced E3 strength as large as 600 Weisskopf (single particle) unit are
required, which exceeds well the RUL. In the present experiment, we investigated the excitation
process which is much dependent on the Coulomb field produced in the heavy-ion collisions by using
lighter %S and **Ni beams. From the dependence of the Coulomb-excitation cross section on the kind
of projectiles and the scattering angle, the enhancement relative to the calculation for the RUL is
roughly proportional to the electric field accomplished in the Coulomb-scattering process as shown
in Fig. 1.

This phenomenon 1s analyzed in several ways. One is based on the inclastic scattering due to the
nuclear force. And secondly, strong K-mixing among many low-lying one-quasiparticle rotational
bands may provide many excitation pass ways to the side band. The third possibility is that a transi-
tion between members of the ground and side bands might be enhanced in the strong photon field
accomplished in the COULEX process. These possibilities will be pursued in further experiments.

1) present address: Power Reactor and Nuclear Fuel Development Corporation, Tokai-mura, Ibaraki-ken.
2) Faculty of Education, Chiba University.
3) Chiba Institute of Technology.

4) Tandem Accelerator Center, Tsukuba University.
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Fig. 1. Experimental enhancement of the side-band population relative to COULEX calculation for RUL as a function

of the electric field accomplished in the Coulomb-scattering process.
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211 THE (7p; /3092 5),9/,- ISOMER DECAY IN "'Cu

T. ISHII, M. ASAI I. HOSSAIN', P. KLEINHEINZ!, M. OGAWA' A. MAKISHIMA?, S.
ICHIKAWA, M. ITOH? M. ISHII and J. BLOMQVIST®

We have found an isomer in "*Cu by deep-inelastic collisions of 8 MeV /nucleon "®Ge
projectiles with '%Pt, using a new instrument isomer-scope [1]. The isomer decays with
Tij2 = 0.25(3) ps through a v-ray cascade of 133-495-939-1189 keV to the ground state.
A y7-coincidence sum spectrum for the four intense transitions is displayed in Fig. 1 and
the decay scheme of this isomer is shown in Fig. 2. The spin sequence in "*Cu radically
differs from the isomer in other three-particle nuclei with the j2;’ configuration; e.g., the
(ﬁg§/2ud5/2)21/2+ isomer in **Mo has 6.8h halflife and decays through E4 — E2 — E2 to the
vds/, ground state. The isomerism of these aligned three-particle states is well known to
be caused by the strongly attractive mv two-body residual interaction for the maximum-
spin coupling, whereas the couplings with spins one or two units less have significantly
smaller attraction. To elucidate the unusual isomer cascade of ™ Cu, its energy spectrum
was calculated from the shell model in the minimum model space ugg/zwpgn. The two-
nucleon residual interactions are taken from the experimental energy levels in °Ni and
Cu shown in Fig. 3(a). These nine level energies fully specify the model space for our
calculation. The energy levels calculated for ! Cu are illustrated and compared to experiment
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in Fig. 3(b). The agreement of calculation and experiment is excellent. Most significantly,
theory correctly predicts the regular increase of spin with excitation similar as in the ONi
neighbour. This agreement clearly indicates that the configurations of the five 'Cu yrast
states must be quite pure in terms of the vg3/,7ps/2 model space. The unusual monotonic
spin sequence of "*Cu is not in a simple manner related to a specific cause. However, it is
clear that two input-quantities are of significance, namely the spacing of the two highest
levels in the j% spectrum, and the attraction in the jj; _ coupling, which is much larger in
0(Cy than in heavier nuclei and contributes to push the (72j')Imax and -Imax—2 states apart.
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Fig. 3. (a) Interaction energies used in the shell model calculation for "1Cu. (b) Experimental
Jevels of 7'Cu compared to calculated values normalized at the ground state. The calculated ground
state energy is —133(480) keV. Mean deviation for the four level spacings is 76 keV.
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2.12 A NEW POSITION-SENSITIVE SCINTILLATION DETECTOR FOR
COULOMB EXCITATION EXPERIMENT

M. OSHIMA, T. HAYAKAWA, Y. HATSUKAWA, K. FURUTAKA,' J. KATAKURA,
M. MATSUDA, H. IIMURA, H. KUSAKARI,? K. TERUL? K. MYOIJIN,? D. NISHIMIY A 2
M. SUGAWARA? and T. SHIZUMA*

Coulomb cxcitation is a powerful method for the investigation of nuclear collective motion. By using
heavy-ion bcams, multiple excitation process becomes important and high-spin states can be excited.
Heavy-ion bcams like 2°®Pb can easily excite statcs higher than 20*. For these cases the y-ray encrgies
need to be corrected for Doppler shift, because they are emitted from a recoiled nucleus with high
velocity. The particle-y angular correlation information for wide particle angular ranges is often valu-
able to extract clectromagnetic properties of excited states. A position-sensitive particle detector for
this purpose should afford high counting rate at forward angles and good angular resolution. Another
important requirement is that it should sustain high dose of particle injection; widely-used position-
sensitive Si detectors is not suited in this respect, because radiation damage due to heavy 1ons, say
390-MeV °°Zr beam particle, causes the lifetime of Si detectors as short as 12-24 hours in a condition
of 10*/sec counting rate. Thus we developed a new device utilizing a plastic scintillator and position-

sensitive photomultiplier.

beam

We used a BC418(PILOT-U)[1]

plastic scintillator with a thickness

of 2mm coupled with the
Hamamatsu R5900 photomultiplier
[2] with a sensitive area of 20mm X PMT
20mm. The latter consists of an ar-
ray of photomultipliers and four

electrodes in each x and y direc-

tions behind it. The information of PMT

four outputs in x and y direction is 1106
converted to linear positions. To internal space
detect both projectile and recoil llf:::l

nucleus four detectors are arranged
V to Faraday Cup

at forward and backward angles. : o .
Fig. 1. A setup of Coulomb-excitation experiment.

1) present address: Power Reactor and Nuclear Fuel Development Corporation, Tokai-mura, Ibaraki-ken.
2) Faculty of Education, Chiba University.
3) Chiba Institute of Technology.

4) Tandem Accelerator Center, Tsukuba University.
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Fig. 2 A positional spectrum measured with **Cf fission source.

Figure 1 shows the whole setup. Since the target chamber needs to be fitted in the internal space of the
y-ray detector array[3], GEMINI, the diameter needs to be smaller than 110mm¢. To obtain positional
resolution of the detector system we put a mask with 2mm¢ holes in Smm intervals in front of the
scintillator, and measured particles emitted from a 2*Cf fission source. The supply voltage was 900 V.
The obtained two-dimensional position spectrum is shown in Fig. 2. The positional resolution is de-
rived to be 1.8mm FWHM: a sufficiently good positional resolution for Coulomb excitation experi-
ments has been achieved. The largest advantage of the present detector is that the plastic scintillator

can sustain the radiation damage much better than usual solid state Si detectors do.
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2.13 IMPROVEMENT OF OVERALL EFFICIENCY OF THE GAS-JET COUPLED
JAERI-ISOL SYSTEM AND SEARCH FOR NEW NEUTRON DEFICIENT
AMERICIUM ISOTOPES

M. SAKAMA', K. TSUKADA, M. ASAL S. ICHIKAWA, Y. OURA', Y. NAGAME,
I. NISHINAKA, H. NAKAHARA', Y. KOJIMA?, A. OSA, M. SHIBATA’ and K. KAWADE®

To investigate nuclear properties of unknown neutron deficient actinide isotopes produced by
heavy ion fusion reactions, we have developed the Gas-jet coupled JAERI-ISOL system [1].
The overall efficiencies for the separation of '*"Sm produced in the "*'Pr(°Li, 4n) reaction and
27 Am in *U(°Li, 4n) were determined to be 0.14% and <0.1%, respectively. The half-life of
new americium isotope “*Am produced via the **U(°Li, 5n) reaction with the cross section of
about 70 u b was determined with this system [2].

Since production cross sections of further neutron deficient and unknown actinide isotopes are
expected to be less than 10 ¢ b, it is needed to improve the transport efficiency which depends
considerably on the gas-jet apparatus coupled with the ion-source of ISOL. In order to examine
the transport efficiency in the He gas-jet apparatus, the following aerosol cluster materials
which catch reaction products are used : KCI, PbCl, and Pbl, [3].

Fig. 1 shows the transport efficiencies of the gas-jet apparatus for the separation of '“"Sm
produced via the "'Pr(°Li, 4n) reaction as functions of the sublimation temperature of the
aerosol clusters, Pbl, and KCl, and the flow rate of the He gas. The overall efficiencies
including the ionization of Sm' are shown in Fig. 2. Although the transport efficiency was
about 1.5 times increased by using the Pbl, aerosol cluster, it should be noted that the overall
efficiency with the Pbl, cluster becomes about 30 times larger than that for the case with KCL
For the explanation of the above results, it is convenient to use a ratio of the overall efficiency
£ overan 10 the transport efficiency € yupors R= € overalf € wanspon- 1DE ratio is 1/6 for the Pbl,
aerosol cluster, while 1/100 for KCl. This indicates that the large positive-potassium-ion
density would have suppressed the ionization of an atom of interest in the thermal ion-source,
because the ionization efficiency of potassium is about 10° times higher than that of lead, in
accordance with the Langmuir equation.

The overall efficiency for the separation of *’Am produced in the **U(°Li, 4n) reaction was
found to be 0.21-0.26% when PbCl, and Pbl, are used as cluster materials, as summarized in
Table 1 ; the efficiency is improved about 8 times larger than that for the previous system with
KCl.

Using the PbCl, aerosol cluster, we have carried out the experiments for the direct

' Department of Chemistry, Tokyo Metropolitan University
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identification of the isotope **Am produced by the **U(°Li, 6n) reaction. Pu K, x-ray
associated with the EC decay of 2*Am were observed in the mass-235 fraction. As preliminary
results, the half-life was determined to be 7.2%2.6 min, and the production cross section with

50-57 MeV was evaluated to be about 6.6 ub.
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Table 1. Overall efficiencies for the separation of *’Am.

Aeroso! cluster Overall efficiency (%) Temperature (°C) He gas (L/min)
Pbl, 0.260.04 390 1.0
PbCl, 0.21£0.03 470 0.9
KCl 0.03 650 0.8
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3. Nuclear Reactions



This is a blank page.




JAERI-Review 98-017

3.1 STUDY OF PROTON-INDUCED BREAKUP REACTIONS
ON "2C FOR ENERGIES UP TO 30 MeV

M. HARADA' Y. WATANABE', S. YOSHIOKA', K. SATO', N. KOORFT’,
S. CHIBA, T. FUKAHORI, O. IWAMOTO, and S. MEIGO

Neutron and proton nuclear data for '*C are required in various applications, such as advanced
cancer therapy using high-energy proton and neutron beams. Recently, some of the authors have
evaluated the neutron nuclear data of "“C [1]. In the work, the calculation showed that «
particle emission occurs mainly via sequential and simultaneous breakup processes of
intermediate excited nuclei, such as *C’ and °Be’, around 20 MeV of the incident neutron
energy. However, there is no available experimental data of energy spectra of emitted nucleons
and « particles not only in neutron-induced reactions but also in proton-induced reactions in
the energy region of interest, which will be necessary for detailed analyses of the breakup
processes. In the present work, we have measured the double-differential cross sections of
protons and « particles emitted in the p+"*C reaction at an incident energy of 26 MeV [2], in
order to investigate nucleon-induced breakup reactions on "*C for energies up to 30 MeV.

The experiment was carried out using a 26-MeV proton beam from the JAERI Tandem
accelerator. The experimental procedure was same as described in Refs. [2,3]. The target used
was a natural carbon foils of 100/« g/cm’ thickness. A stacked A E-E silicon counter telescope
with an active collimator made of an NE102A plastic scintillator was employed. Energy spectra
of protons and « -particles were measured at angles from 20° to 150° in step of 10°

The experimental results are shown together with the calculated spectra in Fig. 1. The observed
continuous components of protons and « -particles were analyzed by assuming sequential decay
of intermediate reaction products and simultaneous 3-body breakup (3BSB) process as shown in
Table I. A Monte Carlo code [1,2] was used to calculate the energy spectra of protons and « -
particles emitted via these many-body breakup processes. The result indicates that the 3BSB
process becomes predominant with increasing emission energy, while the sequential decay
process mainly contributes to the lower emission energy region. Some discrepancies between
the measured and calculated spectra are due to no inclusion of the (p,np) reaction for proton
emission and the (p, « ’B",y.v reaction for « -particle emission in the calculation. More
detailed analyses are now in progress together with our other experimental data for 14 and 18
MeV [2].
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Table I : Reaction processes considered in the present analysis

1,p+"C — p’ + "C* (0", ex.=7.65MeV) 5,p+"C — p’ +"C* (I, ex.=10.8MeV)
2,p+"C — p +"C*(3, ex.=9.64MeV) 6,p+"C — p +"C*(2,ex.=11.8MeV)
— o+ *Beg, 7,p+"2C — p +"C*(1',ex.=12.7MeV)
- o+ 8, p+"C — p +"C* (4, ex.=14.1MeV)
3,p+"”C = a+°B,, 9,p+"C — p +"C*(I',ex.=15.1MeV)
— p+"Beg, 10, p+ *C — p’ + "C* (2%, ex.=16.1MeV)
— o+ — o+ *Be* (2, ex.=2.94MeV)
4,p+"C — o+°B*(5/2, ex.=2.36MeV) - o+o
— o+ °Li - 11,p+"C — p+o+"Be* (2, ex.=2.94MeV)
> p+Q — o+ o [3BSB]
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3.2 PAIR-NEUTRON TRANSFER REACTIONS IN THE NICKEL REGION
AROUND THE COULOMB BARRIER

Y.SUGIYAMA, SHAMADA, TIKUTA and A.YAMAZAKI'

It was pointed out that the nuclear Josephson effect could be observed in pair-transfer reactions
between superfluid nuclei near the Coulomb barrier, since the probability of pair-transfer could
be enhanced by the coherent nature of the nuclear states in both nuclei {1] . Recently elastic two-
neutron transfer reactions were measured for the 58Ni+60Ni and 62Ni+64Ni systems at energies
above the Coulomb barrier [2] . The pair-transfer cross section was observed to increase as the
number of valence neutron. The 62Ni+64Ni system had the large pair -transfer cross section
comparable to the one predicted for the the gs. BCS wave function. We suggested a possible
existence of the nuclear Josephson effect in the 62Ni+64Ni system.

In order to get more insight into the nuclear Josephson effect, we measured pair-neutron transfer
cross sections leading to the ground state for the °8Ni+98Ni and 4Ni+64Ni sytems at
E.,=110MeV and the 58Ni+64Ni system at E_=118.8MeV by using the JAERI tandem accel-
erator and the heavy-ion magnetic spectrogra;;ﬁl "ENMA” [3] . Angular distributions of

64Ni (64N,54Nigs) 64Nig& and 64Ni (64N,52Ni_ ) %6Ni_ at E_ =110MeV are shown in Fig1.
Elastic scattering was analyzed by the couplecf-éhannefs calculation including the first 2% and 3°
states of target and projectile nuclei. We obtained the optical potential parameter by fitting the
data. The solid line in the figure is the result.

The two-neutron transfer amplitude was calculated by using the macroscopic pair-transfer form
factor of F (r) = (ﬁpR/ 3A) (dU/dr) , where Bp was the pair-deformation parameter which
measured the collective strength of the pair modes [4] . R,A and U are the nuclear radius, mass
number and the optical potential, respectively. For the case of superfluid systems, a large pair-
transfer cross section is predicted by the BCS approximation in which the pair-deformation
parameter Py is expressed as fp=2A / G, where A and G are the gap parameter and the pairing
strength,respectively [5] . For the Nit+Ni system the pair-deformation parameter is estimated as
Bp~9.5 with the approximated values of A=12/ AI/ 2 MeV) and G=20/A (MeV) . The calcu-
lated results are shown by solid lines in Fig.1. The values are averaged over the solid angle. The
data of the 64Ni+64Ni system are reproduced well with a pair-deformation parameter of Bp=9.2
which is a little larger than the one of 62Ni+64Ni. Therefore the 64Ni+64Ni system is seen to
have the large pair-neutron transfer cross section comparable to the one predicted for the the g:s.
BCS wave function.This result can suggest a possible existence of the nuclear Josephson effect not
only in the 62Ni+64Ni but also in the 64Ni+64Ni systems .
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3.3 SINGLE PARTICLE EXCITATION ON A HALO INTRUDING
IN S-HOLE DOORWAY BASED ON o CLUSTER DIMER BAND OF ''B

S. Hamada, Y. Sugiyama, T. Ikuta and tA. Yamasaki

Recent interests on Borromean [1] nuclei are based on the two significant nature of light p-sd
shell nuclei. One is the loosely bound neutron orbits characterized as halo like matter density,
and the second is a large component of two center cluster configuration known as molecular
structure. W. von Qertzen has pointed out the existence of a-cluster dimer chains appearing
systematically on the molecular bands mostly above the alpha particle thresholds of neutron
rich nuclei ranging from ?Be via °Be/1°B and 'Be/!'B upto '?Be, *B and '*C [2]. Y. Kanada-
En’yo and H. Horiuchi are succeeding to exhibit the clustering aspects of two center molecular
dynamics combined to the outskirts of neutron halo skins in the systematic of N > 7 toward
neutron rich isotopes [3]. Among these scenario, by which the theoretical predictions are suc-
cesfully derived, but the experimental evidences for dimer structures are not so clear, except
the trivial case of 8Be and %Be [4]. In order to investigate the possibility of the dimer-chain
structure in light nuclei, we have done revival experiments of (®’Li, a) transfer reaction of

Ogloblin [5].

We have investigated these significances of clustering aspects of '"'?B nuclei, by way of deuteron
and triton transfer reaction with ®7Li incident beam of E;;;=60 MeV on °Be nucleus. The
reaction ejectile was momentum analysed by QDD type spectrograph ENMA with resolution
as well as 50 keV for discrete bound states. For °Be(°Li, a)!'B reaction, more than 20 eigen
states appear in excitation reagion g.s.< E.; < 20 MeV. For ("Li, @), 30 eigen states were also
obtained in g.s. < E.; < 16 MeV. We show here a typical spectrum of (°Li, «) reaction of
continium reagion 14 < E., < 18 MeV, in which two significant peaks of upper band (Ts),
E.. = 16.44 and 17.43 MeV are clearly populated. In contrast, the eigen states in the lower
band (T) does not show a prominent peak, Ec; = 11.61 and 13.16 MeV, unlike as expected
in this excitation selectivity. Although an important relevance of excited states F.,=16.44
and 17.43 MeV are attributed to the theoretical implications of cluster configuration symmetry
SU(3)[443] and SU(3)[4421] (6], present data shows a preference of much more single particle
configuration caused by the s-wave halo analog of 3.96 MeV of ''Be based on n + '°Be*(3.37),
intruding to inner shell which invokes sequencial spin flip transition seen in °Be(®He, p)''B
reaction [7). '
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Fig.1. (Left) Predicative indication of large moment-of-inertia band common for °Be, '°Be/!°B
and "'B [2]. Fig.2. (Right) A typical spectrum of ®Be(°Li, @)''B reaction in higher excited
continium region.
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3.4 OBSERVATION OF A NEW SPONTANEOUS FISSION DECAY
IN THE REACTION 3Ysi + 238y

H. IKEZOE. T. IKUTA, S. MITSUOKA, Y. NAGAME, 1. NISHINAKA, Y. TSUKADA,
T. OHTSUKI!, T. KUZUMAKI! and J. LU?2

The spontaneous tission half-lives of heavy even-even nuclei decrease with increasing the atomic
number Z up to 104. Recently, the heavy seaborgium isotopes 2(’5*2(’(’Sg have been synthesized
in the heavy-ion fusion reactions at Dubna [1] and GSI [2]. These isotopes mainly decay by
emitting a-particles. This fact indicates that the nuclear stability against fission caused by nuclear
shell structure increases significantly near the neutron number 162. In order to study the decay
property of the elements heavier than Z = 104, an effort was made to synthesize a new
seaborgium tsotope 264Sg in the reaction *VSi + 233U,

Beams of *Si were used to bombard a " UF, target whose thickness was 580ug/cm?.

The target was mounted on a wheel which was rotated with 2 cycles per second. The reaction
products recoiling trom the target toil were separated in-flight from the primary beam and by-
products of various background reactions by the recoil mass separator (JEARI-RMS) [3]. The
bombarding energy of 157.6 MeV which was about 1 MeV lower than the Bass fusion barrier
was chosen to correspond to the maximum of 4n deexcitation channel. The beam intensity was
about 100 pnA and the total dose was 2.64 x 107 particles.

The details of the detection method are shown elsewhere [4]. The a-decays from the heavy
fusion residues were not observed in the present experiment, while six spontaneous fission
decays correlated with implanted heavy reaction products were observed within the correlation
time of 400 s Among these spontaneous fission events, two events were attributed to the fission
of the 2(’4Sg-like recoils, because the observed recoil energy and mass number were consistent
with those of the 2(’4Sg-like recoils. The half-life and the production cross section of the two

spontaneous fission events were 54 (+98, -21) s and 180 (+240, -120) pb, respectively.

The nucler 27 Sg may be considered as a parent nucleus of the observed spontaneous fission
decays in addition to the nucleus 2(’4Sg, because these nuclei can be produced with the same
order of magnitude of the cross section. The nucleus 263 Sg whose half-life is 0.8 s decays into

239Rf by a-decay with the branching ratio of 30 % and also decays by spontaneous fission with

lLaboranry ot Nuclear Science, Tohoku University, Mikamine, Tathaku-ku, Sendai 982
2Institute of Modern Physics, Chinese Academy ot Sciences, 730000 Lanzhou, China
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the branching ratio of 70 % [5]. In addition, the 3-decay of 263 Sg is theoretically predicted with
the half-lite of 17.5 s [6]. The daughter nucleus 263ph whose half-life is 27 s decays by a-
particle enussion (43 %) and spontaneous fission (57 %) [5].

The obtained half-lite is close to the tission halt-life of 2(’65g [2] and the one order of magnitude
larger than the calculated spontaneous fission half-life 2.3 s [7] for 264Sg.
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35 MA%S8 YIELD DISTRIBUTIONS IN PROTON-INDUCED FISSION
OF **Cm

Y. NAGAME, Z. QIN', K. TSUKADA, N. SHINOHARA, Y.L. ZHAO?,
Y. HATSUKAWA, I. NISHINAKA,'S. ICHIKAWA and K. HATA

Gross features of mass yield distributions in the proton-induced fission were systematically
studied on the light and medium actinides (Th, U, Np, Pu and Am). The effects of atomic
number Z, neutron number N and excitation energy of a fissioning nucleus on the mass
yield distributions were discussed in terms of mean mass numbers of the light and heavy
asymmetric mass yield peaks, a width of the heavier asymmetric peak and a peak-to-valley
ratio [1]. To extend the systematic trend of mass yield distribution in low energy fission
of actinides as functions of Z and N of a fissioning nucleus, we have measured mass yield

distributions in the proton-induced fission of 2*8Cm with the inicident proton energy range
of 10.5 - 20.0 MeV by a radiochemical technique.

The 28Cm target was prepared with electrodeposition onto a 5.4 mg/cm? thick aluminum
foil. The target thickness estimated by a-ray spectrometry was about 50 ug/cm?. Proton
bombardments were carried out at the tandem accelerator. Formation cross sections of

each nuclide were determined by v-ray spectrometry and mass yield distributions were
constructed from the observed cross sections.

Figure 1 shows the typical mass yield distribution for the proton energy of 20.0 MeV. The
solid circles indicate the observed chain yields, while the open ones show the so-called ”"mirror
points”. The distribution is typically asymmetric and no clear fission products are observed
in the symmetry region at the fragment mass number A~122. The weighted mean mass
numbers of the light and heavy asymmetric peaks, A; and Ay, respectively, are depicted in
Fig. 2(a) and the width (FWHM: full width at half maximum) of the heavier asymmetric
peak is plotted in Fig. 2(b) as a function of excitation energy of the system. The data at

Ex=0 taken from the spontaneous fission of *3Cm [2] are almost the same as those in the
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Fig. 1. Typical mass yield distribution for the proton-induced fission of ?**Cm in the
incident {)roton energy of 20.0 MeV. Solid circles indicate the observed chain yields and
open circles are their reflected points.
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present work. As shown in Fig. 2, these values are independent of the excitation energy
studied: A;=105+2, Ag= 13942 and FWHM=16.4+1.2. It was also found that the present
AL and A values are located in the extended lines of the systematic trends in Ref. (1); An

stays around the fragment mass number A=137, while A, increases monotonously with the
fissioning mass nurn%er Ac. The width of the asymmetric peak had a maximum at around
Ac=236 and a small minimun at Ag ~240 [3].
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Fig. 2. (a) Weighted mean mass numbers of the light (open circles) and heavy (solid circles)
asymmetric peaks and (b) FWHM of the heavy asymmetric mass yield as a function of the
excitation energy. The data at Ex=0 are taken from [2].
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36 INCIDENT ENERGY DEPENDENCE OF THE RELATIVE
INTENSITIES OF TWO DIFFERENT SCISSION
CONFIGURATIONS IN ACTINIDES FISSION

Y.L. ZHAO!, L. NISHINAKA, Y. NAGAME, K. TSUKADA, S.ICHIKAWA, S.
MITSUOKA, H. IKEZOE, Y. OURA!, K. SUEKI', H. NAKAHARA!, M. TANIKAWA?,
T. OHTSUKD, S. GOTO* H. KUDO®, and K. TAKAMIYA®

The fact that the yield at the symmetry of a mass yield curve increases more rapidly than
those at the asymmetric peak as increasing the excitation energy of the fissioning nuclide
has been studied in detail by many investigators{1], and, at the early stage of fission studies,
it led to the so-called “two-mode” hypothesis[2]. Only recently, however, it is found that
two distinctly different kinetic-energy distributions exist even for the same mass division
observed not only in spontaneous fission of heavy actinides and transactinides but also in
low-energy fission of light actinides[3]. The latter observation indicates the presence of two
type of scission configurations, compact and elongated ones, for some region of fragment
mass division. However, there still exists no report on the existence of any correlation be-
tween them. In this work, efforts have been concentrated on the accurate measurements of
the mass-yield and TKE-yield distributions for each mass split in low energy proton-induced
fission of actinides in order to clarify the correlation between the saddle and scission states.

The proton beams were supplied from the JAERI tandem accelerator. The proton energies
were from 11 to 16 MeV, and the targets were 232Th and 2*3U. The measurements were per-
formed with a double velocity TOF spectrometer in the TOSCA (Time Of flight Scattering
Chamber for Actinide fission) apparatus. The experimental method is similar to the one
described in ref. [3]. The radiochemical works were completed in previous experiments by
Kudo et al. (see ref. [1)).

From the measured velocity of each fragment, the mass and the total kinetic energy (TKE)
of the fragment were determined. In the fragment mass region from A=124 to 134, the bi-
nary structures of the TKE-distribution for a certain fragment mass were observed. It was
then decomposed into two components, high-TKE distribution and low-TKE distribution,

via a two-Gaussian function analysis as described in ref. [3]. From each distribution, the
intensity for each TKE-component was obtained.

As well kown, the TKE values are mostly determined at the last stage of fission process, i.e.,
the scission configurations{4]. Therefore, the quantity of TKE directly reflects the property
at the scission state of the fissioning nucleus. On the other hand, the fission probabilities
(namely the fission yields) are determined in the first stage of the fission process, i.e., the
evolution from the ground-state (in the induced case from the excited-state) of the fissioning
nucleus to the saddle state{5]. In other words, as the nucleus deforms upto the saddle state
the fission probability is already determined even though some kinds of fluctuation forces
which emerge in the further descent from saddle to scission will affect finer details of mass
and TKE distributions. However, from our previous work, it has been demonstrated that
the shapes of the asymmetric and symmetric mass yield curves are essentially not varied
by the incident energy. Accordingly, the fragment mass yield directly reflects the proper-
tles of saddle configurations. In figs. 1, the intensity ratios of the yield of the hig%— KE

component to that of the low-TKE component (open circles) are plotted as a function of
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incident proton energy. The ratios of peak to valley of the fragment mass yield curves (open
triangles for the data obtained by radiochemical method and the solid triangles for those by
TOF telescope) are together plotted. Fig. 1(a) is for p+2*Th and Fig. 1(b) is for p+#*U
fission. The results indicate that the high-TKE to low-TKE intensity ratio has the similar
energy dependence with the peak-to—val%ey ratio of the fragment mass yield curve. Namely,
high-TKE fission events experience a lower fission threshold at saddle and are correlated
with asymmetric mass division whereas the low-TKE fission experience a higher threshold
energy and correlated with the symmetric mass division. From this definite correlation, a
conclusion can be drawn now that there are at least two independent deformation paths
between saddle and scission states in fission process of light actinides at low energy.
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Fig. 1. The energy dependence of the intensity ratios for the TKEp;gn-/ TKEi,,-components,
and the peak/valley ratios for the fragment mass yield distributions. The p/v ratios of the
open triangles obtained by radiochemical method and the solid triangles by the TOF tele-
scope, respectively. Figs. 1(a) is for p+2*2Th and (b) for p+%*U fission.
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3.7 CORRELATION BETWEEN MASS DIVISION MODES
AND NEUTRON MULTIPLICITY IN 12 MeV
PROTON INDUCED FISSION OF 2¥2Th

I. NISHINAKA, Y.L. ZHAO !, Y. NAGAME, K. TSUKADA, S. ICHIKAWA,
H. IKEZOE, Y. OURA !, K. SUEKI !, H. NAKAHARA !, M. TANIKAWA 2,
K. TAKAMIYA 3, and K. NAKANISHI

The average number of ncutrons 7 emitted from fission fragments is closely related to the
average excitation energies of fragments scince excitation energies are released by the neu-
tron and y-ray emission. 7(A) has been investigated by indirect or direct measurement to
know how the total excitation energy is shared by the two fragments in the mass division
process. The sawtooth behavior of 7(A) in low-energy fission of actinides is expected to be
related to the fragment shell effects at A ~ 130 (Z = 50, N = 82).

The aim of this work is to investigate how the fragment shell effects at A ~ 130 relate
to the mass division modes in the 12 MeV proton induced fission of 232Th, by measuring
7(m*) coincident with fragment mass and Ei. The parts of experimental data of kinetic
energy Ej and primary fragment mass have been published in the previous reports [1, 2],
in which the correlations between the threshold energy, the total kinetic energy and the
mass division mode was confirmed experimentally. In order to decompose the fission pro-
cess into two modes from mass and kinetic energy distributions, we accurately obtained
the velocities of the complementary fission fragment and kinetic energy of one fragment by
time-of-flight and energy measurements. The number of prompt neutrons of fragment was
determined indirectly from the difference of the primary and secondary fragment masses.

The mass division modes were decomposed into high- £} asymmetric Y,(m*, F}) and low-Ej
symmetric ones Y;(m*, Ej) by fitting Ej, distributions Yr(m*, E;) to two gaussians in the
mass region of A= 98-107 and 127-135 as shown in fig. 1. The dotted- and dashed-lines
correspond to asymmetric and symmetric modes, respectively. The neutron multiplicities
were also decomposed clearly into the asymmetric and symmetric modes by fitting the
v(m*, E;) curves as a function of Fj to two linear functions corresponding to two modes
as follows:

* YII Tn'*aE _ * }/3 m*, E‘
v(m®, By) = Va(m”, Ek)W((n{IE’,% +7,(m ,Ek)yT((m—*ELk)),
ov

l7,~(m*, Ek) =

sp B+ Ta(m) - (i=a,)

where the subscripts a and s refer to the asymmetric and symmetric modes, respectively.

52;,- (m*) and Uy(m*) are parameters of the fitting by two linear functions. The parameter

of %S was fixed as 2.02 x 1072 for m* = 116 — 117. The calculated and experimen-
tal 7(m*, E)) values arc shown by thick solid lines and solid circles, respectively, in fig.1.
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Thick dotted- and dashed-lines indicate decomposition of 7(m*, E) into the asymmetric
and symmetric modes.

Figure 2 shows the mass yield curves and the average neutron multiplicities s as a func-
tion of the primary fragment mass. The dotted- and dashed-lines indicate the mass yield
curves of the asymmetric and symmetric modes, respectively. 7,(m*) for the asymmetric
mode (solid circles) shows an increase from lighter to heavier masses in both the light- and
heavy-fragment groups. The small values of 7,(m*) in the region of A=128-134 (Z ~ 50
and N o~ 82) are seemed to be similar to those of the low-excitation fission of actinides.
While, 7,(m*) for the symmetric mode (open circles) increases monotonically with mass
and no dip appears around mass number A =~ 130. The excitation energy of the fragments
around A ~ 130 in the asymmetric mode is expected to be 20 MeV smaller than that in
the symmetric mode, estimated from the defference between 7,(m*) and 7s(m").

A dip of the non-decomposed 7(m*) (thick solid line) at A ~ 130 can be interpreted as a
result of the contribution of the symmetric mode. The shell effects still remains strongly
in the asymmetric mode in the fission even at medium excitation energy.

References

1) Y. Nagame et al., Phys. Lett. B387, (1996) 26.
2) Y. Nagame et al., Radiochim. Acta 78, (1997) 3.

4t 6
>
3 3t 2
= el
o 2t Py 1104
c
5o 2 4t &
° S~
“t S 1> £
% 3k % g
5 o s 2 °
> g 110
g 8
0
“f >
© 0 + . !
3 = 80 100 120 140 160
E 2r % Mass number
't é
0 . . —
af . Figure 2. Mass yield curves and ¥s as a func-
[ . .
3 %2 tion of the primary fragment mass.
o 2 F
I> S
't 3
[} . — . . .
of . Figure 1. 7(E}) (solid circles) as a function of
3 e N i = F. and Fj distributions (thin solid lines) for
ST N e 1 ¢ A =98-107 and 127 - 135. The thick solid
't ~> 1 e 1 8 line shows the calculated 7(Ey). The dotted-
0 = ,/\\\ ° k

“o 160 180 20 M0 160 180 200 and dashed-lines correspond to the asymmet-
M M . . .
& e & () ric and symmetric modes, respectively.

— 54 —_—



JAERI-Review 98-017

38 THE FRAGMENT EXCITAION ENERGY
IN THE PROTON-INDUCED FISSION OF **U

K. NAKANISHI', K. TAKAMIYA', T. SAITO’, A. YOKOYAMA', H. BABA',
I. NISHINAKA, Y. NAGAME, Y.L. ZHAO" and M. TANIKAWA*

The proton-induced fission reactions of **U with various excitation energies were observed.
The excitation energy of fission fragment was estimated in order to elucidate the energy balance
in the fission process.

The experiments were carried out at the tandem accelerator in Japan Atomic Energy
Research Institute. In order to measure the time-of-flight of fission fragments, an MCP detector
was used as the start detector and a PPAC was used as the stop detector. In addition, an SSBD
was also used for a precise measurement of kinetic energy of the fission fragment coincident
with a TOF event. The excitation energies of the compound nuclei were 16.9, 18.0, 19.8 and
21.3 MeV. In the present experiment, masses and kinetic energies of the fission fragments and
multiplicities of the prompt neutrons were determined. The mass and kinetic energy
distributions were divided to two components correlated with symmetric and asymmetric
modes.

The excitation energies of fragments, EX,, were calculated from the first moment of the
number of emitted prompt neutrons[1] in the region where either of the components is
predominant to the extent of 80% to the total yield of the relevant mass. The ratio of the
excitation energy of fragments to the total excitation energy, TXE, was calculated as shown in
Fig. 1 as a function of the fragment mass. Here TXE was obtained as the sum of EX; of the
complementary fragments. In Fig. 1, solid line indicates the calculated value with an assumption
that the total excitation was distributed to the both fragments in proportion to mass number. The
obtained values are close to the calculated line except for the mass regions 99<A<111 and
127<A<139. The excitation energies of the light fragments appear to be enhanced in the near
symmetric region. In particular, the ratio at the mass number near 130 was small, and it suggests
that the double spherical shell gives a large influence to the heavy fragment while the light
fragment is subject to a strong deformation. Similarly, the ratio in the mass number around 90 is
the least in the light fragment region.

Allowing for these results, we derived the scission configurations illustrated in Fig. 2 as
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possible postulates. The left-side picture indicates the configuration of symmetric fission.
Fragments equally deformed are connected with a neck. The scission points, A, B and C give the
linear excitation energy distribution. The right-side picture indicates the configuration of
asymmetric fission. A spherical heavy fragment (A=130) and a slightly deformed light fragment
(A=89) are connected with a neck (A=20). The scission point A gives a low-excited light
fragment (A=89) and a highly excited (deformed) heavy fragment (A=150), and similarly, the
scission point C gives a highly excited light fragment (A=119) and a low-excited heavy
fragment(A=130). The case of the scission point B, that is, the center of the neck corresponds to
the most probable division and the excitation energies of complementary fragments are
comparable to each other, even for the configuration on the right side.

Reference
1) C. Wagemans, "The Nuclear Fission Process", CRC Press, Boca Raton, 1991, p.520.
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Fig. 2 The derived scission point configurations. Left- and right-side illustrations
represent those for symmetric and asymmetric fission, respectively.



JAERI-Review 98-017

4. Nuclear Theory



This is a blank page.




JAERI-Review 98-017

4.1 New Scissors-type Excitation of Octupole-Quadrupole Deformed Nuclei

M. SUGITA

We discuss a new scissors-type excitation mode of the octupole-quadrupole deformed nuclei in
terms of a geometrical model and the SDF and/or SPDF interacting boson models. This mode
occurs due to a small angle oscillation of the relative orientation of the quadrupole- versus
octupole-deformation [Fig. 1]. This mode is an isoscalar excitation, and it completely differs
from the usual scissors mode between proton and neutron deformations [Fig. 2] describing the
isovector magnetic dipole excitation.

In Refs. [1,2], we presented a unified description of the octupole and quadrupole deformed
nuclei in terms of the SPDF boson model, taking the actinides as examples. In Ref.[2], by
means of the projected Tamm-Dancoff method, we investigated the excited bands in 2 Th and
suggested the existence of two low-lying beta bands; we referred to the lowest K = 0" band as
the “super” beta band and the other one as the “usual” beta band. In addition to these beta
bands, the SPDF boson model also predicts the existence of the A = 1+ band in a relatively
low excitation energy Ex~ 1.2 MeV. We will present a close relationship between this low-lying
K = 1+ band and the new scissors-type excitation, and also discuss the strong connections of
this K = 14 band to the “super” beta band. The isoscalar nature of the new scissors mode
explains the relatively low excitation energy of the K = 1 band.

The new scissors mode can also be characterized by its decay scheme. We can expect
possible M1 transitions from J = 17 to 0, relatively large E1 transitions from K = 1+ to
K =1—, and AK=1 E2 transitions from K = 1+ to the ground band.

Weber et al [3-5] have recently done experiments on 28Th and suggest the existence of the
K=1 band at Ex~1.4 MeV. The new experimental data will be compared with our SDF/SPDF
results. We will also discuss the relationship between the new scissors mode with the proton-
neutron scissors mode.

» 9

Figure 1: Quadrupole-octupole scissors mode

o
® W

Figure 2: Proton-neutron scissors mode
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4.2 EFFECT OF NUCLEON EXCHANGE IN HEAVY-ION
FUSION REACTIONS

A. TWAMOTO, V. KONDRATYEV! and A. BONASERA*?

Multi-dimensional tunneling is most typically discussed for the subbarrier fusion of heavy-
ions. The coupled-channel model and its classical analogues have been used extensively
and the general understanding of the mechanism of the enhancement of the subbarrier
fusion cross section was obtained.[1] However, when the projectile and the target both are
heavy, the number of the intrinsic states to be coupled becomes so large and the realistic
calculations exceed the capacity of the computer. We present here our model based on the
Vlasov and imaginary-time methods[2. 3, 4)which can be applied in such heavy systems.

Starting point is the Vlasov equation written as

Of(r,p, 1)

5 + {h(r,p,t), f(r,p, 1)} =0, (1)

where f(r,p,t) is one-body distribution function, the symbol {...} represents the Poisson
bracket and h(r,p,t) =T + U(p,r) is the hamiltonian. This Vlasov equation is solved by
test-particle method where the one-body distribution function is expanded by the superpo-
sition of delta function,

Flrvp) = 3 8= r0)é(p = pi() ©)

where N is the number of TP per nucleon and A is the total mass number. Inserting eq.(2)
into ¢q.(1), we get the equation of motion for test particles.

pP: = TTLI.',',
{Pi = —VU(r;). ®)

For simplicity and transparency, let’s assume a fusion of mass-symmetric system with small
overlap. We fivst define the collective coordinate of the fission process R and its conjugate
momentum P as

R(P) = [ drdp x(p)f(x,p,0) = [, drdp x(p)f(x,p,1), )

where A and B represent regions z < (0 and z > 0 respectively.

In the semiclassical theory of tunneling, the motion in classically forbidden region is effec-
tively achieved by changing the time {rom real to pure imaginary. What happens is that
the force coming from conservative potential changes sign. We follow this procedure for our
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coordinate R. Tt is to be noted that there happens a nonlocal force acting on this collective
coordinate in addition to the normal potential force. Since this nonlocal force has different
time-reversal characteristics from a normal potential force, it plays a special role when we
go to the classical forbidden region. By using the test-particles, the form of forces acting on
collective coordinate are written as

F.i = FI()(tu.l + Fnonlocal, (5)
] 2 ‘
Flnr:n,l - {_" o U i Sy )i ’f} . 6
Ly SV + bz ©)
P‘_J
F:mnlnr:nl — 6 Z). 7
‘2mNZ (2); )

where s(z) vepresents the step function which takes minus and plus one for negative and
positive values of = respectively, and p} represents the Fermi motion part of the momentum
of a test particle. From this expression, we define the effective barrier as

"";fffa(:tiwf = / F(;(,i{ dR (8)

and the potential barrier as
""[mi — / Fln(:ai dR (q)

It is to be noted that the delta-function parts of eq.(6) and (7) are coming from the particle
exchange across the dividing plane. The former one comes from the normal Fermi motion
and is thought to a pressure effect across the plane. On the other hand, the latter one is
related to the collective motion, which represents the effect of dynamical particle exchange.

Finally. we find that in the tunneling region, we should change the cquation of motion of
test particles from eq.(3) to

pi = i
P F'loz'al

. 7 10
p'l = —VI/W(F,L) — ZT.S'(ZZ')C‘:. ( )

In the numerical calculations [4], Skyrme force with compressibility 200MeV was used as a
basic interactions. In addition, we used symmetry energy and surface term of Yukawa form
adjusted to reproduce the O+1°0 barrier height for above-barrier reactions. The number
of test particles are chosen as N = 10° and time-step of 6t=0.2fm/c ~ 0.05fm/c was used.

In Fig.la, we show the potential barriers calculated according to our model for the head-on
collision of '%0) 4+ '°0) . The case of incident energies below and above the barrier are shown
to vield very similar interaction barriers. which rather well agree with the one extracted
from experimental data. For an example ol the medium-mass nuclei, we show in Fig.1b
the case of *Ni + °°Ni. For heavy nuclei, the effects of deformation, neck formation and
nonlocality become more important and affect the effective barrier height. What important
is that at subbarrier energy, the effect of nonlocality tends to lower the barrier further, on
the contrary. at above-barrier energies. the effect of nonlocality is to push the barrier height
higher. At near barrier energies, the effect of nonlocality is very small. This nonlocal force
has just the same propertics as the coordinate dependent mass tensors[G].
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Figure 1: The potential for the fusion reaction. Left a-panel represents 160 + 160 system: the
full Tine shows the ewmpirical potential, the dashed and dashed-dotted lines are the results of the
Vlasov simulation at energies 8 and 16MeV,| respectively, the thin dashed line denotes the Bass
parametrization[5]. Right b-panel shows the potential barriers(bold lines) and effective barriers
(thin lines) obtained by the Vlasov simulation for %Ni + *8Ni reaction at the energies 90MeV
(solid lines), 93MeV" (dashed-dotted lines, which start from 11hn and bold and thin lines almost
coincide) and 145MeV (dashed lines). The thin dotted line gives the values of Coulomb interaction
between the point-like object.

The effect of nonlocality is caused by the dynamical particle exchange across the dividing
plane. Therefore, the particle exchange causes the barrier lowering for subbarrier energies
and causes the barrier higher for above barrier energies. We expect that the former is re-
sponsible to the deep-subbarrier enhancement of the cross section which is very hard to
reproduce by the coupled-channel model. On the other hand, the latter might be related
to the extra-push phenomena. We expect that an entangled phenomena of subbarrier en-
hancement and above-barrier reduction of the cross section [or heavy systems is related to
this particle-exchange mechanism.
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5. Atomic Physics, Solid State Physics and Radiation Effects in Materials
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5.1 HIGH-RESOLUTION ZERO-DEGREE ELECTRON
SPECTROSCOPY (IV)

M. IMAI', M. SATAKA, S. KITAZAWA, K. KOMAKF, Y. YAMAZAKT,
T. AZUMA?, K. KAWATSURA’, H. SHIBATA®, Y. KANAFI and H. TAWARA®

Dynamic properties of the collision processes inside a solid have been one of the major
interests in ion-solid interactions|[1}. Zero-degree electron spectroscopy is an excellent tool to
study these phenomena by measuring the secondary clectrons cmitted from the projectile
and/or electrons captured or lost to the continuum[2]. Conceming the measurements of
Coster-Kronig(C-K) electrons from Rydberg states, it has been shown that an intense series of
electrons are observed as for gas target measurements[3-5] although they can not survive
inside the solid, which indicates that the Rydberg states are formed upon or near the exiting
surface of the solid. The three-step model for producing such Rydberg or convoy electrons
and subsequent enhancement of high angular momenta are of great interest[6,7]. Another
advantage in precise measurement of C-K electron is that the configurations inside the solid
can be proved by specifying the core configurations of the observed Rydberg states.

In the present work, the authors have measured C-K electron from 2MeV/u silicon projectiles
passing a carbon foil of 9.6 pg/cm’ in thickness, and studied the charge state and its
configurations inside the foil.

The experiment was performed at HIR2-2 beam line of the Tandem Accelerator of JAERI
The experimental apparatus have already been presented previously[4,5,7,8] only the major
parameters are given here. Measured are the electrons emitted from silicon projectile passing
through C-foil of 9.6p/cm?. Ions of 2MeV/u Si** were provided by the accelerator and injected
directly into the target. Electrons emitted from the projectile were energy analyzed by a
tandem electrostatic analyzer at zero degrees. The laboratory frame spectrum, which have a
famous cusp-shaped peak around lkeV and C-K electron peaks on both wings of the cusp, is
obtained by scanning the retarding potential between the first and the second analyzers. The
projectile rest frame spectrum, obtained by converting the laboratory frame spectrum into the
projectile rest frame, results in the energy resolution of 0.02~0.2eV.

In figure 1 we show the high energy wing electron spectrum from 2MeV/u Si* through C-foil
of 9.6ug/cm’ in thickness. The most significant peaks, which are marked by (a) or (a’)
indicator, come from C-K transitions of Si'®" 1s22p(*P,,°)n! — 15°2s(°S, )&’ or 1s°2p(*P,,°)nl
- 15%2s(°S,,) &, respectively. For both indicators, the principal quantum number n is 9 for the
1st peak, and counts up as the peak energy grows. The marked energies are obtained as
AE-Q*Ry/2n*,

where AE is the energy difference between the initial and the final orbits of the core
configuration, Q is the effective charge of the core configuration (assumed to be +11 for the
cases above), and Ry/2 is the Rydberg energy 13.606eV. For AF, transition energy values
compiled by Kelly[9] were used. Precisely speaking, the observed peak energies are a bit
(~0.05¢V at n=9) smaller than the calculated values, and the difference gets smaller; ie.,
observed energies come to agree well, as n grows. These shifts must be from the quantum
defect for angular momentum / of the Rydberg electron, and the # of the equation has to be
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replaced with (n—p, ), where 1, is a small value representing the quantum defect of the angular
momentum.

Using the same formula (without p, consideration), we investigated all the configurations for
Si X, XI, XII, XIII, XIV transitions in the reference[9], to obtain the possible C-K electron
energies in this energy region for Rydberg states of Si**'®''**, respectively, and carefully
checked the appearance of these peaks. Transitions of Si** 15*2p*('D,)nl — 1s*2s2p('P,°)&l’ for
729, Si'"™ 1s2p(‘P,°)nl — 1s2s('Sp)&l” for n=14 and Si''" 1s2p(P,°)nl — 1s2s(’S))&l” for n212
are found to be weighty candidates for other peaks, which are shown by (b), (c) and (c’)
indicators, respectively, in the figure. No other transition is found to consistently reproduce
the series of peaks in the figure.

Taking the three step model into account, this indicates that Si''* 1s*2p(’P) state, Si'™*
1s22p*('D) state, Si'** 1s2p('P) and 1s2p(’P) states are formed inside the foil from the Si**
projectile, while little fraction of other charge states can be formed inside the foil. The
equilibrium mean charge for silicon of this energy through solid-carbon is known to be
around 11.5[10]. Though ground state configurations can not be proved by this method, this
spectrum must be a direct proof that Si'”*, Si''* and Si'*" ions surely exist inside solid and
lower charge state components are less when Si* projectile changes its charge in penetrating
C-foil.
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Fig.1. Spectrum of electrons ejected at 0 degree in 2MeV/u Si** + C(9.6pg/cm’) collisions.
The cnergy refers to the projectile rest frame.
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5.2 PARAMAGNETIC DEFECTS IN 6H SiC

Y. KAZUMATA', H. NARAMOTO AND M. SATAKA

The development of electronic devices resistant to radioactive radiation is required
for space science and atomic power technologies. One of the most promising
candidates in such semiconducting devices is silicon carbide (SiC). A considerable
amount of work has been done on point defects in SiC, induced by irradiation such
as electrons, neutrons and various kinds of ions. A brief review on paramagnetic
radiation defects has been reported by Pavlov et al.[1]. Silicon carbide crystallizes in
many structures called polytypes. In this report we focused on the 6H polytype
which has the hexagonal structure.

In this experiment, single crystals of SiC in the size of 3x8x2 mm® were used. Three
lines were observed in the esr spectrum prior to irradiation as shown in Fig.1. The
lines were nearly isotropic for the rotation of angles between the c-axis of the crystal
and applied magnetic field. The spectrum was described by the spin Hamiltonian,
H=8S -g-H+S + A -1 1),

where the first term describes the Zeeman term, and the second term gives the
interaction between the electron spin and the nuclear spin I The values of g and A
obtained from the spectrum were 2.0039 and about 12 gauss, respectively, which
values were in good agreement with those for nitrogen donors in SiC observed by
Woodbury and Ludwig [2].

Fig.1. Esr spectrum of a 6H SiC single
crystal prior to irradiation. Three lines
separated by about 12 gauss are due to

- nitrogen donors.
“.7(;‘\ g =2.0039

; 8.3G 1 1'66

The crystals containing nitrogen donors described just above were irradiated by 80
MeV N* ions to a dose of ~10' ions/cm? at a liquid nitrogen temperature (NT). After
irradiation the crystals were once warmed up to room temperature and then were
cooled down again to NT for measurements. The esr spectrum measured at NT
consisted of six pairs of two lines, which were well described by the spin
Hamiltonian,

H=8S -g-H+S +D S 2).
The second term of this Hamiltonian gives the fine structure due to spin-spin
1. Nihon Advanced Technology Co.
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interaction. The angular dependence of the spectrum with the rotation of the
applied magnetic field to the c-axis of the crystal is shown in Fig.2 as open circles.
The calculated values with S=1, g,=2.0018, g,=2.0092 and D=592.5 gauss well
describe the experimental spectrum as shown in Fig.2. This result suggests the
model of the neutral carbon vacancy(V.°), as depicted in Fig.3, proposed by Balona
and Loubser [3]. Standing on this model, D is calculated to be -3g° B8 */2R’=-594.1
gauss with R=3.61A(the geometrical distance between atoms 1 and 2 in Fig.3),

which is in fairly good agreement with the value obtained by the experiment
mentioned just above.

N*-Irrad.
4000 =TT T Fig.2. Angular dependence of the
ook central ling, 5 S 1 spectrum of 6H SiC irradiated by 80
! ) 7 > MeV N** ions. Angles between the ¢

(X3
k=
(=3
o
1

1 axis and applied magnetic field are

] shown in the x-axis, and the
positions of the lines in the applied
field are in the y-axis. Open circles

{ denote the experimental line
positions, and solid lines are derived
from the calculation by eq.(2).

3400 -

Magnetic field (gauss)
g g
<o o
T T

2800 |-

O O
D] AP DU TRVUI NP SR M NP NI SR S
-20 0 20 40 60 80 100 120 140 160 180 200

Angle (deg.)

Fig.3. The model of neutral carbon

]
3 b vacancy (V.9) in 6H SiC proposed by
/——"‘*b.v Balona and Loubser from the citation
2 2 9 of ref.[3].
(A) Normal lattice (B) The model of Vé)

Irradiation by 1 MeV p* and d*, 120 MeV F™ and 140 MeV CI** promoted the growth
of a single line at g=2.0035. This result indicates the formation of acceptors in
consultation with the reference by Woodbury and Ludwig[2].
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5.3 EMISSION OF SECONDARY IONS FROM CONDUCTIVE
MATERIALS BOMBARDED WITH HEAVY IONS

T. SEKIOKA', M. TERASAWA', M. SATAKA and S. KITAZAWA

Recently, the electronic sputtering in conductive materials has been attracting great interest.
Several experiments have been performed to investigate the incident charge state dependence
of the secondary ion yield from conductive materials irradiated with low energy highly
charged ions (HCI) [1-3], and the incident charge state dependence of the energy loss of low
energy HCI through thin carbon foils [4]. The results of the experiments suggest the
importance of the electronic excitation effect in the interaction between low energy HCI and
the conductive solid targets.

We have studied the secondary ions mass spectra from thin conductive solid targets irradiated
with heavy ion beams from the JAERI tandem accelerator at the energy regions where the
electronic stopping power is dominant. It is interesting to study the electronic sputtering in the
conductive materials in a different way from the experiment using low energy HCI. Very fast
neutralization occurs when a low energy HCI collides with a conductive material, so that the
electronic excitation energy is deposited in a small region of the solid surface. On the contrary,
when a high energy heavy ion penetrates a solid target, the electronic excitation energy is
deposited along the ion track. It is also important to study the fundamental process of the
extended defects production in a solid irradiated with high energy heavy ions.

The C-foil of 30pg/cm? thickness, Ni, Cu and Au foil targets of approximately 1000A
thickness evaporated on C-foils were irradiated with high energy heavy ions beam from the
tandem accelerator. The secondary ions ejected from the front surface of the target were
collected by a time of flight (TOF) mass spectrometer by applying an acceleration voltage of
-500V and detected by an electron multiplier. Secondary electrons from the back side of the
target were detected by another electron multiplier and this signal was used as a start signal of
the TOF. The projectiles were 80 and 100 MeV I ions, 120, 200 and 300 MeV Au ions and
100 MeV Ni ions. We also measured the secondary ion yield from C and Au foils bombarded
with 0.5, 0.8 and 1.0 MeV C' ions from the Van de Graaff accelerator.

Figure 1 shows the yield of the secondary ions of C*, Ni*, Cu® and Au" from C, Ni, Cu and
Au target respectively, normalized by the counts of secondary electron signal as a function of
the electronic stopping power. The values of the electronic stopping power are obtained from
ref.[5]. As can be seen in the figure, the secondary ion yield increases remarkably above an
electronic stopping power of 2keV/A, and can be approximately fitted by (dE/dx) The solid
line in the figure represents the slope of (dE/dx)*. On the contrary, in the region of electronic
stopping power of 100eV/A, the dependence of the secondary ions yield on the electronic
stopping power is weak or declined.

The strong dependence of the secondary ion yield from conductive materials on the electronic
stopping power suggests that even in the conductive materials, the electronic excitation
effects play an important role in the secondary ion sputtering. To confirm this experimental
results, it is important to study secondary ions mass spectroscopy in a wide range of
electronic stopping power with various combinations of projectiles and conductive targets. In
order to improve the resolution of the mass spectroscopy, we are planning to develop a
magnetic spectrometer, which is also useful to measure the secondary ions from bulk solid
targets.

! Faculty of Engineering, Himeji Institute of Technology
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5.4 ELECTRONIC EXCITATION EFFECTS
ON DEFECT PRODUCTION AND ANNIHILATION IN Fe
IRRADIATED WITH ENERGETIC IONS

Y. CHIMI, A. IWASE and N. ISHIKAWA

In the last decade, atomic displacements due to the high density electronic excitation have been
found in several FCC metals irradiated with high energy (~100MeV) heavy ions [1]. Also, in the
case of Fe which is one of the typical BCC metals, it has been observed that damage recombination
and damage production are induced by the electronic excitation due to GeV-ion irradiations [2]. In
the present work, we performed ~100MeV heavy ion irradiations in Fe at low temperature (~80K)
and measured the electrical resistivity change as a function of ion fluence. By comparing the results
with those for low energy (~1MeV) ion- and electron-irradiations, the effects of electronic
excitation on defect production and annihilation in Fe could be observed clearly. The present
results qualitatively agree with those for GeV-ion irradiations [2].

The specimens were polycrystalline Fe thin films about 190~370nm thick deposited on a-Al,O;
single crystal substrates by rf magnetron sputtering with an Fe target (99.99%) using Ar gas.
These films were irradiated with the following particles; 0.5MeV 'H, 1.0MeV *He, 1.0MeV '*C,
1.0MeV *Ne, 2.0MeV “Ar, 120MeV *Cl, 150MeV **Ni, 125MeV "Br, 185MeV '?'I, 200MeV
2] and 200MeV ’Au ions and 2.0MeV electrons. As the projected ranges of these particles in Fe
are much larger than the film thickness, most of the incident particles can pass through the
specimen without remaining as impurities and the irradiation-produced defects are distributed
uniformly in the specimen. In order to suppress the thermal motion of irradiation-produced defects
in Fe, the irradiations were performed at liquid-N, temperature (~80K), because most of
interstitials in Fe cannot move up to ~80K. During irradiation, the electrical resistivity of the
specimen was measured at appropriate particle fluence intervals.

The defect production cross-section, o4, and the defect annihilation cross-section were evaluated
from the experimental results. By analyzing the resistivity change rate, it seems that defects which
have two sorts of stability against the radiation annealing were produced by high energy ion-
irradiation. The defect production cross-section means the concentration of defects produced by

the unit fluence of incident particles. The damage efficiency, &, is defined as & =g’ / o§t,

where o4 is the experimental value of o4, and 64 is the value calculated by assuming that the
defect production occurs only by the elastic interaction between incident particles and target atoms.
The values of 6, for all ion-irradiations were calculated by using TRIM-92 [3]. For electron-
irradiation, where the velocity was relativistic, the differential scattering cross-section analytically

cal

evaluated by McKinley and Feshbach [4] was used for the calculation of o4™.

In Fig. 1, the normalized damage efficiency, £/E., for each irradiation is plotted as a function of the
PKA median energy, T, where & is the damage efficiency for electron-irradiation and Ty, is
characteristic of the PKA energy spectrum [5,6]. The value of . should be close to 1, because the
incident electrons produce mainly simple Frenkel pairs and not cascade damage. The normalized
damage efficiencies, £/Ecs, for low energy ion-irradiations show the same tendency as previous
works in several FCC metals [1,5,6]. It indicates that the elastic interactions are dominant for the
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defect production during low energy ion-irradiations. In the case of 125MeV "Br, 185MeV '],
200MeV ‘2T and 200MeV '*’Au ion-irradiations, the value of £/, is much larger than that for low
energy ion-irradiation at the same T.. It implies that the electronic excitation by these irradiations,
which have comparatively large S. above ~30MeV/(mg/cm ), contributes a great deal to the defect
production. A similar behavior was observed in GeV-ion irradiated Fe [2], where the damage
efficiency increases abruptly above S ~50MeV/(mg/cm?).
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5.5 DAMAGE EFFICIENCY IN 180-MeV Fe-IRRADIATED Bi-2212
CRYSTALS:AN ION-VELOCITY-FREE PHENOMENON

D.X. HUANG, Y. SASAKI, S.OKAYASU, T. ARUGA and K. HOJOU

Ion irradiation is one of the most effective methods to artificially create crystal defects in
superconductors. This kind of defects can act as flux-pinning sites and prominently increase
the critical current density (J¢). Since the efficiency of irradiation-induced defects in flux
pinning strongly depends on their microstructures and distributions, the morphologic study
- of such defects is simply very important step in clarifying the origin of flux pinning in ion-
irradiated superconductors. In this study, we report on the continuous cross-sectional
observation of irradiation damage morphology in 180-MeV Fe-irradiated Bi-2212 cry stals.
Combining with the experimental data reported previously, we emphatically discussed the
influence of ion velocity on the damage efficiency and the influencing factors for the stopping
power (dE/dx)threshold to produce columnar defects in Bi-2212 crystals.

The Bi-2212 single crystals used for ion irradiation were prepared using the floating-zone
melting method. The crystals were cleaved into thin sheets of about 25 um thick along a-b
plane and cut to about 1-mm wide and 2-mm long. Perpendicular to the surface of the thin
sheets, 180-MeV Fe-ion irradiation was performed with a dose about 3.3 X 10" jons/cm’ at
room temperature using a Tandem accelerator at Japan Atomic Energy Research Institute.
The usual method was used for the cross-sectional sample preparation of the irradiated Bi-
2212  crystals. The TEM
analyses for the  damage
morphology  were  performed
using a Topcon EM-002B high-
resolution TEM operated at 200
keV.

The change of the irradiation-
damage morphology along Fe ion
traces is shown in Fig. 1. As the
reported results in 230 MeV Au-
irradiated Bi-2212 crystals [1], the
irradiation-damage =~ morphology
changed gradually from parallel
columnar defects to deflected
columnar defects, cascade-dotted
columnar defects, ordered cascade
defects and finally disordered
cascade defects. Usually, the
produced columnar defect size
will also be decreased as the

incident ion penetrates the target _ ' _
crystal and loses its energy Fig 1 A series of right-field images taken along the

gradually. In the case of Fe- Fe-ion penetration path.
irradiated Bi-2212 crystals,

1Japan Fine Ceramics Center, 2-4-1 Mutsuno , Atsuta-ku, Nagoya 456, Japan
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however, the columnar defect size was found to be almost a constant of ~ 3 nm in
diameter in a large penetration depth region from the bombarded surface to the depth of

about 13.5 um in the target crystal.

Fig. 2 shows the change process of
damage efficiency ¢ ( € = A/dE/dx, 7
A is the damage cross section) with
ion velocity in 180 MeV Fe-
irradiated Bi-2212 crystals. As a
comparison, the data of 230 MeV
Au-irradiated Bi-2212 and
129MeV  Xe-irradiated  YIG
(ferrimagnetic yttrium garnet) are
also shown in the same figure. In
this figure, we can clearly see that
the damage efficiency usually
strongly depends on the ion
velocity and it appears a maximum
value when the ion velocity is
about 0.06 ¢ (c, light velocity).
However, in the case of Fe-
irradiated Bi-2212, there is not
such a peak-value of € around the

® Fe-Bi2212
o Au-Bi2212
A Xe-YIG

o A
o

Damage efficiency (nm*3/keV)

0 ®®eocsssssomase
)

0 it L 1
0 0.05 0.1 0.15 0.2

Relative Velocity (c)

Fig. 2 Change of damage efficiency with the ion
velocity in Fe-, and Au-irradiated Bi-2212

value of ion velocity of 0.06 c. The crystals and in Xe-irradiated YIG.
change of damage efficiency seems

not sensitive to the change of ion

velocity . The threshold of dE/dx to

produce columnar defects in Fe-

irradiated Bi-2212 crystals was

estimated to be about 9 keV/nm by

comparison of the TEM analyses

and a calculation result of the

stopping power using EDEP-1

code, which is much lower than the threshold (16 keV/nm) estimated in Au-irradiated Bi-2212
crystals.
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5.6 COLUMNAR DEFECTS IN HIGH-T¢ SUPERCONDUCTOR
IRRADIATED WITH ENERGETIC IONS

N.ISHIKAWA, Y. CHIMI, A. IWASE, K. TSURU!, O. MICHIKAMI?

When high-T superconductors are irradiated with high energy heavy ions, and the energy deposited
to the electrons of a target is high enough, columnar defects are formed along the ion paths[1]. The
diameter and the resistivity of the damaged region have been determined from the resistivity-fluence
curves. The results are discussed in terms of electronic stopping power, Se.

The in-situ measurements of fluence dependence of electrical resistivity at 100K were performed for
EuBa2Cu30y (EBCO) irradiated at 100K with various energetic ions (C1, Ni, Br, and I) at energy of
90-200MeV from the tandem accelerator at JAERI-Tokai.  All ion-irradiations were performed

keeping the temperature at 100K. The values of Ap/pg were measured in-situ as a function of
fluence, ®, at 100K by the standard four probe method, where Ap is the change in resistivity, and pg

the resistivity before irradiation.  Fig.1 shows Ap/pg plotted as a function of ® in EBCO irradiated

at 100K.
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1 Information Hardware Systems Laboratory, NTT Integrated Information & Energy Systems
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The increase in normal-state resistivity due to irradiation is observed. The slope of the curves
decreases with increasing fluence when EBCO is irradiated with 120MeV Cl, 90MeV Ni, and
185MeV Ni. On the other hand, the slope of the curve increases with increasing fluence when EBCO
is irradiated with 120MeV Br, 125MeV Br, and 200MeV 1. It is assumed that the damaged region
has a cylindrical shape along ion path and a higher resistivity than the undamaged matrix region.
When the cylindrically damaged region is introduced, the resistivity as a function of fluence is
expressed by the following equation[2-4] .

(P(®)-0") (Po/p(®)° = (1-3) (Po-p"). M

In this equation, p(®P) is the resistivity of irradiated sample measured perpendicular to the irradiation
direction. The resistivity inside the damaged region is defined as p'=kpo, where k(>1) is a constant
which depends on the irradiating ions and energies, 8 is the volume fraction of the damaged region
and is assumed to follow d=1-e"A®_ where A is a cross section of the damaged region. The value of
Po is the resistivity of the undamaged region. By varying the values of k and A, we find that the

observed Ap/po-® curves are reproduced. The dotted lines in Fig.1 are the lines fitted according to
the equation (1) by taking A and k as fitting parameters. The diameter of the damaged region,

D=(4A/%)}/2, and k=p'/po are plotted as a function of electronic stopping power, Se in Fig.2 and
Fig.3, respectively. We find that both the diameter and k increase with increasing Se.
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5.7 EFFECT OF HIGH-ENERGY HEAVY-ION IRRADIATION
ON THE SUPERCONDUCTING PROPERTIES
OF Bi-2212 SINGLE CRYSTALS

K.OGIKUBO!, T KOBAYASHI?, T.TERAI?, S.OKAYASU and K.HOJO

Particle-beam irradiation is one of the most promising methods to introduce strong pin-
ning centers into High-T,. superconductors. We have been studying magnetic property
change of Bi;SroCaCuyOsy, (Bi-2212) single crystal due to irradiation with several kinds
of particles such as light and heavy ions, neutrons and electrons. In order to realize a
particle-beam irradiation technique as a method for J. enhancement, many different
conditions such as the kind, the energy and the fluence of particles should be examined.
In particular, high-energy heavy-ions are expected to produce columnar defects, which
gives a very large pinning force for the vortices parallel to the defects. In this study, we
show experimental results on the superconducting properties such as the critical current
density J. and the pinning force density F,, of Bi-2212 single crystals irradiated with
several kinds of high-energy heavy-ion beam.

The Bi-2212 single crystal specimens used were prepared by the floating-zone method.
Their size was 2mmx2mm x0.1mm. The specimens were irradiated with heavy-ion beam
(200MeV Au'**, 180MeV Cu!'t or 100MeV Cu®*) parallel to the c-axis with a tandem
accelerator at JAERI. The fluences were from 1x10' to 5x10" ¢m™2. Magnetization
curves of the specimens were measured with a vibrating sample magnetometer at 20, 40
and 60K as a function of applied magnetic field parallel to the c-axis. The critical current
density in a-b plane was calculated from the magnetization hysteresis curve using the
modified Bean’s model[1].

The critical current density J. calculated from the magnetization curve increased due to
irradiation all over the range of fluence and magnetic field regardless of ion species. The
fluence dependence of J, at typical conditions of magnetic field and temperature is shown
in Fig.1. J. took a maximum value around the fluence of 5x10%cm 2 and decreased at
higher fluence for Au irradiation. On the other hand, J; increased monotonously with
the fluence up to 5x10'' cm=2 for Cu irradiation.

In Fig.2, the macroscopic pinning force density F, ( = J. x B) curves for Au and Cu
irradiation are compared. At the fluence of 5x10'%m 2, the value of F}, for Cu irradia-
tion is approximately 10% of F|, for Au irradiation. F, for Cu irradiation at the fluence

of 5x 10 cm~2 was comparable to F, for Au irradiation at 5x10%m 2.

'Department of Quantum Engineering and Systems Science
2Engineering Research Institute
The University of Tokyo.
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To elucidate the reason of the difference behavior of J. and F}, between Cu irradiation and
Au irradiation, the electronic stopping power S, of each species in Bi-2212 was calculated
using TRIM code. As a result, the maximum value of S, for Au and Cu irradiation are
30 and 14 keV/nm, respectively. It is expected that the density of columnar defects for
Cu irradiation is very little, because the threshold value of the electronic stopping power
to produce columnar defects in Bi-2212 seems to be about 16 keV/nm[2]. According to
TEM observation on 230MeV Au-irradiated Bi-2212 single crystal[3], however, not only
defect clusters along the ion tracks which have less pinning force than columnar defects
but also columnar defects are produced around the region where S, is nearly 14 keV/nm
as much as the case of the Cu irradiation. Judging from these results, it is considered

that less number of columnar defects and more number of defect clusters are produced
by Cu irradiation than by Au irradiation.
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5.8 EFFECTS OF Au” ION IRRADIATION

ON THE SUPERCONDUCTIVE PROPERTIES AND
MICROSTRUCTURE OF EuBa CuO_ THIN FILMS

M.SASASE, S. OKAYASU, H. KURATA and K. HOJOU

Large enhancement in critical current density(J ) has been observed so far in single crystal, thin

films and bulk cuprates irradiated with high-energy heavy ions that produced a suitable density and
size of columnar defects[1 - 3]. To clarify the relationship between superconductive properties and
structures of the irradiated defects, we have investigated the effects of irradiation with energetic

Au™” ions using superconducting quantum interface device (SQUID) magnetometer and
transmission electron microscopy (TEM).
Specimens used in this study were EuBa,Cu,O, thin films (300 nm). The specimens were

u'radxated with Au"" ions which were accelerated to 300 MeV with the fluence of 2.0 x 10
jons/cm’ at the room temperature using a tandem accelerator at JAERI. In order to irradiate the

4+

specimen with the wide range of ion energies, Au’"" fons transmitted through thin Al foils mounted
on the specimens were used. By changing the thickness of the Al foil, the irradiation energy was
controlled. The ion energies were estimated from the range-energy relations proposed by Ziegler[4].
The range of the EuBa,Cu,O, thin films was determined by the stopping powers calculated using
TRIM codes[5]. In the present experiment the irradiation energies were varied to be 24, 85, 208
and 300 MeV. Magnetization hysteresis of the specimens before and after irradiation were
measured with SQUID magnetometer. Crystalline structures of the EuBaCu O films were
measured by X-ray diffraction (XRD). Defects in the specimens were observed w1th TEM.

The enhancement ratio of J_ depends upon ion
energy as shown Fig. 1. J was normalized to its
initial film value J_(before 1rrad1auon) at the magnetic
filed of 0.1 T. We found that J_increased with an

4 T T T 1 T

increase in the Au™ ion energy and reached a value Fluence : 2.0 x 10™%ons/cm’

of 4.8 x 10" A/em’ (5K, 0.1T) at 24 MeV. The oK

irradiations with the higher energy than 85 MeV -+ 40K

make the J_values increase. ir K
Fig. 2 shows the change in the c-axis lattice \

parameter determined by the diffraction angle of the < .

(007) peak as the function of the ion energy. 2 LM 1

The peaks (007) position shifted to the lower angle 3

side with increasing ion energy, which means that c-
axis lattice parameter increases by ion irradiation.
Similar results were also obtained for the other (00I) :
peaks. We found that C/C; increased with an

increase in the Au™" ion energy at 24 MeV and

C/C, decreased with an increase the ion energy. O 0
In Fig. 3, we show TEM image of the Jon energy (MeV)
. . . . 24+ .
EuBa,Cu,O, thin films irradiated with 208 MeV Au Fig. 1 lon energy dependence of J, enhancement

. 7 . . ratio on EuBa,Cu,0, films.
ions. This lattice image was observed along the e

direction perpendicular to the c-axis. The
crystallographic a and c-axis are indicated by the
small arrows, while the large arrow identifies the
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columnar defect produced by the Au™ ion passing
along this direction. The extended defect with an 10015 :
average diameter of about 6 nm appears to be

amorphous along the large arrow in fig. 3.

In order to estimate the contribution of energy loss 10010
process to the defect formation in the present
irradiation experiment, we calculated the energy loss
(electronic and nuclear) in a EuBa,Cu,O, specimen
for each incident ion energy using the TRIM code[5].
The values of electronic energy loss are increased

with an increase in the Au™" ion energy, which
means that the electronic energy loss process in
damage mechanism becomes important for high
energy ions[2]. This is confirmed by the direct

observation of columnar defect produced by 208 09995500

244 . . .
MeV Au~ ion irradiation. The values of nuclear lon Energy (MeV)
energy loss are increased with an decrease in the ion Fig. 2 lon energy dependence of the change

L . C . in c-axis lattice constant.
energy. The 24 MeV Au  ion irradiation has a
maximum of nuclear energy loss in this experimental
condition. Therefore, the increase in the c-axis lattice
parameter observed at 24 MeV ion irradiation may be
attributed to the expansion of the distance between
ab-planes by the knocked-on atoms derived from
cascade damages due to nuclear energy loss.

We suggest that the dominant damage mechanism
might be changed on the border of incident energy of
85 MeV. The values of electric energy loss is about
20 keV/nm at 85 MeV, which can be regard as the
threshold energy loss to produce the columnar
defects for EuBa,Cu,O, films. This value is almost
same as that reported for YBCO by Hensel[6].

Consequently, the enhancement of J observed
above 85 MeV irradiation energy is attribute to the
existence of columnar defects acting as strong

. 2
Fluence : 2.0 x 10 "ions/cm

C/IC
g

1.0000¢

pinning centers. But in order to interpret the Fig. 3 AhClgS?S:C“O"é" ;%"l"n;'l’é“ef?hge“}ﬁ‘;‘;f
M M the defects produ .
enhancement of Jc observed at 24 MeV, it will be The Au™* ions with an encrgy of 208

necessary to propose the new pinning mechanism MeV were irradiated along the c-axis.
based on the aggregation of small defects produced
by cascade damage.
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59 SINGLE EVENT BURNOUT
OF BIPOLAR TRANSISTORS
BY INCIDENT OF HIGH—-ENERGY IONS

S. KUBOYAMA!', T. HIRAO, S. MATSUDA!', [I. NASHIYAMA
S. SHUGYO!, K. SUGIMOTO!', T. SUZUKTI !
T. HIROSE? H. OHIRA? Y. YOSHIOKA? H. OTOMO?

Single Event Burnout (SEB) was identified as a possible catastrophic failure mode for Power
MOSFETs with double-diffused MOS (DMOS) structure. Up to date, a lot of tests of SEB of
Power MOSFETs have been performed, and its mechanism is getting clear. The SEB
mechanism of MOSFETs is known that the parasitic bipolar junction transistor (BJT) inherent
to the DMOS structure is turned on by incident of high-energy ions. Because the vertical
structure of BJTs are similar to the DMOS structure, it is possible to observe SEB of BJTs.
Titus et.al. reported on SEB of Power BJTs for the first time[1]. But they distinguished SEB if
the sample devices destroy or not. So their experiment was a destructive test, and they did not
separate the actual burnout pulses. In our study, Energetic Particle Induced Charge
Spectroscopy(EPICS) system[2] usually used to observe SEB of MOSFETS is applied to
observe SEB of BJTs. Using EPICS system, SEB of BJTs was observed non-destructively[3].

Figure 1 shows the block diagram of EPICS used this experiment. We used the Ni ion
250MeV from the TANDEM accelerator in JAERL Its ion beam was scattered by Au foil.
Figure 2 shows a typical EPICS spectra of the collected charge by incidence of Ni ion for
2SD854(bipolar transistor for space application). The vertical axis is the number of counts,
the horizontal axis is the collected charge.

Increasing Vcg(collector-emitter voltage), the second peak disappeared, and the SEB signal
appeared. This means that the second peak becomes the SEB signal. So when the high-energy
ion induced the emitter-base junction region, SEB of BJTs occurred at higher Vcg.
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Fig.1 block diagram of EPICS Fig.2 typical EPICS spectra for 2SD854
1st peak:collected charge on the base-collector junction
2nd peak:collected charge on the emitter-base junction
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In Figure 2, A and B is called the total counts of the first peak and the second peak (include
the SEB peak). We define the spectra ratio of A to B as C, the diffusion area ratio of the base
region to the emitter region as D. Figure 3 shows the fundamentals of the BIT structure.
Basically, C will correspond to D. In Figure 4, the spectra ratio for 2SD854 are plotted, and
the solid line shows the diffusion area ratio. The spectra ratio and the diffusion area ratio have
a good agreement. Therefore, EPICS system is applicable to the SEB evaluation of BJTs.

Collec
g oecter o 050
%040 }
= °
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A Ar § 0.30 o
-7’——: X D020 F _
'tter/ \base s @ spectra ratio
em \\ L] 1/ f_EJ_ 010 ' —— diffusion area ratio
A P A w 0.00 .
n
collector 7 | ] 40 60 80
2nd peak  lst peak Vce [V]
Fig.3 typical BJT structure Fig.4 emitter/base ratio

The various BJTs were evaluated. Table 1 shows the summary of the result. In table 1, SEB
occurred at about 50~60% of rated Vcgo(absolute maximum rating voltage) in the devices
with a epitaxial layer. On the other hand, SEB did not occurred under rated Vcgo in the non-
epitaxial layer devices.

Table 1 the summary of this experiment result.

Device Rated V¢go | Epi* LET Range | Pass Vcg | Fail Vce
Type [V] [MeV/(mg/em®)] | [# [V] \2
m]

2SD854 80 O 28.0 37.7 48 52
2SD2822 50 O 27.8 38.7 25 30
2SC4339 100 O 27.8 38.6 60 65
2SC4553 100 O 28.1 36.8 50 55
2SC4814 100 O 28.3 36.0 60 65
28C4136 120 X 29.0 32.9 120 -
2SC4534 300 X 28.3 36.0 300 -
25C4832 400 X 28.0 37.4 400 -

*)  O:epitaxial planer structure, X :non-epitaxial planer structure
The SEB testing of BJTs was performed non-destructively by using EPICS system. And it was
cleared that SEB occured in case of the epitaxial planer structure. But its mechanism was not
cleared. So, more experiments are needed to make it clear the SEB mechanism of BJTs.
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5.10 LIGHT EMISSION CHARACTERISTICS OF
PHOTO-STIMULATED LUMINESCENCE PHOSPHOR
BY HEAVY CHARGED PARTICLE IRRADIATION

C.MORIL, M.YOSHIDA, T.SUZUKI!, A.URITANIL, ETAKAHASHI, T.OISHI

The purpose of this research is to clarify the previous argument that the difference in the intensity

ratios of photo-stimulated luminescence (PSL) to prompt scintillation between -ray and a -ray
incidences into Imaging Plate (IP) phosphor (so-called photostimulated luminescence phosphor)
comes from the difference of specific encrgy loss (-dE/dx) of the incident particles and not mainly
from the difference of the penctration ranges.

In the earlier experiments, we found that the characteristics of the decreasing of PSL intensities in
the iterative readings for the same latent image are different depending on the kind of radiations,

e.g. §-raysor a-rays, and also on the energy of beta-rays as shown in Fig.1[1]. We also found the
intensity ratio of PSL to the prompt scintillation depends on the radiation kinds[2]. We gave the
explanation for these phenomena that the specific energy loss -dE/dx determines the densities of F-
centers and holes as latent image and the densities determine the probability of electron hole
recombination of electrons excited from F-centers to the conduction band by laser beam irradiation
for the image reading. However, there was the argument that such phenomena come from the
difference of the penetration ranges of incident particles in the the phosphor plate.

If the phenomena are still observed when we use different incident particles whose penetration
ranges are sufficiently enough to pass through the whole thickness of the phosphor and their
specific energy losses are different, it would be concluded that the phenomena mainly come from
the difference of the specific energy loss. Then we irradiated IP with various kinds of particles from
the TANDEM accelerator in JAERI.

Table I shows the average deposited-energy (E) in the IP phosphor with a thickness of 150 g m,
penetration range or maximum thickness to lose the energy of the particle (R, the maximum value

is the phosphor thickness) in the phosphor, and the ratio E'R(MeV/ i« m) for various radiations.
Li3+(50MeV) has larger penetration range than the phosphor thickness and nearly the same specific

energy loss E/R to a particles. And O7+(120MeV) has almost the same penetration range to the
phosphor thickness and very large specific energy loss.

Fig. 2(a) shows the ratio of PSL(n) intensity at n-th reading to the first reading PSL(1) vs. number

of reading times n for Li3+ and « -ray incidence. Since the both specific energy losses are nearly
the same, the decreasing characteristics of the ratio are almost the same.
Fig. 2(b) shows the larger decreasing of the characteristics is shown for larger specific energy loss.

The difference between the characteristics for « -rays in (a) and (b) comes from different
experimental set-up in different experimental days. Fig.3 shows the ratio of PSL intensity to prompt
scintillation (PL) intensity vs. specific energy loss.

From the results, it would be possible to explain that the recombination probability of electrons
excited from F-center to conduction band is larger, which leads to larger probability of prompt
emission, for particle with larger specific energy loss.
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5.11 X-RAY DIFFUSE SCATTERING STUDY OF DEFECT CLUSTER
BY HEAVY ION-IRRADIATED Ni CRYSTALS AT LOW TEMPERATURE

H. MAETA, T. KATO, H. OHTSUKA, H.YUYA, H. SUGAI
H.MOTOHASHI, K.YAMAKAWA' and F. ONO?

Energetic heavy ions produces point defects such as vacancy-interstitial pairs and also
displacement cascades[1] containing high local concentrations of these in materials. In
the study of radiation damage of solids, it was recognized that some radiation-induced
defects might be mobile even below liquid hydrogen temperature. In order to retain
the defects in the original configuration, in which they were introduced, irradiation
facilities at liquid helium (LHe) temperature are now in use in many laboratories.
Various experimental techniques to study various defect properties require
measurements outside the irradiation facility as well as in situ and these can only be
done after transfer of irradiated specimens to a measuring cryostat without any
warming up.

Fundamental study of radiation damage is necessary to irradiate such as at low
temperature that the defects can not migrate and measure the specimens at the low
temperature at which the specimens were irradiated. Especially, to study of the
cascade zones in the atomic energy materials is one of the most important problems.
There are many studies of the cascade zones in these materials, exactly these
information about the cascades by the transmission electron microscopy. However,
the observations have been carried out at the temperatures after the defect moved to
change its original structure and also the size. And such a cascade may be small size
below the visibility limit of the TEM.

This is a very important thing for study of the cascade in ion irradiated materials. On
the other hand, the X-ray diffuse scattering method[2] is powerful method to observe
such a small defect studied nondestructively in bulk specimen[3].

The purpose of this paper is to report a reliable method of transferring specimens at
LHe temperature without any warming up after the ion irradiation using the Jaeri
Tandem Accelerator. We have reported preliminary results of the defects in the heavy
ion irradiated Ni specimens by measurements of x-ray diffuse measurements using the
synchrotoron radiation source (SR) at the KEK in Tsukuba for study of the cascade
in heavy ion-irradiated nickel single crystals.

The irradiated specimen was settled at the end of the cryostat in the ion irradiation
chamber as shown in the fig .1. The cryostat was connected to cool down at below 10 K
with a refrigerator and also with a liquid helium container to flow the LHe into the
specimen cell during ion irradiation. After ion irradiation, the radio- activated
specimen by ion irradiation was cooled down for about one mouth. Then, a cap to
maintain vacuum in the cryostat with the specimen covered the end of the

! Faculty of Engineering, Ehime University
? Department of Science, Okayama University
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cryostat.  The cryostat with the irradiated specimen was removed from the irradiation
chamber to retain the specimen at the liquid helium temperature, during the specimen
cell of the cryostat following by the liquid helium from the LHe container. To
measure x-ray diffuse scattering using SR , the chamber with the specimen was
transported by a car to the KEK in Tsukuba, during the cryostat with the LHe container
flowing the LHe into the specimen cell to cool down the specimen as shown in fig.1
(c). The cryostat was set up to a four-circle diffractometer installed at the beam line
BL-27B at the KEK, maintaining the specimen at the low temperature as shown in fig.
1 (d). The specimens with <111> orientation were irradiated below 18K with 90 MeV
iodine (I'") ions using the jaeri tandem accelerator to fluence of 8.3 x 10" ions/cm?.
Diffuse scattering experiments of the irradiated specimens were performed on the four-
circle diffractometor. The diffuse scattering near the 111 reflection was measured at
18 K. The measured diffuse scattering for I ion irradiated nickels is shown in the fig.
2. The specimen was also carried out the diffuse measurements for isochronal
annealing from 65 K to 300 K for ten minutes, the results is also shown in fig.2.
Some troubles had happened to exchange the cooling system from the refrigerator to
flowing system of the LHe for the cryostat. The temperature of the specimen raised up
to about 65 K for a few minutes .

We are now developing the cooling system of the specimen cell of the cryostat
flowing LHe into the specimen cell from the LHe container.
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Defect Production and Annealing in High-T, Superconductor EuBa,CuzO, Irradiated
with Energetic Ions at Low Temperature.

Fall Meeting of Material Research Society, Boston, U.S.A.(Nov. 27. 1997).

Ishikawa, N, Chimi, Y, Iwase, A., Tsuru, K., and Michikami, O.

Columnar Defect Structure and Electrical Resistivity in High-T, superconductors
Irradiated with Heavy lons.

Spring Meeting of the Physical society of Japan, Chiba(April 2, 1997).

Iwase, A.
Electron Excitation and Atomic Displacement by GeV Ions.
RIKEN Symp. on “Materials Science Using RIKEN RI Beam Factory”(Dec. 22, 1997).

Iwase, A.

High Density Electron Excitation Effects on Atomic Displacement in Solids.

RIKEN Symp. on “Research on Materials Science, Atomic Physics, Nuclear Chemistry
and Biology Using RIKEN RI Beam Factory’(January 26, 1998).

Iwase, A.
Current Studies on Materials Science Using Ion irradiation.
KUR Workshop, Kumatori, Japan(January 9, 1998).

Iwase, A.

Electron Excitation and Atomic Displacement in Metals and Oxide Superconductors.
International Symposium on Highly Charged lons and Clusters, Himeji, Japan (March
24, 1998).

Iwase, A.

Electron Excitation Effects on Radiation Damage in Metals and Oxide Superconductors.
Universitaet Stuttgart/Max-Plank-Institu¢, Diplomanden- und

Doktorandensemianr, Stuttgart, Germany(May 19, 1998).

Kato, T., Maeta, H., Ohtsuka, H., Matsumoto, N., Yuya, H., and Sugai, H.

X-ray Diffraction Cryostat for Heavy lon Irradiation(Il).

Fall Meeting of Cryogenics Engineering, Osaka(Nov. 8, 1997).
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Kawatsura, K., Sataka, M., Kitazawa, S., Komaki, K., Yamazaki, Y., Azuma, T,

Kanai, Y., Imai, M., Shibata, H., Tawara, H., Hansen, J.E., Kadar, 1., and Stolterfoht, N.
High Lesolution L Auger Electron Spectra from Fast Projectile Ions Studied by Zero-
degree Electron Spectroscopy.

The VIth International Conference on Electron Spectroscopy, Chiba, Japan(Sept. 9,
1998)

Kawatsura, K., Imai, M., Sataka, M., Kitazawa, S., Komaki, K., Yamazaki, Y.,

Azuma, T, Shibata, H., Kanai, Y., Tawara, H., and Stolterfoht, N.

Electron Spectra from Fast Projectile Si and S Ions Studied by Zero-degree Electron
Spectroscopy.

The Vith International Conference on Electron Spectroscopy, Chiba, Japan(Sept. 9,
1998)

Matsumoto, N., Ohtsuka, H., Maeta, H., Sugai, T., Kato, T., Yuya, H., and Motohashi, H.
X-ray Diffuse Scattering from Radiation Defects in FCC Metals.
Spring meeting of Japan Physical Society, Yamaguchi(April 3, 1997).

Ogikubo, K., Kobayashi, T., Terai, T., Tanaka, S., Kishio, K., and Shimoyama, J.

Effect of High-energy Heavy-ion Irradiation on the Critical Current Density of Bi-2212
Single Crystals.

The 10th International Symposium on Superconductivity, Nagaragawa, Japan(Oct. 27-
30, 1997).

Ogikubo, K., Kobayashi, T., Terai, T., Tanaka, S., Shimoyama, J., and Kishio, K.

Effect of High-energy Heavy-ion Irradiation on the Critical Current Density of Bi-2212
Single Crystals.

Spring Meeting of the Japan Society of Applied Physics and related Societies,
Tokyo(March 28-31, 1998).

Sasaki, Y., Huang, D.H., Ikuhara, Y., Hojou, K., and Okayasu, S.
Structure of Irradiation Defects and Effects on the Magnetic Property in Bi-2212
Superconducor Irradiated with High Energy lons.

Spring Meeting of the Ceramics Society of Japan, Osaka(May 31, 1997).

Sasaki, Y., Huang, D.H., Tkuhara, Y., Hojou, K., and Okayasu, S.
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Structure Analysis of Irradiation Defects Generated with Au-240 MeV in Bi-2212
Superconductor.

Fall Meeting of the Ceramics Society of Japan, Kanazawa(Oct. 2, 1997).

Sasase, M., Okayasu, S., and Hojou, K.

Effect of Au®** Ion Irradiation on the Superconductive Properties and Microstructure of
EBCO Thin Films.

Spring Meeting of the Japan Society of Applied Physics, Chiba(March 30, 1997).

Sasase, M., Okayasu, S., Kurata, H., and Hojou, K.

Effect of Au?** Ion Irradiation on the Superconductive Properties and Microstructure of
EuBa,CuzO, Thin Films.

The 10th International Conference on Surface Modification of Metals by Ion
Beams(SMMIB '97), Gatlinburg, U.S.A. (Sept. 21, 1997).

Sasase, M., Okayasu, S., Kurata, H., and Hojou, K.
Effect of Au®*** Ton Irradiation on J, of EuBa,CuzO, Thin Films.
Spring Meeting of the Japan Society of Applied Physics, Tokyo(March 31, 1998).

Sataka, M., Kitazawa, S., Komaki, K., Yamazaki, Y., Azuma, T., Shibata, H., Kawatsura,
K., Kanai, Y., and Tawara, H.

Electron Capture Differential Cross Section for 5-MeV Proton-Rare Gas Collisions.

The XXth International Conference on the Physics of Electronic and Atomic Collisions,
Vienna, Austria(July 25, 1997).

Sataka, M.

Binary Encounter Electron Production by Highly Charged Ions.

International Symposium on Atomic processes of Highly Charged Heavy Ions and
Clusters, Himeji, Japan(March 23, 1997).

Sueyoshi, T., Ishikawa, N., Iwase, A., Chimi, Y., Tsuru, K., Michikami, O., Kisu, T,
Fujiyoshi, T., and Miyahara, K.

Magnetic Field Direction Dependence of Critical Current Density in Heavy-ion
Irradiated EuBa,CuzO, Thin Films

Fall Meeting of the Physical society of Japan, Kobe(Oct. 7, 1997).
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Sueyoshi, T., Ishikawa, N, Iwase, A., Chimji, Y., Kisu, T., Fujiyoshi, T., and Miyahara, K.
Magnetic Field Direction Dependence of Critical Current Density in YBa;CuzO, Thin
Films Irradiated by Heavy lons.

Fall Meeting of the Physical society of Japan, Chiba(March 30, 1997).

Suzuki, T., Sugimoto, K., Shugyo, S., Kuboyama, S., Matsuda, S., Hirao, T,

Nashiyama, 1., Hirose, T., and Ohira, H.

Tolerance for Single-event Effect of Bipolar Transistors for Space and Commercial
System Apllication.

The Institute of Electronics, Information and Communication Engineers(March 13,
1998).
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(1) Personnel (FY 1997)

Department of Reactor Engineering

Masayuki
Hiroshi
Takashi
Accelerator Division
Scientific Staff
Tadashi
Suehiro
Susumu
Makoto
Technical Staff
Susumu
Isao
Tokio
Katsuzo
Yoshihiro
Shinichi
Shuhei
Nobuhiro
Hidekazu
Nuclear Data Center
Akira
Satoshi
Tokio
Osamu
Fusion Neutron Center
Yujiro
Yoshitomo

Yoshimi

Advanced Science Research Center

Director
Deputy Director

Nakagawa
Maekawa

Okabe Administrative Manager

Yoshida*
Takeuchi
Hanashima
Matsuda

Kanda
Ohuchi
Shoji
Horie
Tsukihashi
Abe
Kanazawa
Ishizaki

Tayama

Hasegawa*
Chiba
Fukahori
Iwamoto

Ikeda*
Uno

Kasugai

Research Group for Exotic Heavy Nuclei

Hiroshi
* Head

Ikezoe*
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Yasuharu
Masumi
Yoshiaki

- Yoshimaro

Michiaki
Tetsuro
Shingo
Shin-ichi
Tomohiko
Kazuyoshi
Takehito

Sugiyama
Oshima
Tomita
Yamanouchi
Sugita

Ishii
Hamada
Mitsuoka
Tkuta
Furutaka

Hayakawa

Research Group for Hadron Transport Theory

Research Group for Low-temperature Radiation Effects

Akira
Toshiki

Tomoyuki

Akihiro
Norito
Yasuhiro
Naoshi

Tetsuro

Department of Health Physics
Radiation Control Division II

Masayuki
Katsuya
Tohru

Radiation Dosimetry Laboratory

* Head

Makoto

Fumiaki

Iwamoto*
Maruyama

Maruyama

Iwase*
Ishikawa
Chimi
Kuroda
Sueyoshi

Ueno
Kawasaki

Tayama

“Joshida*

Takahashi
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Department of Materials Science and Engineering
Material Innovation Laboratory

Kenji Noda*
Tetsuya Nakazawa
Daijyu Yamaki
Solid State Physics Laboratory
Kiichi Hojou*
Masao Sataka
Satoru Okayasu
Sin-iti Kitazawa
Masato Sasase

Synchrotron Radiation and Solid State Laboratory
Hiroshi Maeta*
Hideo Ohtsuka
Teruo Kato

Department of Chemistry and Fuel Research
Nuclear Chemistry Laboratory
Toshiaki Sekine*

Nobuo Shinohara
Yuichiro Nagame
Shin-ichi  Ichikawa
Yuichi Hatsukawa
Kazuaki Tsukada
Hideki limura
Ichiro Nishinaka

Kentaro Hata

Department of Radioisotopes
Isotope Research and Development Division
Hiroyuki  Sugai

* Head
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(2)Tandem Steering Committee

(Chairman) Kunihisa  Soda
Muneyuki Date
Hiroshi Katsuta
Masayuki Nakagawa
Michio Hoshi
Hisamichi Yamabayashi
(Secretary) Tadashi Yoshida
(Secretary) Takashi Okabe

(Deputy Director General, Tokai
Research Establishment)

(Director, Advanced Science Research
Center)

(Director, Department of Materials Science
and Engineering)

(Director, Department of Reactor
Engineering)

(Director, Department of Chemistry and
Fuel Research)

(Director, Department of Radioisotopes)
(Head, Accelerator Division)
(Administrative Manager, Department of

Reactor Engineering)

(83)Tandem Consultative Committee

(Chairman) Shinzo Saito

(Vice Chairman) Kunihisa  Soda

(Vice Chairman) Masayuki Nakagawa
Hiroyasu  Ejiri
Kohei Furuno
Naohiro Hirakawa
Jun Imasato
Masayasu Ishihara
Yasuo Ito
Kenji Katori
Hisaaki Kudo

(Director General, Tokai Research
Establishment)

(Deputy Director General, Tokai
Research Establishment)

(Director, Department of Reactor
Engineering)

(Professor, Osaka University)
(Professor, Tsukuba University)
(Professor, Tohoku University)
(Professor, National Laboratory for
High Energy Physics)

(Professor, The University of Tokyo,
Research Scientist, Institute of Physics
and Chemical Research)

(Associate professor, The University of
Tokyo)

(Professor, Osaka University)

(Associate professor, Niigata University)



(Secretary)

Kohzoh
Shunpei
Kenji

Hiroshi

Masaharu
Naoto

Akito
Hiroyuki

Sadae

Hiroshi

Hiroshi

Akira

Akihiro

Kiichi

Kenji

Toshiaki

Takashi
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Masuda

Morinobu
Morita
Nakahara

Nakazawa

Sekimura

Takakahashi

Tawara

Yamaguchi

Maekawa

Tkezoe

Iwamoto

Iwase

Hojou

Noda

Sekine

Okabe

(Professor emeritus, University of
Tsukuba)

(Professor, Kyushu University)
(Professor, Nagoya University)
(Professor, Tokyo Metropolitan
University)

(Professor, The University of Tokyo)
(Associate professor, The University of
Tokyo)

(Professor, Osaka University)
(Professor, Institute of Plasma Physics,
Nagoya University)

(Professor, The Research Institute for
Ion Steel and Other Metals, Tohoku
University)

(Deputy Director, Department of Reactor
Engineering)

(Head, Research Group for Exotic Heavy
Nuclei, Advanced Science Research
Center)

(Head, Research Group for Hadron
Transport Theory)

(Head, Research Group for Low-
temperature Radiation Effects, Advanced
Science Research Center)

(Head, Solid State Physics Laboratory,
Department of Materials Science and
Engineering)

(Head, Material Innovation Laboratory,
Department of Materials Science and
Engineering)

(Nuclear Chemistry Laboratory,
Department of Chemistry and Fuel
Research)

(Administrative Manager, Department

of Reactor Engineering)
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(Secretary) Suehiro Takeuchi (Department of Reactor Engineering)
(Secretary) Tadashi Yoshida (Head, Accelerator Division)
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8. Cooperative Researches
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Title

Study on Decay Properties of Heavy
Nuclei using JAERI Recoil Mass
Separator

Study of Electromagnetic Properties
of Nuclear High-spin State through
Crystal Ball (1)

Study of Multipole Deformed State in
Heavy Nuclei

Nuclear Structure of Neutron-rich
Nuclei through Deep Inelastic

Collisions
Dependence of Bimodal Fission on

Excitation Energy

Search for Large Nuclear

Deformation near N=Z Region

a -cluster Structure in Heavy Nuclei

Correlation between Fragment
Deformation and Mass Division

Modes in Actinide Fission

Contact person

Organization

Jirota KASAGI
Laboratory of Nuclear Science,

Tohoku University

Kohei FURUNO
Tandem Accelerator Center,
Tsukuba University

Hideshige KUSAKARI
Faculty of Education
Chiba University

Masao OGAWA

Department of Energy Science,

Tokyo Institute of Technology

Hiromichi NAKAHARA
Faculty of Science, Tokyo Metropolitan

University

Yasuyuki GONO
Faculty of Science,

Kyushu University

Takemi NAKAGAWA
Faculty of Science,

Tohoku University

Hiroshi BABA
Faculty of Science,

Osaka University
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9. Study of Single-events Induced by Sumio MATSUDA
High Energy lons NASDA

10. High-energy lon Beam Irradiation of = Takayuki TERAI

Functional Electronic Materials Engineering Research Institute,
School of Engineering,
University of Tokyo
11. Research of Coulomb Explosion by Mititaka TERASAWA
Heavy lons Irradiation Faculty of Engineering,

Himeji Institute of Technology

12. Atomic Collision Research using Ken-ichiro KOMAKI
Highly Charged Ions Graduate School of Arts and Science,
University of Tokyo
13. Study of the Property and Yukichi SASAKI
Microstructure on the Oxide Japan Fine Ceramics Center

Superconductors Irradiated with High

Energy lons
14. Study of Luminescence Chizuo MORI

Characteristics of Photostimulable School of Engineering,
Phoser with Heavy Charged Particles Nagoya University
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